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Abstract
Pulse piles have been successfully used in geotechnical construction for last 25 years.
This type of mini piles has proved to be very usefuthmresticted access sites and

provide acost effective solution in comparisonttee conventional piling techigues.

The shockwave created by an electric arc discharge in wet grout reaching the walls of
a borehole provides enough pressure to create local failure of the ground surrounding
the point of dischargel'his phenomenon known as Electrohydraulic effectiaedpl
along the shaft of a pile increagbs diameter ofa pre-bored hole, changes shape of
pile-soil interface and improves shaft friction and 4x@ring of the resultamulse

pile.

Thedesign approach is based on calculation of shaft friction and emth@p®f the

bored pile using empirical coefficients obtained frihie load testingPulse discharge
technology has been used in Russia and South Korea, therefore additional work was
required to provide theoretical basis for design procedure in accordetite

Eurocodes and British Standards.

This research focuses on prediction of capacity @ulse pilein coarseand fine
grained soilsA finite element 2D axisymmetric model was developed to simulate
construction sequence of a bored pile in Plaxis soéiw@he calculated settlement
from a vertical load applied at the top of pile has been compared to the results of semi
empirical calculations of pile performance. Fsdiale field test results were used to

validate methodology of both calculation methods
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Chapter 1
Introduction

1.1 Overview

Pulse Discharge Technology (PDT) is a technique that can be used to increase the
radius of a bored pile overdefined length using a series of high voltage electric
discharges in a wet concrete in a preformed borehole. The electric discharge
effectively expands the cavity formed during installation of the pile creating an
increased surface area and consolidatomgftacting soil around the pile. PDT in
geotechnical construction is known only in Russia and South Korea. Its effectiveness

has been confirmed by numerous successful projects

1.1 Pulse Discharge Technology

PDT is an electro hydraulic effect in which electric energy created by an electric arc
discharge is converted to mechanical energy. The discharge vaporizes the liquid
creating a shockwave which applies pressure to the surrounding soil causing the
borehole toexpand. It has been known for more than 60 years and successfully
applied in mechanical engineering, metal forming, mining, rock defragmentation,
chemical industry, and the agidustrial sector. Application of the electhgdraulic

effect in constructin became possible with development of appropirDd by
researchers and construction companies in Russia. PDT is a series of explosive pulses
in a concrete liquid mortar using an electrical discharge. Electrical energy is
converted into mechanical engrthrough the formation of highressure gas vapor.

As a result, the preformed hole is forced to expand and the soils around the borehole

compact if granular or consolidate if cohesfseeFigurel-1).
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Figure 1-17 PDT construction sequence(a) Create a mortar filled borehole; (b)
insert casing; (c) insert probe to create anlectric discharge at thebase of the
pile; (d) withdraw probe to create a seond discharge; (e)withdraw the probe
and allow the mortar to set

1.1.1 Application of PDT

In 196@® $Soviet scientist&ilman & Lomize (1962)ktarted theiresearch into soll
densification using the electioydraulic effect. The electrepark method had been
used during the construction of Hydro Power Plants in Saratov and Kiev. At the same
time the technology of under reaming by detonation of explosives at a pile toe to
increase the load capacity was being tgwed. However, explosives are dangerous,
require a special permit, can be performed just once for a pile and have low reliability
due to failed detonations. Thus, another solution to increase pile capacity was
required.

In 19781981, in the Soviet Union, the electngdraulic effect was developed to
compact surrounding soils and i ncrease
and S-Petersburg, several private companies started usirigfevith bored piles.

Some dthem still exist and have developed PDT for different soil conditions: coarse

grained, finegrained or fill, saturated to partially saturated; and for different
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construction processes: soil reinforcement, soil grouting, production of bored and

CFA piles,bored anchorandpiled walls.

Il n 200006s KoKime&@ha (2008)ndettooksréssarch into PDT and
means of predicting thbehaviourof electric pulse technology in pile and anchor

construction in their laboratories and in field tests in diffeseil conditions.

1.2 Major Issues Associated withPDT

A PDT pile is a form of under reamed pile such that the capacity of a bored pile can
be doubled using PDT.he first series of discharges is carried out at the base of the
pile creating an under ream whitcreases the base capacity. The probe is raised an
asecond series of discharges is carried out above the firghtimaasinghe diameter

the pile which increases the shaft capacity over the length of the exipsecteon.

This is repeated aeveal levels to increase the pile diameter over the required length
to produce the overall increase in capacitiis will depend on the soil type and
density, degree of saturation, the concrete composition, the pile geometry and the
electric discharge. Anectric discharge is a function of electric capacitance, voltage,

current, interelectrode gap, resistance of circuit, time of pulse and inductance

1.2.1Health and Safety Regulations

There are a number of health and safety issues specific to PDT becthgseattages
involved. The generator should be as close to the pile as possible to restrict the area
affected by the process. This area is prohibited to all personal other than those

operating the PDT. There has to be least two people experienced ionPiiié

1.2.2Engineering Calculation Approach

Predicting the capacity of a pile treated by PDT is difficult because the final diameter
is unknown. There is no known relationship between the electric discharge and the
soil conditions and the final geometrytbk pile will depend on the positions of the
discharge. For example, a discharge near the base of a pile will, in effect, create an
under reamed pile; the diameter of the under ream being a function of the discharge
and soil conditions. It is also pokd to increase the diameter of the shaft by setting

off the discharge at different levels in the pile. This will create aumsiorm pile
diameter, which means there will be a component of increase of end bearing and

friction along the full length of #apile. This is further compounded in layered soils.
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Field trials and laboratory tests have been used to develop empirical methods of
estimating capacity but the actual capacity has to be assessed by pile tests. This is

expensive and time consuming

Korean engineer®ark et al. (2011have usedhe ABAQUS and the UNDEX
shockwave model to simulaggpansion of the borehole BPYDT. They have obtained
goodagreement between predicted and measured values of expansion in clay and sand

deposits.

1.3 Aims and dbjectives

The Pllowing aims andhe correspondingbjectives have been specified for this

research:

a) To review existing information in regato thePDT to increase pile capacity
(Chapter 2)
1 A critical review of literature relating to PDT including the
methodology, the design process and the applicé@bapter 2)
1 Identify the gaps in the knowledge and the research to be undertaken
(Chapter 2)
b) Developnent of theinite element model of a single Pulse githapters 3 &
4)
To create 2D model and produesensitivity analysigChapter 3)
To explore Plaxis 2D software to create reference models in a range of
coarse and fine grained sofShapter 4)
1 To find the way to simulate pulse treatm@dhapters 3 & 4)
c) Validaion of the results of finite element melling (Chapters 5 & 6)
1 To explore alternative analytical methods to predict pulse pile
performancgChapter 5)
1 To obtain field test results to compare with predicted pile capacity
(Chapter 6)
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Chapter 2
Literature Review

2.1 Introduction

This research analysd3DT application to pile construction, its advantages and
weaknesses. This chapter reviews the historical background, the PDT process and the
development of technologyhe electrehydraulic effect is triggered by an electric
discharge which converts to mechaalienergy causing an expansion within the soil.

The principles of the electric discharge will be described and the types of energy
created explained. There are a number of applicatioR®®fin geotechnics but this

study will focus on piles, the modéveloped of the applications. The study will cover
safety problems relevant to PDT and the impact of PDT on adjacent structures. The
aim is to produce a set of design curves that will be applicable to under ream piles and
enhanced shaft capacity in laygrsoils. The zone of influence in different soil

conditions will be investigated

2.2 Theoretical Approach

2.2.1The electrical discharge as a source of mechanical work

Frungel(1948) showed that an electric discharge in liquid would produce mechanical
work. This phenomenon was called the eledisalraulic effect. Yutkin(1986)
suggested many applications of the elettydraulic effect. The most common areas
of electrehydraulic application have been in the processing of solids, hydraulic
punching, beading, feitig a casting, fracturing of rodk name but a few

Figure2-1 shows the application to hole punching.
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Figure 2-17 Application of electro-hydraulic effect (Lawrence (1969))
The electrehydraulic effect is a rapid means of converting electrical energy into
mechanical energy through an electric dischangeliquid medium. The energWy,
of the electric discharge determined from thél):
W 0
0 — (1)

C
whereV = voltage,C = dischargecapacitance.

Figure 2-27 Schematic diagram of the electric circuit used to create the electro
hydraulic effect.

The electrehydraulic effect is a result of an electric arc forming between two
electrodes (A) in a liquidDepending on electrical field strengtietween the
electrodeghermal or leaderelectrical breakdowmccurs in liquid.The electrodes
plasma channéhas atemperature othe orderof 4x10* "C (Yutkin (1986))which

evaportesthe liquidbetween the electrodes creating agagour cavityThe energy
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discharge through the plasma channel transforms to a shockwave with a high pressure

on a shocKront. This phenomenon is described in more details in section 2.2.3.

The resistancef most liquidsis normally too high to allow theelectric current to
flow. However, if the voltage is increased there comes a point whegldtieical

field strengthexceedghe electrical resistance causing an electric arc to form.

Figure 2-2 shows schematic diagram of the electric circuit used to dieastectro
hydraulc effect. The electrical energy is built up in a capacitor (B) using direct
current. The energy release is controlled by a spark gap (C). A power source (D)
generates an alternate current in the primary circuit. This creates a magnetic flux in
the transfamer (E) core, which, in turn, generates an alternate current in the secondary
circuit at a higher voltage. A rectifier is used to convert the alternate current to a direct
current, which supplies the voltage to the capacitor.

This circuit ensures a high Ise of energy to the liquid. The discharge produces a
plasma channel in the liquid, which raises the temperature asglipege A shockwave

is created.The plasma channel forms within a gas cavity, which is a result of
evaporation and electrolysis of thguid. The gas cavity expands due to the pressu

This lasts microseconda. high pressure wavef about 187 10'° Pa acts for a short

time t (t ~ 10° sec.) according to Samarin (2005) who conducted studies on
underwater electric blastSuch a shockwee is one of the main sources of mechanical
impact on the boundary of the borehole wall in a pile. A\ggsor cavity is formed

and expanded by merging of bubbles of dissolved gases caused by the electric
breakdown of the liquid between the electrodess Waivity is a further source of

mechanical stress on the borehole wall.

The energy potential of the gaapor cavity and the shockwave depends on the
voltage V, and capacitan¢€, of the capacitor. The energ¥, stored in the capacitor

is 0.5 C\V2 (equation 1). Varying these parameters at a constant enatgyf the
discharge results in a redistribution of energy between th&agas cavity and the
shockwave. In cohesive soils, a higher capacitance extends the time of treatment thus
giving moretime for the gas cavity to expand. In granular soils, the shockhase

more impac({Samarin (2005))increasing the voltage increases the shockwave.
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2.2.2 Application of PDT for soil densification.

In 1960, Lomize and Gilman suggested the use oéligwrehydraulic phenomenon

for soil densification. Later, in 1961, the same researchers undertook laboratory
experiments to compact saturated soils using electric discharge. The research results
showed a decrease in porosity of saturated sands. Thestigated compaction of
partially saturated sands. Experiments have shown that the porosity of partially

saturated sand decreases almost by @lithan & Lomize (1962).

This led Lomize and Gilman to propose a new approach to produce foundations called
the dectro spark soil densification method, an elettydraulic effect. The sequence

of this method was as followReferring toFigure 2-2, the electrods (A) are placed

in the soil to be densified. The subsequent shockwheagegshe soil structure
resulting in acompaction okoil (Lomize, et al. (1963))During 1963 and 1964, the
spark method for soil densification was used on industrial constrsitésin Russia.

Experimental studies of densification of saturated sandy soils and loess clayey soils
using electric discharge also showed that the method was effective in these soils. It
was found that the process of densification of loess soils dedtrieysoil structure;

that is it remoulds the soils. The physical processes occurring in the soil when subject
to electrical disharges werestudied by Khlyupina(1967) Semushkina(1968)
Gilman(1963)and Lomize et a]1963).

According to Khlyupina(1967) Gilman (1963) and othersthe main cause of the
destruction of the soil structure during its densification by means of elegiraulic
effect isthe effect of the shockwav@&hey suggested an electric discharge in sandy
soil creates dynamic shetdrm shockwave load. The outcome of the discharge in a
fluid environment is qualitatively similar to the effect of a chemical blast of
explosives. The action of the gaapor cavity las only a minor effect on the break

down of the soil structure.

A feature of compaction of saturated sandy soils by the power of electric discharges
is the possibility of direct and repeated discharge at a given point. The increase of the
pulse energy leds to greater efficiency of soil densificatidiiqure2-3-6). Figure2-3

shows the variation of void ratio and density wstresscreated for different energy
levels. Lomize& Khlyupina(1965)obtained results from a series of experiments in

saturated sandy soils with an initiedid ratioof 0.72 The mumber of pulsed), was
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80 and the frequency of discharge®.07Hz. The changes wbid ratioe andrelative
densityD at a constant energy/ of 350 (A), 770 (B) and 1460 (C) J in relation to
earth passive pressugeare shown orrigure 2-3. Figure 2-4 shows the variatiomi
void ratio and density with energy foreasureekarth passive pressuaipplied to the
soil around the expanding cavit@.5kg/cnt, 1kg/cnt and 1.5kg/cr).

e D
0.68
W=7701
W=350] 0.5
0.64 — -
W=1460J 0.6
A
0.60
- 0.7
B C
0.56 0.8
0.52 0.9
0 ) 4 ) ) 1.0 2 4 8 2.0 kg/em®

Figure 2-371 Curves ofvoid ratio and relative density dependent orearth
passivepressure at constant discharge energfl.omize & Khlyupina (1965))
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0.68 i ‘
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|
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2=0.5kg/ecm’
0.52 i ‘ 0.9
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Figure 2-47 Curves ofvoid ratio and relative density dependent on discharge
energy at constantearth passivepressure(Lomize & Khlyupina (1965))

Khlyupina(1967)proposed to evaluate the energy of the dischakgeas the sum of

the energy of the shockwave and the energy of radial motion of thegas cavity:
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whereS= the area ofthe spherg,oco i shockwave (acoustic) impedance of the liquid
(1 o is the density; @s the acoustic wave speed in the liquiB)= the pressure on the
front of a shockwave in a dischard®, = isotropic pressure of a gaspor cavity,

R max=the maximum radius of the gas bubble.

The contribution of the gagpor bubble expansion and the shockwave energy are,
respectively, 20- 30% and 70- 80% of the energy of the dischar@€hlyupina
(1967)).

The dynamic action of the electric discharge and the explosion of chemical explosives
create a similar effect from the mechanical point of view. Therefore, it is possible to
replace the pulsdischarge with an equivalent amount of explosives and to assess the
pressureP, at the front of the shockwave caused by the discharge, using the empirical
formula for the blast of chemical explosiéyakhov (1982))

R 3
whereC = the mass of explosivek, andpu = empirical coefficients depending on the

percentage of air in the soil.

Gilman(1963)transformed the formula for electrical discharge in saturated soil to the

form:

=
Here,k andp are empirical coefficientd.yakhov (1964))d = 0,1 = coefficient of
mechanical action of an explosivl, o= specific energy per unit weight of the
explosive,C = discharge capacitancé,= voltage,K, = Wn/w (Kp =0,3) = efficiency
of dischargeW, - the effective discharge energylowing for energy lossedV =

CV?/2 = full discharge energy.

The formula relates the pressuRe at the front of a shockwave with the energy of

dischargeW, and distance from the discharge channel.

The radius oflensification came estimated gt.omize et al. (1963))
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i
where P = the minimum amount of pressure that can cause damage of the soil

structure.

Further development of the studies presented in the work of Log&nikélupina

(1965) and others showed that the mechanical work of the shockwaves depends on
the distance between the discharge electrodes in soil, and the ratio between the
discharge voltage and capacitance at constant enempe \8i= CV?/2, the same
energyW can be obtained by increasing the voltageat a constant discharge
capacitance€ or increasing the capacitan€eat a constant voltagé. The resulting
energyWin both cases will be equal. Semushkih868)found that when the voltage
reduced at a constant discharge enafgthe amount of power wasted increases.
Studies by Semushkind968) showedthat a voltage drop from 50 to 10 kV at a
constant discharge energy/ € 1,5 kJ) does not create a pulsed load on the soil and,
therefore, does not densify it. Hence, for a condttite most important mechanical
effect of the discharge occurs at the highest voltage. It was {Sa@ntushkina (1968))

that discharge performandepends on the ratio of voltage and capacitance at constant
energy level. Increasing the discharge capacitance when decreasing the voltage leads

to a reduction of impact force.

According to Khlyupina(1967) reducingthe voltage from 60 to 18 kV causes a
decrease in the level of destruction of the soil structure by a factor of 1.4, and the
densification effect by 1.2. Increasing the voltage on the contrary, increases the impact
of the discharge since the energy reldasech faster. The amplitude of the pressure
on the front of a shockwave and effectiveness of mechanical work of discharge

increase.

Opposite results were shown by Semushk{i®68) The objectives of her
experiments wre to clarify the main parameters that affected the process and to
develop the technology densify saturated soils BBDT. While the efficiency of the
mechanical work performed by the discharge was higher with a lower voltage, it was
found (Semushkina 1968)) that more efficient mechanical work of the discharge

occurs at lower amplitudes of pressure generated at the shockwave front. Furthermore,
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it was shown that the mechanical work is also connected with the pressure generated

by the gasrapor cavity.

Thus, the experimental results obtained by different authors are contradictory. Some
researchers consider the main effect of the mechanical work of the discharge is the
shockwave; others show that the -gapor cavity has a significant impact on the

mechantal work of the discharge. There is no consensus about the impact of the
voltage and capacitance with constant energy on the form of mechanical energy

(shockwave or gas vapor cavity expansion)

Field tests by Lomize et g1963) carried out on saturated sandy soils showed that
the production of higivoltage discharges lead to the formation of a crater around the
point of blast, which is then filled by water. It is suggested that the discharge increases
the pore pressa to such an extent that liquefaction occurs. The soil particles settle
(compact) leaving a crater at the surface. Increasing the number and energy of high
voltage discharges results in an increase in the diameter of the crater and its depth.
This suggets that the location and magnitude of the discharges affects the amount
and extent of the densified zone. Studying the deformation of the soil allowed the
shape of densified zone to be established and therefore the design of the electrode

layout to achievéhe required effect.

Thus, an electrical discharge in a fluid is an effective means of mechanically
compacting a soil. This leads to densification of the soil and thus enhancement of its

physicatmechanical properties.

The analogy between the electricédaharge and chemical explosives in a liquid
medium was used to design the pulse discharge in a concrete grout to produce piles
in a densified soiby Park et a(2011) This approach is based on the method of under

reaming using explosive energy of cheaniexplosives.

2.2.3Theoretical premises of PDT

There are two different ways to generate electric breakdown in a liquid: thermal and
leader (spark). At present, most power sets for creating pulse discharges work with
voltages from 7 to 10 kV and discharge energy up to 60 kJ. With these energy
parametersan electrical discharge in a concrete grout causes a thermal breakdown

between the electrodes.
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The level of mechanical impact due to the effects of an electrical pulse in liquids
depends orthe electrical properties of the liquids and the electricasepuf the

voltage, the distance between the electrodes, the shape of the electrodes and the time
of release of current. A low voltage circuit-{2V) is enough to obtain simple
electrolysis setKigure2-5). Increasing the voltage up to-30 kV leads to thermal

(Figure 2-6) and thereafter leadeFigure 2-8) electric breakdown of the liquid
between the electrodes. The created plasma filled cavity that discharges the energy,
creates a shockwavedcauses the cavity to expaikagure 26 D).

Gas bubbles Gas bubbles
/A / A\

Figure 2-57 Electrolysis of water showing the formation of gas at the electrodes
which increases with time

Figure 2-5 shows the process of electrolysis in water. A low voltage-b2\6 is
enough to generate oxygen from the anode and hydrogen from theechtiradhe
water. These form bubbles rising from the electrodes.
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Figure 2-6 7 Thermal electric breakdown in water showing the formation of a
gas filled cavity. (A) i current off; (B) T current on: formation of gas bubbles;
(C) 1 growth of gas bubblesand temperature; (D) i ionization of gasvapour
cavity and dectrical breakdown; (E) i expansion ofplasma dannel and gas
vapour cavity; (F) T current off.

Figure 2-6 shows the theral electric breakdown in watefYutkin (1986),
Naugolnykh and Ro0i{1974)) Voltages of a few kilovolts provide enough electric
field strength to implement this type of discharge. Once current is in the circuit gas
bubbles (B) gather around electrodes and grow (C). These are bubbles of gas
contained in water, formed byating and evaporation and partially by electrolysis.
Bubbles merge and form a gas cavity between the electrodesh@®glectricfield
betweerthe electrodes is higher thahe electrical field strength of the bubbles and

gas cavityresulting inelectrical breakdown occurs. Thkectrial breakdown creats

a plasmachannel byionization of theneutralgas molecule®f gasvapour cavity
subjected to a stronglectomagneticfield between the electrod€b).lonized gas

begin conducting and allowdgsma channel to expamacreasing temperature and
pressurePlasma can be considered the fourth state of nihatnave properties and
behave different than the other stat@$e electrical conductivity of plasma is very
high in comparison to that o&g, therefore the accumulated energy is discharged very
quickly causing the plasma channel to expand (E) depending on the amount of energy

accumulated in the capacitor. The formation of the cavity creates an acoustic
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shockwave which passes into the sbile cavity also expands increasing the pressure

in the soil.

In this case, most of the energy is spent on forming the gas connection. These
energy costs are unproductive and substantially reduce the mechanical impact of
discharge. In strong electrobg (for example, in concrete grout) energy losses can be
significant. Therefore, to create a plasma filled channel irvgper cavity it is
necessary to ensure that there is enough energy in excess of that required to form the
gas filled cavity. It shouldbe noted that a significant discharge of energy leads to a
sharp reduction in the life of the electrodes, which are expected to instantly conduct a
high voltage current. This can lead to a breakdown of the insulation between the
electrodes. The insulat (C inFigure2-7) separates the two electrodes. Therefore,
it is best to use simple but reliable electrodes, which can be easily maintained and
withstand high voltage dischargé&sgure2-7 shows discharger with positive (A) and

negative (B) electrodes and the insulation (C).

Figure 2-77 PDT commercial discharger
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Figure 2-81 Leader (spark) electric breakdown in water (A) i current off; (B)
i current on: formation of branches; (C)1 growth of spurts; (D) i growth of
spurts with branches; (E)i leader electrical breakdown with branches; (F)

ionization of gas cavity with plasma channel; (G) expansion of plasma
channel and gas cavity; (H) current off: collapse of gas cavity

The leader (spark3hown onFigure 2-8 provides an immediate breakdown of the
working environmentYutkin (1986)) A high voltage of several dozens of kilovolts
causes an electric breakdown giving rise to elet#acierspropagatingfrom the
anode to the cathode {B). Leaders can be described as channels of ionized gas
having high electrical conductivityfhe exactform of theleadersdepends on the
shape of the electrodesoéplate, plateplate, rod-rod), distance between the
electrods, and the resistance of liquidhe generation of leaders can begin from
formation of tredike brancheg¢B) at the tip of cathoddransforming tahespurt (C).

The main electric channel is accompaniedlnchegD) and the formation of gas
envelope around each spwwhich remains for some time after the electric tpur
disappear. Once an electric stream bridges the electrpd@Epall the energy from

the capacitor flows to the electrically conducting plasma filled channel causing it to
expand (FG). This in turn expands the gaapor cavity. The pressure in the channel
reaches a maximum; tipdasma channeemperature increas to 4x10°C; the first
shockwave is formed. The pressure generated depends on the energy accumulated in
the capacitor. Once all the current has passed through the channel,-tteaas

cavity collapses (H)its electrical field strength increasamsd the processampsdue
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to energy los®scillating from reverberation of the waves from the chamber walls

happens due tdeionizing of the coolinglasma channel.

Naugolnykh and Roi(1974) noticed that conductivity of liquidghe polarity of
eledrodes of different shape aige gap between electrodes are critical in streamer
growth Theydescribed experiments of leader and thermal electrical breakdown in tap
water. Electrical breakdown was obtained using different types of electrodes, point
(rod) and platevarying positive and negatiwdarge on each electrodésminimum

value ofelectric field strengthrequired for a leader type electrical breakdown was
obtained with 8mm diameter rod shayathodewith conical tipand plate shape anode.

At 36 kV/cm it was already possible to obtdeader electrical breakdowin tap
water. It has been specified th#fte minimum value of electric field strength in
different conditions was unknown and depends on shape and finish of electrodes,
properties of liqudl and other factord he experimentsuggestdthat a relationship

can be developed between the voltage density and discharge.

It is difficult to observe high voltage electric discharges in soil, due to the high
pressure with can destroy measurieguipmat and the opacity for video capturing
in soil. However, there are some results of research by R30®8)which shows the

formation of electric breakdown smchamber filled withsaturated sand.

Photos (A) and (B) irFigure 2-9 show the start of the electric breakdown, which
induces the first shockwave, justified by pressure sensor diagiigore€2-10 (P)).

At 16 us (C) there is no current flowing between the electrodes due to the reduced
conductivity of the micradrip medium. The high voltage between the drips of the
evaporating mdadm increase the field density and active current(@®)and full
electric breakdown occurdt causes a second high pressure shockwave. The
electrically conductive plasma channel expands and evaporates the surrounding
liquid. The gasvapor cavity arounthe plasma channel expands-(H). Figure2-10

shows curves obtained by Ryt(®009)during his experiments. Curve (a) shows the
variation of current with time. The labels refer to the time of the imagEgure

2-9. Curve (b) show the current impulse variation with time. The current (a) at 16
ps (C) is followed by a rapid variation in current at 25 ps (D) showRigure2-10

b. This causes a second shockwave (Q). Curve (c) shows the variation of pressure

195mm from the source of discharge with time. There is a time delay of 147 us (O)
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for the acoustic wave to reach the pressure sensor. Tvagaiscavity pressure was
observed 200 us after the second shockwave (Q). Diagram (d) shows the variation in
resistance in the plasma filled channel with time. Diagram (e) shovimiildeup of
energy with time, which reaches a maximum of about 2.8 kJ and remains constant
during theduration of the discharge.

10 MkcC 12 MKC

® 40 MkcC

70 MKC (G 106 mMxc,
MakKC.TOKa.

273 MKC

M) 604 wmxc N) 908 mkc

Figure 2-97 High-speed camera shots of electric discharge in saturated sand.
Energy of discharge 5kJ, interelectrode gap 40 mm. Pressure sensors installed
195mm from theelectrodes(Rytov (2009))
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Figure 2-1071 Curves of current, current impulse, pressure on a pressure
sensor, resistance and energRrytov (2009))

Increasing the voltage reduces the operational reliabflityeoequipment. Therefore,
the use oPDT in piles requires the use of as low as possible a practicable vdtiage.

order to optimize the process it is necessary to determine the minimum voltage at
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which there remains the possibility of atectric discharge occurrindgdowever,
increasing the discharge energy can boost the duration of the impulse load thus
increasing the pressure on the soil thus having a greater imppatta@ily saturated

soils orliquefiablesoils (e.g. loose sand, m@moussand, etc.)

2.2.4Application of PDT for bored pile construction

Under reaming of piles using chemical explosives was developed in#ed50 s i n
the Soviet Union. Most of the borehole is protected by pipe casing to ensure that the
explosive energy isotused at the base of the pile. A package of explosive with an
electric fuse is placed on the base of the pile. The pile bore is filled with a grout, and
the explosive detonated. The explosion of several kilograms of explosives (TNT
usually) generates a @tkwave and creates an expanding cavity of resultant gases.
The walls at thébottom of the borehole expand; a cavity is formed and the soil is
densified. The expanded volume of the borehole is backfilled by the wet grout. Thus

an under ream is formed thimereasing the capacity of the piles.

This approach has significant shortcomin@zhantimirov et al. (2005))which
restricts its use, especially in urban areas. The powerful dynamic impact on the soill
can affect the foundations and communications cdca)t buildings and structures.
There is also a risk of theft of explosives and the risk of leaving unexploded ordnance
in the grout The use of explosives requires specialized operators. Therefore, this

technology is limited in use.

An alternative to cheroal explosives is to use the explosive force of an electric
discharge(Evdokimov et al. (1991))In 1977- 1981 Ulitsky & Shashkin(1999)
Yassievich(1977)and Golovchenk§{1977)developed technology for producing piles
using the electro hydraulic effecthe technology densifies the soil increasing the
diameter of the pile shaft. Unlike chemical explosives, there is no risk of theft or

handling of dangerous materials.

There are different installation schemes for boring piles with PDT treatment.
Bentmite or grout can be used; the reinforcement cage can be installed before or after
PDT treatment.
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Figure 2-117 Installation of pile with PDT treatment of bentonite drilling mud

The pile installationstarts with drilling the borehole ¢R), using bentonite
suspension (C) to stabilize the excavation and as a liquid medium for the electric
discharge treatment. After boring a hole to the required depth, the discharge electrodes
are plunged into the bentite mud (D) and a series of electric pulses are initiated at a
predetermined level ¢E) of a soil layer, which requires densification. After finishing
treatment (G) the bentonite is replaced by grout (H) or concrete and reinforcement

inserted (I).
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Figure2-1271 Installation of pile with PDT treatment of mortar
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It is possible to implement electric discharges in grout or concrete r{Batianoldin

& Dzhantimirov (1998)) The borehole is created using a stadd@aFA process
leaving a borehole filled with mortar (C). A series of pulses expasfe) {(Eat the
required depth. Due to enlargement of the borehole volume (G) by electric discharges

it is necessary to refill (H) the borehole after treatment.

A B C D E F G H I

Figure 2-137 Installation of pile with PDT treatment with inserted reinforcing
cage

To reduce the possibility of disturbance of borehole walls a reinforcing cage can be
inserted before PDT treatment (D). Although there is wide experience to treat piles
with and without a reinforcing cage, the impact of the reinforcing cage on the PDT
proess has not beamnalysed A temperature of 400€ would have a significant
effect on the reinforcing steel but the temperature only occurs in a small zone between

the electrodes.

Shelyapiret al(1976)studied the densification of sand and sandy loanpifeaising
electrical discharges in cement mortar. They found that the use of electrical discharges
created an expanded cavity in the soil and improved soil properties. They assumed
that the expansion is determined mainly by the impact of the first shoekw
According to experimental data of Golovcherik877) the mechanical impact on the

soil due to chemical explosives and electrical discharges are identical and the dynamic

impact of the discharge takes place in microseconds.
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During the first experiméa ingroutit was difficult to get discharges strong enough

to provide impulse load. Golovchenkt&977) recommended the use of a single
discharge initiated by a disposable thin conductor to expargtdhéfilled borehole.

The conductor was used to initiate an electric breakdown between the electrodes. A
theoretical solution for the determination of the cavity expansion in the soil was
obtainedlt was found that a single electric discharge of 70000 kJat a voltagey,

of 30- 50 kV, with a capacitandg@ = 2.07 2.5puF was sufficient to increase the base

of the pile.

Brovin (1994) showed that the main difference, and an advantage, of the pulsed
discharge method compared to the use of explosives #bility to create a series of
discharges with a small amount of energy in each. In this way, the impact of the
discharge can be controlled providing a more precise control over the final pile
geometry. If the energy in the discharge channel is equivtdetite energy of
explosives of a few kilojoules, expansion of diameter of piles will beclawiimetres

(for saturated sandy soils). This allows the required number of discharges to be
calculated to achieve the required pile diameter.

Ulitsky et al (1995) presented a formuléequation (§) for the evaluation of the
resulting expansion of pile shaft with mugtillse impact of discharges. This formula

is based on an appraisal of cavities formed in the soil during the explosion of
explosivesAccording to ths method, each discharge expands the borehole according

to the formula:

Y Yp — W - pe (6)

wherei = 1, 2, ...,;Y -radius of the well expansion afteth dischargeRo - initial
radius of the wellP™®*- maximum pressure at the p#eil interface} - density,c -

acoustic speed in solll- the available dynamic soil densification.

It is assumed that the shockwave is a main factor of the mechanical work on the

formaiton of the expansion of the pile shaft.

Yassievich(1988)studied the effects of electrical discharges on the strengfitoof
used in the piles. The experiments showed a significant increase in the strength of

concretewith increasing of number of disaliges. This may be due to the



- 24 -

densification of theyroutdue to the electric discharge. They found that to increase
the diameter of the pile shaft and densification of soil with a voltage eb68kYV,

relatively small éscharge energy was requirédd= 6-9 kJ.

Brovin (1994) presented results of field tests of piles in saturated soils constructed
with PDT. They showed that the use BDT in the piles can achieve substantial
increase in the diameter of the pile shaft thus increasing its load cafjdmtyile

was excavated to determine the diamdter.example, when the voltage was-3M

kV, the discharge capacitan€e= 18 uF (WV=8-14 kJ), the electrode gap of 50 mm

and with 150 discharges, the diameter of the pile shaft increased by ab@&at #on

(initial piles diameter ~ 140 mm). Based on the results of static tests, the bearing
capacity of these piles, increased, on average, by 31%. They found that the optimal
number of discharges, required for increasing the diameter of the pile shaft is in the
range of 10 to 30.

Il n the 9006s, i n St. Petersbur g inatalled Mo s c
using thePDT in saturated sands and soft clégsdokimov et al. (1991), Bakholdin

& Dzhantimirov (1998)) The voltage was varied from 5 to 9 kV; egerof the
discharge- from 8 to 60 kJ. The results showed that it is possible to increase the
diameterup to 3 timesThe value®of the bearing capacity of piles were 2 times

higher than those of untreatgiles. The costs of PDT piles were -280% more than
untreated piles. For example, 3 m long piles (diameter of borehole was 135 mm,;
diamder of the treated pile 46800mm) were compared with untreated piles of the

same length and diameter of 181 mm. The bearing capacity of piles wkld ®00

850kN, for the untreated pile it was only k50

ForPDT the value ofyroutplasticity is significant. Experiments conducted araut
with watercement ratiocof 0.3, showed that it was not possible to generate pulsed
loads because of dehydrationgrbut which prevent the collapse of the gaspor

cavity.

PDT wasappliedin Moscow bycommerciakontractorsince 1992. Their experience
shows high efficiency oPDT in saturated sand and soft clay s¢idlzhantimirov et
al. (2003)) This is due to thfact that these types of soil react to the impact of impulse

loads. The impact of the pulse discharges in boreHiled with grout can cause
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cavity expansioiny wealening of clayey soils andocal looseningf saturated sands

with the application of gjjht pressure. As a result, the pile shaft diameter is increased.

The effectiveness &?DT in soils which do not liquefy, such as the partially saturated
sandy soils, is reduced. One of the crucial factors here is the duration of the pulse load,
which is nd enough to increase the pile shaft diameter. Research by Dzhant@hirov

al. (2005)of piles in clayey soils using electrochemical explosions showed that a
significant increase in diameter of the pile shaft occurred if the pulse loaabpleesi

in milliseconds rangeThis may be explained by inefficient energy discharge
parametergSemkin et al. (1995))According to Naugolnykh and Rq1974) the

time of pressure of the discharge is dependent on the energy of the discharge.
However, the experienagf PDT shows that even significant increase of discharge
energy (up to 60 kJ) does not lead to a significant increase in the duration of the pulse
load. Studies in various industrial sectors show that the duration of the discharge
pressure is determineatonly by its energy, but also depends on the ratio of the

voltage and discharge capacitance.

Currently, the increase in pile shaft diameter is determined in a similar manner to the
evaluation of size of the cavity formed by explosives, where the meaharod is
produced by a shockwave. The dimensions of a pile shaft is a function of energy and
does not depend on the ratio of gyeparameters of the dischar@@rovin (1994),
Gavrilov et al. (1991), Lee et al. (2011))

It is known (Senushkina (1968), Lmize & Khlyupina (1965)}that by varying the
energy parameters of the discharge (voltage and discharge capacitance) at constant

energy the effect of the impact varies.

To date, the experimenters do not agree as to how the shockwave-aag@asavity
affect the pile shaft. Dzhantimirov et @010)showed that the formation of the pile
shaft in certain soils (soils with low potential to liquefy) the duration of the impulse
is important. According to those studies, it is in the millisecond raiBgsed on
industrial application of PDT the impaot pulse treatmendepends on the duration

of combined action of the shockwave and expansion ofvgpsur cavity The
microsecond range afuration of the shockwavetionis considerably lower than of

gasvapour cavity expansion, therefprthe determining factor irenlargingthe
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diameter of piles in partially saturated soils is timpact of the gasvapourcavity

expansion

Semushkina (196&howed, in saturated granularlsdhat the energy content of the
shockwave can be increased by increasing the voltage at constant discharge
capacitance and the gaapor cavity increased by increasing of discharge capacitance
at a constant voltag&hus the increase in the energy conhtarithe gasvapor cavity

is possible at a constant voltage, which enhances the discharge.

Reducing energy loss and increasing the intensity of the force impact of the discharge
does not solve all problems arising in the process of increasing the pitershaf
partially saturated soils usi®DT. One such problem is the interaction of the grout

and soil(Brovin (1994), Bakholdin & Dzhantimirov (1998)puringPDT treatment,

water can migrate from the grout into the soil. The grout becomes dehydrated, its
properties change, and the amplitude of the pressure sharply attenuates away from the
discharge. The grout cannot transmit sufficient force on the borehole wall, which
significantly affects the deformation of the soil. The change in fluid (grout)
parametersan lead to a complete halt of the process of pile production.

Thus, the grout parameters vary duriB®T treatment and could influence the
formation of the pile shaft. Issues associated with the influence of changes of the
properties of grout on the pra=eof creating piles require research and selection of
required composition of thgrout mix, which provide the required plasticity

properties of the mixture over the entire period of the pile construction process.

A rather difficult task is to predict thgeometrical dimensions of the pile shaft after
PDT treatmentThe static pile tests have shown the pile capacity increases after PDT.
The processes that occur during the formation of the PDT pile under the impact of
discharges in the grout have not beerlied, so methods of determining the amount

of pressure and its distribution in pilesoil system is not widely applied.

The review of the literature shows that previous attempts to establish the relationship
between the energy of the discharge and esipa formed in the soil due to the action

of a single discharge have had no succBasamary ofexperiments and soil types
tested in the literature can be found in Table 2Currently the capacity of PDT piles

is based on an analogy with piles creaisthg chemical explosions. They do not
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take into account the effect of the shockwave and cavity expansion and the soil type,

porosity and water content.

2.3 Evaluation of the impact of PDT treatment on adjacent buildings and
structures.

Quite often CFA piles are chosenunderpinthe foundations of existing buildings

and structures in urban areas. At the same, sinengthening work has to be carried
without stopping the operation of existing buildings and structures. Sometimes works
for reinforcement of the foundations leads to additional settlement of adjacent
structures due to weak soils or excessive impact of the PDT. In this regard, it is
necessary to ensure the safety of buildings and structures during construction works.
Therefore it is important to analyze soil reactions to such action, to appraise area of

possible soil movement and assess the pc

Aptikaev(2001)undertook experimental work showing the formation of typical wave
oscillations of he soil surface near toRDT power setup (with energy of 40 kJhe

soil of the top layer was comprised of made grodingure 214 shows a cross section
of a vibration monitoring layout for (a)PDT treatment of a pile at 1m below ground

level and (b} impact driving of a precast pile to 6m below ground level.
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Figure 2-14- Testing layout of the vibration monitoring ofaPDT pile and impact
driving of aprecast pile (Aptikaev (2001))

A seismogramKigure2-15) recorded aexisting ground leveshows the effect of a
discharge of 40 kJ in a 250 mm diameter borehole, filled gvisitmortar(Aptikaev

(2001)) The graphs show the amplitude (mm) of oscillations at time (s) at fixed
distances from the source at a depth of 1m from the surface. Oscillations of up to 0.1
mm were detected up to 0.1 sec after discharge at the distanceroff®in the

source. Oscillations were dampened at a distance beyond 3 m from the projection of
the source; at a sensor at 6.7 m from the source they are less than 0.025mm. Increasing

the energy from 10 to 40 kJ caused no significant change in the wava patte



-29.-

3nexTpopazpal B ckeaxmHe. En=40kTx H=1w.

A b CreanaHa G250 3aN0AHEHE UEMEHTHEIM PACTBOPOM.

01 T T T T T T T ¥ -
0-/-\::7-- «rﬁf—a—w ' : ' ——— Re=1.0m
-0.1 L = ‘ — : : ' :

D1 1 i I 1 1] I ) i L -
D,/\{/\vw I : ' : = Re=1.3m
8} bt X P \ 2 L : ) :

. T I T

0 : . 2 Re=1.8m
g} 1 1 ;

. T T I

0 L L _1Re=22u
0.1 : 1 :

o T 7

0 . . ' Re=3.1m
3] —

. T + I

0 e E L Re=45m
-0.1 ' - :

0.05 T T . T T 1%

Q : : - ‘I-- o : . ; : Re=8.7m
-0.05 . . ' L L . : - — :

002 004 005 008 01 042 014 016 018 02c

Figure 2-1517 Amplitude (mm) of vibration monitored on the ground surface
against the time at distancérefrom the PDT source. Pulse discharge in a
borehole.E=40kJ, H=1m, d=250mm, filled with grout mortar. Soil
conditionsi made ground.(Aptikaev (2001)).

Figure2-16 shows a seismogram of a displacement pile driven by hydraulic hammer.
Oscillatiors of up to 0.04 mm amplitude were detected from 6,5m to 9.3 m from the
source within 0.2 seconds after discharge. At sensors installed at 12.9 m and 19.5 m
the amplitude of oscillations from the pile drivilgmmerwere almost the same
amplitude as those of the PDT treatment at distance of 2.2 m from the source.
According to Aptikaey2001) the seismic impact ®DT source is much less than

that of a single hammer blow.
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Figure 2-1617 Amplitude (mm) of vibration monitored on the ground surface
against the time at distancdRefrom the pile driving source. Pile driving by a
hydraulic hammer (single hammer blow) Soil conditionsi made ground.
(Aptikaev (2001))

The PDTpulse treatment of soils can be compared to vibratory dynamic impact
(Rytov (2009)). The differences have been specified as follows:

1 The time to release energy in a PDT pile is much less than that for vibration. Hence

the impact of PDT is much higher aeteame loading amplitude.

1 A small number of damping oscillations following the pulse with a peak value of

loading compared to a vibratory loading of a lower value.

{1 7-10 seconds time gaps between pulses allows uniaglimading of soil by PDT,
whereas vibatory technique provides permanent dynamic loading.

PDT is better at densifying fine grained soils than by vibrafitve. applicability of
PDT is determined by:

1 Better bcal soil compaction bgestruction of the soil structure at a given intensity
of the source impact;

9 Drained behavior of granular soils with no build uger€esgporewaterpressure;

1 consideration of adjacent buildings and structures in terms of possible settlement;
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1 the size of the impact zone BDT source in such grounds .

Due to he possibility of liquefaction and subsequent densification of saturated sandy
soil at the base of existing foundatioRT treatment of piles is not recommended
in the active zone of the foundati®ytov (2009)

Figure 217 shows the variation in pressure with tinfleark et al. (2011)) for
laboratory tests in 110mm diameter chamber filled with fresh cement paste. The
shockwave is observed at 0.17 ms, but oscillations ef/gpsr cavity pressure and
reflected waves can be seen up to 1 ms. In this casetapsig®e with high peak
power is converted to a long pulse with a low peak power during transition from the

foundation or embedded pile into the ground.
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Figure 2-17 i Measured shockwave pressure duringPDT test in 110mm

diameter chamber filled with fresh cement pastéPark et al. (2011))

An et al. (2011) have studied simulation of soil behaviour under blast loddiay.

used LSDYNA software andapplied viscoplastic cap modbly Tong and Tuan
(2007)to sinulateresponds to shock loading thle three phases dfy and saturated
soil. It wasfound that updated viscoplastic cap modeball for a better prediction

of saturated, rather than dry soil behaviour.

2.4 The energy parameters of the PDT for pilenstallation

To get the leaddsreakdown in the electrode gapgroutmortar medium a voltage of

at least 30 kV is required. This significantly reduces the loss of energy needed to form
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the gasvapor connection between electrodes (thermal electrical doeak and
increases the intensity of the impulse transmitted to the wall of the borehole through
the mortar mediungSamarin (2005))

The gap between electrodes is an important parameter fétOfienethod of pile
installation, because it affects the proitigbof formation of the discharge and the
pressure of the pulse loading, transmitted to the wall of the borehole. The gap between

the electrodes for pile installation is typically 380 mm.

The choice of energy needed for tR®T method inpartially saurated soil is
associated with the duration of the discharge impact. Increasing the time of pressure
action generated by electric discharge gr@utmixture is possible by increasing the
discharge energy. In this case, it is necessary to get leads) (spe of breakdown

of the interelectrode gap. Discharge energy is giveregyation {).

Studies(Samarin (2005)have shown that increasing the time of the pulse can be
obtained by increasing the discharge energy of leader (spark) electric breakdown.
Thus,in partially saturated coarse grained seitsen the discharge energy= 1.8 kJ

, the duration of the pulse loading is 0.002 seconds. Increasing the energy up to 4.5 kJ
leads to a sharp increase in the duration of the pulse load up to 0.006 seconds. The

pressure on the wall of the borehole is ~ 2 MPa.

The required force othe ground can be obtained at an energy of 4.5 kJ. However, it
is now common to use up to 60 kJ for PDT piles.

Samarin(2005)found that treatment of the pile shaft by electric discharg¥s=030
kV andC = 10 microfaradsW = 4.5 kJ ) increases the diater of the borehole from
110 mm to 200 mmFjgure2-18).
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Figure 2-181 Test pile enlarged by PDTireatment (d=110+200mm)Samarin
(2005))

Figure2-19 shows that the diameter of the PDT pile depends on the number of pulses
measured in laboratory amber filled with granular materigl6 =252 B= 15i
18MPa) Curve 1 was obtained at frequency of 2 Hz, curvea4 Hz. It was found

that the increasing the frequency of pulses from 2 Hz to 4 Hz reduces the amount of
deformation of the boreholét a frequency of 4 Hz there is a reduction in the
amplitude of pressure; that is the reason for a reduction in soil defornf@#orarin
(2005))
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Figure 2-191 The diameter of the PDT pile depends on theumber of pulses

and varies with the frequencyin granular material measured in laboratoryin
the chamber(Samarin (2005))
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Bakholdin and Dzhantimiro(1998) have shown that PDT treatment causes
dewatering ofyroutmortar. This problem occurs in soils with significant absorption
capacity. Dewatering of thgrout mortar inevitably leads to a decrease in the
amplitude of the pressure exerted on the borehole wall. The process of deformation
of the borehole wall has aAreshold(Brovin (1994))below which deformation of the

wall will not occur. Dehydration of thgroutmortar causes the PDT treatment to stop

as the reduced fluidity of the mortar mean that thevga®r cavity does not collapse
after discharge and blockise conductivity of inteelectrode gap.

A loss of the liquid component of thgrout mixture in between the electrodes
practically stops the treatment. This is because subsequent pulses form in a dehydrated
local environment which means that thermal breakdown cannot occur. Hence, there
is no shockwave or cavity expansion. Thus, the digniase must remain in tgeout

mixture. This ensures efficient transmission of the pulse pressure from the discharge

channel to the borehole wall surface.

The problem ofyroutdewatering during PDT treatment can be solved by using gel
forming additives(Samarin (2005))Such additives constrain the liquid medium of
groutmortar thereby prevent it from extruding into the pores of the surrounding soll
and thus maintaining thmixture of grout, which is able to transmit impulse loads to
the wall of the boretie.

2.4.1Analysis of the impact of PDT pulse load on the pilesoil system
Duringtheelectrical discharge in a liquid medium a force is generated because of the
shockwave and the gaspor cavity expansion. Impulse loads from the shockwave
and gasvapor cauviy effect different soils in different ways. There is an analogy
between PDT and blast of chemical explosi{idslyupina (1967)) Therefore, most
researchers have developed formulas for PDT discharge effects from those for
chemical explosives. For exampldlitsky et al. (1995)proposed tacalculatethe

radius of the expansion from the dischabgeed on calculation method usedtfo

expansion formed by tHdast with thechemical explosivegequation (6))

To estimate the maximum pressure ongihesoil interface Brovin (1994)proposed

the formula



0 i — - (7)
wherek, - empirical factorsW i energy of the dischargé,i an empirical factor
defining the ratio between an electric dischange a chemical explosive (TNT) blast,

r i distance between point of discharge and borehole wall.

Gavrilov & Egorov(1989)proposed the increase in radius of the pile shaft is given

by the formula:

Y anio )
whereE - energy of one dischargk,; empirical coefficient based on soil resistance

during electric blast.

The deformation in soils from PDT is caused by siuen of pressurs from the
shockwave andollowing expansion ofgasvapour cavity. The pressurBom
shockwave and expanding ge&pour cavityis a function of the voltage and the time

it acts depends on the capacitance. In granular soils the shockwave has a main impact
on the value of deformatiafue to the highest amplitude of a shock front pressare

fine grained soils thexpanding gasapour cavity acting in millisecond range is the

main source of soil deformation

2.4.2Determination of geometrical dimensions of the crossection of piles
after PDT treatment
Alternatively, @lculation of the geometryf the PDT piles can be based on analysis
of the pressurpropagationn the surrounding ground (Samarin (200%)jhe stress
properties of soil after treatment are known, it should be possible to assume
deformation of the shaft of the pil@ontraryto described in 2.4.4nalogy to chemical
explosives, lte pressure propagation in the soil depends on the parameters of the
electricaldischarge energy and can be described as follows:

nw n p o (9)
wherep(x) - pressure in the soil at a distancom the borehole wallo i pressure
on the borehole wally - approximation coefficient allowing pressure propagation in

soil, Ry T radius of the pile sha{Samarin (2005)).

Samarin(2005) proposed that elastiglastic soil models could be used to assess the

deformation of foundation soils treated by PDT. He suggested that these models could
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be implemented in Plaxis software, which takes into account the mechanical
properties of the soil. The deformation of the dbmie wall from subsequent

discharges can be approximated as follows:
GO p
Qacg
whered(n) - diameter of the borehole after discharges immhdt,initial diameter of

Qe Qp a&g p (20)
boreholeu(l) i radial displacement of the borehole wall from a single discharge,

the number of discharges.

This displacement can be used to model a spherical expansion in a soil. The process
starts with the installation of a liquid filled borehole. A numberislthrges can be
modeled at different levels in the borehole thus creating a simulation of a PDT pile.

The constitutive model will depend on the soil type.

2.4.3Determination of the bearing capacity of CFA piles after PDT treatment

The capacity of displacemeptles exceeds that of replacement pilEse zone of
influence of displacement piles is about twice the diameter of thenglanular soil
(Samarin (2005))PDT piles start as replacement piles as a borehole is drilled. The
PDT process displaces theils The zone of influence after PDT treatment depends
on the discharge energy. A study of the displacement (Gllegoryan & Yuschube
(1986), Yuschube (1988¥howed that the density of the transformed soil around a
pile was 1.91 g/ci The initial soli density was 1.65 g/ctnThe dimension of the
densified zone was approximately two diameters of the pile suggesting that the PDT
treatment has the same impact as full displacement piles. Experimen{@atatain
(2005))showed that igranular soilsvith energy parameteké= 30 kV ,C = 10 uF,

W= 4.5 kJ after 15 discharges similar results were obtained. Thus, the initial soil
density 1.6 g/cn?, after PDT treatment increased to 1.89 g/chie dimension of

the densified zone was about two pile diameters.

Samarin(2005) recommended the followingrocedurefor assessment of bearing

capacity of PDT piles:

1. Assignment of the initial diameter of the pile shaft

2. To assess friction capacity of armjed pile shafaccording to Russian
standard (NIIOSP (2001)PDT treated zone of compacted ssitlivided
into layersof 0,1- 0,2 pilediameter Notional number of layers is 10.
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3. Assignment of pressum in the pile borehole wall, (if diameter of the
pile is 110- 250mm, therpo = 1400- 1800 kPgSamarin (2005))
4. Determination othe value ofpressureon the pile soil interfacef each
layerh; of soil using equation (P
5. Determination of displacementsaach layeh; in Plaxis
6. Summation of displacements for each layerand determination of
cumulative displacement from unit dischatg#)
7. Determination of pile diameter from further discharges. This will provide
the dimensions of the enlarged pile.
8. Detemination of bearing capacity of pile by a standard method:
A Assumption of calculated resistance of soil below the pile toe
A Assumption of partial resistance base faotor 1
A Assumption of partial resistance shaft factor 1,3
A Assumption of enlarged baaeea equal to crossection of maximum pile
enlargement
p, klla
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Figure 2-20 Scheme of soil layers for pg capacity calculation (Samarin 2005)



Table 2-1 - Summary of experiments considered in the literature review

sandy soils

with PDT

Authors Date Title Experiment Soils Power Diameter Expansion
Improving of method of pile . .
Samarin, D. 2005 installation inpartially | Laboratory and field test Ssgg?;ﬁ;”’ \\//V:_??Oit/\] 110mm 200mm
saturatz?s(s:ﬁg?g%ssmg pulse of PDT piles saturated C=10UF
Gilman, Y. & Lomize Electrospark method of soil Con_qept_ of SO.'I Sand_y soil,
’ G | 1962 compaction densification with partially
' electrehydraulic effect saturated
Lomize, G., . .
Meshcheryakov, A. | g5 | Compaction of sandy soils F!]Sld tests ]?f ' Sandy Is|0|l,
Gilman, Y. & by electric discharger ensification of soils partially
Fedorov, B. with PDT saturated
Physical processes in sang Theoretical investigatior Sandy soil
Khlyupina, L. 1967 saturated soils by high of PDT in soll satu?/ated’ V=18-60kV
voltage discharges densification
Experimental justification of
the maintechnological
process parameter during| Research of densificatio _
Semushkina, L. 1968 impulse achieved of saturated soils with sla(i)lozgtﬁﬁgt?él VQ\}SISgB/
stabilization of water PDT ' '
saturated soils by
construction
Stabilizing ofsaturated soil§ Calculation of pressure Sandy soil
Gilman, Y. 1963 with the help of electric using equivalent of satu?/ated’
discharges explosives
Lomize, G. & 1965 eIeF;?r)éssI;Z:lf::%(;ﬁSZﬁoorf 0 denz:f?(g:i?;[so? fsoils Sandy solil, W=300J
Khlyupina, L. saturated 1500J;
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Calculation of pressure

Lyakhov, G. 1982 Wav'es in soils and porous using equivalent of Sandy solil,
multicomponent materials . saturated
explosives
Numerical modelling of
Park, H., Lee, SR., . _
Kim, T-H. & Kim, | 2011 | 9round borehole expansiol ; ;o0 50mm chambe . W=20kJ,
N.-K mduce_d by application of V=6kV
T pulse discharge technology
. . . Research of thermal ani
Naugoln_ykh, K., & 1974 Electrical discharges in leader breakdown in tay i
Roii, N. water
water
Installation of bored piles
Rytov, S 2009 using puIs;e dispharge_ Laboratory and_ field testf Sandy sails, W=5kJ
T technology in various soil of PDT piles saturated
conditions
Research of borepiles
L installation method via . . . W=6-9kJ,
Yassievich, G. 1977 electrohydraulic effect and Field tests of PDT piles Various V=30-50KV/
its' work under vertical load
Research of comprehensivj Comparison of PDWith Sandv and silt W=0.7-1kJ,
Golovchenko, V. 1977 | reinforcement of exploded| application of chemical goils Y V=30-50kV,
foundation cavities explosives 2-2.5uF
Shelyapin, R., Spherical compaction of so :
Golovchenko, V. & | 1976 by underwater explosion | Field tests of PDT piles Sandy qnd silty
soils
Matveev, V. treatment
Performance characteristic V=30-40KV
Brovin, S. 1994 of piles injected into pre Field tests of PDT piles Sandy soil, C=18uF, 140mm 180-220mm
augered holes to strengther saturated W=8-14kJ
weak soil mass B
Evdokimov, V., Grouted piles installed with , Weak clayey =
Egorov, A. & 1991 application of electric Laboratory and_ field test and sandy soils V__5 IV, 135mm ~400mm
. . of PDT piles W=8-60kJ
Borisenkov,V. impulse technology saturated




- 40 -

Semkin, B., Usov, A. 1995 Fundamentals of electric Research of electrical i V=7-10kV,
& Kurets, V. pulse fracturing of materialg parameters of PDT W=60kJ
Numerical analysis of uplift
L_ee, S:R., Park, H., behaviour of ground ancho Measurment oPDT | W=20kJ,
Kim, T.-H., Cha, K- 2011 pressure on the walls o - _
underreamed by pulse V=4kV
S. : 250mm chamber
discharge technology
Vibration monitoring in | Made Ground:
Features of soil surface | close proximity of PDT | Sand, gravel
Aptikaev, S. 2001 vibration near the man | treatment. Vibration fron| size bricks and
triggered seismic sources| PDT is less than from | concrete, GWL
vibro driving @2.8m b.g.l.
About interaction between Unit weight increase . V=30kV,
Yuschube. S. 1988 sinale pile and soil from 1.65g/crto Sandy soils C=1-uF,
gep 1.89g/cr W=4.5k]




Chapter 3
Development of approach to model
single pulse pile performance in Plaxis 2D

3.1 Introduction

Computer modelling of a pulse pile performance involves simulation of a load test on
castin-place single pile following its installation, thatludesPDT treatment of wet
groutmix and curing of th@routto a solid state. The Plaxis 2D programme was used

to model the construction sequence

Create borehole

Fill borehole with grout

- PDT treatment of the borehole

Load test of the pile

PDT treatment has not been simulated in this software before, therefore several
methods were considered to simulate the action of the shock wave expanding the walls
of the borehole. Dynamic loading applied to the-stilicture surface have been
considered a®ne of the methods. Other methods considered to moddPifie
treatment included application of a statically distributed load to thessaitture
surface, volumetric strain in clusters of a pile body and change of properties of the
cluster of soil surronding the treatment zone.

A sensitivity analysis has been performed to justify the set of parameters used in the
model. Mesh coarseness and model boundaries options have been compared to
evaluate impact on the results. Input parameters of the loadinguwdephumber of

pulses and length of the shaft treated byRBd have been specified and compared

for different soil types and strata combinations.

This chapter focuses on the initial development of the model for a single pile treated
by PDT. The main ofective is to build a reliable model of a pulse pile and to obtain

sensible results in different soil conditions.
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3.2 Model formulation

Laboratory and especially field load testing in geotechnical engineering are quite
expensive and the number of test posgiiéans that any experimental investigation

will be limited. This is a reason for carrying out a numerical analysis. Results of
working and preliminary pulse piles load tests produced in Moscow were available to

validate the numerical analysis.

Modelling of soil is different to modelling of solid structures because it is a three
phase particulate material whose properties depend on the composition, fabric and
structure. Therefore, special constitutive models of soil materials are required. The
most developd and internationally recognised softwimepractitionerghat provides
required soil models is Plaxis. Parameters and modelling procedure used in this

research can be found in the following sections of this chapter.

3.2.1Model Geometry

A finite element modeof a single pile has been simulated in the -tlimensional
version of Plaxis software. An axisymmetric system has been chosen for a cylindrical
body of soil containing a pile of specified diameter and length. The ratio of the pile to
soil boundaries hatb be sufficient to ensure that the boundaries had little effect on
the resultsin static calculationin dynamic calculatioo avoid reflection of waves

from the model boundaries there is a solution to apply absorbent boundaries as viscous
dampersAlthough a ratio of 10 to 1 is often recognised as being satisfa@eny
(2011)) for the size of model geometry, several combinations of vertical and
horizontal boundaries have been compared in this chapter to avoid model size impact

on calculation results.

3.2.2Modelling procedure

This section describes the initial development of the Plaxis model of a single pile,
including geometry, material properties, calculation sequseasitivity analysis of
model boundariesnesh coarseness aswil properties.

Once the rash size and mesh coarseness had been established, further analyses were
performed using the following modelling procedure. Basic models were specified for
each case to compare different soil properties and their influence on results of

computation.
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An axisymmetric model with Ipoded elements was chosen to simulate a
single pile cluster surrounded by a homogeneous soil.I&8agle pile is a
cylindrical shape structure that can be considered isotropic in horizontal plane.
The research is focused on miatep of a small diameter, therefore to obtain
reliable results of modelling it is required to apply detailed mesimdghumber

of nodes and stress point for a fourth order interpolation for displaceagents
recommended iRlaxisReference ManugR017)

The material set for the basic model was a coarse grained soil specified as
drained sand using the MohrCoulomb constitutive model. Unsaturated and
saturated unit weights were specified followed by strength and stiffness soil
parameters. Default groundwatproperties and flow parameters were set as a
standard data set for medium soil type. An interface parameigs, & unity

was considered for the basic model of a bored-inasitu concrete pile. K

lateral pressure settings are, by default, deterend aut omati cal |y
(1948) formula for normally consolidated soikso = 1-sinf6 or Mayne
Kulhawy (1982)for overconsolidated soil&ooc)= Koncf OCRS™

The material of a pile was specified for all construction phases. For the
installation phase, the pile material was specified as fresh mortar using a linear
elastic constitutive model, with nggorous drainage type. Only unit weight and
stiffness parameters have to be specified for this type of soil model. For the pile
load tesing, in which the fresh mortar is converted to concrete, concrete
parameters have been specified using a linear elastic material model.

The model geometry was set with the axis along ddeterline of a pile
assuming a single pile as a cluster of elemeh@15m radius, 10m lon@he
geometry of the piles used in the field testsyl as a soil cluster of 30m width

and 30m height. Mesh coarseness was specified as medium with enhanced mesh
refinements. Groundwater level was assumed at 1m below existungdgeel
because it is typical for many UK soils

The static load test was modelled by applying a uniformly distributed load based
on the assumption that forcast on the boundary of a circle subtending an
angle of 1 radian(Brinkgreve & Broere (2015))rherefore, the test point load

had to be recalculated to a load uniformly distributed over the-sext®on of

a pile and multiplied by a factor op2
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This is the modelling procedure that was used to simulate the basic model of a bearing
pile. Parametersf consecutive models can be found in following sections of this

chapter.

3.2.3Material Properties

The soil model consisted of a single layer of soil; either a fine grained or a coarse
grained soilMaterials used in the model include those for fine or cagnaeaed soil,

fresh concrete mix for the installation phase and solid concrete for the load test phase.

Constitutive models that were used for the materials areTeabie3-1:

Table 3-17 Material Models used in Plaxis

Material Model Purpose Input Parameters
Coarse or fine|  Mohr- First Effecti ve Y Euwpefifgchve
grained soil | Coulomb | approximationof| Poi s s o mdEfectivadohesion &,
Fresh concretg soil behaviour | Effective friction anglg  Dilatancy angle/
mix
Solid concrete| Linear Structural Ef fecti ve Y EWeffgchve
Elastic Elements Poissom®s rati

TheMohr-Coulomb material model has been used for coarse and fine grained soils as
a first approximation of soil behaviour. It is aliviear elastic perfectly plastic model

that requires only five input parameters and provides relatively quick and reliable
cdculation of the considered problem. More advanced models were not considered at
this stage because the challenge was to model the effect of a pulse in expanding the
pile.

At the pile installation phase, wet concrete behaves as very weak submerged granular
material. Therefore, the fresh concrete mix was modelled using-®aiomb
model. Solid concrete during the load test phase was considered to be linear elastic.

Soil parameters used in Plaxis for a basic single pile model are specifiadles 3
2 and3-3.
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Table 3-271 Soil material properties

Parameter Name Sand Clay Unit
. Mohr- Mohr-
Material Model Model Coulomb Coulomb -
Drainage type Type Drained Undrained (C) -
Soil unit weight above p.l. Qunsat 18 19 KN/m?
Soil unit weight below p.l. Osat 19 19 KN/m?
Youngds modul u E - 60000 kN/m?
level EO 30000 - KN/m?
Undrained shear strength Sujref 0.1 100 kN/m?
Friction angle ao 33 0 °
Dilatancy angle % 0 0 °
Poi ssonds r| 3 0.3 0.495 -
Data set - Standard - -
Type - Coarse - -
Set parameters to default - Yes - -
Horizontal permeability Kx 0.6 - m/day
Vertical permeability ky 0.6 - m/day
Interface strength type Type Rigid Rigid -
Interface strength Rinter 1.0 1.0 -
Ko determination - Automatic Automatic -
Lateral earth pressure coefficien Kox 0.3982 0.5774 -
Material properties of a pile cluster specifiedrable3-3:
Table 3-371 Pile material properties
Parameter Name Mortar Concrete | Unit
Material Model Model | Mohr-Coulomb| Linear Elastic|, -
Drainage type Type Non-porous Non-porous -
Soil unit weight above p.l. Qunsat 24 24 KN/m?
Soil unit weight below p.l. Dsat 24 24 kN/m?3
Youngbs modul us| EO 2,200,000 21,000,000 | kN/m?
Undrained shear strength Suref 5 - KN/m?
Friction angle ao 5 - °
Dilatancy angle Y 0 - °
Poi ssonds r 3 0.1 0.15 -
Interface strength type Type Rigid Rigid -
Interface strength Rinter 1.0 1.0 -
Ko determination - Automatic Automatic -
Lateral earth pressure coefficien Kox 0.9128 1.0 -

For the soilsensitivity analyses, a range of soil parameters have been

compared.

Sensitivity analysis for soil properties has been based on the matenmaries

specified in Tables -2 and 33. Sensitivity for soil strength, stiffness and
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combinations of these twmarameters have been considered. Other parameters have
been assumed constant. Material properties for other tests are specified in further

sections of this chapter.

3.2.4Phasesf calculation
Calculation phases for the basic and consecutive farms static mdel of a bored

pile are as follows:

- Initial phase: calculation type: KO procedure;

- Phase 1: set pile cluster material as mortar; calculation type: plastic; reset
displacements to zero to obtain the relative displacement

- Phase 2: set pile cluster mate®@al cured concrete; calculation type: plastic;
reset displacements to zero

- Phase 3: apply uniform distributed load of 5000kN/m/m at the top of the pile;
calculation type: plastic;

3.3 Model outputs

3.3.1Sensitivity of the static model to mesh coarseness

Table3-4 summarises the results of the model sensitivity to the mesh coarseness. A
20m high 50m diameter soil body was utilised for this comparistre Mesh
coarseness ranged from very coarse to very fine. Both prescribed displacement and
loading were considered for the pile load testing. Due to the increase in number of
elements and nodes in the very fine mesh calculation case, the time requisethfor e
run was recorded as well as the size of the file on disk. Enhanced mesh refinement

option has been tested for each case.
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Table 3-417 Summary of the mesh coarseness model sensitivity

Settlement
Running Vertical
_ Size on disk at the top
Calculation case | Elements| Nodes| time _ load
of a pile
min Mb m kN
Prescribed loading case without enhanced mesh refinement

meshl | Very fine 25691 | 206571 13 610 0.015 412.3

mesh2 Fine 13546 | 109105 5 356 0.014 412.3

mesh3 | Medium 6775 54723 35 133 0.012 412.3

mesh4 Coarse 3281 26619 1.5 66 0.01 412.3

meshs | V&Y 1704 | 13893 | 1 35.6 0008 | 4123
coarse

Prescribed loading case with enhanced mesh refinement

meshl+ | Very fine 30825 47759 15 - 0.017 412.3

mesh2+ Fine 18154 | 146149 9 356 0.016 412.3

mesh3+ | Medium 11014 88841 5 218 0.016 412.3

mesh4+ | Coarse 6635 53667 3.5 134 0.016 412.3

meshs+| oY 4093 | 33219 2.5 83.5 0.016 412.3
coarse

Prescribed displacement case without enhanced mesh refinement

mesh01 | Very fine 25691 | 206571 - 496 0.025 512.5

mesh02 Fine 13546 | 109105 - 18.2 0.025 531.1

mesh03 | Medium 6775 54723 2.5 134 0.025 569.4

mesh04 | Coarse 3281 26619 1.5 134 0.025 605.7

meshos | &Y 1704 | 13893 | 1 35.4 0025 | 669.1
coarse

Prescribed displacement case vétihanced mesh refinement

mesh01+| Very fine | 30825 24759 14.5 609 0.025 494.3

mesh02+ Fine 18154 | 146149 - 24.8 0.025 497.7

mesh03+| Medium 11014 88841 55 218 0.025 498.2

mesh04+| Coarse 6635 53667 3.5 134 0.025 498.2

meshos+| e 4093 | 33219 | 25 83.1 0.025 | 496.8
coarse

On Figure 31 images of mesh coarseness tested for model sensitivity can be
compared.
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No enchanced mesh refinements With enchanced mesh refinement

Figure 3-1 - Mesh coarseness tested for model sensitivity
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Figure3-2 is showing the difference between the mesh coarseness with and without

local mesh refinements:
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Figure 3-27 Mesh Coarseness impact opredicted pile capacity
Comparing data for the calculation cases specifiebaile 3-4 it can be seen, that
number of elements and nodes; and the time of the runs were similar for prescribed
loading or displacement. Enhanced mesh refinement increased the number of
elements andodes and time of the computation. Results of all cases show consistent
reduction of pile capacity with increased detailing of mesh. However, local mesh
refinement (sediMesh refinements on Figure 3-2) of the coarse mesh shows
comparable results with the very fine mesh without local mesh refinement. It also
takes less time to run and uses less space on disk. Therefore, it was decided to use

local meshrefinement with medium mesh for the soil cluster.

Additional runs have begrerformed in Plaxis to study the effect of the mesh size for
the PDT pile models using dynamics analysis. On figuBt&o loadsettlement
curves can be compared for a mediumaeny fine mesh with local refinements. As

can be seen the curves for both cases have a very little deviation. It means that local
refinement of the mesh allows to obtain reliable results even with the medium coarse
mesh. Using local refinement of the mesakesbasic mesh coarseness of the model

to have a little effeadn the dynamic analysis in Plaxis.
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Figure 3-3 - Comparison of loadsettlement curves of PDT pile performance for
(a) - medium mesh with locéa refinements; (b) - very fine mesh with local
refinements

3.3.2Sensitivity of the model to the boundaries of the contour

Table3-5 summarises the results of the model sensitivity to the horizontal and vertical
size of the soil body. The dimeter ranged from 5m to 60m, and the depth from 15m to
50m. To determine the optiinsize of the model to use in further investigation, the
size of the file on disk and the number of nodes were compared as well. Prescribed

displacement of 0.025m for the vertical loadmgre considered for all cases.
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Table 3-517 Summary of soil contour model sensitivity

Settlement
Size on Vertical
Calculation | x |y at the top
Elements| Nodes disk load
case of a pile
m|m Mb m kN

size 01 20| 50 6635 53667 134 0.025 498.2
size 02 20| 40 7131 57619 142 0.025 495.3
size 03 20| 30 7376 59561 147 0.025 498.2
size 04 20| 20 6953 56147 138 0.025 497.7
size 05 20| 15 6506 52545 130 0.025 498.7
size 06 5120 2915 23727 60.5 0.025 495.8
size 07 10| 20 5000 40461 102 0.025 495.3
size 08 15| 20 6404 51729 128 0.025 490.8
size 09 17| 20 6736 54397 136 0.025 494.8
size 10 19 20 6836 55205 136 0.025 495.3
size 11 25/ 20 7473 60323 150 0.025 497.3
size 12 30| 20 7526 60761 146 0.025 501.7
size 13 35/ 20 7352 59377 146 0.025 501.7
size 14 40| 20 7217 58307 144 0.025 504.1
size 15 50 | 20 6626 53593 132 0.025 505.6
size 16 60 | 20 6143 49739 123 0.025 506.1
size 17 60 | 30 8582 69297 172 0.025 502.7
size 18 60 | 40 9755 78711 196 0.025 500.7
size 19 60| 50| 10804 | 87125 214 0.025 502.7
size 20 50| 50| 10723 | 86463 212 0.025 503.6
size 21 40| 50 9961 80347 197 0.025 502.7
size 22 30| 50 8385 67707 167 0.025 499.7
size 23 40| 40| 10054 | 81073 199 0.025 503.1
size 24 40| 30 8782 70869 174 0.025 504.1
size 25 40| 15 5881 47591 119 0.025 504.1
size 26 30| 40 9012 72709 179 0.025 501.2
size 27 30| 30 8752 70605 174 0.025 503.6
size 28 30| 15 6422 51901 128 0.025 494.8
size 29 50| 40| 10236 | 82545 203 0.025 501.2
size 30 50| 30 8922 72005 177 0.025 505.1
size 31 50| 15 5326 43165 109 0.025 506.1
size 32 60| 15 4905 - 99.7 0.025 507.1
size 33 10| 15 5302 42857 106 0.025 498.7
size 34 10| 30 4563 36991 93.8 0.025 489.8
size 35 10 | 40 4104 33341 85 0.025 489.5
size 36 10 | 50 3699 30119 77.2 0.025 483.8

Figure3-4 shows the predicted axial load for a settlement of 10% of the pile diameter
with respect to the ratio of the horizontal model dimensions between pile diameter,
D, and diameter of the model, €urves are plotted for the cases of ratio of vertical

dimensions between the length of the pile, L, and depth of the model, .
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Figure 3-47 Model boundaries impact on predicted pile capacity
An increase of théhorizontal boundary shows consistent improvement thfe
capacity of the e at various vertical boundas y. However \arying the vertical
boundaryy has no consistent effedt can be explained by the fact that for specified
settlemenbf the modelled micropileakes place when trehaft friction is mobilised.
The end bearing pressure bulb is located above zone of influengandfoundary.
Horizontal ratio of 0.83% and vertical of 33.3% have been chosen for the further
analysis as arvarage reliable boundary conditions. These ratios are relevant to 30m

X 30m soil contour.

3.3.3Sensitivity of the single bored pile model to soil properties

3.3.3.1Load test model of a single bored pile

Table3-6 summarises the cases calculated to analyse the sensitivity of the bored pile
model to the variation of coarse grained soil strength and stiffness parameters.
Settlement at the top of the pis been measured for each case wipheacribed

vertical test load.
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Table 3-6 Sensitivity to coarse grained soil witj 6 f r otod02 8

Soil properties Results
Settlement )
Bored pile casqd U 6| 9unsat Dsat Kx/Ky Ere 3 at the top Vertical

of a pile load

~ | KN/m® | kN/m® | m/day | kKN/m? | - m kN

Sensitivity to variation of soil strengthprescribed vertical test load

sand_phi28 28 18 19 0.1206| 30000 | 0.3 0.08623 3534
sand_phi29 29 18 19 0.1206| 30000 | 0.3 0.07549 3534
sand_phi30 30 18 19 0.1206| 30000 | 0.3 0.06722 3534
sand_phi31 31 18 19 0.1206| 30000 | 0.3 0.06097 3534
sand_phi32 32 18 19 0.1206| 30000 | 0.3 0.05546 3534
sand_phi33 33 18 19 0.1206| 30000 | 0.3 0.05061 3534
sand_phi34 34 18 19 0.1206| 30000 | 0.3 0.04634 3534
sand_phi35 35 18 19 0.1206| 30000 | 0.3 0.04229 353.4
sand_phi36 36 18 19 0.1206| 30000 | 0.3 0.03893 353.4
sand_phi37 37 18 19 0.1206| 30000 | 0.3 0.03652 353.4
sand_phi38 38 18 19 0.1206| 30000 | 0.3 0.03447 353.4
sand_phi39 39 18 19 0.1206| 30000 | 0.3 0.0326 353.4
sand_phi40 40 18 19 0.1206| 30000 | 0.3 0.03042 353.4

Figure 3-5 shows the loadettlement curves for the models of coarse grained soils
with an angle of friction from 28&o 40 . Cutoff have been set on the calculated load
of 353.4kN. This value of thexal load has been badalculated from the

axisymmetric distributed vertical load of 5000kN/specified in Plaxis model.
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Figure 3-51 Sensitivity to coarse grained soil witj 6 f r oto402 8
Figure3-5 shows that increase of a friction angle of a cograéned soil reduces the
settlement at the top of the pile at constant maximum load at constant stiffness and
variable angle of friction. Safe working load at pile settlement of 10% of pile diameter
varies from 275kN foj 6 = 218 353.4kN foj 6 =4 0

Stiffness parameters of coarse grained soils have been compared aklea+7:



-65 -

Table3-7iSensitivity to coarse grained
65000kN/m2
Soil properties Results
Bored pile casq U ¢ Ounsat Osat Kx/Ky Eret 3 Seti)lg?nent Vertical load
| KN/m® | KN/m® | m/day | KN/m? | - m kN
Sensitivity to variation of soil stiffnegsprescribed vertical test load

sand_E7500 | 32 18 19 0.1206| 7500 | 0.3 0.2187 3534
sand_E13125 | 32 18 19 0.1206| 13125 0.3 0.1253 3534
sand_E18750 | 32 18 19 0.1206| 18750 | 0.3 | 0.08817 3534
sand_E24375 | 32 18 19 0.1206| 24375 | 0.3| 0.06796 3534
sand_E30000 | 32 18 19 0.1206| 30000 | 0.3 | 0.05546 3534
sand_E35000 | 32 18 19 0.1206| 35000 | 0.3| 0.04764 353.4
sand_E40000 | 32 18 19 0.1206| 40000 | 0.3| 0.04185 353.4
sand_E45000 | 32 18 19 0.1206| 45000 | 0.3| 0.03719 353.4
sand_E50000 | 32 18 19 0.1206| 50000 | 0.3| 0.03358 353.4
sand_E55000 | 32 18 19 0.1206| 55000 | 0.3| 0.03063 353.4
sand_E60000 | 32 18 19 0.1206| 60000 | 0.3| 0.02809 353.4
sand_E65000 | 32 18 19 0.1206| 65000 | 0.3| 0.02594 353.4
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Figure3-6 shows the loadettlement curves for models of coarse grained soils with
drained stiffness from 7,500kNfrto 65,000kN/M. The same cubff as in strength
sensitivity analysis have been sattbe calculated load of 353.4kN.
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Figure 3-6 shows that an increase of a soil stiffness moduli of a cameseed soil
reduces the settlement at the top of the pile at a constant maximum load. The safe
working load at pile settlementf Ad0% of pile diameter varies from 230kN for

E 67,500kN/n?, to a projection of approximately 375kN f&r865,000kN/m.

Combination of strength and stiffness parameters of coarse grained soil have been
tested as shown ihable 3-8. The relation between strength and stiffness was based
on empirical correlations with SPT N valuégcording to CIRIA C760Gaba et al.
(2017) stiffness values fonormally consolidated and overconsolidated coearse
grained soilsareE 8Neo (MPa) ande $2Neo (MPa) respectively. Therefordiffness
modulus for granular soilshas beenchosenusing conservativee 6= 1500 x N
(kPa)Angles of friction for each value stiffness modulus were obtained from Peck,
Hanson & Thorburr§1974)(seeFigure3-7):
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Figure 3-77 Shearing resistancgPeck et al. (1974))
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Table 3-8 Sensitivity to coarse grained soil witj 6 f r otod02nh d E O
from 7,500kN/n¥ to 65,000kN/n?

Soil properties Results
Settlement )
Bored pile case| G § Ounsat Osat Kx/Ky Eret 3 | atthetop Vertical
of a pile load
~ | kN/m?® | KN/m® | m/day | KN/m? | - m kN
Sensitivity to variation of strength and stiffnésgrescribed vertical test load
sand_E7500phi29 29 18 19 0.1206| 7500 | 0.3 0.2989 3534
sand_E13125phi3( 30 18 19 0.1206| 13125 0.3 0.1527 3534
sand_E18750phi3] 31 18 19 0.1206| 18750 | 0.3 | 0.09693 3534
sand_E24375phi3] 32 18 19 0.1206| 24375 | 0.3| 0.06796 3534
sand_E30000phi3] 33 18 19 0.1206| 30000 | 0.3| 0.05061 3534
sand_E35000phi34 34 18 19 0.1206| 35000 | 0.3| 0.03972 3534
sand_E40000phi3} 35 18 19 0.1206| 40000 | 0.3 | 0.03202 3534
sand_E45000phi3{ 36 18 19 0.1206| 45000 | 0.3 | 0.02645 3534
sand_E50000phi3] 37 18 19 0.1206| 50000 | 0.3 | 0.02225 3534
sand_E55000phi3{ 38 18 19 0.1206| 55000 | 0.3 | 0.01918 3534
sand_E60000phi3{ 39 18 19 0.1206| 60000 | 0.3| 0.01676 3534
sand_E65000phi4( 40 18 19 0.1206| 65000 | 0.3| 0.01459 3534

Figure 3-8 shows the loadettlement curves for the models of coarse grained soils
with angle of shearing resistance from 2® 40 and drained stiffness from
7,500kN/nt to 65,000kN/M. The samecutoff was set for the calculated load of
353.4kN as for the two previous cases.
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from 7,500kN/n¥ to 65,000kN/n?

Figure 3-8 shows that increase of a soil stiffness moduli of a cegmai@ed soil
reduces the settlement at the top of the pile at constant maximadmSafe working
load at pile settlement of 10% of pile diameter varies from 221kN dor 2 &hd
E 87,500kN/nt, to a projection of approximately 475kN foyo =4 and

E 865,000kN/m.

Additional set of runs were performed with prescribed displacement as liStedlen

3-9.

f r otod022 d
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Table 3-97 Sensitivity to coarse grained soil witj 6 f r otod02nh d E O
from 7500kN/m2 to 65000kN/m2. Case of prescribed displacement of 10%
of pile diameter

Soil properties Results
Settlement )
Bored pile case | U 6| Ounsat Dsat kx/Ky Ere 3 | atthetop Vertical
of a pile load
| KN/m? | KN/m® | m/day | KN/m? | - m kN
Sensitivity to variation of strength and stiffnésgrescribed displacement

sand_E7500phi29d 29 18 19 0.1206| 7500 | 0.3 0.03 221.5
sand_E13125phi30( 30 18 19 0.1206| 13125 | 0.3 0.03 247.2
sand_E18750phi31( 31 18 19 0.1206| 18750 | 0.3 0.03 269.9
sand_E24375phi32( 32 18 19 0.1206| 24375 | 0.3 0.03 290.3
sand_E30000phi33( 33 18 19 0.1206| 30000 | 0.3 0.03 310.5
sand_E35000phi34( 34 18 19 0.1206| 35000 | 0.3 0.03 328.8
sand_E40000phi35( 35 18 19 0.1206| 40000 | 0.3 0.03 347.6
sand_E45000phi36( 36 18 19 0.1206| 45000 | 0.3 0.03 367.1
sand_E50000phi37( 37 18 19 0.1206| 50000 | 0.3 0.03 386.7
sand_E55000phi38( 38 18 19 0.1206| 55000 | 0.3 0.03 407.4
sand_E60000phi39( 39 18 19 0.1206| 60000 | 0.3 0.03 426.8
sand_E65000phi40( 40 18 19 0.1206| 65000 | 0.3 0.03 446

Figure 3-9 shows the loadettlement curves for the models of coarse grained soils
with angle of shearing resistance from 28 40 and drained stiffness from
7,500kN/n? to 65,000kN/m. The cutoff was set at a prescribed displacement of
0.03m equivalent to 10% of pile diameter. The value of load at this settlement is the

nominal working load.
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Figure 3-91 Sensitivity to coarse grained soil witj 6 f 29%tod40 and EO

from 7500kN/m? to 65000kN/n?. Case of prescribed displacement of 10% of
pile diameter

The pile model in coarse grained soil has been anafgsaénsitivity to the variable
properties of strength and stiffness. To explore the boundaries of results following

sets have been considered:

- Variable strength at constant stiffness
- Variable stiffness at constant strength
- Variable strength and stiffness

Figure 3-10 and Figure 3-11 show how settlement is reducing with increase of
strength of coarse grained soil. Two curvessai@vingthe difference of approaches

for the one with permanent stiffness and combined strength and stiffness sensitivity
analysis. Thus stiffness combined withesigth at the lower boundary shows much
more conservative pile performance due to the con&aist 30,000kN/m for the
sensitivity analysis of singleparameter of friction angle. At the upper boundary, the
graph shows more optimistic result, due to éase of both strength and stiffness as

opposed to only a friction angle fosangle parametesensitivity calculations.
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Angle of friction,°
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Figure 3-1071 Predicted deflectionfrom strength parameter sensitivity
calculation
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Figure 3-1171 Predicted deflection from strength and stiffness parameters
sensitivity calculation
Both curves fostrength onlyandfor combined strength and stié#fes sensitivity show

an improvedile capady in granular soilsvith increase of soil properties

Figure 3-12 summarises sensitivity of the results of a single pile model runs to

increase of stiffness parameter of soil with all other parameters being corgjarg.
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3-13 summarises sensitivity of the results of a single pile model runs to increase of

both strength and stiffness parameters with all remaining parameters being constant.
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Figure 3-1271 Predicted deflectionfrom stiffness parameter sensitivity
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Figure 3-1371 Predicted deflection from strength and stiffness parameters
sensitivity calculation

Figure 3-12 and Figure 3-13 show the reduction of settlement by increasing of the
stiffness of coarse grained soil. Increasing of soil stiffness reduces settlement at the

top of the pile.
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Figure3-14 and 313 show model performance for combined strength and stiffness
sensitivity anal yses. l ncrease of angl e
increasepile working load at settlement of 10% of pile diamekegure below also
summarises relevant values of strength and stiffness considered in the sensitivity

analyses.
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Figure 3-1471 Sensitivity analysis ofcombined strength and stiffness
parameters of coarse grained soil&ith angle of friction up to 33 and stiffness
modulus up to 30000kN/m
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Figure 3-15 - Sensitivity analysis of combined strength and stiffness parameters
of coarse grained soilsvith angle of friction up to 40 and stiffness modulus up
to 65000kN/n?

Results of the sensitivity analysis have proven that an increase of the gansel

soil strength, #ifness or combination of those parameters increases pile capacity and
decreases settlemeiiable3-10 summarises the results of the sensitivity analysis of
fine grained soil properties for a single bored pile model. Fine grained soils have been
modelled as undrained cohesive material using@oulomb Undrained (C) option.
Modelling of undrained soil model in Plaxis is described in detail in Chapter 4.
Undrained stiffness has been calculated as 400 all fine grained soil cases
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Table 3-107 Sensitivity to fine grained soil properties of Plaxis 2D model of the

bored pile
Soil properties Results
. Vertical
Bored pile case| ¢ Junsal sat] Type | ki ky E. 3 |ul
load
KN/m? | KN/m? m/day | kN/m? - m kN
Sensitivity to variation of strength astiffnessi prescribed displacement
CFA _clay_u_cu20| 20 19 Medium 0 8000 | 0.495| 0.15| 243.58
CFA _clay_u_cu40| 40 19 Medium 0 16000 | 0.495| 0.15| 490.84
CFA clay u_cu60| 60 19 Medium 0 24000 | 0.495| 0.15| 742.20
CFA_clay _u_cu80| 80 19 Medium 0 32000 | 0.495| 0.15| 989.60
CFA clay u_cul0d 100 19 Medium 0 40000 | 0.495| 0.15| 1245.48
CFA _clay u_cul2q 120 19 Medium 0 48000 | 0.495| 0.15| 1496.42
CFA _clay_u_cul4q 140 19 Medium 0 56000 | 0.495| 0.15| 1747.35
CFA _clay u_culeq 160 19 Medium 0 64000 | 0.495| 0.15| 1998.29
CFA _clay_u_cul8Q 180 19 Medium 0 72000 | 0.495| 0.15| 2249.93
CFA _clay_u_cu20q 200 19 Medium 0 80000 | 0.495| 0.15| 2500.86
CFA _clay_u_cu22Q 220 19 Medium 0 88000 | 0.495| 0.15| 2751.80

Figure 3-16 shows loaesettlement curves for the models of fine grained soils with
undrained cohesion from 20 kNnto 220 kN/nt and undrained stiffness from
8,000kN/n? to 88,000kN/m.
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Figure 3-161 Sensitivity to fine grained soil with cu from 20kN/n% to 220kN/n?
and Eu from 8,000kN/m? to 88,000kN/n¥
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Figure 3-17 shows the performance for combined strength and stiffness sensitivity
anal yses. |l ncrease of wundrained par amet ¢

modulus increase pile capacity at sgttent of 10% of pile diameter.
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Axial Load at settlement of 10% of pile diameter, kN

Figure 3-171 Sensitivity analysis of combined strength and stiffness
parameters of fine grained soils

3.3.4Sensitivity of the model to dynamic inputs

3.3.4.1Load test model of the pulsepile
There are several options to model in Plaxis a single pile treateBDY.a

1. Manually change the properties of the soil cluster around the pile
2. Expand the pile cluster using volumetric strain to represent the expansion due
to the discharge.
3. Apply adistributed load to the soil cluster to represent the force due to the
discharge.
4. Use dyamic loading to model the disarge.
Simulating the impact of pulse discharges, it is possible to change the material
properties of a soil cluster surrounding the pNer a treatment zone. It is a simple
option that could provide increased capacity of a pile. However, all the parameters of
the improved soil in compacted zone have to be specified manually that makes results
of the calculation not plausible.
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Another opion is to apply volumetric strain in clusters. This is a good approximation
of simulation of a pulse pile expansion in surrounding strata. As in previous method
the result of the treatment has to be specified as input data mabugfilacements

and streses in soil are calculated in the model. However, there are limitations on the
volumetric strain that can be specified in the model, and pressure from the pulse
discharge treatment is the output of the model, not the infwolumetric strain
applied tothe pile cluster is a result of a pulse treatment, that does not take into
account a dynamic impacko calculate the volumetric strain of the treated zone of

pile cluster it is required to apply a loading on pile soil interface.

Attempts to simulate theoarce of treatment by applying the distributed load to the
structuresoil surface is possible in Plaxis by means of static or dynamic load. Use of
a static distributed load is a robust method to obtain expansion of the pile body. The
equivalent static presire can be applied to the walls of borehole agestgd in
Annex D of BS EN 19911-7:2006(2006)for the internal explosions case. However,

to be able to calculate equivalent pressure, laboratory and field tests have to be
performed to obtain reliablalues for various soil and grout combinations. Also, it
doesnot take into account the time of action, that in cadeT treatment is critical.
Modellingdynamicsin Plaxisallows to specify not only themplitudeof the dynamic

load but also the timand frequencyof its action.The amplitude and time multiplier

of the dynamic load can lealculatedusingpublished datasge Figure @ fromPark

et al. (2011)).

Dynamic calculation in Plaxis 2D allows to model variable loading when it is required
to corsider stress waves or vibrations propagated in soil. Dynamic loading can be
specified by means of dynamic load or dynamic prescribed displacement. Simulation
of PDT treatment as horizontal distributed dynamic load have been applied in this
study to obtaintheoretical expansion values and analyse pulse pile performance.
Values of the pressure on the walls have been applied basgditableinformation,
therefore dynamic prescribed displacement has not been considered.

3.3.4.2Analysis in coarse grained soil

During this initial sensitivity analysis of the pulse pile using dynamic loadipdgo

10 pulses were tested in coarse grained Saib 10 pulses is approximate number of
pulses appliedn industry.A single pile was specified as a soil cluster of 150mm

radius 10m longthe geometry of the piles used in the field teMaterial properties
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of the pile cluster for the dynamic load calculation were assumed as wet
concrete/mortar (sekBable3-3). Sand properties were the same as the relevant CFA

pile model (e.g.iMable3-9, t he cal sahdt E86aO0BaAgnkrigB 3do
of friction of 33A and ?YDynamigléas wanapglied us o
to the bottom 1m of a pile that simulated untEamirg from the pulse treatment at

one level. A dynamic load amplitude of 5000kN/m/m was specified for a pulse 0.002s

long with 0,001s time between pulses. Vertical load at the top of the pile for the load

test simulation was specified as a prescribed displacenf 10% of pile diameter

appliedat thetop of pile (sealetail onFigure 318).
H

1>

H~

Prescribed Displacemer

—— Dynamic line load w

Figure 3-181 Pulse pile model layoushowing dynamic line load anddetail on

applied prescribed displacement
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Table 3-117 Pulse Pile model sensitivity to the number of pulses in coarse

grained soil
Augered | Pile Results
Calculation case Diameter| Length| Max Defl. | Vertical Load
Comments
m m m kN
Bored_sand_E30Kphi3 0.3 10 0 310.45 cfa pile

Pulse_sand_dynlp 0.3 10 0.0347 406.30 1 pulse
Pulse_sand_dyn2p 0.3 10 0.0533 448.78 2 pulses
Pulse_sand_dyn3p 0.3 10 0.0764 545.34 3 pulses
Pulse_sand_dyn4p 0.3 10 0.0818 622.67 4 pulses
Pulse_sand_dyn5p 0.3 10 0.1278 814.30 5 pulses
Pulse_sand_dyn6p 0.3 10 0.1648 892.76 6 pulses
Pulse_sand_dyn7p 0.3 10 0.1800 1065.24 7 pulses
Pulse_sand_dyn8p 0.3 10 0.2155 1124.61 8 pulses
Pulse_sand_dyn9p 0.3 10 0.2571 1308.39 9 pulses
Pulse_sand_dyn10p 0.3 10 0.2717 1280.12 10 pulses
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Figure 3-1971 Calculated expansion from dynamic load
Figure 319 shows the increase of horizontal displacement with the number of pulses.
Mohr-Coulomb drained material model shows linear relation of horizontal

displacement to the number of pulses of up to 10 puisgsre 3-20 shows thepile
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capacity at settlement of 10% of pile diameter depending on the number of pulses of

horizontal distributed dynamic loading.
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Figure 3-2071 Pile capacity depending on number of pulses

The results orrigure 3-20 show that an increase in the number of pulses improves
the bearing capacity of a pile. This is consistefth @vailable experimental data. The
value of the capacity of the pulse pile after 10 pulses is excessive for 300mm diameter
pile, it might not have enough structural rigidity for specified axial |3&is can be
explained by the increased diameter oftibtom 1m of a pile shaft (s&egure3-21).
Deformed mesh illustrates the expansion of the borehole after 10 pulses modelled as
dynamic line load agied to drained MohCoulomb material modeDynamic load

effectively underreams the bottom of the pile.
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Figure 3-211 Deformation of the mesh after(a) 1 pulse and (b)YLO pulses of
dynamic load in drained Mohr-Coulomb material model

Average number of pulses applied in the field by piling contractors is from 3 to 5 at
each levedue to equipment maintenance limitatiomberefore further calculations

were made for 4 pulses treatment.

The amplitude of dynamic horizontal loading has been tested in sandy soil using the
same soil and material parameters for the number of pulse calculations. Dynamic load
was specified a4 pulses 0.002s long at 0.003s between the peak values. The average
amplitude considered in this chapter is 5000kN/nfRark et al. (2011)herefore the
amplitude range of values have been considered between 1000kN/m/m and

20000kN/m/m.
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Table 3-127 Pulse ple model sensitivityto the amplitude of pulses in coarse

grained soil
Prescribed :
Augered | settlement H.orlzontal Max. : .
. line load .| Pile Capacity|
Calculation case Diameter| at tgp of O s Expansion
pile
m m KN/m/m m kN
Simulation of a single pulse treatment
Brd_shd_E30Kphi33d 0.3 0,03 0 0 310.45
Pulse_sand Ip5amp 0.3 0,03 1000 0.003 339.08
Pulse_sand Ip2amp 0.3 0,03 2500 0.009 367.00
Pulse_sand_d1p 0.3 0,03 5000 0.021 406.30
Pulse_sand_dlplam 0.3 0,03 10000 0.046 475.43
Pulse_sand_dlp3am 0.3 0,03 15000 0.071 534.60
Pulse_sand_Ip4amp 0.3 0,03 20000 0.096 588.18
Simulation of a double pulses treatment
Brd_shd_E30Kphi33d 0.3 0,03 0.1 0 310.45
Pulse_sand 2p5amp 0.3 0,03 1000 0.007 348.27
Pulse_sand 2pb2amp 0.3 0,03 2500 0.020 391.18
Pulse_sand_d2p 0.3 0,03 5000 0.045 448.78
Pulse_sand 2plamp 0.3 0,03 10000 0.099 544.00
Pulse_sand 2p3amp 0.3 0,03 15000 0.154 621.61
Pulse_sand 2p4amp 0.3 0,03 20000 0.208 689.61
Simulation of 4pulses treatment
Brd_snd E30Kphi33¢ 0.3 0,03 0.1 0 310.45
Pulse_sand 4p5amp 0.3 0,03 1000 0.012 394.29
Pule_sand dp2amp 0.3 0,03 2500 0.034 497.49
Pulse_sand_q# 0.3 0,03 5000 0.077 622.67
Pulse_sand 4plamp 0.3 0,03 10000 0.164 761.29
Pulse_sand 4p3amp 0.3 0,03 15000 0.252 815.71
Pulse_sand 4p4amp 0.3 0,03 20000 0.340 858.83

Figure3-22 shows the expansion of the pile increases with the number of pulses and

the magnitude of the pulses.

Figure3-23shows the vertical load at the top of the pile for a prescribed displacement

increases as the number of pulses increases and the magnitude of the pulses increases.
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Figure 3-231 Pile capacity at settlement of 10% of pile diameter from
horizontal distributed dynamic load

A further set of amplitudeensitivity tests were performed for the option of pulse
treatment of the bottom 5m of the pile in sandy soil. Amplitude values between
500kN/m/m and 10000kN/m/m have been considered based on average figure as for

aforementioned 1m treatment calculation.
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Table 3-137 Pulse ple model sensitivity to the amplitude of the pulses with 5m
length of treatment in coarse grained soil

Prescribed .
Horizontal
Augered| settlement| . Max. . ,
Diameter| at top of line load Expansion Pile Capacity
Calculation case pilg O start ref P
m m kN/m/m m kN
Brd_sand_E30Kphi33 0.3 0.03 0 0 310.45
Pls_sand_4p_5m+4a 0.3 0.03 500 0.005 588.88
Pls_sand_4p 5m+la 0.3 0.03 1000 0.013 781.08
Pls_sand_4p_ 5m+5a 0.3 0.03 1750 0.024 1195.30
Pls_sand_4p 5m+2a 0.3 0.03 2500 0.037 1414.42
Pls sand_dg 5m+ 0.3 0.03 5000 0.080 1808.85
Pls_sand 4p 5m+3a 0.3 0.03 10000 0.166 2119.16

The maximum deflection from the horizontal dynamic loading is showRigure
3-24. The graph shows that the expansion of the pile is independent of the length of

expansion.
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Figure 3-241 Shaft expansion from horizontal distributed dynamic load
Figure3-25shows the pile capacity at a settlement of 10% of pile diameter for the 1m
and 5m length of expansion. Increasing the length of the pile section treated by pulse
discharges provides additidrshatft friction resistance and improves the overall axial

capacity.
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Figure 3-2571 Pulse ple capacity from horizontal distributed dynamic load
Sensitivity tests were performed in coarse grained spgaBable3-14to investigate
the length of the expanding sectiompact on pulse pile capacity

Table 3-147 Pulse ple model sensitivity analysis of the length of treatment
from 1m to 9m in coarse grained soil

Prescribed ) )
Horizontal line | Length of ) )
] settlement at top Pile Capacity,
Calculation case ] load ¢ start,ref treatment
of pile
m kN/m/m m kN
Brd_sand_E30Kphi33« 0.03 0 0 310.45
Pulse_sand_dyn4p 0.03 5000 1 622.67
Pulse_sand_d4p_2m- 0.03 5000 2 835.51
Pulse_sand_d4p_3m- 0.03 5000 3 1089.27
Pulse_sand_d4p_4m- 0.03 5000 4 1442.70
Pulse_sand_d4p_5m- 0.03 5000 5 1808.85
Pulse_sand_d4p_6m- 0.03 5000 6 1861.16
Pulse_sand_d4p_7m- 0.03 5000 7 1818.04
Pulse_sand_d4p_8m- 0.03 5000 8 1794.01

The required vertical load at the top of the pile for a vertical displacement of 0.03m
is shown orFigure3-26. The length of expansion of 1m tan8at the bottom of the
pile was considered. The graph shows an increase of the nominal working load of a

pile with increase of the length of pulse treatimantil the top 2 meters.
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Figure 3-2671 Pulse ple capacity with the length of expansion

Additional runs have been performed to compare pulse pile performance with
different time of5 no. PDT pulsesFigure 327 shows the loadettlement curves for

a bored piled compared tbe cases with pulse duration of B 1E5, 1E4, 1E3

sec The ime of each pulse and interval between pusesummarised in Table-3

15. The time interval between pulses of-3Eseconds has been assumed for each
calculation case. There were attempts to run the Plaxis calculation with the time
interval of 710 seconds as applied in industry, but the Plaxis Calculation Kernel failed
after 6 days of calculation. Therefore specifiede interval was used for dynamic
analysis in Plaxis.

Table 3-15 - Dynamic multiplicator time parameters for additional calculation

cases
Calculation casg Time of pulse, (seconds Interval between pulsgseconds)
Bored - -
1E-6 1E-6 1E-3
1E-5 1E-5 1E-3
1E-4 1E-4 1E-3
1E-3 1E-3 1E-3

As can be seen on Figure23, the variation of time of pulsebas adramatic effect
on pulse pile performancé. pulse specified in microseconds range gives almost no
increase in capacity in comparison to the bored pile. Incrgdlsetime of a pulse

increases thealculated capacity. In this research to obtain the modelling results
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comparable with the real PDT pile performance, the longer time of pulse will be
appliedwith simplified dynamic load time multipliedt is recommendedhat the
pressure over time profilee takerfrom laboratory or field tests taseas a dynamic

time multiplier in Plaxis.

Axial Load, kN
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Figure 3-27 - Load-settlement curve for the dynamic analysis cases: (a) bored
pile, (b) 1E-6 seconds pulse, (c) 2k seconds pulse, (d) 1 seconds pulse,
(e) 1E3 seconds pulse

3.3.4.3Analysis in fine grained soil

The analysis of the pulse pile using dynamic calculationtyer of pulses from 1 to

10 have been tested in fine grained soil. The single pile was specified as a soil cluster

of 150mm radius 10m long. The material properties of the pile cluster for the dynamic

load calculation, assumed as wet concrete/mortar giaen in Table 3-3. Clay

properties has been considered as per relevant bored pile n{ddéle 3-10,

cal cul ati on case a$ Qrdrained (G, ywithuundrainédOshear)
strength of 100kN/mand Young6s modul2ufn addifiona 4, 00 |
consolidation phase has been consideredhe calculation to simulate drained

conditions of the ground after the pulses. The dynamic load was applied to the bottom
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1m of a pile that simulated undezaming from the pulse treatment at one level. A
dynamic load amplitude of 5000kN/m/m was specifi@da pulse 0.002s long with
0,001s time between pulses. The vertical load at the top of the pile for the load test
simulation was specified as a prescribed displacement of 10% of pile diameter.

Table 3-167 Pulse ple model sensitivity analysis of number of pulses in fine

grained soil
Calculation case Augered | Prescribe| Horizonta Max. Pile
Diamete d I line load | Expansio| Capacity
r settlement]  Ox start,ref n
at top of
pile
m m kN/m/m M kN
CFA_clay_u(A)_phi20 0.3 0.03 0 0 221.11
Pulse_clay_dyn1pC_u(A| 0.3 0.03 5000 0.017 264.01
Pulse_clay_dyn2pC_u(A| 0.3 0.03 5000 0.06334 295.33
Pulse_clay_dyn3pC_u(A| 0.3 0.03 5000 0.1348 321.90
Pulse_clay dynd4pC u(A] 0.3 0.03 5000 0.2222 391.81
Pulse_clay dyn5pC u(Al 0.3 0.03 5000 0.2863 566.48
Pulse_clay dyn6pC u(Al 0.3 0.03 5000 0.4037 863.78
Pulse_clay dyn7pC u(Al 0.3 0.03 5000 0.5308 1256.09
Pulse_clay_dyn8pC _u(Al 0.3 0.03 5000 0.6617 1479.45
Pulse_clay_dyn9pC _u(A] 0.3 0.03 5000 0.8082 2501.57
Pulse_clay_dyn10pC _u(# 0.3 0.03 5000 0.9439 3158.95

Figure3-28 shows thecalculated displacemedepending on the number of pulses of
the dynamic horizontal loadingpplied to MolwCoulomb undrained (A) material
model The values of displacement are opeedicted for the undrained material
modeland not acceptable for reliable prediction of pile capacity. Deformed mesh is
shown onFigure 3-29. Excessive distortion of the megifectively increase end
bearing of the pileOne of the reasons for such distortion of the mesh can be
approximatedime interval of the dynamic load in Plaxis model. Thus the interval
between pulses is normally 7 to 1@aeds, but in the model interval @001 seconds

has been appliedicroseconds range of sHogave and millisecond range oéag
vapor cavity expansion is transformed to millisecond range of dynamic loading in

Plaxis.Undrained (A) MohCoulomb material mael is very sensitive to dynamic
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time interval of the calculation phase. Additional research is required to explore the

appropriate material models for fine grained soils for dynamic module of Plaxis.
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Figure 3-281 Calculated expansionfrom dynamic load
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Figure 3-297 Deformation of mesh after(a) 1 pulse and (b)LO pulses of dynamic
load in undrained (A) Mohr-Coulomb material model

Figure3-30 shows the pile capacity at settlement of 10% of pile diameter depending
on the number of pulses of dynamic horizontal loaddaged on excessive horizontal

deflection of the pile shaft the performance of pulse pile is-preticted. The results
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of pulse pile model of up to 10 pulses in undrained (A) Mobulomb material model

using dynamic load are not satisfactory.
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Figure 3-3071 Pile capacity with the number of pulses

The amplitude of dynamic horizontal loading has been tested in a fine grained soil.

Soil and material parameters considered as per previous pulse pile caldUlakilen

3-10, cal cul ati on c as. &hedy@mié load Was pedifiedcas 4 0 0 0 )
pulses 0.002s long at 0.003s between the peak v&luesber of pulses was chosen

based on average number of pulspplied in industry as it was done for coarse
grained soil sensitivity analyseAmplitude values have been considered between
1000kN/m/m and 20000kN/m/nConsidered values of amplitudesre taken based

on published datéPark et al. (2011)however in tle future work it is recommended

to obtain new measurement in laboratory tests
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Table 3-177 Pulse ple model sensitivity analysis of amplitude of pulses in fine

grained soils
Prescribed _
Horizontal
settlement Max. ) )
] line load _ | Pile Capacity
Calculation case at top of Expansion
. QX,stan,ref
pile
m kN/m/m m kN
CFA_clay_u(A)_phi20 0.03 0 0 221.11
Pulse_clay_dymgClamp_u(A)  0.03 1000 0.009 252.63
Pulse_clay_dymgC2amp_u(A)  0.03 2500 0.068 302.18
Pulse_clay_dyndC_u(A) 0.03 5000 0.188 331.16
Pulse_clay dyrndC3amp_u(A)  0.03 10000 0.423 359.79
Pulse_clay dyrndC4amp_u(A)  0.03 15000 0.647 374.07
Pulse_clay_dyngC5amp_u(A)  0.03 20000 0.857 383.75

The maximum deflection from the horizontal dynaioiad is plotted orfrigure3-31.

The graph shows an increase of the expansion with higher horizontal stress at the walll

of the borehole from the showkave induced by a 5 no. pulse discharges.

0

Shaft expansion, m

Horizontal distributed dynamic load, kN/m/m

10000

15000

20000

Figure 3-311 Shaft expansion with horizontal distributed dynamic load

25000

Figure3-32shows the vertical load at the top of the pile after vertical load is simulated

by prescribed displacements for the pulse piles that have been treated by different

value of dynamic horizontal load. As expected, an increase in the dynamic horizontal

loadingat the bottom 1m of the pile increases the bearing capacity of the pile.
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Figure 3-3271 Pulse ple capacity with horizontal distributed dynamic load

Further amplitude sensitivity tests were performedtier option of pulse treatment

of the bottom 5m of the pile in clayey soil. Amplitude values between 500kN/m/m
and 10000kN/m/m were considered. The maximum deflection from the horizontal
dynamic loading is shown dfigure3-33. The graph shows that the expansion of the
pile is independent of the length of expansion for a range of dynamic loads.
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Figure 3-331 Shaft expansion with horizontal distributed dynamic load

Figure3-34 shows the load at the top of the pile to reach a vertical deflection of
0.03mfor the 1m and 5m length of expansion. An increase of the length of the pile
section treated by pulse discharges provides additional friction resistance and

improves the axial capacity.
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Figure 3-341 Pile capacity with horizontal distributed dynamic load

Length of expansion sensitivity tests héezn performed in clayey scBummary of

the results of this analyses can be foun@lable3-18 and onFigure3-35.

Table 3-1871 Pulse ple sensitivity analysis of length of expansion in fine grained

soils
Prescribed Horizontal
Length of
settlement atf  line load Pile Capacity
Calculation case . treatment
top of pile Ox,start,ref
m kN/m/m m Kn
CFA clay u(A) phi20 0.03 0 0 221.11
Pulse_clay d4pC_uA 0.03 5000 1 331.16
Pulse_clay d4pC_2m_uA 0.03 5000 2 433.59
Pulse_clay_d4pC_3m_uA 0.03 5000 3 524.49
Pulse_clay_d4pC_4m_uA 0.03 5000 4 730.18
Pulse_clay d4pC_5m_uA 0.03 5000 5 1213.68
Pulse_clay d4pC_6m_uA 0.03 5000 5 1495.01

The required vertical load at the top of the pile for vertical displacement of 0.03m

shown orFigure3-35 depends on the length of expansiatihough he length of

expansion fronim to 9m at the bottom of the pile has been considefest

increasing the length of treatment above 4m belowrgtdevel Plaxis calculation

failed due to possible soil collapsehe graph shows an increase of axial capacity of

a pile with an increase of length of expandimm 1m to 6m
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Figure 3-3571 Pile capacitywith the length of expansion

3.3.4.4Multi -layered soil analysis

A series of the mukiayered soil tests have been performed in Plaxis. 5m of sand
overlying clay have been considered for salay option. 5m of clay overlying sand

were considered for the claard option. Soil properties for each soil layer was taken

as per previous pulse pile modélable3-9, c¢ al c u |saatnido nE 3c0a0s0e0 pih i 3
Table3-10, cal cul ati on c ad.)&he fer@y Af expansion ofdmc u 1 0
to 9m at the bottom of the pile were analysed for eantiglay and claysand options
(seeFigure3-36 which shows an indicative length

Y Y
L X
Sand
Clay
=1 B
—>n Clay — Sand
» -
(a) (b)

Figure 3-361 Multi -layered layouts of (a) sanetlay and (b) claysandmodels
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Table 3-197 Pulse ple sensitivity analysis of the length of treatment in mult

layered soil
Prescribed Horizontal line | Length of
Calculation case seftlement at top load G start ref treatment Plle Capacity
of pile
M KN/m/m m kN
Sandclay multilayered model
Pulse_sandlay_dyn5pC 0.03 5000 1 797.34
Pulse_sandlay_dyn4pC_2m 0.03 5000 2 823.49
Pulse_sandlay_dyn4pC_3m 0.03 5000 3 976.88
Pulse_sandlay dyn4pC _4m 0.03 5000 4 1121.08
Pulse_sandlay dyn4pC _5m 0.03 5000 5 1121.78
Pulse_sandlay dyn4pC _6m 0.03 5000 6 1465.32
Pulse_sandlay dyn4pC_7m 0.03 5000 7 1612.34
Pulse_sandlay_dyn4pC_8m 0.03 5000 8 1803.20
Clay-sand multilayered model
Pulse_claysand_dyn5pC 0.03 5000 1 1075.13
Pulse_claysand_dyn5pC_2nm 0.03 5000 2 1240.54
Pulse_claysand_dyn5pC_3nm 0.03 5000 3 1402.41
Pulse_claysand_dyn5pC_4nm 0.03 5000 4 1649.81
Pulse_claysand_dyn5pC_5m 0.03 5000 5 2231.55
Pulse_claysand_dyn5pC_6m 0.03 5000 6 2826.02
Pulse_claysand_dyn5pC_7m 0.03 5000 7 5690.92
Pulse_claysand_dyn5pC_8m 0.03 5000 8 7012.03

Figure 3-37 shows the vertical load at the top of the pile required for a vertical
deflection of 0.03m for different lengths of the treated zone of pile in single and multi

layered soil conditions.
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Figure 3-371 Pile capacity with the length of expansion

Comparing results for the different soil strata cases it can be noted that the nominal
working load at settlement of 10% of pile diameter increases Wwéehlength of
expansion for all soil combinations up to a length of 8m. Cases of coarse grained
material at the top layer of the model or single layer model show similar behaviour
approaching the maximum length of expansion. Fine grained models show dramati

increase of pile capacity from 6m to 8m length of expansion.

Fine grained soil in muHliayered models have been specified as undrained (B)
material. As mentioned in Chapter 5 Plaxis developers do not reconm(Rlaxs
Standard (2017)p use this model fanndrained condition. Undrained (A) material

model is used further in this study for fine grained soils.

3.4 Conclusions

Plaxis 2D is a convenient and common software package that is used for various
geotechnical problems. To compare d¢angion methods of CFA andutse piles

Plaxis 2D software can be utilised producing sensible results.

Dynamic calculation has been implemented to simulate PDT treatment of the
borehole. Pulse pile models have been tested for number of pulses, amplitele o
PDT pressure on the walls of the borehole, intervals between pulses and length of the

shaft treated by pulse discharges.
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Boredand plse piles models have been tested in single layer strata of sand or clay

and two layers of strata for combinatiorissand and clay.

Results of the modelling presented in this chapter show the initial development of a
single bored and pulse pile moslahd require additional refinement of soil properties

and detailed analysis of the modelling methodology.
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Chapter 4
Modelling of the CFA and pulse piles in Plaxis 2D with refined soil
parameters.

4.1 Introduction

From industrial experience, it is known tHRDT increases pile capacity in fine and
coarse grained soils. In current practice, for design purposes, empirical factors are

usedto calculate design capacity of pulse piles and CFA piles.

This chapter focuses on numerical investigation of pulse pile behaviour in a wide
range of soils and comparison with the CFA pile sattlement curves. One of the
objectives of this study is favestigate methods of pulse pile design using Plaxis 2D.
To achieve that, design curves have to be developed for pulse piles in various soil
types to allow extrapolation of results for the design purposes by piling contractor

companies as well as consultzs.

Plaxis 2D has been utilised to model single pile behaviour and dynamic analysis has
been performed to simulate pulse discharge treatment of the borehole walls along the
bottom 1, 3 and 5 meters of the pile length.

Refined soil parameters for sandasbd on empirical formulas and for clays
extrapolated from the published soil data have been tested in this part of research.
Mohr-Coulomb, Hardening Soil and Hardening Soil with srsathin stiffness
constitutive models have been considered as theyhanmdst common constitutive

soil models for a range of soil types.

4.2 Refined Constitutive Models

Three materials are used in the analysis: soil, which can be fine or coarse grained,
mortar to model the borehole installation and concrete to model a pilee iEheo
unified model for soil behaviour, a thrpbase material, because of the complex
nature of soil which is affected by the temporal and spatial variations of its properties,
its composition, fabric and structure; and the temporal and spatial vasiatio
external factors including load and infiltration. Therefore, a number of models were

considered in this study.

Numerous models of soil behaviour exist ranging from the simple linear elastic soil

model which is defined by one paramretio complex models such as Cam Clay which
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requires five parameters. They tend to focus on the output requirement e.g. response
to load, response to infiltration. In this case, a pulse pile model has to incorporate
dynamic loading to model installationdhstatic loading to model performance of the
completed pile. The study of pulse pile installation and performance was carried out

with an axisymmetric analysis using Plaxis 2D. The models available in Plaxis 2D are

listed inTable4-1.



Table 4-11 Soil models available in Plaxis 2[§Brinkgreve & Broere (2015))

Model

Principle

Purpose

Input Parameters

Linear Elastic

H o o klawbokisotropic

linear elasticity

Structural elements

Ef fective YEHn gdd emdd wledsPoi ssonds ratio

Mohr-Coulomb

Bi-linear elastieperfectly

plastic model

First approximation of

soil behaviour

Ef fecti ve YoHRfn geéfsf entotdi uvl ew§ Effectisescohesior (), rEfiettived

friction angle/ § Dilatancy angle/

Hardening Soil

Advanced elastoplastic

hyperbolic model

Modelling of soil
behaviour of coarse

and fine grained soils

Secant stiffness in standard dred triaxial testEso, Tangent stiffness for primary oedome
loadingEqeq Unloading/reloading stiffneds,,, Power for streskevel dependency of stiffness
Poi sson6s r a-teloadinghig Effectiva tobeasialti,daffgctive angle of frictiory §

Dilatancy angley

Hardening Soll
with smaltstrain

Advanced elastoplastic

hyperbolic model with strair

Modelling of soil
behaviour of coarse

Secant stiffness istandard drained triaxial teBko, Tangent stiffness for primary oedome

loadingEqeq Unloading/reloading stiffneds,,, Power for streskevel dependency of stiffness

model

stiffness dependent stiffness modul| and fine grained soils| Poi ssonds r a-teioawingig Effectiva tobesialti,dRffgctive antg of friction/
Dilatancy angley, Reference shear modulus at very small stiGif§ shear strain at whidBs =
0.72250 2.7

Soft Soil CamClay type visceplastic Modelling of soil Modified compression index*, Modified swelling index<*, Effective cohesior &, Effective

behaviour of soft soils:

NC clays and peat

friction angle/ § Dilatancy angle/

Soft Soil Creep

Second order viseplastic

model

Time-dependent

behaviour of soft soils

Modified compression indek*, Modified swelling index*, Modified creep index?, Effective

cohesiorc (&, Effective friction anglg § Dilatancy anglg/
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Model

Principle

Purpose

Input Parameters

Jointed Rock

Anisotropic elastie

perfectly plastic model

Anisotropic behaviour
of stratified or jointed

rock

Youngbés modul us oFE, rBaksasen@s coat i onua fiho g
modulus perpendicular on Plane 1 direc®anShear modulus perpendicular on Plane 1 direq
G, Poissonés rati o perp €vhidiong, Erictom anglen, DiRarecyn

angleyi, Tensile strengtls;

Modified Cam
Clay

Critical state model.
Logarithmic relationship
between void ratio and the

mean effective stress

Behaviour of normally

consolidated soft soils|

CamClay compressin index/, CamClay swelling index, Poi s smmiiabvoid ratio

for loading/unloadinggnii, Tangent of the critical state lilé

HoekBrown

Elastic perfectlyplastic

model

Isotropic behaviour of
rock

Youngb6s Enod®wl v s @ brasial compressive strength, Material constant fo
the intact rockm, Geological Strength Inde&S|, Disturbance factob, Dilatancy at zero stres

level ymax Stress level at which dilatancy is fully suppressgd

SekiguchiOhta

(Inviscid)

CamClay type model for

Time-independent
behaviour of fine

grained soils

Modified compression index*, Modified swelling indexk*, Compression inde&., Swelling

index or reloading indefs, Initial void ratioen, Tangent of the critical state lifé

SekiguchiOhta
(Viscid)

CamClay type model for

Time-dependent
behaviour (creep) of

fine-grained soils

Modified compression index'*, Modified swelling indexk*, Coefficient of secondar
compressiona*, Initial volumetric strain ratelotw, Compressionndex C., Swelling index or|

reloading indexCs, Initial void ratioent, Tangent of the critical state lifié




Material models in Plaxis have been developed to simulate specific soil and hydraulic
conditions. Due to natinearity of soil stressstrain behaviour under load, models of
several levels of sophistication are available in Plaxis. A short introduction to the
models used in this study is provided to explain why they were chosen.

PDT is usually applied in coarse and fine geadrsoils of low to medium strength.

Therefore, in this study, models that only apply to those soils have been considered.

Applying pulse pile technology to normally consolidated clays results in an increased
strength and stiffness of the surrounding sdtherefore, soft soils models (e.g. Soft
Soil, CamClay, SekiguchiOhta) are not appropriate. Further;libear and
hyperbolic models are the most common material models in Plaxis to simulate
behaviour of coarse and fine grained soils of low to mediwength. Therefore,
Mohr-Coulomb and Hardening Soil type models have been used to compute pulse
pile loading.

4.2.1Material Models for soil cluster

4.2.1.1Mohr-Coulomb model (MC)

The Mohr Coulomb material model is a simplelibear elastieperfectly plastic

model that is suitable for a firshpproximation of soil behaviourFigure 4-1).
Constant average stiffness is assumed for each soil layer, therefore computations can
be relatively fast(PlaxisMaterial (2017)) The model requires only five input
par amet er s: Yeawnndg 6Pso i Madustieess raagte iofdriction

J/ and shear strengthfor soil strength and angle of dilatangy
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Figure 4-17 Basic idea of an elastic perfectly  Figure 4-21 The Mohr-
plastic model(Plaxis-Material (2017)) Coulomb yield surface
in principal stress
space(Plaxis-Material
(2017))

The drained condition at failure is represented by the Mimhulomb failure criterion
using effective strength parameter$,andc .dn the drained condition, excess pore
pressures are not generated, hence this drainage type is only applicable for granular

materials with high permeability or lortgrm behaviour of fingrained soils.

There are three option for an undrained condition for Mobulomb material model

in Plaxis: Undrained (A), Undrained (B) and Undrained (C). Method A is an
undrained analysis in terms of effective stresses with both stiffness and strength being
effective parameters. The advantage of Method A is that a replisticction of pore
pressures can be made. There is no need to specify undrained cahesinoe it is

an output of the modeNote that the Mohr Coulomb model can over predidiut

the ability to use effective stress and allow for generation of pore pressures is an
advantage of this modeConsolidation analysis can follow the undrained plastic

calculation phase to model a realistic construction sequence.

Method B is an undraimkeanalysis in terms of effective stresses but with inputs of
total strength parametexs, / , andy. This method predicts pore water pressures but
generally produces unrealistic resu(ilaxisAdvanced (2017)) Therefore, with
Method B, plastic calculain should not be followed by consolidation analysis.
Generally, Method B is not recommended by experienced Plaxis users and developers
(PlaxisStandard (2017)), (Plaxiisdvanced (2017))
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Method C is an undrained analysis in terms of total stresses. Wetajth parameters

of undrained cohesiow,, as well as total stiffness parametdts,/z, = 0.495, should

be specified in Method C. A disadvantage of Method C is that there is no prediction
of pore pressures, since only total stresses are obtained.tAdwsthod B, an
undrained plastic phase cannot be followed by a consolidation calculation in Method
C. Since pulse pile analysis involves both short term and long term load cases the only

appropriate method to model fine grained soils is Method A.

The Mohr-Coulomb material model is linear elastigerfectly plastic model. The
|l inear elastic part i s based on the HooOEk

., O- (11)
whereO = elastic material stiffness matrix, = elastic strain ratg, = stress rate.

Perfectly plastic is based on the failure criterion:
sts §30AT o (12

wheret = shear strengths = normal stresg, = angle of friction representing slope
of the failure envelope; = cohesion representing the value of shear strength at zero

normal stress.

To find if plasticity occurs, a yield function is introduced:

0

[& & e T4 (13
c ” ” c
wheres: andsz are major and minor principle stresses, ¢ is cohesiop anffiction

angle.

The yield function determines if plastic strain occurs, but does not describe the
direction or magnitude of the plastic strain. For this purpose, another coatlega

non-associated flow rulbas been introduced

T 9 (14)

where - = plastic strain,g(s) = plastic potential function of the normal stress
representing direction of plastic strainz scalar multiplier representing magnitude

of plastic strair(PlaxisMaterial (2017))
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The plastic potential functiogis defined as follows:

T 1
" " -, , L QeTwéeE el O (19

o P P
C

wheres: and sz are major and minor principle stressgss dilatancy angle.

4.2.1.2Hardening Soil model

The Hardening Soil model (HS) is one of the more advanced material models in
Plaxis. HS is elastoplastic hyperbolic model with M@uaulamb failure criterion
(Equation ) (Figure 4-3). As opposed to the Mol€oulomb bilinear model in
Hardening Soil model yield occurs before failure criterion is reached. Plastic
volumetric strains are created by mean stresses as wejl sisebhr stresses. Shear
stresses generate plastic shear strains. Required input parameters of the Hardening

Soil model are as follows:

1 Eso= secant stiffness modulus dependingseEquationl19);

1 Eoed= tangent stiffness modulus dependingsaerfEquation 2);

1 Eur = unloading/reloading stiffness modulus depending ofEquation D),

1 m=power for stresdevel dependency of stiffness (value is relevant to certain
soil: sands n¥ 0.5, clays n? 1.0).

It should be noteltso andEqeqare plasticstiffness parameters wherdagis an elastic

stiffness parametéPlaxisMaterial (2017))
The strength parameters of the HS model are the same as for MC model:

1 c &= effective cohesion
1 /6= effective angle of friction

1y =angle of dilatancy.
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Figure 4-37 Hyperbolic stressstrain relation  Figure 4-41 Representation

in primary loading for a standard of total yield contour of
drained triaxial test (Plaxis-Material the Hardening Soil
(2017)) model in principal

stress space for
granular soil (Plaxis-
Material (2017))

The Hardening Soil model cannot be used for a total stress analysis since it is defined
in terms of effective stresses. There is an option to specify undrained shear strength,
cu, but there will be limitations, such as no stress dependent stiffness and no
compression hardening. The Hardening Soil model is also called Ddabdiening

model because it includes shear hardening and compression hardening. Shear
hardening is for theiieversible strains due to the primary deviatoric loading.

The yield function for the shear hardening (cone):

. n n q) (16)
© o% o 9

whered?®is a state parameter that defines the opening of the(BtavdsAdvanced
(2017)) In a triaxial test with no plastic volumetric deformatigti= 2€’1, hence the
yield function is:

n N cn 17

_— c_

“ OW A 0o

Compression hardening is for modelling irreversible plastic strains due to primary

compression in oedometer loading and isotropic loading.

Yield function for the density hardening:
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f ‘ (19

0 | e

wherepp is a state parameter that remembers the position of thtzaqs Material
(2017))

All stiffness moduli depend on the current stress level:

! WWE | sad QE o 19
wweln | Qe
o OWE i sad Q& o (20)
WweEin i Q& -
o WOE i sad QL o (21)
WWEinR | Qe
In the tangent stiffness modulus equation, vertical stress —— 1, where

Ko™ = lateral earth pressure coefficiep® = reference stresgPlaxisMaterial
(2017))

Due to the fact Hardening Soil model has the same faititexzion as MorHCoulomb,
it gives the same failure. Therefore, in case of the drained failure analysis Hardening

Soil model has little advantage over the M@woulomb material model.

4.2.1.3Hardening Soil with small-strain stiffness model (HSsmall).

The Hardemg model assumes a hyperbolic stiffness, whereas the small strain
stiffness model assumes a variation of stiffness with strain derived from real soil
behaviour during loading. The Hardening Soil with srsathin stiffness (HSmall)

model is an advanceglastoplastic hyperbolic model similar to the Hardening Soil
model. This model can be used to simulate various reactions of soils from small strains
(e.g. vibrations with strain below $pto large strains (engineering strain abové)10

by the means ofhe strain dependent stiffness moduli. The Hardening Soil model
simplifies real soil behaviour assuming elastic material behaviour during unleading

reloading. In fact, there is a very small range in which soils can be assumed truly
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elastic(PlaxisMaterial (2017)) Soil stiffness reduces ndimearly with increase of

strain as shown olRigure4-5:

A
I S [<€———»| Retaining walls
g H—‘—F Foundations
S
2 |€——f——»{ Tunnels
= Very
!
2 | small D S —
H : . “~_Conventional soil testin
§ | strains Small strains s 4 &
Larger strains
0 | ; | \ ™ Shear strain g [-]

1e” 1e” 1e™ 1e” 1e” 1e”

Dynamic methods

- e

Local gauges

Figure 4-57 Characteristic stiffnessstrain behaviour of soil with typical
strain ranges for laboratory tests and structuregAtkinson & Sallfors
(1991))

The Hardening Soil with smaditrain stiffness model as opposed to the Hardening
Soil model applies straidependent stiffness. Therefotbe Hardening Soil with
smallstrain stiffness model uses the same parameters as the Hardening Soil model

with two additional parameters describing the variation of stiffness with strain:

1 Go=initial shear modulus
1 @ = the shear strain level at which the secant shear modylissa@proximately

70% of G.

The details of the Hardening Soil with smsiitain stiffness modeF{gure4-5) are
described irPlaxisMaterial (2017)

PDT treatment of a shaft of a borehole induglestic deformations with thiarge
strainsin the mobilized zone. Allowing for reduced with larger strains stiffness using

HS-small soil model will provide more accurate results of calculation.

4.2.2Material models for pile cluster
The pile can exist in two states: mortar during installation; conceetduring

operations. The mortar is necessary to simulate expansion due to the application of a
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pulse. The concrete is necessary to simulate a rigid pile (relative to the soil) to assess

the performance of a pulse pile.

4.2.2.1Mohr-Coulomb model

Modelling of the pise treatment involves a liquid phase to simulate fresh concrete
pile material in the praugered borehole. Liquid phase of concrete during Pulse
discharge treatment has been considered as submerged sand, gravel and cement
particles, that is a compositeils Sand, gravel and cement will behave as a fine
granular material. Using a linear elastic model would be inappropriate for the liquid
phase of the mortar due to plasticity of the material. Therefore, the-Gtmiomb
material model has been chosen fus tmaterial as a first approximation solution.
More sophisticated models can also be used for the mortar, however since it would
require more input parameters based on laboratory tests results, advanced material
models have not been used in this resedras recommended to consider advanced

models for the fresh concrete in the future studies.

4.2.2.2Linear Elastic model

The |l inear el astic model is a simple mc
linear elasticity(Brinkgreve & Broere (2015))This type & material model has been

used for a stiff phase of concrete for the kbegn analysis of pile loading test. The

linear elastic model involves following elastic stiffness parameters:

E& Effective Youngds modul us

A

m= Effective Poissonbs ratio

4.3 Material characterization.

Comparison of the pilsoil behaviour of the bored aRDT treated piles in different

soil conditions is one of the main objectives of this study. To allow the numerical
analysis to be validated against test data and produce design. ddohesCoulomb

as well as Hardening Soil and Hardening Soil with sisiallin stiffness models have

been applied, therefore, a corresponding set of materials had to be specified for each
of the material models. Refined material properties in the modeldemreassigned
based on recommended empirical formulas and published data.
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4.3.1Sand parameters
Brinkgreve et al(Brinkgreve et al. (2010)has derived empirical formulas for

computation of coarse grained soil parameters based on relative density (RD) of soil.
The relative density is defined as follows:

Q Q 22)

v
© Q Q

wheree = current void ratiogmax = maximum void ratio anémin = minimum void
ratio.
Following formulas have been used to calculpdeameters of HSmall material

model:

Table 4-27 Empirical formulas for computation of coarse grained soils
parameters (Brinkgreve et al. (2010))

Parameter Name Value Unit
Unsaturated Unit Weight Gnsat | 15+ 4RD/100 | kN/m?®
Saturated Unit Weight Gat | 19+ 1.6RD/100 | KN/m®
Reference Stiffness Pref 100 KN/m?
Secant stiffness in standard drained triaxi Ee e 60.000RD/100 | KN/m?
test
Tangent stiffn for primar meter
angent stiffness for primary oedomete Eoed® | 60,000RD/100 | kN/m?
loading
Unloading/reloading stiffness Eu®" | 180,000RD/100 | KN/m?
Reference shear modulus at very small
. y Go 00.000+ 1\ \/m2
strains 68,000RD/100
Rate of Stress Dependency m 0.77 RD/320 -
Threshold shear strain at which ©
2-RD/100)164 -
0.722G a7 | )
Angle of friction j6 | 28+125RD/100|
Angle of dilatancy y0 -2 +12.5RD/100 -
Fa_ulure Ratio betyveen qsymptotlc and R 1- RD/100
failure value of differential stress

Poi sson6s r a-telbadingfiuG10.2, tha recorantendedgdefault value has
been assumed for HS and Hd®all material models. A recommended value of 0.3
has been considered for t h e(PlakisMater@lo n 6 s
(2017))
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Sands in the range from very loose (5%RD) to nedidense (50%RD) have been

considered using the reference model for loose sand (20%RD).

Table4-3 gives parameters of loose to medium dense sand assumed in this study for
HS-small model derived using empirical formulas givenTable 4-2 as well as

relevant parameters for the Hardening Soil and Madwmlomb models:

Table 4-31 Parameters of coarse grained soils for the MC, HS and HSmall
material models

MC | RD | unsat| %at | E' Goly

HS | RD | 2unsat| 9sat | Es0®' |Eoed®'| Eu™ 4oy m

HSS|RD |unsat| %sat | Es0® |Eoed® | Eu™ | Go™® | 207 4oy R m
KN/m3 [kN/m3|kN/m? | KN/m? |kKN/m? |KN/m? ° °

5% | 15.2 |19.08| 3,000| 3,000 | 9,000 |63,4000.00019428.625

o

0.993750.684374

10%| 15.4 {19.16| 6,000| 6,000 |18,00066,800 0.00019 29.25| 0 |0.9875/0.66875

20%| 15.8 |19.32|12,00012,000136,00073,6000.00018 30.5 | 0.5 | 0.975| 0.6375

30%| 16.2 |19.48|18,00018,00054,00080,4000.00017| 31.75|1.75| 0.9625|0.60625

40%| 16.6 | 19.64|24,00024,00072,00087,200 0.00016, 33 3 | 095 | 0.575

50%| 17 | 19.8 [30,00030,00090,00094,0000.00015| 34.25|4.25|0.9375|0.54375

The range of coarse grained soils in this study is from very loose to medium dense
Hence relative density lew and corresponding permeability is high. Specified range

of coarse grained soils considered in the research allowed to investigate the pattern of
the pile performance variation with increase of soil properties. Different parameters
can be considered the future studies. Dense sand was not considered because pulse

piles are not used in soils of that type.

It will require laboratory testing to obtain the comprehensive understanding of the
drainage condition during the pulse treatment. Since a pulseadjgchlast is rapid

and the loading rate is high, undrained conditions could be considered for the pulse
treatment phase even for coarse grained sbiilsome situations liquefaction is
possible in practicdn this case, modelling of the pile performamesuld have to be
preceded by consolidation phase. Pile performance would have to be modelled with
undrained (A) option though ignoring undrained behaviour. Since the demagis

of the coarsgrained soil isused for the model of the bored pile penfance,t has
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beenalso assumed ithe pulse pile model to obtain comparable resstthat the
same constitutive model was used for the cfa and pulse piles allowing a direct

comparison of the impact of the pulses.

4.3.2Clay Parameters

Material modeparameters for fine grained are usually more difficult to derive without
laboratory test resuli@laxisAdvanced (2017))Although it is possible to obtain an
analytical expression for undrained cohesion, it is recommended to perform SoilTest
numerical cleck in Plaxis to confirm applied valudaublished data have been used

to produce reference material models for fine grained soils. The drainage conditions
for fine-grained soils have to be analysed according to the construction sequence. The
undrained (A)option has been applied for all construction phagesobtain
comparable results with the bored pile analysethat the same constitutive model

was used for the cfa and pulse piles allowing a direct comparison of the impact of the
pulses Consolidatiorphase precedes the pile performance analysis. FEM analysis of
undrained conditions can be performed using effective stresses (method A). Thomas
Benz (2007)haspublished material data for HSnall model, including parameters

for clays. This data has beaimsmarised and used for the material set of soft to firm

fine grained soil parameteas pefTable4-4:

Table 4-41 Parameters of fine grained soils for the MC, HS and HSmall
material models

MC | pref| lp | Qunsat| Osat | E' c |ugy
HS | pref| lp | Qunsaf| Osat E50ref EoeJef Eurref c |l Y m
HSS pref| lp | Qunsat| Osat Es0®| Eoed®| Eu™f| Go™'| 27| ¢ | Y| R m
KN/m?3| KN/m3| kKN/m?2| kN/m?| KN/m?| kN/m? kKN/m3 ©° | °
100| 25%| 19 20 | 1,500( 1,500| 4,500| 9,000({0.0003 0O | 21| 0|0.9/0.9
100| 15%| 19 20 | 2,500( 2,500| 7,500| 15,004 0.0003 0O | 23| 0|0.9/0.9
100| 7% | 19 20 | 5,000 5,000] 15,000 30,004 0.0003 0O | 25| 0] 0.9/ 0.9
100| 5% | 19 20 | 7,500| 7,500| 22,500 45,004 0.0003 0O | 25| 0] 0.9/ 0.9
100| 4% | 19 20 |10,004¢ 10,00q¢ 30,000 60,004 0.0003 0O | 25| 0] 0.9/ 0.9
100| 3% | 19 20 |12,50(¢ 12,50(¢ 37,500 75,004 0.0003 0O | 25| 0| 0.9/ 0.9

Clays considered in this study are soft to firm. Pulse piles are not used in stiff clays.

In specified range of fine grained soils, it could be possible to obtain congruent shaped
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curves of pile performance. Studies of firm to stiff clays could be considered for the
future studies. Calculation involves modelling of the construction method that means
both short term and long term conditions are of intefBs¢ dynamic calculation
phase is followed by consolidation to simulate what happens in practice before the
vertical load is appliedTherefore, it is necessary to consider undrained condition
during loading and to obtain a realistic prediction of pore pressures to be able to
perform a consolidation analysis between installation and loading. Therefore, the only
appropriate drainage type for clay material is undrained (A).

4.3.3Pile material parameters

The main aim of the modelling is to study pile and soil behaviour during and after
pulsedischarge treatment. Therefore, a single pile had to be modelled as a cluster with
specified parameters for each phase of construttiomial phase before installation,

fresh concrete phase just after filling the borehole with mortar, pulse treathaeset p
before the concrete is cured and pile load phase with the body of pile made of stiff
concrete. Fresh concrete material model has been assumed asCodddmb,
whereas stiff concrete phase has been modelled as linear elastic as recommended for
structual elementsTable4-1). Material properties for the pile clustesed as per
Table3-3.

4.4 Model formulation

The design procedure for a piled foundation involves calculation of the geotechnical
capacity of a single pile. Safe working load as well as ultimate capacity of a pile
determine the design parameters of the foundation structure. To develop a method of
desgn for the new type of pile, theutse pile, it is necessary to check tjeotechnical
behavior of the plse treated pile with numerical modeling. Plaxis 2D was used to

produce an accurate computation of a single pile behavior under axial loading.

In this study, a 2D model of a single pile developed to simulate CFA andlpe

piles. Bored piles and pulse piles have a number of important differences to be
considered in modelling. In bored pile model, the installation effect can be ignored as
the change irstresses around the pile are negligible. In a pulse pile, which is a
displacement pile, the stresses increase around the pile during pulse discharge

treatment, inducing an increase of strength and stiffness of surrounding soil.
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Therefore, to model a pulgdle, the construction sequence has been simulated from
initial phase with undisturbed soil to the load test phase to obtairs&iddment

curve of the prdormed pile settlement under loading.

4.4.1Model Geometry

According to Plaxis Reference ManudBrinkgreve & Broere (2015))uniform
circular structures with loading along the central axis or sisglgce vibration
situations can be simulated using an axisymmetric 2D model. Therefore, a single

bored pile being a circular structure has been modelled assmmetric system.

The pile body is specified as a solil cluster with assigned material parameters for
different calculation phases. The geometry of the pile is based on available field test
data. A circular pile, 10m in length and 300mm diameter (150atius), has been

modelled using 1'hoded elements.

The reference model material has been assigned as a single layered isotropic soil
cluster 20m wide and 30m deep. Specified boundaries of the model are sufficient to
provide reliable computation. Defaulioundary conditions comprise of fixed
displacements in both directions for the bottom soil contour and fixed horizontal
displacements for the lateral soil cont@Brinkgreve & Broere (2015))

By default, soil parameters have been specified by definlbmyehole with a water
table at 1m below ground level. In fact, groundwater level can vary from the ground
level to below tip of the pile but, in practice, in the UK, a ground water level at 1m is
a reasonable assumption for this sensitivity analysis. dimpé a variation in
groundwater level was not in the scope of this research. Different groundwater

properties can be analysed in the future studies.

The installation of a bored pile is modelled as a soil cluster to allow the borehole to
expand when a pudss applied. Thus, the borehole and cluster are connected; that is
there is no need to have interface models. This also applies to the expansion phase
which includes consolidation. The purpose of the interface elements is to model
correctly soitstructue interaction. Interface elements usually applied to the structure
elements in Plaxis. Since the pile structure is modelled as cluster application of the

interface elements to the pile surface can lead to incorrect mesh. Main objective of
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this research igo compare bored and pulse pile behaviour; foeee interface

elements have ntieen apled to avoid numerical inconsistencies

Figure4-6 shows the development of a bored pile in coarse grained soils.

1.

The mesh is created for a cluster to represent the pile geometry and a cluster to
represent the soil. Both clusters have the same properties as this represents the
state of the ground befotiee pile is installed. Gravity is applied. This is referred

to as the KprocedureFKigure4-6 a).

The pile cluster is converted to mortBiglre4-6 b) to model the pile installation.

This imposes a pressure on the borehole wall, expanding the borehole thus
compressing the surrounding soil.

The pile cluster is converted to concreféglire 4-6 ¢) thus completing the pile
installation.

The performance of the pile is assessed by observing thkel@xd/settlement
behavior Figure4-6 d). The load is applied as a distributed load across the top of

the pile.

Since the pile has been modellastbaisymmetric system, loading had to be calculated

per radian of the circular pile section. Hence, results of the modelling have to-be post

processed in Excel to produce lesettlement curves in standard units.
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Figure 4-67 Single CFA pile model in layout (e) and calculation phases for
granular material: initial phase (a) - KO procedure, phase 1 (b} pile
material set to mortar, phase 2 (¢} pile material set to concrete phase 3
(d) - pile performance load applied

The installation of a pulse pil€&igure4-7a andFigure4-7 b) are the same as those

for the cfa pileln the pulse pile analysggynamic loadingKigure4-7 c) was applied

to the bottom part of the pile to simulate pulse discharge treatment. In practice, a
shockwave from the pat of pulse discharge is delivered to the walls of the borehole

to create a spherical expansion. In practice, pulses are performed at multiple levels
resulting in a cylindrical expansion of the shaft. To simplify modelling of this
phenomenon, a cylindritdistributed loading has been considered. In this research,
three lengths of expansion have been considered: 1m, 3m and 5m of the shaft length
for a full length of a pile of 10m. Thus, a distributed load is applied to the vertical

pile-soil surface ovelhe specified length simulating cylindrical expansion of the pile.
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Figure 4-771 Single pulse pile model in layout (f) and calculation phases for
granular material: initial phase (a)- kO procedure, phase 1 (b) pile
material set to mortar, phase 2 (c) PDT treatment, phase 3 (d} pile
material set to concrete, phase 4 (e)pile performance load applied

4.4.2Mesh
15-noded triangular elements mesh have been applibe imodel. Mesh coarseness

of medium element size (coarseness factor of 1.0) with enhanced mesh refinements
has been generated. Coarseness factor of 0.1 has been assigned for the cluster of a pile

to avoid calculation distortions.

In the pulse pile modethe bottom 1 to 5 meters of the pile cluster were subject to
dynamic loading. In practice, the surface of the resulting pulse pile is uneven, hence,
it has been assumed that there is no interface reduction; that is the interface strength
is that of the siband no slippage occurs. Therefore, no interface elements have been
generated between the pile and soil clusters. To provide comparable results between
bored and pulse piles no interface elements have been considered in the standard

bored pile model as&¥.
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Figure 4-8 depicts the generated coarse mesh for a single bored pile. In the
axisymmetric crossection with the axis in the centre of the pile, there is one element
underneath the tip of the pile an@d élements along the shaft of the pile. The same

mesh was used for bored and pulse piles to allow a direct comparison to be made.

| m]

(@) (b)

Figure 4-87 Mesh coarseness of the reference model layout (b) and detail (a)

4.4.3Phases of calculation

To be able to simulate pulse treated piles, it is required to model the process of pile
installation, including pulse discharges. It is impossible to modehpgerng of the
ground in finite elements so far. Therefore, a certain level of simplification has to be
allowed for in the modelling. The initial horizontal stresses in the soil (and pile
initially modelled as a soil) cluster are generated using the Plaxmsad€edureas
specified in3.2.2 |Initial conditions of undisturbed ground are considered by
specifying surrounding soil properties to the pile clugtable4-5 to Table4-8). At
calculation phase 1 following the initial phase, displacements are reset to zero, since

initial displacements are not of interest. At phase 1, bored pile installation implies
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replacing of soil in the pile cluster by the liquid phase of the fresh concrete.
Considering the bored pile to be installed using cfa technique, walls of taegeeed

shaft will be retained by mortar. Next step is to substitute mortar with the stiff concrete
paraneters as the liquid material cures. Properties of the mortar and concrete for the
pile cluster are specified ihable3-3. Now the load test on th@mpleted pile can be

simulated.

Calculation phases have been adjusted for coarse and fine grained soil models of
bored and pulse piles. To be able to obtain comparable results between bored and
pules pile models, displacements at all phases except plmase hot been reset to

zero. It is important to keep displacements calculated at dynamic loading phase so
that during the pile load test calculation the updated stresses in soil and the uneven
shape of the pile are remembered.

4.4.3.1Bored piles in sand

Modelling of bored piles in sand follows the general procedure. Sand considered in
this study is loose to medium dense granular drained material. Bored pile performance
model in coarse grained soil does not require consideration of the undrained soil
propeties due to relatively quick dissipation of the pore water pressure in soils with
high permeability. Therefore, short and long term conditions can be modelled without

manual update of soil properties and drainage type.

In Table4-5, construction phases for the bored pile load test in coarse grained soil are

specified.

Table 4-51 Construction phases for tte bored pile model in coarse grained soil

Phase ID Type of analysis Comments

Initial phase Ko procedure Generating initial stresses
Phase 1 Staged construction Pile cluster set to mortar
Phase 2 Staged construction Pile cluster set to concrete
Phase 3 Staged construction Vertical distributed load applied

4.4.3.2Bored piles in clay

Clay material has to be modelled with a different approach than the one has been used
in a coarsaggrained soil model. Very soft to soft clays considered in this study have to
be modelled in both short and long term conditions. Undrained (A) drainageatype h

been applied for the shetgrm analysis. Although excess pore water pressure in fine
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grained soils can take longer than the time period from pile installation to the load
test, consolidation still has to be considered. Thus, additional consolidatisa Ipss
been added to the analysis after the pile cluster material has been replaced by the solid

concrete before applying the vertical distributed load.

In Table4-6 construction phases for the bored pile load test in clay are specified.

Table 4-61 Construction phases for the bored pile model in clay

Phase ID Type of analysis Comments
Initial phase Ko procedure Generating initial stresses
Phase 1 Staged construction Pile cluster set to mortar
Phase 2 Staged construction Pile cluster set to concrete
Phase 3 Consolidation Time intervali 3* days
Phase 4 Staged construction Vertical distributed loa@pplied

* this is a notional figure, considered as a minimum allowable duration befor

testing the pile
4.4.3.3Pulse piles in sand
A blast induced by a high voltage discharge in the mortar has a very rapid action on
the walls of the shaft. To be able to model that, static loading would not be an accurate
simplification since it is impossible to specify time interval of the statidthggaktion.
There is a dynamic analysis available in Plaxis, where dynamic loading can be

specified with the time interval and dynamic multipliers.

Bored pile model described in section 4.4.3.1been used as a basis for modelling

of the pulse piles. ihamic analysis phase has been added to simulate pulse discharge
treatment of the shaft walls over the specified length. The dynamic calculation phase
follows Phase 2, the installation of the mortar filled borehole. The distributed

dynamic loading induceglumetric strains in the pile cluster and surrounding soils.

Coarse grained material is considered as drained for all phases of the calculation.
However, drainage type during the geildischarge dynamic impact could have been
analysed as undrained duethe rapid nature of the blagt. this case modelling of

the pile performance would have to be preceded by consolidation phase. Pile
performance would have to be modelled with undrained (A) option though ignoring
undrained behaviouiExcess porgressurefrom pulse loading would dissipate

coarse grained soils quicker than in fine grained soils.
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In Table4-7, construction phases for the pulse pile load test in coarse grained soil are

specified.

Table 4-71 Construction phases for the pulse pile modeh coarse grained soil

Phase ID Type of analysis Comments
Initial phase Ko procedure Generating initial stresses
Phase 1 Staged construction Pile cluster set to mortar
Phase 2 Dynamic analysis Time intervali 0.1s
Phase 3 Staged construction Pile cluster set to concrete
Phase 4 Staged construction Vertical distributed load applied

4.4.3.4Pulse piles in clay

A pulse pile model in clay includeslditional calculation phases in comparison with
coarse grained soil€onstruction sequence is summarisedable4-8 for the pulse

pile load test in clayClay modelled as undrained (A) type of material in terms of
effective stresses. Undrained phase of waton for installation of the pile and
dynamic loading from the pulses has to be followed by drained analysis of the load
test phase after excess pore pressure is dissipated. Therefore Phassolidation

follows the dynamic analysis of the pulseatraent.

Table 4-81 Construction phases for the pulse pile model in clay

Phase ID Type of analysis Comments
Initial phase Ko procedure Generating initial stresses
Phase 1 Staged construction Pile cluster seto mortar
Phase 2 Dynamic analysis Time intervali 0.1s
Phase 3 Staged construction Pile cluster set to concrete
Phase 4 Consolidation Time interval- 3 days
Phase 5 Staged construction Vertical distributed load applied

4.5 Dynamic analysis formulation

During the pulse discharge treatment, the volume of exposed pile section increases
following the shockwave propagation from the impulse source to the walls of the pile

shaft which results in an expanding cavity in soil. The resulting shape of a pulse pile
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is uneven and hard to predidithe dynamics analysis in Plaxis have been used to
simulate PDT treatment. It is described in detail in section IBAamic analysis
allows a specified time period for the applied loading and available data of the

measuregbressure from the shockwave can be used withotpro@essing.

4.5.1Dynamic load formulation

Dynamic loading in Plaxis can be formulated as a dynamic prescribed displacement
or actual dynamic loading. The objective of the dynamic analysis in this study is to
obtain a realistic prediction of the pile treated BDT. This means that the
displacements from the dynamic impact of the shockwave should be calculated in the
model. Therefore, dynamic loading has been specified in terms of distributed dynamic

loadsinstead of dynamic prescribed displacements.

Input value of the dynamic load is equal to amount of pressure that can be measured
on the contact between pile and soil. In this study, published data has been processed

to specify a value of the dynamic dibuited loading over the exposed length.

Park et al(2011)have produced number of laboratory tests ofRBE in chambers

with diameters of 110mm and 250mm. Their experimental setup has been equipped
with pressure sensors on the walls of the chambeshfe@ncrete parameters used in

the tests were: cemetd-water ratio = 0.5, unit weight = 24kN#mA capacitor bank

of 1.6uF capacitance was used to charge electricity at 6kV voltage. An electric pulse
was delivered to the point of treatment through&28mm ceaxial cable. Results of

the laboratory tests including pressure on the wall of the test chamber have been
published as shown on tltégure4-9. Diagrams show the pressure measured in the
110mm and 250mm diameter chambers.
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Figure 4-97 Measured pressure on the walls of (a) 110 mm diameter chamber
and (b) a 250mm diameter chambe(Park et al. 2011))

Based on this data, reference pressure on the walls of the 300mm borehole has been

assumed to be 5MPa. Note that a single pulse results in a significant increase in

pressure but that only occurs once. This is the basis of the dynamiaylaadivis

analysis. Dynamic distributed loading has been applied to 1m, 3m and 5m from the

pile tip. Figure4-10shows the distributed dynamic load applied for a specified length.

The time increment of the shockwave pressure acting in dynamic analysis can be
specified by dynamic load multipliers.
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Figure 4-107 Distribution of the dynamic load on the walls of the borehole for
(a) 1m length of treatment, (b) 3m length of treatment and (c) 5m length

of treatment
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4.5.2Dynamic load multipliers

Pulse discharge treatment of bored pile comprises of a number of pulses at the time
interval of approximately 10 seconds between pulses to be performed at one level of
the pile section. In practice, 5 to 10 pulses per level are performed before changing
the level of treatment. In this study, only one pulse is appli¢ide model

In the current model, dynamic loading is considered as a distributed load over the
specified length. The cylindrical shape of the wave pressure propagation is considered

insteadof the spherical shape of the actual shock wave at each level.

The signal of a dynamic load can be specified with the input value and dynamic
multiplier. A dynamic multiplier determines the dynamic value at certain time
increment so that the dynamic loaguals the input value multiplied by the dynamic
multiplier. A dynamic multiplier can be applied to either the dynamic loading or
prescribed displacement.

The signal of the dynamic load can be specified as harmonic or in table format. In this
study, dynand load multipliers have been specified in table format a3 alele4-9.
Figure4-11is a diagram of the dynamic multiplier specified at each time increment.
Shockwave pressure from the high voltage dischargeaacssiown orFigure 4-9.

Single pulse unity multiplier is applied atdilli secondas a simplified approximation

of the oscillationsEach pulse can be modelled as individual phase with individual
dynamic time intervak-or the purposes of this study, single pulse has been considered
at dynamic time interval of 0.1 second. Thus, each pulse consists of a dynamic load
applied for Ins (Figure4-11) followed by a period to allow the effects of the dynamic

load to take place.

Table 4-91 Dynamic load multipliers

Time [s] | Multiplier
0 0
0.001 1
0.002 0

1 0
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Figure 4-1171 Diagram of Dynamic Multiplier against time

In reality, pulse discharges generate a spherical shape shockwaweeliiats
pressure to the walls of the borehole. When the discharger is lowered to the deepest
point of the borehole, pulse treatment compresses soil horizontally and vertically.
While extracting the discharger and performing pulse treatment at highes neost

of the energy is applied to the walls of the borehole and soil compresses horizontally.
Therefore, in this current study, only horizontal loading has been applied to simulate
pulse treatment. No spherical shaped loading has been specified at \ech le

however this can be considered in the future studies.

Time parameters of the pulse treatment vary in different industrial applications as they
depend on the type and properties of the equipment. Generic time between pulses is
usually approximately -10 seconds. As shown drigure 4-9 pressure is rapidly
increases over 0.2ms to 0.4ms and then gradually decreases. This behaviour depends
on voltage and capacitance parameters of the machine. In the model time, properties
hawe been simplified for the first approximation analysis Fijure4-11, the dynamic
multiplier in the model is conservatively considered to increapativalue of
distributed load to 100% ant and set back to zero an2 Compaedto the time
parameters obta@ during testing by Park et §2011)this is a simplified dynamic
multiplier, taking into account no oscillations shown Eigure 4-9. More rigorous

dynamic multiplier table data can be recommended for future research.

4.6 Calculation outputs

Computation in Plaxis 2D of theufse pile is based on the bored pile performance
model with addition of simulation of pulse treatment by means of the dynamic
analysis. To compare the performance of bored and pulse piles, a sensitivity analysis
has been performed for a range of parametierearse and fine grained soils. Six soil
cases have been considered for each bored and pulse pile case. Three soils models
have been used for bored pileglohr-Coulomb, Hardening Soil and Hardening Soll

with smaltstrain stiffness material models. Adhced material models together with
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dynamic analysisvere not considered due to the time constralutse piles in this
research have been modeltedy with the MohrCoulomb model. It is recommended

to perform computation of pulse piles in advanced natenodels in the future
studies. Pulse piles have been simulated for 1m, 3m and 5m of treated length of the

shaft. Performed analyses are summarisédabie4-10:

Table 4-107 Summary of analysis in Plaxis 2D

Structure Soll Material | Dynamic Pile Comment
Type Model analysis Performance
Analysis
CFA pile | Coarse MC - Pile load 6 soil cases
grained HS performance, soi| have been
HS-small sensitivity considered
Fine MC analysis
grained HS
HS-small
Pulse pile| Coarse MC 1m Pile load 6 soil cases
grained 3m performance, soi| have been
5m sensitivity considered
analysis
Fine MC 1m Pile load 6 soil cases
grained 3m performance, soi| have been
5m sensitivity considered
analysis

Vertical stresses against vertical relative displacements (relative to the end of the
consolidation phase) of the top of the pile have been generated in the output program
in the curve manager to assess the performance of piles. Plaxis calculation outputs
have been pogirocessed in Excel to obtain leadttlement curves in various

combinations. Raw output data from the analyses in Plaxis can be found in the

appendices.

4.6.10utput mesh CFA vspulse gle
Plaxis 2D output deformed mesh of the bored pile modet &ading is shown on

Figure4-12 and that for a 5m long fae pile after dynamic loadinghd-igure4-13.
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Comparing the insets from these two figures shows that the modelling of the pulse

increases the diameter of the pile when compared to that for the bored pile.
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Pulse pile simulation stresses outputs have been obtained from PFlgxig 4-14

Figure 4-131 Deformed mesh for pulse piles analysis. Treated length: 5m
shows the direction and scale of the effective principal stresses at each phase of the
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calculation. The initial phase (a) fonlgrocedure and phase 1 (c), at which the pile
cluster is set tonortar, show a similar distribution of principal stresses because the
soil is at rest with the principle stresses vertical and horizontal. Changing the pile
cluster from the initial soil state to mortar has little effect. The expansion of the bottom
1m of a pulse pile Figure 4-14 e) shows that the dynamic loading increases the
effective stress around the base of the pile and the zone of influenodsesadially

and vertically. Turning the pile cluster to concrete has little effect on the effective
stress distribution Higure 4-14 g). It was important to investigate pulse pile
performance in comparable conditions with the bored pile, therefore displacements
have not been reset to zero at any phase of calculd@digare 4-14 i shows the

expansion and scale of effective stress crosses at the end of the axial load test.
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Figure 4-141 Direction and scale of effective principal stresses (scaled up 2t
3 times). Initial phase- kO procedure: (a)}(b); phase 1- pile material set
to mortar: (c)-(d); phase 2i PDT treatment: (e)-(f); phase 3i pile
material set to concrete: (g(h); phase 4- pile performance load

applied: ()-()

On Figure 415 contours of effective mean stress can be compared for calculation
phases (&) stress from application of dynamic PDT loading,i(b@sidual stress after
unloading, change of mortar to concrete,i(stress from vertical loadpplication.

Scale of the mean stress is the same for all phases to allow comparison.



