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Abstract

Water jet technology is can be potentially used irariety of soil remediation processes. A new
approach to the problem examines the applicatidrigif-pressure water jets for the creation of
reactive barriers. In this case, one of the adym#as the increase in soil permeability as thelres

a process induced by the jets consisting of frazguaind disintegration of the material and in the
removal of the finer particles contained therein.

The papers deals with the research activity cawigdat DIGITA's Waterjet Laboratories and the
results obtained during a study conducted to etalile volumes of soil involved in the process as
function of the operating parameters and the phaysmdifications induced by jet action. In
conclusion some considerations concerning thesinidli application and the economic feasibility of
the method are reported.
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1. Introduction

High-pressure water jet technology was developéadasily for cutting hard materials like stone,
glass and metals, because of its ability to comaehigh energy onto small surfaces (Summers,
1994; Ciccu et al., 1998).

To date little research has been conducted anajphications have been tested on granular materials

and these are essentially concerned with:

» soil consolidationjétgrouting soil mixing
e excavation or excavation aid
* remediation of contaminated soils

Likewise, little has been published on waterjetaacbn soils. The most comprehensive studies are

those conducted by Yoshida, et al. (1989) who itigated the effect of waterjet generation

parameters on a single soil type and by Atmat&dizerrin (1987) who explored the effect of the
same generation parameters on different soils watging conditions. Recent research efforts have

focused on the potential use of this technologycfeaning up contaminated sites (Ciccu et al., 2006

Cable et al., 2006 ).

The techniques traditionally used for soil remadiasuch asvapour extraction, soil flushing, steam

stripping, bioremediation, bioventing, and air sparg, (EPA, Annual status report-Treatment

technologies for site cleanup: 2001) are difficalapply to slowly permeable soils. High pressure
water jets can be used for increasing the hydraolicuctivity of these soils via displacement and
removal of the fine fraction.

The use of high pressure water jets for the sekecémoval of soil fines onto which contaminants

have adsorbedipflow washing)has already yielded promising results in thettneat of NAPL and

heavy metal contaminated soils (Niven & Khalili,9B).

While for compacted fine-grained soils this teclug@ims to enhance permeability, in moderately

permeable soils the water jets can also be usadtfoducing and distributing substances in thé soi

(in solution or suspension) that are capable aficgd) or minimizing the effects of contamination..

The combination of increasing hydraulic conducyivand introducing reagents makes the HP waterjet

technique particularly suited to on-site remediatmd specifically for creating permeable reactive

barriers (PRBs) or reactive zones (RZs), now reizeghas effective technologies for contaminated
site clean-up (EPA, 2002). PRB, which are instaltethtercept the contaminant plume, act as a kind
of large filter.

The results of research conducted to date on tnefusaterjet technology for cleaning contaminated

soils can be summarised as follows:

- The time required for the water jet to achieveximum penetration in the soil is in the order of a
few seconds, even less in hon-cohesive granulagrimbtAn exponential relationship exists
between penetration depth and action time.

- The relationship between penetration depth emcetse velocity of the nozzle is also exponential
and as speed increases so the zone of influendrisiias.



- The volume of soil affected by the action of titerjet is in any case much greater than the hole
bored: this “zone of influence” (zone permeatediayer under action of the jet) increases with
increasing soil particle size.

- For the same water content, the greater bulkitereduces jet penetration depth; this can be
explained by the corresponding increase in resistand/or reduction in soil permeability. This
effect is negligible for sands but very markedffoe-grained soils.

- The degree of saturation influences jet penietratepth into the soil; for soil finer than sand,
maximum penetration depth is achieved at compkgigration, while minimum penetration is
attained for a degree of saturation of 40-50%.

- Penetration depth increases linearly with hylicazonductivity of the soil.

- Penetration depth decreases with increasing mxdalocompressive strength.

2. Study Of Waterjet Action
2.1.Experimental

Prior to conducting laboratory and field testsraliminary investigation was carried out to evatuat
the feasibility of waterjet technology for in sit@mediation, determining penetration rate of a
continuous waterjet through a granular medium aeditsplacement and velocity ranges of the soil
particles.

The main difficulty associated with this type ofaserement and analysis is that the phenomenon
occurs extremely rapidly, but this was overcomeibing a high speed video technique. Tests were
carried out on samples of quartz sand with a garsize of 1-2 mm, placed between two closely
spaced parallel crystal slabs. The phenomenonilmaed through the transparent windows with a
camcorder and the frames then processed usirfggttiele Image Velocimetriechnique- PIV

(Raffel & Willert C., 1998), so as to measure gaetidisplacement over time and penetration rate of
the water jet through the soil sample. Tests warged out in the laboratories of the Department of
GeoEngineering and Environmental Technologies (Dilat the Cagliari University’s Faculty of
Engineering.
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The images were shot under adequate lighting torersufficiently good
quality images for subsequent processing.

After a preliminary investigation using a fixed ta&n a second series of tests
was conducted to study the influence of the trasgedocity in a orthogonal
direction on penetration depth.

The choice of soil particle size was dictated by rtkeed to simplify analysis of
the video images recorded. Prior to the test, dnepde was saturated with
water to impart a uniform colour and to ensure thaasurement of particle
velocity through image analysis was not hinderethieypresence of water
flowing over the sample surface.

As can be observed from Figure 2, concerning actasdlucted on a dry soil
sample, two distinct zones can be recognisedcehtral area is the path of the
water jet itself, whereas the outer zone repredbrtsiow permeation of the
water introduced by the jet. The presence of té®sd zone precludes proper
analysis of particle velocity.

Figure 2. Image acquired duringsts ol
dry soil sample




Water content of the tested soil was thus setatral 5-7 %, in that as the material is extremely
permeable and the bottom of the container perfdrate water actually retained by the soil is caly
fraction of the total amount introduced.

2.2.Particle Image Velocimetry (PIV)

The optical technique known as Particle Image Vfelewy P1V) makes it possibile to measure the
displacements and hence velocity of particle fiéldem a series of images. The pictures storeden th
computer are divided up into square meshes thatemehed, using statistical techniques, in the
subsequent frames. Particle displacement is datechbly PIV processing.

The plethora of data to be processed requiressh®iisophisticated post-processing techniques also
for displaying and summarising the results. The exical result contained in a series of files can be
displayed in the form of displacement vectors betwevo user-defined time instaniset, .

Figure 3. Example of vector representation
of the results of geoPIV8 analysis

2.3. Results

Examination of the sample at the end of
the test and of the video images, showed
that the lateral radius of influence of the
waterjet is not constant but gradually
increases with the distance of the examined poamh the nozzle and hence with penetration of the je
through the soil. A sort of conical kerf can besetved which is caused by the increasingly ragged
edge cut by the waterjet.
Examination of the video images also makes it [pbs$0 estimate the total time taken by the waterje
to completely penetrate the soil sample. Howevéy amough estimate can be provided and no other
evaluation is possibile apart from that at lowesegs penetration time is longer..
Measurements of penetration rate, its variatiorgtigation) and the displacements induced in single
portions of soil versus time are obtained with ¥ technique.
PIV data processing generates a penetration rafgepiThis is obtained by determining the position
of the waterjet at a given instant consideringrttaximum displacement gradients and dividing the
value of the displacement vector by time. The tesnlterms of penetration rate are shown in the
graph of Figure 4 for the different experimentahditions.
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As in the previous case, the penetration rate tgiodd by determining the time instant in which
displacement gradients are greatest and dividiagltsplacement by time.

3. Experimental study of waterjet action on soil

The technique consists of introducing a lance antertical hole, drilled using a mechanical deice
with the waterjet itself, to the end of which a mlezholder head is attached, a jet of water exiting
from each nozzle. Combining rotary and axial $fatory movement, helical movement is imparted
to each nozzle. The rotary motion ensures thajethef water reaches the points arranged over@n ar



of 360°C, while the translatory motion ensures Hiatach nozzle rotation overlapping slices of soil
are treated. In this way the soil volume involwedh be represented by a cylinder with vertical.axis
The treatment of a given volume of soil is obtaisedstructing a vertical grid. The grid side length
in terms of distance between adjacent columnsyésad the most important parameters for this
technique and is related to the distance at wiiehreatment is still effective.

Thus the experimental study focused on the laveding) the radius of the soil column treated to the
waterjet parameters, namely:

- jet pressure;

- number and diameter of nozzles;

- flowrate of each jet and combined flowrate (fuoetof pressure and nozzle diameter);

- stand-off distance;

- lance rotation-translation speed;

- helix step (defined by the above parameters);

- jet direction.

The optimum combination of these parameters foaiabitg high column radius of the treated
material and for achieving high ultimate perme&pilindex of treatment effectiveness) depends on
the soil properties, especially particle size, dgnmechanical strength, mineral composition,
porosity and water content (Yoshida, Shibazakb&wimbo, & Sakakibara, 1989). Laboratory
studies were carried out to investigate these ptigse

3.1. Experimental set-up

A continuous waterjet system was used for the exygrtal tests, neglecting pressure fluctuations of
the piston pump, kept to within the limit of 2%. &'Bystem essentially comprises a moveable lance
connected to a pressure pump and to a support frdriod contains the soil sample to be tested.
Pressure energy is converted into kinetic energmbgns of two opposed nozzles with a roughly 1
mm diameter sapphire orifice, perpendicular toldéimee rotation.

The lance is connected to an electric two-motoredsiystem, that actuates vertical translation and
rotation. Rotation speed is regulated by meangegfuency converters mounted on the control panel .
The pressure system consists of a piston pump dbliters a flowrate exceeding 50 I/min at a
maximum pressure of 250 MPa.

3.2. Preparation of test sample

Experimental tests were carried out on sampleamd snixed with clay previously characterized by
means of grain size analysis (Figure 5), edomudsts and permeability tests.
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2. Addition of water where necessary and
homogeneization in a cement mixer
3. Material loaded into container
4. Material compacted with a hydraulic piston
5. Cores drilled for creating hole for insertingda.
The material has a coefficient of consolidatio8df0® cnf/s, a coefficient of volume
compressibility of 4-18 cnf/kg and hydraulic of 3-19cm/s.

3.3. Waterjet lance

The drive system for the lance (Figure 6, left)jahhhas two diametrically opposed jets, comprises
three motors that impart three different kinds of:
* Horizontal translation



» Vertical translation

* Rotation
Movement and speed are regulated by an electronical panel. Pressure energy of the water is
converted into kinetic energy through the nozatesade of very hard and wear resistant materials such
as tungsten carbide, corundum, diamond or sapplitirediameter ranging from 0.1 to 1.5 mm.
Good nozzle design is paramount to achieving efficcutting and obviously depends on the use
actually made of it: for example, for cleaning agiems, the nozzle should be designed such that the
stream diverges at the orifice exit, whereas falewat cutting the stream needs to remain coherent
over as great a distance as possible.
The nozzles are the only waterjet components tlegas@bject to wear by the solid particles suspended
in the water. To increase wear resistance, therwateds to be treated beforehand to reduce hardness
and the solid matter removed using a multi-stalger fi
Two 1 mm diameter nozzles were used in the teststipned perpendicular to the lance rotation axis
(Figure 6, right).

100 MPa

Figure 6. Lance support structure and featurekeofvater jets
3.4. Experimental results
The radius of action of the waterjet, and hencéheftreated soil volume, versus lance
rotation/translation speed is shown in Figure 7aA8cipated, the radius of influence decreasels wit

increasing speed and was found to range from 38 twm in dry soil and from 19 to 27 cm in
saturated soil . Thus operating on dry soil redales twofold increase in performance.

| | . . .
. Figure 7. Radius of influence versus absolute
] m Saturated soil nozzle Ve|0city
L e

Radius of influence [cm]
B R B B ¥2 37 &

| | '3'4]'3'""]9“' * 3.5. Discussion

‘ | | ‘ | | The experimental results have shown that in

0 1 M 3 M 5 s sand with a specific gravity of 1.7 kNinthe
Nozzle velocity [cm/s] water jets generated by the 1mm nozzles at a

pressure of 40 MPa, form columns with
varying radius depending on lance rotation/trarmtespeed.
Tests were carried out on a single soil type kegpjerating parameters unchanged except for lance
rotation/ translation speed. Further studies areeatly under way to investigate the effect of
increasing water jet pressure and flowrate. ObWgas increase in water jet energy will produce a



larger radius of influence and result in a morergeatic treatment of the soil but also in increased
costs. Thus the right balance needs to be struniatomize effectiveness with the resources
employed. A series of tests is planned operatirggt rotation speed and low translation speedsso a
to investigate the effects of helix step coveredhgynozzles during motion.
The experimental results highlighted a numberiofitations due to:

e Large sample size

« Difficulty in sampling muddy material (mixing)

« Difficulty in understanding and determining partidlow

4. Field tests

A full scale in situ experimental investigation wamducted using a commercial waterjet system to
assess the reliability of the laboratory resutigarticular execution times versus operating wem

A jet grouting system was used consisting of a uegenent mixer, a mixing pump and a lance fitted
with a nozzle holder (Figure 8).

The 65 mm lance, mounted on a tracked vehicléttésifwith drivers for rotary and translatory
motion. It is also equipped with a 70 mm cutterchfsa boring the hole for water injection and is
connected to the pump by means of a 40 m long 4@rmmeter tube..

For the in-situ investigation this system was @ stsing plain water.

Figure 8. Water injection system: tracked vehieith lance,
pump and control panel

The pump generates pressures of up to 37 Mpaivediatow
compared to those used in the laboratory testsgthbydraulic
power is substantially comparable in the two casesidering the
greater flowrate produced by the larger diameteries.

5. Permeablereactive barriers (prb)
5.1. Types of PRB

Permeable reactive barriers or zones are an aaotd

competitive option for the in-situ remediationamintaminated

sites also in view of the many benefits to be gaifnem their use
: Eae (EPA 2002):

- ease of installation, low maintenance and runcivss;

- cost effective;

- can be used to treat numerous diffuse contamswntces, often difficult to identify;

There are a number of different types of PRBs:

Continuousreactive barrier. The reactive material is placed perpendiculahéocontaminant plume
direction (flow lines). The reagent is introducatbia continuous trench filled with material having
higher hydraulic conductivity than the terrain ®tbeated, so as to avoid any significant altenstio
groundwater flow.

Funnel-and-gate barriers. This type of PRB consists of a central portigat§ through which the
contaminant plume flows, and similarly to the cantus barrier, is filled with a highly permeable
material mixed with the reagent. Two impermeabl#isaare installed at the sides of the gate that
direct the groundwater towards the reactive zohés 3ystem offers greater process control but is
disadvantaged by the fact that a reduction in esession may uncontrollably increase flowrate
through the reactive zone, thereby reducing resieléimes of the contaminated water therein..



Reactive columns. These systems are fairly similar to the tunnel-gatk barriers. The contaminant
plume is directed, by installing impermeable fusnélenches or embankments towards the reactive
zones, generally of cylindrical shape.

5.2. Waterjet technology for installing reactive barriers

The use of waterjet technology for installing réacbarriers consists in creating an aligned sefes
vertical columns of highly permeable soil into whitie decontamination reagents can be injected.
The columns are designed similarly to the jet gnmutolumns used for soil consolidation, i.e. by
introducing a lance into a hole down to the desttegth. One or two horizontal waterjets are then
introduced and the lance which rotates aroundvits axis, is then withdrawn (Figure 9). This
produces a vertical column of highly permeable Baurefrom which the fines, containing most of
the contaminants, are then removed.

Figure 9. Operating set up of waterjet lance in
a vertical cross-section of the soil. Simulation
results

The simulations, performed using
conventional mathematical models, showed
the contaminant to be captured by the barrier
in all three cases once stationary conditions
had been reached (80 days). The different
techniques were then compared in terms of
barrier installation costs, amount of
contaminant and oxygen consumed by the
barrier (Gallo et al., 2009).

Table 1 shows the cost analysis for three techsiduen which it clearly emerges that waterjet
technology competes well with the traditional teiglues, having roughly the same cost as the
continuous trench and lower costs than a singéedirinjection wells. The analysis only took
installation costs into account, disregarding th&t ©of oxygen supply which were it considered would
only strengthen the conclusions drawn. .

Table 1 - — Summary of costs for 20 m deep, 18nmg I®RB. (US-EPA, 2002)

PRB width Size, Number Unit cost C[Zg]st
Continuoustrench 80 cm 18 m 1500 €/m 27000
Injection wells 10 cm 21 1500 € each 31500
Waterjet 100 cm 10 2500 € each 25000

Summing up, the barrier created with a line of solumns treated with the waterjet has lower
installation costs, enhances oxygen mobility whilgintaining optimum levels of organic substrate
degradation.

5. Conclusions

Waterjet technology can be used for creating higlelsmeable soil columns. Column diameter will
depend on soil properties and on waterjet geneogterating parameters. Reagents can be introduced
into the soil columns treated in this way, creatiegctive barriers able to intercept and remediate
contaminant plumes.

The effectiveness of such a barrier has been eealusing a mathematical model for simulating
contaminant transport and biodegradation phenonidr@analysis showed that the barrier consisting
of soil columns treated with the waterjet is equalifective in intercepting the contaminant plunse a
continuous trenches and injection wells.



Furthermore, the cost of installing a barrier a$ tiype is lower compared to injection wells whtle
compares favourably with the continuous trenchrple, offering the advantage that the
contaminated material does not need to be removed..
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