








EXECUTIVE SUMMARY

The proposedPrimary Output of this researchproject, as indicatedin the proposal,is the

following:

• a literature survey of existing methods of in-situ stressmeasurementincluding an

evaluationof theapplicability of thesemethodsin thedeeplevel gold mines.

• a theoreticalfeasibility study of a potential method,which will be cost effective and

practical,and applicableto the goldmine situation.

A reviewoftheextensiveliteratureon thesubjectofin situ stressmeasurementhasbeencarried

out, and a substantialbibliographyis includedin thereport. Themajority of methodsof in situ

stressmeasurementwhich areavailablewereimmediatelyrejectedasbeinginapplicablefor the

deepgold mines. Severalmethodswere identified as having potential applicability from a

technicalviewpoint andweredealt with in moredetail. Thesemethodsare:

• boreholeovercoringmethods,includingtheCSIRdoorstopperstraincell, theCSIRtriaxial

straincell, and theCSIROHI cell

• largediameterovercoringin aboredraise

• hydrofracturing

• backanalysisfrom monitoreddeformationsaroundexcavations.

It is consideredthat the applicabilityof thesemethodsin the deepgold minesis poor. Reasons

for this includetheir cost, their requirementfor significant assistancefrom minesin termsof

servicesand personnel,and their reliability in generaland under the harshconditions in the

mines. Only two of the approachesare consideredto havelimited application. Thesearea

simplified hydrofracturetest, in which only the magnitudeof the minimum principalstressis

determined,andbackanalysisfrom monitoreddeformations,whensuitableexcavationsaremade

for otherpurposesandeconomicmonitoringcanbeused.

Basedon thereviewof theavailablemethodsof in situ stressmeasurement,andexperienceof

involvementin stressmeasurementprogrammesusing numeroustechniques,thefollowing have

been identified as requirementsfor a reliable, cost effective techniquefor in situ stress

measurementm deepgold mines:



• the techniquemust be undemandingon the requirementfor servicesand personnel

providedby themine.

• the techniqueshouldbe low costwith regardto all aspects- cost of preparation,costof

installation, costof instrumentation,cost permeasurement,and economicalin termsof

time requirements.

• the techniqueshouldallow manymeasurementsto bemadein a single mining shift. This

will allow the resultsto be treatedstatisticallyandthereforeavoid localisedeffects.

• the techniqueshould not be sensitive to high stress effects such as spalling and

microcrackingof therock.

• the techniqueshould be flexible. It shouldbe possibleto implementat very shortnotice,

requirea minimumof preparation,be possibleto apply in excavationsof limited sizeand

non-restrictivelocation.

• the techniqueshould preferably not require the retrievalof rock cores andlaboratory

testingto determinethe deformationpropertiesof therock or rock mass.

Basedon theserequirements,an in situ stressmeasurementtechniquewhichwill be practically

applicablein thedeepgold mines,hasbeendevelopedconceptually. Referringto the figure on

the following page,this methodinvolves:

• a borehole-basedsystem, using percussion boreholesdrilled with a conventional

jackhammer

• creatingtheenlargement,orstress/strainchange,notby overcoring,butbydrilling parallel,

overlappingholes

• controlof thedirectionof adjacentholes,and preventionof movementof drill chipsinto

the measuringhole,by meansof a specialboreholeguide

• measurementof deformationchangesin thefirst borehole,asa resultof thedrilling of the

third borehole,by meansof a boreholedeformationmeter

• sequentialdeformationchangemeasurementsdown thelengthoftheborehole,alternately

moving the deformationmeterandadvancingthethird borehole

• measurementscarriedout in threedifferentboreholeorientationsat eachsite to provide

sufficientdatafor thecompletestateof stressto bedetermined

• calculationof the in situ stressfield by backanalysisof monitoreddeformationsusing an

appropriatenumericalstressanalysisprogram.

optimisationof resultsmaking useof the redundancyin numberof data.
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The theoreticalfeasibility of the method hasbeenproved by carryingout two- and three-

dimensionalstressanalyses.Theseshowedthat:

• deformationsinducedaroundthe first boreholeby thedrilling of the third boreholeare

of sufficientmagnitudeto measureeasily

• the effect on the deformationsof failure around the boreholesdue to overstressis

probablyless than the variations due to experimentalerrors and local rock material

variations

• approximately5 measurementspermetrelengthof boreholecanbecarriedout.

It is concludedthat amethodofin situ stressmeasurement,basedon thepercussiondrilling of

a setof threeoverlappingboreholes,and backanalysingthe in situ stressesfrom themeasured

deformationsin theboreholes,hasbeendevelopedin concept. By its very nature,beingbased

on low costdrilling anddeformationmeasuringoperations,whoseapplicationisvery flexible, the

methodwill be costeffective. In concept,themethodovercomesthedisadvantagesof mostof

theavailablemethodsof in situ stressmeasurement,andthereforeshouldbe reliable. It is also

aimedat beingspecificallyapplicableunderthe conditionswhich occur in deepmines,and its

feasibility hasbeenprovedtheoretically.

In the SIMRAC proposaldocumentit is statedthat the primaryoutputof theresearchproject

would be at feasibility level, and that furtherdevelopmentwould be requiredfor thetechnique

to be developedfor routineuse. It is recommendedthatthis developmentshouldproceed,and

severalaspectsareidentified asneedingdevelopmentto ensurethat themethodcanbeapplied

practically:

• the developmentof a suitable drilling guide which can cope with variation in the

straightnessof theholes,somevariation in the diameterof theholes,and ‘twedging’t due

to someclosureof the holes,impact of the drill andpackingof thedrill chippings.

• developmentof a suitabledeformationmeter.

• developmentof thestandardbackanalysisprocedure.The approach,andanappropriate

simple stressanalysis program, need to be adaptedfor the specific in situ stress

measurementapplication.
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1INTRODUCTION

Knowledgeof the in situ stateof stressin a rock massis essentialfor the proper

planning and design of mine layouts to optimise stability and safety of mining

operations.Thein situ stressesareessentialboundaryconditionsfor all designand

analysismethodsmaking useof stressanalysis,and the useof incorrectboundary

conditionswill provideinvalid designresultswhich couldbe significantwith regard

to stability andsafety.

Thein situstateof stressin a rock masscanbedeterminedby directmeasurement,

and thereare numerousmethodsof measurementwhich are currentlyin use. A

reviewofsomeof thesemethodsis includedin thefollowing section.Althoughsome

measurementsof in situ stresswerecarriedout prior to 1950, significantresearch

into methodsof in situ stressmeasurementbeganin the 1950’s and hascontinued

to thepresenttime. In SouthAfrica, researchin the 1950’s andearly1960’sled to

the developmentof boreholestrain cells for the measurementof both two- and

three-dimensionalstatesof stress.Thisworkwascompletedin mid-1960,andat that

stageSouthAfrican expertisewas probablythe best availablein the world. It is

interestingto note that Leeman (1965), referring to some minor outstanding

instrumentationproblems,concluded,“Once this is achievedit canbe saidthat the

problemof measuringthe stressin rock is, to all intents and purposes,‘licked’!”

The requirementfor the presentresearchprojectclearlydisputesthis statement.

It is unfortunate that no significant research in the field of in situ stress

measurementshasbeencarriedout in SouthAfrica sincethat time, in spiteof the

fact that,in thepast30 years,mining hasprogressedto muchgreaterdepths,where

stressconditionsare evenmorecritical. The consequenceof this is that, whereas

South Africa was a leader in the 1960’s and 1970’s, today most in situ stress

measurementscarriedout internationallymakeuseofnon-SouthAfrican technology.

A further consequenceis that techniquesthat are appropriatefor the very high

stressconditionsin our deeplevel mineshavenot beendeveloped.
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This is someof thebackgroundto the presentSIMRAC researchproject, thetitle

ofwhich is “Reliable costeffectivetechniquefor in-situgroundstressmeasurements

in deepgold mines”. A copyof the researchproposalis containedin AppendixA

for recordpurposes.TheproposedPrimaryOutput,asindicatedin the proposal,is

asfollows:

i) aliteraturesurveyofexistingmethodsofin-situ stressmeasurementincluding

an evaluationof the applicability of thesemethodsin the deeplevel gold

mines.

ii) a theoreticalfeasibility studyofapotentialmethod,whichwill becosteffective

andpractical,and applicableto the gold mine situation.

More specifically, theoutput from the researchprojectwill includethefollowing:

• a reviewof existingmethodsof in situ stressmeasurement

• identificationofthosemethodswhich arepossiblymoreappropriatein South

African gold mines

• assessmentof the applicablity of these more appropriatemethods,and

identificationof the advantagesanddisadvantagesof eachmethod

• definition of therequirements,both theoreticalandpractical, for in situ stress

measurementsin deeplevel mines

• basedon theserequirements,conceptualdevelopmentof a reliableandcost-

effectivemethodof in situ stressmeasurement

2 REVIEW OF METhODSOF IN SITU STRESSMEASUREMENT

Significantreviewsof methodsofin situ rock stressmeasurementhavebeencarried

out previouslyby Leeman(1964a),Leeman(1964b), Obert (1967), and Leeman

(1969a). A repetitionof theseexhaustivereviewsof theliteratureis not considered

to be appropriatefor this SIMRAC researchproject. An extensive, but not

exhaustive,bibliographyofliteratureon in situ stressmeasurementsis includedin

this report.
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It is alsonotconsiderednecessaryto includedetailsofstress-strainrelationshipsand

equationsinvolvedin thevariousmethodsofin situstressmeasurement,sincethese

arereadily availablein documentswhich will be referredto in the text. Instead,

informationfrom thepreviousreviewswill be summarised,andparticularattention

will bepaidto relevantmethodswhich havebeendevelopedsincethereviewswere

carriedout.

Most of the methodsof in situ stressmeasurementinvolve the observationof a

changein deformationor stressresulting from a changein the geometryof an

openingin therock, andthe subsequentcalculationof thefield stressesfrom those

measuredchanges. Most of the methodsare associatedwith boreholesas the

opening”in therock mass.

2.1 Borehole-basedmethodsof in situ stressmeasurement

With regardto measurementof changesin boreholes,thereare methodswhich

measureboreholedeformation,boreholestrain,boreholesurfacestrain,andstress

change.

2.1.1 Boreholedeformationand strain

This groupof methodsis probablythemost commontype,andthereis avariety of

different methodsbasedon the concept. In all of the methods,deformationsor

strains are measured,and stressesare calculatedfrom thesemeasuredvaluesby

meansof elastictheory. In all casestheclosedform theoreticalsolutionrelatingthe

elasticstressesandstrainsaroundtheboreholeorboreholeendis known.

2.1.1.1 Measurementof boreholedeformation

Boreholedeformationmeter

This instrument measuresthe changein diameter, at severalseveralangular

orientations,of theboreholeasaresult ofthe overcoring,andhencedestressing,of

the borehole. The practicalprocedureis asfollows. A boreholeis diamondcore
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drilled, at overcoresize,to therequireddepthso that it is at a sufficientdistanceto

be out of the stressconcentratinginfluenceof the excavationfrom which thehole

is drilled. A smallerdiameterpilot hole,coaxialwith the initial hole, is thendrilled

into the end of theinitial hole, andthe deformationmeter is placedin this pilot

hole. The meter is thenovercored,with changesin deformationof the borehole

beingmeasuredduringtheovercoringprocess.Theovercoreis subsequentlytested

in thelaboratoryto determineits deformationproperties,andthein situstressesare

calculatedfrom the overcoredeformationvalues using elastic theory. The

applicationof themethodis illustrated in Figure 1.

In a single hole the secondaryprincipal stressesacting in a planenormal to the

boreholeaxis maybedetermined.To determinethecompletestateof stressin the

rock mass,measurementsmustbe madein threedifferently orientatedboreholes.

Bonnechereand Cornet, 1977, describea boreholedeformationmeter with the

capability of measuringdeformation changein the axial direction. Such an

instrument can be used to determinethe completestateof stressin a single

borehole.

Themostcommonlyusedboreholedeformationmeteris theUnitedStatesBureau

of Mines(USBM) deformationmeter(Obertet al, 1962, Hookeret al, 1974)). The

hole in which the instrument is installed is an EX hole (approximately38 mm

diameter),andtheovercoretypically hasa diameterof 150 mm.

Application of the method requires high quality diamond core drilling, with

associatedequipment,facilitiesandsevices,usinglargediameter(150mm) bits, and

a specialdevice for centring of the pilot hole. Successwith the methodis also

dependenton goodquality rock suchthat intactovercoresat least300 mm longcan

be obtained. The deformationmetercanbe usedin wet conditionsif it hasbeen

waterproofed.Sinceelastictheoryis usedfor the calculationof the in situ stresses

from the measureddeformations,it is importantthat no failure of therock occurs

aroundtheboreholewhich might leadto non-elasticbehaviour.



STEFFEN, ROBERTSON AND KIRSTEN

a) BOREHOLE DRILLED TO THE DEPTH
AT WHICH THE STRESS IS TO
BE DETERMINED

b) PILDT BOREHOLE DRILLED INTO THE
- END OF THE BOREHOLE

c) DEFORMATION METER PLACED IN THE PILOT
BOR E HOLE

d) PILOT BOREHOLE OVERCORED AND
STRAIN RELIEF MONITORED

_________ JOB NQ FIG. NQ

213413 APPLICATION OF BOREHOLE DEFORMATION METER I
STA.ORAFT
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Solid inclusion gauges

A solid inclusion gauge,which containwire resistancestraingaugesto measure

deformationacrossthe axis of the borehole,hasbeendevelopedby Blackwood

(1977). Thegeometryof the straingaugesm this cell is shownin Figure2.

Theapplicationis similar to theboreholedeformationmeter,but thesolid inclusion

unit isbondedinto thepilot hole. Thetolerancebetweentheboreholeandtheouter

diameterof thecell is important.After installation,thecell is overcored,with strain

changesbeingmonitoredduring overcoring.

Sincetherearesufficient strain relief componentsmeasured,the methodallows the

completestateof stressto be determinedin a single borehole.

As with thedeformationmeter,diamonddrilling equipmentis a requirement.The

bondingbetweenthecell andtherock is critical, aswasfoundby RochaandSilverio

(1969),and problemsin this arealed to the designof a newcell by LNEC. It is

likely that this typeof problemwould bepresentin high stressconditionsin which

rock failure mayoccuranddifferential deformationswould be significant.

2.1.1.2 Strainmeasurementon theboreholeend

In this method strain is measuredby strain gaugesbondeddirectly onto the rock

forming the end of the borehole. The most common method of this type is the

CSIR Doorstopperstrain cell (Leeman 1964c, Leeman 1969b). This method is

illustratedin Figure3. A BX sizedboreholeis diamonddrilled to a depthwhich is

beyondthe influenceof the excavationfrom which the hole is drilled. The endof

theboreholeis then flattenedwith a specialdiamondflatteningcrown,cleaned,and

the“doorstopper”cell, whichhousesa4 elementwire resistancestraingaugerosette,

is bondedonto this surface. Initial strain readingsaretaken,and thecell is then

overcoredto producea short length of core stub. Strain readingsgive the strain

relief dueto theovercoring,andthe correspondingin situ stressesare calculated

using elastictheory.
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STEFFEN, ROBERTSON AND KIRSTEN

I
a)BX BOREHOLE DRILLED TO THE

REQUIRED DEPTH AND END
FLATTENED AND POLISHED WITH
DIAMOND TOOLS

LL~~

b)STRAIN CELL BONDED ON TO END
OF BOREHOLE AND STRAIN
READINGS RECORDED

c)BOREHOLE EXTENDED WITH BX DIAMOND
CORING CROWN THEREBY STRESS
RELIEVING THE CORE

d) BX CORE, WITH STRAIN CELL ATTACHED,
REMOVED AND STRAIN READINGS TAKEN

JOBN9 FIG. NQ

213413 OSIR DOORSTOPPER STRAINCELL SYSTEM 3

STA-OR AFT
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CSIRtriaxial Strain Ceil/CSIROHI Cell

Thesetwo approachesareconsideredtogethersincetheyarethe samein principle,

thedifferencesbeing in thestructureof thecell andin thedetailof theirpractical

implementation.Theformerapproachwasdevelopedin SouthAfrica (Leemanand

Hayes 1966, Leeman 1969b, van Heerden 1976) and the latter in Australia

(Worotnicki andWalton 1976).

The preparationfor measurementsusing thesemethodsis very similar to that for

the boreholedeformationmeter, and the steps in making a measurementare

summarisedin Figure 4. Thewalls of the pilot hole must be thoroughlycleaned

sincethe strain gaugesarebondedto thesesurfaces. The cells include threewire

resistancestraingaugerosettes,consistingof3 or4 elementseach,which arelocated

at specificanglesaroundtheboreholecircumference,asillustratedin Figure4.

Once the gaugesare bonded and initial strain readingsrecorded,the cell is

overcored.With theCSIRO cell, strain readingsarerecordedduring theprogress

of the overcoring. In situ stressesare calculatedfrom themeasuredstrain reliefs

using elastictheory. Thecompletestateof stressin the rock is determinedby the

singlemeasurement.

Themethodrequiresthesamedrilling facilitiesastheboreholedeformationmeter.

In goodrock conditionsit is possibleto usea smallerdiameterovercoresuchasan

NXCU or evenan NXC size.

Amongst the many practical factors necessary,successfulmeasurementsare

dependenton obtainingasufficient lengthof intactovercore.It hasbeenfoundthat

this is difficult to obtainunderhigh stressconditionswhendiscingofcoremayoccur

(Worotnicki 1993) or dog earingmaybe incipient or presenton the walls of the

borehole.

It is very unlikely that more than one measurementwill be obtainedin a single

boreholein onemining shift.
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In particular,when the inducedfracture is sub-parallelto the boreholeaxis, the

minimum principalstressis equalto themeasuredshut-inpressure(seeFigure6).

A significantamountof equipmentis requiredto carryout a full scalehydrofracture

test, including the following: inspection equipmentin the form of a borehole

televisioncameraor animpressionpackersystem,which is requiredto observethe

orientationof the inducedfracture;a doublepackersystemwith sufficientcapacity

to cater for pressurescorrespondingwith the in situ stresses;a high pressure

pumping system and associatedrods, tubes and fluid reservoir; measurement

equipmentincluding fluid pressuretransducers,pressuregaugesfor the packer

inflation, fluid flow meterandchart recorderor equivalent.

Core drilling is preferable,but not essential,particularly if boreholetelevision

inspectionequipmentis available.

Figure6 illustratesidealisedhydraulicfracturingpressurerecords.Often,resultsare

not distinct,andconsiderableinterpretationandexperienceis requiredto determine

a representativeshut-in pressure(Guoet al 1993a).

To be able to interpret the orientationsof the in situ principal stresses,it is

necessarythat theboreholeis drilled in thedirectionof oneof theprincipalstresses.

This is consideredto bea disadvantagefor applicationin thegold minesin that the

orientationsoftheprincipalstressesarenot known,and theirdeterminationis one

of the aimsof the in situ stressmeasurement.However,if the inducedfractureis

propagatedsufficiently to ensurethat it is in the planenormal to the minimum

stress,then the shut-in pressureshouldgive an accuratemeasureof the minimum

principal stress. The method,in a simplified form, is widely usedfor this purpose

in civil engineeringprojectsinvolvingpressuretunnelsandshafts(Vik andTunbridge

1986, de Witt 1992). In thesecasestheminimum principal stress,orthe ability of

therock massto contain thewaterpressurein the tunnelor shaft,is the important

factor. A similar simplified test was used by Ortlepp and Bristow (1990) to

determinetheminimumprincipalstressin threedifferentmining environments.The

simplifiedtestinvolved groutinga highpressuresteeltubeinto theborehole,theend

of the boreholebeingpressurisedby pumpingin the fluid through the steeltube.
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Only thehydraulicpressureis monitored.Thenecessaryamountof equipmentand

instrumentationis thereforesubstantiallyreducedandthetestcanbecarriedout in

a percussionhole.

A variation on the standardhydraulic fracturing method is the HTPF method

(hydraulictestson pre-existingfractures)describedby Cornetand Valette (1984),

Cornet(1986)andCornet(1993). As thenameindicates,testsarecarriedout on

clearly identified individual pre-existingjoint planes. The sectionof borehole

containgthis planeis packedoff andhydraulically pressurisedto reopenthejoint

plane. The pressureat which this occursis the stressactingnormalto that plane.

Additional testsare requiredacrossdifferent planesof different orientationsto

providesufficient datato determinethecompletestateof stressin the rock. Cornet

(1986) indicatesthat a minimum of 15 testsis necessaryfor this. This implies that

themethodwould be very time consumingaswell asrequiringa significantamount

of quality drilling. Visual observationof the joint planes,by meansof a television

camera,is almostessentialto determinethe orientationsof theplanes.

2.1.4 Otherboreholemethods

The literaturecontainsa largenumberof papersdealingwith different typesof

strainandstresscells, andmanyof theseare referencedin thebibliography to this

report. Theydealwith differentgeometriesof cells,different typesof straingauges,

different installationtechniques,etc. Many of themare describedin theoreticalor

prototypeform, and havenever beenapplied in real in situ stressmeasurement

situations.Theymayall beconsideredasvariationsofthemethodswhich havebeen

describedabove. Themethodsdescribedaboveare thosethat havebeenprovedin

practiceand aremost widely used. Their advantages,disadvantages,merits and

shortcomingsarethereforerepresentativeof what is currentlyavailablein thefield

of in situ stressmeasurementusing boreholes,and this will form the basisof an

assessmentof theirapplicability in the deeplevel gold mines.

2.2 ______________________________________Theflat jack stressmeasurementtechnique

This methodis one of theoldestmethodsof stressmeasurementandwasdeveloped
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3.2 Largediameterovercoringin a boredraise

Many raisesareexcavatedby raiseboring on the deeplevel gold mines. Thereis

thus a sourceof measurementsites for applicationby this method. Themethod

involvesa much largervolume of rock than theboreholeovercoringmethod,and

thusovercomestheproblemof small scalevariability of rockmaterial. This is clear

from the results shown in Figure 8. In addition, a considerableamount of

redundancyof measurementvaluescanbeintroducedinto themethod,andthiswill

allow dubiousindividual valuesto be eliminated,and statisticaloptimisationto be

applied.

A disadvantageofthe methodis that it is dependenton thelocationof raisebores,

andcannotbecarriedout at aspecificlocationatwhich in situstressesarerequired.

Themethodrequiresphysicalaccessto the actualmeasurementlocation,and, for

safetypurposes,this may requirespecialsupport to be installedin the raise. In

addition, special large diameter overcoring equipment is required, with the

associatedservicesandpersonnel.Laboratorytestingof theovercores,or of cores

takenfrom the overcore,is required. It is clearfrom theabovethat, evento obtain

onein situ stressmeasurementresult, themethodwill bevery expensive.At best,

sucha measurementwill be inconvenientfor a mining operation.

As with the boreholeovercoremethods,the in situ stressesare calculatedfrom the

measuredstrainreliefs. Theresultsarethereforedependenton themeasuredrock

stress-strainrelationships,andon thevalidity of theelasticsolutionusedfor in situ

stresscalculation.

In conclusion,the methodis likely to provide a more reliablestressmeasurement

resultthanboreholeovercoring. However,it is much less flexible, andlikely to be

very expensive.
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input of time from these personnel. If possible, it should require no

attendanceby anyminepersonnelduringthemeasurementprogramme.Mine

personnelshouldclearlybewelcometo participate,should theywish to do so,

but thereshould be no requirementfor their involvement. In summary,the

techniqueshould, asfar aspossible, minimise the input requiredfrom the

mine in termsof personnelandservices.

• the technique should be low cost with regard to all aspects - cost of

preparation, cost of installation, cost of instrumentation and cost per

measurement,and economicalin termsof time requirements.

• thetechniqueshouldallow manymeasurementsto bemadein asinglemining

shift. Thepreferenceis for a largenumberof lower accuracymeasurements

ratherthanoneor afew apparentlyhigh accuracyresults. Thiswill allow the

resultsto be treatedstatisticallyandthereforeavoid localisedeffects.

• thetechniqueshouldnotbe sensitiveto highstresseffectssuchasspallingand

microcrackingof therock.

• the techniqueshouldbe flexible. It shouldbe possibleto implementat very

short notice, require a minimum of preparation,be possible to apply in

excavationsof limited size, andbe non-restrictivein terms of location. It

shouldalsobe ableto be implementedon a stop-startbasis,not requiringa

longcontinuousperiod for a measurementprogramme,ie it shouldbeableto

fit in with the availablityof measurementsites, transport,personneletc.

• the techniqueshould preferablynot require the retrievalof rock cores and

laboratorytestingto determinethedeformationpropertiesof therockorrock

mass.

Basedon the aboverequirements,an in situ stressmeasurementtechniquewhich

will bepracticallyapplicablein thedeepgoldmineshasbeendevelopedconceptually,

asrequiredin termsof theSIMRAC proposalsubmitted. Theproposedmethod,

andthe theoreticalfeasibility analysesthat havebeencarriedout, are given in the

following section.
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