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Abstract

Severalmodem earth sciencestechniquesare applied to determine the preciselocation
of SSCcomponentsrelative to their surroundings. This noteattempts to showwhat factors
areimportantandthe best way toproceedto locatecomponents,taking the main ring
beamlinesasa majorexample. A methodof optimizing locations viaprogramming is

discussed.

I. Introduction: Geometry

The Department of Energy DOE in its recordof decision on January18, 1989,
confirmed the choiceofthe Dallas-FortWorth, TexasDFW site as the approximate locale
for the construction of theSSC. The site proponentswere organizedunder the leadership
of an agencyof the StateofTexas, the TexasNational ResearchLaboratoiyCommission
TNRLC. The TNRLC hadrespondedto the April 1989 Invitation for SiteProposalsfor
the SuperconductingSuper Collider SSC,DOE/ER-0315ISP. A standard plastic
overlay outline of the SSCfootprint wasmade available to siteproposersandother
interestedparties upon request. This 1:24,000scaleplastic footprint overlay was then used
by all responsiveproposersto determine the location of SSCfacilities relative to natural and
cultural featureswithin their proposaljurisdiction by overlaying it onto standard U.S.G.S.
7 1/2 x 7 1/2-minute topographicmaps, hereafter referredto as topos or quad sheets
from quadrangle,not quadrupole. At this scalethe representationof a 9.6-.m-wide
roadway would be 4.E-4 in or 0.4 mm across. Fine pencil lead is 0.5 mm in diameter.
This is roughly the limiting positional accuracyof the topo maps.

Sincefeaturescannot be locatedon a topo to betterthanabout 10 in andthey certainly
cannot be digitizedanymore accurately than that, a certaindegreeofapproximation in
locatingSSCfacilities is understoodto be present at the outset The initial specificationof



the site is no betterthan that. Realestateboundariescan usually be more accurately
specifiedlocally than that.

Site proponentsall did someoptimization in siting the SSCfootprint within their
severaljurisdictions. The most important considerationwas to reduce the potentialimpact
of land acquisition for the SSCupon localhomesandbusinesses.Even aside from the
paramount moral grounds for doing so,reducing the numberof homesand businesses
taken by eminentdomain is an importantfactorin maintaininglocal support for the SSC
project The presenceof local support playedan importantrole in the site selection.

Other obvious location considerationsare to keep SSCfacilities constructedon
surface out of bodiesof water, top the magnetschiefly the quadnipolesaway from
sourvesof vibration, to orient the mainring to utilize the advantagesof the site such as
transportation accessor desirable from a construction viewpoint rock strataandto
minimize the costsandproblems of land acquisition. As far as reasonable,the spheresof
influence of the surrounding communitiesshould be taken into account

The location of the main ring tunnel, experimentalhalls, shaft locations,booster
acceleratorchains and associatedtest beams,andmajor campusfacilities are tied together
by a particulardesignconceptthat, for brevity, I shall call a lattice. This deliberatemisuse
of the tenn by extending its meaningmayprove fruitful insofar as it emphasizesthe
interconnectednessof the machinedesign.

3. R. Sanford2] hasgiven an account of the origins andproperties of the machine
footprint In concept,the footprint is a planaroval land areaoutline with someprojections
"ears". The longer axisof the oval is about 30 km 29,980.738in long and the short
axis about 25 km 24667.464m. The land area is a strip some304.8 in wide in the
stratified fee regionof the arcs. The stratifiedfeeestateof subterranean owne&tip is
similar in effect to a pipeline or buriedcableeasement,exceptit restrictswells andother
intrusions within a larger volume than thesebetterknownexamples. The feesimple areas
totally ownedby DOE are 335.38m to 396.24in wide over the tunnel areas, plus special
land areasfor the injectorchain of accelerators,test beam layout, andcampus surface
facilities.

The local vertical projection of the footprint onto Earth’s surfacedefines the land
boundariesof the SSC. For example, supposethe footprintwere tilted along its long axis
by 0.25 degrees. The differencein height abovea plane perpendicularto local verticalat
ring center would be 30kin sin 0.25degrees= 130.9 m height difference. The
horizontal shortening due to raising the end of the footprint would be
30 m x [1-cos0.25degrees]= 0.2856in, less than one part in l.OE-5, which is less
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than the errorspecifiedby the TexasSocietyof ProfessionalSurveyors for the accuracyof
surveysof urban businessdistricts.

Note that becauseof the curvature of theEarth, the center of a chord 30 km long
must be

y = R[I -cosANGLE] with ANGLE = siir1lSknVR-15/R,

or y = 1/2R ANGLE2 -225km2/26371 kin = 0.01766km,

i.e., a horizontal planar ring with extremities at the surface would be 17.7 m deepat the the
center. This is a significant fraction over 10 percentof the height difference 130.9m
chosenaboveas an illustration.

An alternative way of looking at this is to note that the ring tilted by 0.25degrees
along the long axishasits endsaboveandbelow a plane passingthrough the centerand
horizontal at that point, of ±65.45in. However, the end elevationswould be
65.45+ 17.66 = 83.1 in upper and -47.8 m lower with respectto the central elevation
check: 83.1 + 47.8 = 130.9 m.

In summary, the lessonsof this simplistic analysisindicatethe following:

* For mostpurposes,horizontaldeviationsof distance from the plane dimension

are small enoughto ignore, since1 - cosineangle is secondorder in the angle.

* Verticaldeviations go asthe sine, first other in the angle,andaresignificant.

* Elevationsof planarfeaturesmust be corrected for the curvatureof the Earth
when lateral dimensionssuch as thoseof the SSCare involved.

* The outsideof acentrally horizontal oval ringhas the directionof local vertical
along Earth’s radius nowhere exactly perpendicularto the plane of the ring, i.e.,
the direction of "up" dependson position, if "up" is opposite the local
gravitationalfield.

The geometryof the ring in 3-spacethus emphasizesthe global nature of construction
for systemslarge enoughthat arcsineof the ring radius dividedby Earth’s radius cannot be
neglected. A goodmeasureof this is the deviation of atangent to the Earth’s surface from
the arc, y - x2f2R. For a lineardistanceof 11.38km, this is 0.01 km or 10 m. For
projectsin which the deviation is one cm, the linear extentis 357 in, which is why the
curvature ofthe Earth can be ignored in constructing ordinarybuildings.
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It might seemthat the tilt dip of the ring might imperil the alignmentofmagnetsand
detectors. That it neednot is evident twin the exampleof LEP at CERN, with a tilt of
over a degree. Experimentalareaswill be built plumb with local gravity, in anycase. The
questionthen arisesas to how greatthe angleof inclination of items internalto, viz, the
solenoidin a large solenoidaldetector, needsto be. I suggestthat the local tilt of the
beaxnlinealways lessthanor equal to the ring tilt be taken up by the alignmentof the IR
focusing optics, sincethey must include dipoles anyhow.

The slopeof the tunnelmagnetsis a separateissue. A 13 m magnettilted by
0.25degreeswill have one end 5.67cm lower than the other. This is not enoughdrop to
affect the stability of the magnetsupports, unlesstheyare awfully rickety. It might be
enoughdropto annoy a magnetalignment crew working with spirit levelsrather than
electronic distancemeasuring devicesand modem survey techniques.

If the strike direction of intersectionof planeof the ring with local horizontal at ring
center lies along the bearing of the long axis calledthe obliquity, the ring tilt at the center
of the experimentalhalls is zero on eachsideof the ring. The strike is perpendicularto the
dip direction, andto the projection of the dip directionon a horizontalplane. The dip angle
is the angle betweenlocal horizontal at ringcenterandthe planeof the ring, and is restricted
to be lessthan0.5degreesISP. The pressure headsthat would result from steeperlocal
tilts of the beamlinehave thepotential to causecryogenicproblems, such as requiring more
equipment to maintain the samedesignoperatingcondition.

IL Geology: What’s underground and why should we care?

The SSCfacilities contain three notable underground components: the main ring
tunnels, the experimentalhalls, andthe accessshaftsandramps leading to thesefacilities.
The SSCsite is underlain by fairly soft sedimentary rocks that will be excavatedby a
variety of mechanicalmeans. The ease‘tad expenseof excavationand the stability of
constructedfacilities dependupon the mechanicalproperties of theserocks, so that the
location of rockswith definite characteristicsis an important considerationin the design of
the facility.

For designpurposes,it is convenientto divide the subsurfacematerials into
overburden andbedrock. The overburden is cappedby products of weathering rich in
organicmaterial humus capableof supporting vegetation. This is the scientific definition
of soil. Geologicallysuch materialsarecalledresidual soils to distinguish them from
streamdepositsalluvium or materialdepositeddownslope by the processofmasswasting
colluvium. There are alluvial depositsof up to 15 m thickness on site that are terrace
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depositsassociatedwith former streamcourses;most such deposits,however, arelessthan
6 m thick. The residual soils range in thickness from a few cm to 1.2 in.

A transition zoneof weatheredrock that variesfrom intensely fracturedto massive
separatesthe overburden from fresh unweatheredbedrockbelow. The degreeof
weathering, fracturing, andorganicmaterialdecreaseswith depth.

Sedimentaryrocks consistofmineral grainscementedtogether by somecement
which is typically microcrystallineto amorphous. Clastic rocksformedofmineralgrains
weatheredfrom rock massesandtransportedto aparticulardepositional environment are
classifiedon the basisofgrain sizeas conglomeratesand sandstone,or mudrocks
siltstonesand claystones,dependingon whether the typical grainsize is greateror less
than 62 micrometersin linear extent size4 sieve.

The temi "clay" indicates both a size range lessthen 4.0micrometersand a mineral
family with memberslike kaolinite usedin making china, ilite, montmorillonite, smectite,
andothers. Sincethe mineralgrainsalmost alwaysoccurwithin the size range, there is
little confusion exceptthat other minerals,viz, quartz, canalso be reduced to clay size
particles.

Rock units have severalidentifiable characteristics. A "formation" is a mappable unit
recognizablein outcrop, i.e., distinguishablefrom other units. Formations may be
subdividedinto membersor evendepositional layerslike bedsor larninae. A related setof
formations forms a "group." A formation is often referredto a "type section" ofoutcrop,
usually at the locality of the formation name. For example,the EagleFord Group is named
after the Dallas suburb of EagleFord,at which the type sectionoccursas a streamcut along
the Trinity River.

Sedimentaryrocksaredepositedin nearhorizontallayers calledbeds. The processof
turningloosesedimentsinto rocks "lithiflcation’ typically involvesthe action ofheat,
pressureand fluids that mayalter theminerals in the sediments"diagenesis" andproduce
the compaction, cementationandrecrystallization characteristicsof the rocksproduced.
This typically follows burial at depth.

The depositiona.l environment for the rocks of the site area wasthe nearshore and
shelfregionof the Late CretaceousGulfian continentalshallow seasthat extended
through the middle of the North American continent at various times, from the Gulf of
Mexico to Alaska. Following deposition, theserocks were exposedto erosion during the
Cenozoicera. Theserocks dip toward the Gulf of Mexico at around 0.65°toward the SE
1.1-1.7percentslopeand thicken down dip acrossthe site. Becauseof the combined
effectsof dip anderosion, the older rocks are found on the West sideof the site and the
younger on the East The oldest and deepestrocks likely to be encounteredby the tunnels,
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halls, and shaftsare the clays,thin sandlayers,andlimestoneflagsof the uppermost

formation of the EagleFord Group called theArcadiaParkFormation. The type sections

for the formation andgroup are in the Dallas area about 30 km North of the site. The

ArcadiaPark is mostlylaminated organic rich clay in the site region.

The Eagle Ford rocks are overlain by the Austin Chalk, which forms the bedrockon

the West sideof the site. Technically, the Austin Chalk is a group, but its geotechnical

properties are similar enough thatit is treated as a formation in the siteregion, sometimes

subdividedinto Lower,Middle and Upper members.Above a richly fossiiferousbasal

region the "fishbeds" a meteror so thick, the formation consistsof fairly thick bedded

limestonemostlychalk with thin fissile claystoneshalepartings. Someof the partings

are layersofa volcanicallyderived clay rich in the mineralmontmorillonite, called

bentonite. Bentonite is used as an agent to increasedensityin drilling fluid "drilling

mud". The Austin Chalk has its contemporaneousanalogsin the white cliffs of Dover

equivalently, the Chalk Downsor in the Niobrara Chalk of the northern U.S.A. The

chalk particles are themicroscopic calcite remainsof tiny seacreatures cocoliths.

The youngestCretaceousformation that crops out on the site is the OzanFormation,
informally knownas the Lower Taylor Marl. A marl is a calcareouscontaining calcium

carbonateclaystone. The Ozan formation has a calciumcarbonate content in the range

from about 12 percentto over 60 percent, so that it gradesinto chalk. It is typically slabby

or blocky to massivein outcrop, but fissile "shaley" sectionsalsooccur. East of the site,

the sandsand silts of the Wolfe City Formation Middle Taylor Sandsmay be found in

road and streamcuts.

In general terms, the Austin Chalk is the easiestto work with in tennsof easeof
excavation andlack of supportandcover needed. Secondin terms ofdesirability is the

OzanFormation, with its high calciumcarbonatecontent A distant last is the clay ofthe

Eagle Ford ArcadiaPark. The upper 1-20in of this last group is low in calcium

carbonateand high in monimorillonite. If allowed to dry, the surfaceof the clay crumbles

away, a condition known asslaking. The OzanFormation will alsoslake, but lessrapidly.
Standup time is of the order ofhoursor days for the ArcadiaPark comparedto weeksor
months for the Ozan.

Montmorillonite is a swelling clay; it will acceptup to 16 times its massin water. The
degreeof swelling of weatheredOzanor ArcadiaPark dependsin sensitivefashion on the
amount of montmorillonite relative to calcium carbonate. It is standardpracticefor the
TexasHighway Departmentto teat clays with lime to prevent roadbedswelling and
cracking. Becausethe upper ArcadiaPail is low in calciumcarbonate and high in
montmorillonite, it hasconsiderablepotential for swellingandslaking. The stiffnessof the
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ArcadiaPark alsovaries,so that a conditionknown assqueezinggroundmay occurin

someregions, particularly where the clay is exposedto water as a resultof construction

processes.
All of theseformations Austin Chalk, Ozan,Arcadia Park are aquitards that hinder

the flow of water through them. Equivalently, the permeability of theserocks is very low.

Testsrun for theTNRLC givepermeabilities in the range l.6-7E-8cmJs for the Austin

Chalk, l.E-9 to l.E-8 cnils for the OzanFormation; similar valueslessthan l.E-8 are

obtained for the Arcadia Park.
Table 3.5-4,reproduced from the DFWproposal p. 30 lists representative

mechanicalproperties of theserocks. The Austin Chalk is over an order ofmagnitude
stiffer than the othertwo units Young’s deformation modulusfive or six timesasresistant
to crushing uniaxial compressivestrength andconsiderablymore resistant to slaking.
The comparison betweenthe EagleFordArcadiaParkandthe Taylor Ozan Group rocks

is biasedby the selectionof only unweathered samplesof the former andboth weathered
andunweatheredsamplesof the latter. This shows up in the absorption swell pressures.
However, it is clear that the Ozan is noticeably stiffer andmore resistant to crushingthan

the ArcadiaPart
In addition to the vertical discontinuitiesof the rock massesdue to layering and

bedding, discontinuities due to rock breakage,called fractures,alsooccur. If motion has
occurred along a fracture betweenrock masses,the fracture is a "faultf’ if no noticeable
motion hasoccurred, the fracture is ajoint In addition to large-scaleregionalstressesthat

causeslip-stick or creepmotion along faults, fracturesmay form asa result of unburial: the
pressuredropdue to erosionof the overlying bedrock decreasesthe hydrostatic pressure
rho*g*h by reducing the depth ofburial h. The spacingof joints formed this way may be
characteristic ofa given layer or evena member, andpersistover lateral instancesofkm,
exceptwhere faults are present. Thedensityof fractureincreasesmarkedlyas a fault is
approachedlaterally; the jointsmay be 4 m apart at large distancesfrom a fault or fold, and
decreaseto a meterof separationor lessin the vicinity of a fault. Evidencefor motion
along a fault may be a characteristic smoothed,grooved,or gougedsurface known as
"slickensides." Fractures may be filled with soluble or suspendableminerals such as
calcite,quartz, iron hematiteor goethite, clays or gypsum. Slickensidedfaults in the
chalk produce characteristic"flutes" of groovedcalcite fillings.

Not only do fracturespermit the passageof fluids e.g.,water, they alsoaffect the
mechanicalpropertiesof the rock, notably the characteristic wave speedand alternation of
the various modesof oscillation. Severalproblems in excavation andconstruction tend to
be associatedwith fracturezones:excesswater, weakrock support required, changesin
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rock removalin excavation,and changesin position height and alignment of particular

rock types. Experienceindicatesthat excesswater should not be a problem on the site, and

that additional support requirementswill usually be light Qactemedrock bolt arrays. At
least one fault is known to crossthe ring alignmentnear El and surfacefaults that persist

at depth have a combinedthrow of 10-20m over fracture zoneabout 30 m wide near
location FlO. A smaller offset of2-10m existsnear location Fl * but the fractureshave not
yet been located. Becauseof support requirements,it would be unwise to locate the
experimental halls in either locale, although the zonesare narrow enough that support for

the tunnel should be constructible in straightforwardfashion.
The faults on the site appear to be associatedwith the BalconesFault Zone,which

waslast active in Miocenetime roughly 9 million years9Ma ago]. The site lies in
Uniform Building CodeZone0, the lowestcategoryof seismichazard. The maximum
acceleration due to earth movementswithin the site region is anticipated to be lessthan
0.04g at the 90 patent confidencelevel. The main problem with the faults is that they
may form through-going fractures. Many faults are knownto terminate at given levels,at
least within the cha they are not through-going. Severalof the faults have healed by
pressureandthe deposition ofcalcitefilling by groundwater. Examination ofthe walls of
various quarries indicates thatfractures extendingmore than 15 m below the weathered
zone are a small peitentageofthe total. However, the tunnelwill undoubtedly crossa
numberof faults. Most of thesewill give little problem in excavationandsupport. Wide
fractured shearzonesof the type associatedwith, for example,the SanAndreasCA
systemdo not occur on site.

Somefaults within or nearthe site occuras the boundaryfractures on down-dropped
blocks called grabens,that areidentified easily becausethey placeblocksofrock higher in

the stratigraphic section in contact with thoselower the section; for example,the Ozan
Formation is in fault contactwith the AustinChalk in a grabennearthe spillway ofLake
Waxahachie,southof town. Other grabensoccur near the town of Italy in an old landfill
and nearthe town of Rockett on the northeastedgeof the site. No grabensare known to
cross the ring, but faults at Fl and FlO associatedwith the high rocks horst in the section
do so. Other faults of possibly large displacementwithin the site include the Long Branch
stream fault at a reservoirnorthof Sandisandfaults crossingBear Creek and Brusby
Creekon the northernportion of the site. While there are notable fracturesin the Oza
Formation along Onion Creekand in the CSCcommerciallandfill at Avalon, the amounts
of throwappearto be very smalland the stratadisplaced lessthan a few tens of centimeters
vertically.
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Preliminaryevidencefrom the start-up geotechnicalprogramindicatesthe presenceof

a high spot in theEagleFord Group betweenFIG andFl. This, coupled with the depth of

cover requirementsandthe nearproximity of streamincisions at WaxahachieCreekto the
Northwest, RedOakCreekto the Northeast,and the Nelson Branch tributary to Chambers
Creekin the vicinity of E9 nearLumkins, givesthe most severeconstraintsupon the ring
geometry considering coverrequirements.Within the originally proposedfootprint, it
turns out that a ringdip of around 0.4degreesis necessaryif the Eagle Ford is to be
avoidedin both hallsand tunneland the minimum cover requirementmaintainedunder
creekcrossings. Alternatively, someof the creeksmight requireculverting and filling.

Ill. Geodesy: Where in the world are we?

Geodesyis the scienceof location of points or phenomenaor featureswithin or upon
the surfaceof the Earth. It is a branch ofgeophysicsthat usesthe latest techniquesof
metrology to determine the coordinatesandsometimesthe time of geophysicalevents. It
bears the samerelation to the art of surveying that physicsbearsto engineering in general; it
forms the scientific basisfor the practical application. Recenttriumphs ofgeodesyhave
included the direct observation of relativecontinentalmotion as a result ofseafloor
spreading using the technique of VeryLong Baseline InterfemmetryVLSi astronomical
measurements. Improved values parameterizationfor the figure ofthe Earth haveresulted
from precisemeasurementsof satelliteorbitscombinedwith clevercalculations. More
refinedcalculationsusing seismicdata plus refined gravity measurementshave improved
our understandingofthe internal density distribution of the Earthso that constraintsare
placed on thermal, compositional, and flow dynamicsof the Earth’s interior.

Historically, geodesyhas dealt largely with the angularposition andheight of points
upon the Earth’s surface,determined by astronomical and gravity measurements,
supplementedby somesort of time measurement. To a zeroth approximation, the surface
of the Earth is spherical in shape,and only two anglesandthe height abovea reference
sphere arerequired to fix the location of apoint A fIrst approximation recognizedthe
flattening of the Earth due to its rotation andthe consequentdynamiceffects. Sincethe
actualsurfaceof the Earth is rough and parts are coveredwith water or ice, the gross
featuresof a placecan be describedvia the gravitationalforces or potentials acting there. It
is apparent that a sphericalharmonic expansionof the surfacelocation will have multipole
momentsof arbitrarily high order becauseofthe height differencesalong the surface
topography.
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A rotating fluid planet in equilibrium would have its equilibrium surfaceas a surface
of constantgravitationalplus rotationalpotential otherwise, massflow would occur,and
the shapewould change. This notion lies behindthe conceptof mean averagedover tidal
and temperatureeffects,other changeslessthan a year in period sealevel, the hypothetical
averagelevel that the oceanwould haveif a canal were built to the place in question.
However, the real Earth hasangularas well as radial changesin its density distribution that
producelocaldifferencesin the gravitationalpotential andfield. This meansthat the mean
sealevelequipotentialsurfacethe geoidis not just a simple regularsurfacesuch as an
ellipsoid. Thesedifferencesin gravitational potentialimply differencesin height of the
geoid. Therefore, featuressuch assurface topographyand contactsbetweengeotechnical
unitscanvary irtegularly within a region, evenif the strataor land surfaceis quite smooth
andregular. An alternativedescription in termsof a referenceellipsoid and perpendicular
height aboveit is possible. Becauseof advancesin modern survey techniques, it is now
possibleto avoid thepast dependenceof locationmeasurementon the gravitational field.

Three dimensional locationscan be determinedto an accuracyof a few centimeters
over distancesthe size 30kin of themain ring tunnel. Using Navstar Global Positioning
SystemsCIPS measurements,there are presently elevenGPS satellitesaloft with varying
degreesof reliability that containclocks, receiversandtransmitters. The information
broadcast finm thesetransmittersincludes codemodulatedmessagesbroadcaston two
different frequenciesLI andLi. Thesetransmissionsinclude synchronizedprecise
satellite time data, ephemerisorbital parameter data,pseudo-randomrange data, the
standardpositioning serviceon LI andthe precisepositioning serviceon bothLi and
L2. A number of trackingstations keep the satellitesin their polar 20,183.1km orbits in
view. Ranging data from thesestations sentto the mastercontrol station in Colorado
Springs is usedto correct the orbital parameters interpolate and extrapolate ephemerides
of eachsatellite. An orbitalparametersmessagecontaining atomic clock standardizedtime
markersis sent to the satellitesdaily; they rebroadcast this over the Ll and L2 channelsso
that usersmay regularlyupdatetheir coordinatedtime andorbitalparameters. The user sets
a GPS receiverof theseradiowavesover a known referencepoint monument, selectsthe
four or more satellitesvisible, and receivesthe satellite broadcastson Li = 1575.42Mhz
andL2 1227.6MHz. In practice, for centimeter accuracy, a minimumof two receivers
are used; one receiver is at a known location thebaseandthe other at a mobile station.
This configuration is called differential positioning. Two spreadspectrum waveformsare
used: a 1023 kHz drip rate acquisition codeCIA with a period codeP. The C/A code is
universally available, but possibly degradedin accuracy. The navigation messagefrom
eachsatellitegives its orbitalelements,a correction for clock referencetime relative to a
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standard, andidentifies each6 secondstandardinterval. An almanacmessagegives the

approximate data for eachactivesatellitesothat all visible satellitesmay be found oncethe

first is known. The systemis referenced to its basestation, whosecoordinates are

precisely known with respectto the World Geodetic Systemof 1984supersedes

WOS 72. Using this information, the UPS receiver decodessatellite orbit parameters
broadcastephemeris as a function of time andcalculatesthe range from the receiver
antennato eachsatellite transmitter.Theserangesare sampledas a function of
synchronizedsignaltime andcoupled with the knownpositionsof all the satellitesas
found from thedecodedephemerisdata applicable to the sametime interval. The useof
better satellite positions computedby various organizations preciseephemeriswould
result in evenbetteraccuracy. A computedposition results from the intersection points of
the ranges,aftercorrectionfor time of flight. The useof two transmitting frequencies
allows for the effectsof the ionosphericpartof the atmospheric signal delay to be taken into
account,while troposphericeffectscanbe minimized by short baseline distancebetween
the receivers,such as would occurat the SSCsite.

The GPS receiver/computerusesclock time offset, latitude, longitude and altitude in
determining a three-dimensional position, In order to achievemaximum accuracy,the
receiver systemshould be able to utilize both the standardpositioning serviceC/A and the
precisepositioning serviceP pseudorandom noisecodesand the preciseephemeris. The
systemusedin performingthe UPS survey for the SSCGeotechnicalProgram of
May-July 1989 wasasetof TI-4100UPS receiverswith the capability to utilize both
standard andprecisepositioning servicecodes,but used the broadcast ephemeris.

Sincethe satellitepositions are referencedwith respectto the centerof the Earth, the
outcomeofa GPS measurementis a vector location x, y, z with respectto axis fixed in
the centerof the Earth. This is equivalent to specifying the radial distancefrom the center
of the Earth r, the geocentric colatitude or polar angle 9 and the longitude azimuthal angle
A.. It is shown below that this is equivalent to specifying A., the geodeticlatitude 0 and the
height h abovea standardreferenceellipsoid.
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In termsof the geocentric latitude y= iq’2 - Owarning: this is not the geodetic
latitude markedon the globethe geopotentialat r,pA is

U = _.2$f + G2t:2J2 3sin2r - I - w2r2cos2, 1

with: equatorial radiusa = 6378.137lan;

GM = 3.986005x io m3s-2

A, B, C = momentsof inertia about principal axis;

ellipticity coefficient J2 = 1.08270x 1o- =

to = 0.72722x 10 rt

polar radiusc = 6356.75km

flatteningf a - c/a

equivalently, c=ai -ft

= 298.25722

Evaluate U at r = a, w=0 equator,

Jo = + J2- a2cd2 = 2

thus

And, to first order, f = +
3,3579x rn-3

More accurately,
= 298.25722 = 3.3528107 x io-

and 1 -f = 0.9966472

and S = ‘,j
= 6.739497x 10-s

An ellipsoid of revolution obeysthe equation

4 4 4cos2p 4sin2y.i
+

C2 a2 a2 C2
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Using the flattening asdefined above,the polarsemi-minoraxis is C = a - = a1 -f.

Thus,

a2 sin2vl

r
= cos2y’ +

1
0

-
1_sin2yi1 _2f+12+sin2v

- 1J2

and =1
2 2f-f2fl’12

+ 51fl W 1

o - l_1_f2 - 21-f2
Note 1-f2 J....j2

asothat ro =
.[i + osin2v}

is the expressionfor the referenceellipsoid in terms of the geocentriclatitude
The geodeticlatitude0 asmarkedon the globe is the angle betweenthe equatorial

planeand the perpendicular height h abovethe referenceellipsoid Fig. 1. The angle
betweenhandthe extensionof, may be calledp; then 0= v÷ p Fig. 1. The plane
perpendicularto theellipsoid intersectsthe equatorial plane at an angle y, the complement
of Ø y= z’2

- 0 Fig. 1. The condition on the ellipsoid is

dz
y-9cotv =-1-J2cotw

=-tany=-cotØ

Expanding 0enablesus to find a relation betweenwandp:

1
2cosy cos ycosp - sin v,sin/z
siny sinwcosp + costpsinp

[1 -f2 - 1]cos,sinç’cosp = sinp[sin2w + 1 .j2 cos2vr}

11f2
or sinp[ 1f2 sin2y’ + 1]l_12

= cospcoswsinv[1 -1 -f2]
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l1f2
Finally, using

=

- Scosysin wtanjz
- 1+Ssin2w

Asanexample,for v =.,rI6,sin, =1/2andcosv= ‘//2;

-

________

-
otan/i- 1+8/4 - 4 4Th

tanjz = 2.913379x io-
= 0.1669238degrees

cosp = 0.9999958

I - cosp = 4.2 x 10-6, which is measurableastronomically onethousandth of a
secondequals0.001= 2.8 x 10-v degrees= 4.9 x 10-9 radians.

Since0 = + p. it is possibleto determine 0 andro from a knowledgeof the polar
angle 0 andthe equatorialradiusa andthe polar radiusC.

For pointsin thenorthernhemisphere,theextensionof h to thepolaraxisintersects
theaxisatapointQadistanceH=OI belowEarth’scenteratO Fig. 1. Ifthedistanceto
thepointPon thereferenceellipsoidQP= R, then the radiusof a parallel of latitude is

x0=r0cosyi=RcosØ

The squareof the eccentricityof the ellipse is

= 2f-fl = 1_1-D2
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I z tanI tanw
Using Ol_f2x1_f21_e2

and z=Rsin-H = r0siny’

wcfind tanØ = rpsiny+H
= i

rosiv

21 H1-e
= 1RsinØ -H

1-e2RsinØ= RsinØ -H

andfinally H = e2Rsin 0

From Pythagoras’ Theorem,

R2 = H+z&2+4 =4+4+21120+112

and
1 ,f +4 = a2 ellipse condition,

substitute a2 = 1 -J2R2sin2Ø+ R2cos2Ø

a2
- 1 - e2sin2Ø ‘

a
where

i _e2sin2Ø

is called the meridionalradiusofcurvature. The latitudinalradiusofcurvaturecentered at C
Fig. 1 is

p = -1-e2

Thetotal distancer associatedwith alocationaboveor belowthe surfaceof the
Earth,its associatedlongitude A, andpolarangle 0 areequivalent to description in terms of
x, y, z coordinates referredto a setof axesfixed in the Earth with origin at center. The
geocentriclatitude " = ir/2 -0 differs from the geocentric latitude ofpoint P on the
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referenceellipsoidby Aiy= yf - yr Fig. 1 andFig. 2. The very small anglebetweenthe

normalto the ellipsoid is v= so’2-fl-W2-ji’ = if-fl with oppositeside

= htan sin v so that thedistanceincrementfrom the small triangleis
1=tcscOr,/2_p’-tsecp’orlhtanfisin4t’-flsec/2’. By the sinelaw,

sin 4.’ = h/rsin p

The angleflfollows from astronomicalmeasurements,

= I’ = 1ocosw’si2nw’

which fixes vandtherefore 1. The total distancer = roy/ +1+ hsec/3 can then be generated

from h and the angles. The observations would actually give /3, jI, and /. This fixes roV

andtherefore

- r-rpys’
h

- sec/3+ tanfl secp’sinp’ - /3

which gives ày’ = _i[ sin p]

which allows r= / - A’ to be found. From this, theintersectionwith thereference

ellipsoid

roys
= i + ssn2vh12

andthedirectionofthenormalto theellipsoid

p = tan-il Ssinyltos4r
[i + 8sin2y’’

finally fix thegeodeticlatitude = + p. This provesby construction that it is possible
to determinethegeodeticcoordinatesh, 4i A, from astronomicsatelliteobservationsand
thedistancer to thepoint,orequivalentlythevectorlocationx, y, z with respectto the
centerof theEarth.

In additionto showingthatpointsdeterminedby GPScan be relatedto thegeodesic
anglesplusaheightabovereferencesurface,theforegoinganalysisgivesthemeridionalor
longitudinalradiusR and thelatitudinal radiusp. which may be usedin locatingtheplane
of thecolliderring with respectto thereferenceellipsoid andhenceto anythingelse.
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The locationofpositionsby OPS is well suited to determiningellipsoidalheights and
correspondsto thereferenceschemeof theNorth AmericanDatumof 1983 NAD 83,
which is basedupona geocentricellipsoidratherthanthelocal ellipsoidused in the North
AmericanDatum of 1927 NA] 27. The geodeticcoozzlinates A are moreaccurately
locatedin NAD 83 than MAD 27, reflectingadvancesin positioningbasedupon
measurementofsatellites.Becauseheightsin the NA] 83 are independentof local gravity
anomalies,measurementsare more easilydeterminedto higher accuracy.To accurately
determineheightsin theNAD 27 system,one usesthe height from the geoid. This requires
the evaluation of local gravitationalanomaliesin order to have an accurategeoid with which
to compare the local topography.Theseanomaliesarisefrom densityvariationsin
subsurfacerocks. Measurementof suchanomaliescan give significantinformationabout
densitycontrastsbelowtheoverlyingmaterials,andhenceof significantsubsurface
structures.The stateplane coordinatesare in metersin the NM 83 datumwhile they are in
American Survey feet in NAD 27. StateplanecooitlinatesSIC arecoordinatesalong east
and north asx,y correspondingto a map projectiononto the referenceellipsoid NAD
83 or the geoidNA] 27. This unavoidably introducesdistortionin mapping from a
sphereto a coneor cylinder for example,so that anglesanddistancesmay not be thesame
in SEC grids asin actuality; further, there are projectionsdown to the geoid andgrid
surfaceto contendwith, bothof which producechangesin scale. The useof SPCto locate
pointsto within ameterwasdescribedin SSC-N-540. In such cases,the SPC coordinates
are simply usedasa rectangular coordinate systemlocally, to that degreeof accuracy.
While the deviationsfrom true distancesarespecifiedin termsof the projection equationsin
terms of reference locations andthe differencebetweentopographicandgeoidal heights,
the fact that griddistancesdo not correspondto actualpoint separationdistancesis a source
of confusion and annoyance.The SPC are useful as legal descriptions and crude position
markersbut are ill-suited to detailedmodeling.

IV. Geometry Revisited: Frameworks in Space

The placementof theoutline of the main ring andits radiation buffer zone is the main
challengein siting the SSC. The final machine alignmentwill be at the submillimeterlevel
globally, at the stateof the art in precision location determination. The main ring
orientationin spaceandits adjustmentwith that precisionareconceptuallycomplicated
enough to be worthy of discussion.

Therearea numberof techniquesthat can be used to provideanalyticallocationof the
ringpositionand graphicillustration of it. An ordinary engineeringdrawing that showsthe
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ring with relation to the topography on a curvedbackground is the simplest example; draw

everythingto scalein the way you want it, in plane map view and frontal view. The

frontal view canbe chosento lie alongstrikeso thatthe ringappearsasa straight line.

Distancescanbe accuratelyscaledfrom either view in order to find, for example, shaft

depthsfrom particularchoiceof obliquity bearingof the long axis with respectto North,

and strike intersectionofring plane with thehorizontalat ring center,and dip angle
betweenring planeandthe horizontalat ring centerangles. Greateraccuracycan be

obtainedby useof a systematicvertical exaggeration,viz, such that tanö’= lo3tan4where

o is the tnie dipoleangle. Comparisonof the plane view with map locationsandthe

projectionof obliquity andstrikeanglesupon it servesto identify andcomparepointson

the ring with their surfacesetting. This hasbeenusedby Myhrer and Goss1989 for site

modeling.
In order to utilize the graphic andanalyticcapabilities of moderncomputation,this

approachhas beenadaptedby Mike Jones1989 for file creationandmanipulationon the
IntergraphTM systemof graphicsterminals. Similar techniquescould be usedwith some

othergraphicshardware/softwarecombinations.A methodofgenerating the main ring

outline is basic to this approach.The ring may be generatedfrom an algorithm, or

importedasa file in dataform. The resulting ring locationinformation is then mappedas a
sequenceof files by utilizing the coordinatetransformationsof translationandrotationfrom

an initially specifiedcoordinatebasisJones,1989.

In order to discussthe problem in general terms, independentof hardwareor

softwareand utilize thepicturedevelopedin theprecedingsections,considera model ofthe
main ring with its center at a height h abovethereferenceellipsoid, at latitude Ø and

longitudeX. The directionlocally perpendicularto the referenceellipsoid will be givenby

the unit vector "up". Two other axesperpendicularto and eachother are taken in the

northerlyN and easterlyE directions. We now usea methodof generatingthemain
ring viafile importationor algorithmthat attributesplanecoordinatesto the locationsof
ring features, after themannerof theprogramMAD or by giving r, 0 or x, y positions
of specificshafts as a table, or simply specifyingthe long axisorientation and a vector
perpendicularto it for specifyingthe ring plane. Then the main ring may be generatedin,

for example, a horizontal plane with northward obliquity about the centerpoint specified.

The ring may now be positioned simply by a sequenceofrotations in three-space.The

anglesusedin thedesiredreorientationspecify the elementsof the rotationmatrix M such
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that the coordinatesof thepositionsof the ring in tilted x, y, z coordinateswith respect
to ring center undergo the sametransformation as column matrices as the unit vectors

A

M%]orxe=Muui Fl

summationconvention.Therotationmatrix is simply constructedasaproductof rotation
matricescorrespondingto rotationsaboutspecifiedaxes. For example,a rotationaboutthe

axis counter-clockwisepositive, right handedby an anglea might bechosento
align the strikeof the ringalong the yJV axis,and would have a rotation matrix

cosa sina 0
= I -sinacosaO J F2

0 0 1

associatedwith that operation.
The next operation might be to rotatearoundthe axis by thedip angle &

representedby

cosS 0 sinS ‘

M2=j 0 10 F3
-sinS 0 cosS

This couldthen be followed by a rotationaroundthe ft axisby v to orient the long axis
projectionsat the appropriateanglewith respectto N

cosv sinv 0 ‘

M3 = j -sinv cosv 0 I F4
01

The net rotation is then representedby the matrix product of the three operations:

M = M3M2M1 F5

cosvcosBcosacosv costSsina
-sinvsina +sinvcoscj cosv sinS

or M = -sins’ cosScosa-sins’ cosSsina . . F6
-coss’ sinS +cosvsina -sinS sin V

-sinScosa -sinS sinci cosS
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This canbe usedto locateany pointsexpressedin theoriginal systemwith respectto the
final, or by reversingtheoperationto locateanypointsin thefinal systemswith respectto
the origmalft. N, Ecoordinates.

For example,the topographicandgeologicalinformation canbe given aspointsin the

uWE system. The points ofthe ring in the .zyzsystemonceconstructedcan be
determinedin the tiNE systemby

U1 =
= Mn

sincetherotationmatrixM is real orthogonal,its inverseis its transpose.In matrix form,

u = Mx = M& FS

In the tiNE system,thecurvedreference ellipsoid and the referenceheight hA ofobject A
with geodeticcoordinatesØA. ‘tA can be found in terms of the rectangular Cartesian

coordinateswith respectto the ring center form the information aboveand in the previous
section. if the graphics systemcapabilities permit, it is then possible to obtain colored
perspectiveplots that give the illusion of three-dimensionalviewing. In any case,the
specificationof the distancesp andR in termsof the coordinatesobtainable by GPS and
optical sightingis quite straightforward.

This is not to downgradethe importanceof measurementsby conventional methods
influenced by local gravity, which can provide an independentcheckon the self-
consistencyof thesemeasurementtechniques,and is essentialfor specifying distancesfrom
the geoid mean sealevel elevations. Becauseof the extentof the SSCmain ring outline,
it becomesa useful geophysicallaboratoryfor the interplay of astronomicandgravitational
measurementtechniques.

While it is certainly possibleto useoptical and gyroscopic meansto determine
locationsandorientations in tunnelsbeyond the line of sight of II’S markers, it will
probably be useful to useconventionalleveling devicesas well. Simply becauseone could
envisagerelying only on "transferring" successivepoints from GPS marker down shaft
andthrough tunnel doesnot necessarilymean that this would be the most accuratemeansof
determining locations.

The businessof locating points from satellite transmissionsOPS andlaserbeam
reflections EDM is still in its infancy. Significant advancesin the technologyof these
operations will occur during the construction of the SSC. At the moment, developmentsin
kinematic methodsof lockingonto the transmission of a minimumof four satelliteswith a
mobile receiver to successivelyoccupy severallocationsrapidly andwith high accuracy
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seemparticularlypromising,but other techniquesmay also be developedMader and

Strange, 1987. The net result will be a reductionin measurementcost that will enable us

to monitor locationsmore easilythan we determine them initially. This will aid designby
monitoring, for example,possiblesubsidencedue to regional tectonic settling or
groundwatermining form the regionalaquifers.

Detailedinformationaboutsite locationsshouldbe storedin the globalSSC database
Sybaseassuggestedby Peggs1989. However, it is probably useful to have a variety

of representationsof site featuresrangingfrom the simple sketchesand analyticmodels
developedhereto thedetailed,highly accurateandcumbersomecombinationsof files that
aremanipulatedvia the likes of Intergraph TM. This note illustrates possibilitiesfor some
of theseoptions, aswell assomeof the techniquesfor realizing them.
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