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Basedon analysisby K. Y. Ng and J. M. PetersonApril 1989,it appearsthat ground

vibrationsof sufficient amplitudeof displacementwith wavelengthsin the regionof 70 m to

onekm havethe potential to interferewith the operationof the acceleratordue to

adiabaticwith respectto a bunchrevolution motion of the focussingelementsof the lattice

quadrupolemagnets. Becauseof the focussingaspect,relativetransversealignment

variationsin the quad separationsin a cell distant from the interactionregion IR can cause

significantdisplacementof the centersof the focussedbeamsat the IR’s "missing". A

similar analysisfor the multiple quadsat the JR’s leadsto similar conclusions,but with

enhancedsensitivity. For periodicground vibrationsthe frequencyis the wavespeedin

local material rock, in the caseof the main ring tunneldivided by the wavelength

involved. This is the origin of the restrictionsgiven in the Invitation for Site Proposalsfor

the SuperconductingSuperCollider SSC,DOE/ER-0315April 1987 ISP,p57: "The

beamsaresensitiveto ground motion in the frequencyrangefrom a fraction of a hertz to

several tensof hertz. At about3 hertzthereis a resonantresponseto the groundmotion.

However,by usinga feedbacksystem,groundmotion of up to 0.5 thousandthsof an inch

12.7gm amplitudeat the interactionregionand two thousandthsof an inch 50.8Itm

elsewherecanbe controlled. A largergroundmotion mayrequirea feedbacksystemstronger

thanpractical. Becausethere is considerablevariation,data suggestthat a railroad line

should not passwithin approximately3,000ft 914.4m, or aroundonekm of an interaction

point, unlessmeasurementsdemonstratethat the groundmotion is within the above

tolerance. Major public roadsor freewaysshouldbe no closerthanabout600 ft 182.88m or

about0.2 km from an interactionpoint." A wavelengthof 880 m anda frequencyof 3 Hz

correspondsto a wavespeedof 2.64 km/s, aboutthe speedof someseismicwavesin chalk.



Studiesof ground vibrationhaveshownasa practicalmatterthat of the sourcesof

culturally producedvibrationsuchasquarryor roadworkblasts,car and truck traffic, heavy

equipmentearthmovingoperationsand trains, trainsthatwould crossthe main ring are

the most importantNelson,1987; Skokoe,Rix, and Mok, 1987; TNRLC, Vol. 7, 1987; Lesmes,

Morganandothers,1988. Qualitatively, this correspondsto the fact that train carsand

locomotivesare very massiveup to around625 tonnes= 6.25 x l0 kg ratherlarge15 m to

30 m long andmaybe moving ratherquickly 45 mi/hr = 72.4 km/hr = 20.1 mIs and their

meansof supportwheel carriageson the endsloadsandunloadsthe roadbedballast with

considerableforce via the rails andcrossties. The entire railroadstructurerails, ties, and

ballast flexes underthis loading in a sort of modified squarewave pattern,of

frequency= 20 m/s/20 m = aboutoneHz. Any irregularitiesin wheels,rails, suspensionor

couplingwill tend to produceadditional acousticpowerfed into theground; e.g.,a wheel

with a flat spot is particularly noticeable. All the proposedSSC siteswere locateda

sufficient distancefrom quarriesthat the effect of blastingin termsof ground vibrationsis

measurablebut small. Ground vibrationdue to freeway traffic is of muchlower amplitude

than thatdue to trainsbecausethe highwaydeformationdue to trucksis smaller than the

railroad case,eventhoughthe massesof loadedtrucksare of the sameorder of magnitudeas

that of railcarsand the trucksmove much faster. Again, experimentshave shownthat

irregularitiesin the road surfacesuchasbreaksor potholestend to causemuchgreater

amountsof acousticpowerto be fed into the ground. Heavyequipmentoperationcloseto the

IR’s is a potential concern,althoughthe closestcontinuoussuchoperationis associatedwith

the quarries. Thus,trains for reasonsthat are easyto understandanddifficult to model

are the main sourceof concernaboutvibrationsin the frequencyrangeof a few Hz.

Two distinct types of wavecanpropagatethroughthebody of an elastic solid, P

wavesprimary, push,longitudinal,alternaterarefaction/compressionwavesand S waves

shear,shake,transverse,alternateback and forth waves. The P wavescanalso propagate

through elastic fluids, while the fact that S wavescannotis of someimportancein

geophysics.In termsof the incompressibilitybulk modulusk, the shearmodulusmodulus

of rigidity ji and the densityp. the squaresof the wave speedsare

= p/p
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= k + 4p/3/p

Among other things, theseexpressionsshow that the ratio V/V9 is alwaysgreater

than root 4/3 = 1.155. Oneof the importantformations in the site areais the Austin Chalk,

that is composedof alternatingbedsof blue-gray,white-weathering,marly limestoneand

dark gray, gray-weathering,shaly limestone,both partedby bedsof calcareousshale.

Sedimentaryrocksare depositedin relatively flat-lying beds;the dip of formationsin the

site region is about0.65 degreesto the southeast.Since the sedimentaryrocks often have

different propertiesvertically than horizontally, the two possibleS wave polarizations

mayhavedifferent speeds. Field measurementsin the chalkhaveshown that for

vibrationsvertically perpendicularto beddingplanesonefinds that V, = 2.58 km/s and

= 1.07 km/s;for vibrationsin the planeof the bedding,V, = 3.05 km/s and

= 1.13 km/s weremeasuredGSA, 1966. Measurementsat the site by Tilford et at 1988

give VP = 2.6 km/s for weatheredchalkanda rangeof V between3.00 km/s and2.76 km/s

for unweatheredchalk by refractiontechniques. Since theelasticconstantsincreasein value

with depthfaster than the density,the wave speedsincreasefrom thesevaluesto

= 6.030km/s andV9 = 3.030km/sas the depthincreasesbeyondabouta kilometeror so

Dobrin, 1976.

As elastic wavesspreadoutward from a sourceregion,the displacementamplitude

decreaseswith distancer from the source. This is dueto two different phenomena.For

sphericalwaves,geometricspreadinggivesa power decreaseas the negativesecondpower

of r by conservationof energy,so the displacementamplitudedecreasesas1/r. Cylindrical

circular surfacewave displacementamplitudesdecreaseas the inversesquareroot of the

cylindrical radius,andplanewavesor surfacewavesclose to a line sourcedo not exhibit

geometricspreading. Frictional heatingof the rock grainsresultsin wave absorptionthat is

exponentialin form, so that the amplitudedecreasesas with attenuationcoefficient a.

Anotherway of expressingthe attenuationis in termsof the quality factor Q, the ratio of

2ir peakenergystored/energydissipatedper cycle of oscillation. Thenthe attenuation

factor a = zrf/QV , wheref is the frequency,V is the wavespeedandQ thequality factor

appropriateto a given wave type. This expressiongivesreasonablevaluesof attenuationif

Q is regardedasdependentupon the rockcompositionanddegreeof saturationand

independentof frequency. In unconsolidatedwet water saturatedmaterials,the
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attenuationis relatively independentof frequencyfor values in the rangeof interesta few

tenthsto about 100 Hz sothe quality factor conceptis lessuseful in this case.

Clark, Tittman, and SpencerCTS, 1980performedpreciselaboratorymeasurementsat

frequenciesof 5-20 kHz on small samplesabout 1.4 cm diameterby 12.7 cm long of selected

sedimentaryrocks, including the Austin Chalk. They measuredthe propertiesundervarying

conditionsof watercontent,from aone micronvacuumto saturation. The rock parametersof

the chalk wereas follows: 26.7 percentporosity,bulk densityof 1.94g/cm4, graindensity

of 2.72 g/cm4,V = 2.7km/s. V5 = 1.85-1.88km/s, = 0.63 to l.68t, Q = 0.44 to 1.45t3

vacuumto 35 percentrelativehumidity, Poisson’sratio 0.015. Under conditionsof

saturation increasedto 3.36 x JQ4, or = 298. Representativevaluesof = 640 and

Qs = 700 seemto bestcharacterizethe absorptionin this laboratorysample. Becauseof the

heterogeneityof the rock layers in the field, the effective Q for both types of wavesis

probablycloser to 100. Laboratorymeasurementson chalk from FlamboroughHeadPebble,

England have = 110. Field measurementsof Q greaterthan273 were obtainedat

boreholedepthsof greaterthan13 km in southeastTexas,in what seemsto be the Austin

Chalk. As a samplecase,considerthe attenuationcoefficient for shearwavesin saturated

chalk: a= x x lHz/298.1.85km/s = 0.0057/km, or a C1 distanceof 175 km. A similar

valueof aP = 0.0057700/640/2.7= 0.0023/kmfor P waveswould havea rT distanceof

433 km,so that frictional attenuationin the chalk at oneHz is very small. These

attenuationfactorsmaybe multiplied directly by the frequencyin Hz to obtain the

absorptionat higher frequencies. Oneof the resultsof this is thatat largedistancesfrom

broadbandsourcesof noisesuchasquarryblastsor railroadtrains,only the low frequency

componentssurvive. In tennsof vibrationeffects, the frequencyin Hzcorrespondingto a

wavelengthof onekm is numericallyequalto the wavespeedin km/s. Thus,body wavesin

the frequencyrangeof less thana few Hz are poorly attenuatedandearthquake

teleseisinicwavesof moderatesizedeventsoriginating thousandsof kilometersaway can

be detectedquite easily.

Similar parametersfor the Ozan FormationLower Taylor Marl, a calcareous

claystone,aremuch lesswell known. The lower Taylor Marl is a fine grained,uniformly

laminatedcalcareousmarineshale,bluish black or dark gray when unweathered,which

weathersto darkbrownishgray to tan, darker in color thanweatheredchalk. The P wave
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speedsfrom site refractionstudiesTilford, et aI.,1988are in the rangeV = 1.38 km/s to

1.92 km/s. with a representativevalueof 1.76 km/s. The ratio of V5/V for shalesand

claystonesis in the range0.3-0.7; if oneassumesthe ratio is 0.6, thenV5 is 1.06 km/s. soa

valueof aroundV5 = 1.0 km/swould bereasonable.Themarl hasbeencomparedto the

Pierre Shalein termsof rock properties;for the PierreShale,Qp = 32 andQ = 10 from field

measurements.A white to limey marl from the Hunton Limestonefrom Oklahomahada

laboratorymeasuredQp = 59.3; for a calcareous,dolomitic marlstonefrom Colorado

probably the Pierre Shalea samplehad = 45. A value in the range30-60 for Q is

probably reasonablefor the Ozanmarl. Then aP = x/1.76.45 = 0.04/kmand

aS = x/1.06.30 = 0.1/kmarereasonableunderestimatesfor a frequencyof oneHz.

Nelson 1988 givesa valueof aS = 0.1/km for "marly chalk". Dobrin givesa valueof

VP = 2.15km/s for the Pierre Shale,with aP = 232/kmat 50 I-h, or cxP = 0.0464/kmat

one Hz, in fabulousagreementwith the valuesabove.

The wavespeedsin unconsolidatedmaterialsare muchlower thanin rock, so the

attenuationis correspondinglygreater. The rangeof valuesof V for alluvium soil

measuredon the site is in the rangeof 0.15 km/s to 0.24 km/s;Quaternaryterracedeposits

that underlie someof the site havevaluesof 0.34 km/s to 0.38 km/s for V. Suchmaterials

typically haveratios V5/V of 0.3 to 0.6; choosinga ratio of 0.45 asrepresentativeenablesus

to estimateV = 0.2km/s andV5 = 0.09 km/sfor soil andV = 0.36km/sand V5 = 0.16km/s

for the terracedeposits. A mixture of loam,sand andclay from the TexasGulf Coastwas

testedashaving a valueof Qp = 2, or aP = z/0.22 = 7.85/kmat oneHz. If we choose

= 5 asa representativenumberfor the terracedeposits,aP = ,r/5,0.36 = 1.74/kmat one

Hz. Similar or highervaluesprobably obtain for the S waveattenuation.

By combiningS andP wavessubjectto boundaryconditionsat the interfacebetween

different media, it is seenthat such wavescan travel along the plane of the interfaceas

guidedwaves. In general,the wavestraveling along the interfacebetweentwo half spaces

arecalled Stonelywaves. The nondispersivecombinationof P and SV S wave polarized

perpendicularto the beddinglayersat a free surfaceforms an up anddown surfacewave

knownas a Rayleighwave. Side to side wavesguidedSH waves, polarizedin the plane

of the interfacecalled Love wavescan propagatein a layer neara free surface. Such
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wavesare dispersivefrom the guidedwaveviewpoint. Guidedor ductedStonelyor SR

wavescan also propagatedispersivelythrough the material.

The dominantnearsurfacewave type is the Rayleighwave. Such wavesdecreasein

amplitudeexponentiallyin the vertical direction. The characteristicsurfacewave speedV,

is the root of the equation

Vs/Vr2{2 - V,/V52 4E1 - V,/V211’2[1 - V,,/V52]h/2} = 0, or

Vs/VrVp[2V5V - Vp/Vs!4- 4V- vxv - !41/2 i =

Nelson 1988 suggeststhat V/ V5 is about0.9. By using thisasan initial guessand

iterating the aboveequation,the ratio is found to be about0.93 for the Austin Chalk; for

= 2.70 km/s, V5 = 1.87 km/s.one finds Vr = 1.74 km/s. Using a similar ratio 0.955for the

alluvium with V = 0.2 km/s and V5 = 0.09 km/syields Vr = 0.086km/s from the equation

above. For the marl, a ratio of 0.94with Vp = 1.76 km/s andV5 = 1.06 km/s correspondsto

11,, = 0.997km/s.

The amplitudeof such a Rayleighwave in the half spacez c 0 is Hudson,1980:

P wave amplitudex exp[wz"I V,r2 - V2 I + SV waveamplitudex expEwz.Ji:cVp2],

wherethe amplitudesare also functionsratiosof polynomialsof the wavespeeds. For

example,at / = 1 Hz, the C1 distanceinto the Earth is 756 m for the chalk, 467 m for the

marl and 46 m for alluvium, for the SV waveamplitude term. The P wave amplitudeterm

is two or threetimes respectivelyasstronglydamped,so the distancesare shorter. As a

consequence,the attenuationof Rayleighwavesshouldbe about the sameas the S wave

attenuation.

The samplewave speedsfor chalk, marl andunconsolidatedmaterial "dirt" are

listed in Table I, with representativevaluesgiven andquantity rangesin parentheses.

Whereparametershavehad to be inferred indirectly from literaturevaluesor are

calculatedfrom such values, the correspondingquantity is labeledwith a questionmark.

The higher wave speedsand lower attenuationsin the chalk andmarl relative to the

unconsolidatedmaterial are the most noticeablefeatureslisted. The r1 depthshR for the
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Rayleighwavesare significant in terms of the formationthicknesses,so that the surface

wave characteristicsare probably a compositeof the characteristicsof the severalmedia.

As in the casewith optics,an incident wave is split into reflectedand transmitted

partsuponencounteringa mediumof differentmechanicalpropertiescharacteristicwave

speedthan the one in which it is propagating. In the caseof P or SV wavesincident on an

interface,therewill alsobe wavesof the other kind SV or P generated,both in reflection

and transmissionexceptwhen the critical angleis exceeded.Becausethe S wavescarry a

larger proportionof the wave energybelow the surface,it is of interestto determinetheir

amplituderatio especially. Nelson 1988 statesthat the ratio of transmittedto incident

shearwaveamplitudesis 2plVl/plVl + p2V2wherep andP2are thedensityof the

alluvium soil and the rock, respectively,and V1 and V2 arethe respectiveS wave speeds.

For Vialluvium = 0.09 km/s andV2chalk = 1.87 kin/s anda densityratio of chalk to

alluvium of around1.2, this ratio is 2/[1+n/plV2/Vj] = 2/25.93 = 0.077. This indicates

that if a soil layer or railroad bed exists abovethe chalk, that most of the vibration energy

will be confined to the layer of unconsolidatedmaterial andvery little entersthe chalk.

This point should be checkedby vibration monitoring.

Vibration monitoringis usuallyaccomplishedby emplacinggeophonesat locationsof

interestandexaminingtheir output. While it is possibleto useaccelerometersor

displacementamplifiers, most geophonesgeneratean electric signal in a coil fixed to the

inertial massof the system,that movesin the field of a magnetfixed to the outer case.

Thereare usually coils for separatelydampingthe motion electromagnetically.The

geophonesystemthenbehavesasa dampeddriven by the ground vibrationsoscillator

with a velocity pickup. Assumethat the ground oscillatesasy = Yoexpiwt to drive the

masswith displacementx = XoexpUwt + iØ. The equationof motion

Driving force= ma - restoringforce - dampingforce

Restoringforce = -mu?xanddampingforce = -2mGdx/dt

gives the usual oscillator equation

mXoexpiwt+ iØww2 + 2iwoioG= -mw2Yoexpiwt

7



with the velocity responseto ground displacement

wXo/Yo = -&exp-iØ/Q - + 2iGwaj.

For w" wo, this ratio is roughly proportionalto w, and for w aj, it is proportional

to so that the rolloff with frequencyis relatively rapidat the low frequencyend. The

lowest frequencygeophonecommerciallyavailablefor downholedeploymenthasa natural

frequencywo/22rof oneHz. At 0.1 Hz, the responseis down by 10 from that at the natural

frequency,which is down in the level of seismicandelectricalnoise. More commonlyused

geophonesare smaller in size and havea highernatural frequency,typically 43 Hz. Their

smaller size makesit practical to cementthreeof them togetherin mutually perpendicular

directionsto form a triaxial array, in order to monitoreachcomponentof vibration

independently.In practice,it is found that the vertical componentof vibration tendsto

dominatein nearsurfacelocationsso that arraysconsistingof the largerone Hz geophonesin

vertical surfaceor downholedisplacementsare combinedwith the triaxial arraysto

determinethe probablemaximumdisplacementsat the lower frequencies.For vibration

studiesit is importantto calibratethe geophoneresponse.This is done by recordingtheir

output asactivatedon a hydraulic shakingtableundercontrolledconditionsof frequencyand

amplitude.

Vibration monitoringof transportationsourcesandquarryblastswerecarriedout on the

site for TNRLC by Lesmes,Morganandothers1988. They showedthat the maximum

displacementamplitudeall frequencieswas less than the ISP limits at tunnel depth for

all thesesourcesat the Midlothian WaxahachieCreek, Red Oak, Ennis andBardwell

transportationcorridorsand in the vicinity of KI and KS. The maximumdisplacement

amplitudebroadbandthat they measuredat tunneldepthwasabout10 in. = 25.4 I.Lm at

the Midlothian transportationcorridor. The correspondingmaximumdisplacement

amplituderecordedat that locationdue to blastingat the DCI quarrynearMidlothian was

about1.3 x 10 in. = 3.56 iim TNRLC, Volume 7, p2, 1987. They not only obtained

calibratedvelocity spectra,but Fourier analyzedthem to get displacement/frequencyplots

andusedthe inverseFourier transformto obtainplots of displacementversustime for ground

motion. They reportedthe absolutevalueof the broadbanddisplacementmaximumfor each

caseXm. They took measurementsat nominaldistancesof 50, 100, 500, and 1000 ft from the
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rail lines at the locations given above. At thesedistancesthe typical freight train appears

as a line source. Fromthesedata, it is possibleto infer a c1 attenuationlengthfor oneHz

surfacewavesof 210 in Bardwell and 231 m Midlothian, basedupon recordstaken100 ft

or morefrom the tracksFig 1. The recordsshowmuch highervibration levelsat the 50 ft

distance,correspondingto contributionsfrom wavesof other than the Rayleigh typewithin

the nearfield regionof the vibration sourcenotethat the wavelengthof a one Hz

Rayleighwave is 86 m in soil, accordingto the velocity found above. Thesevaluesareless

thandoublethe valueof 127 m calculatedfor the alluvium aloneseeabove. The

calculatedestimatesmayeasily be in error by a factorof two, and the compositenatureof

the mediasampledby the surfacewavesmentionedabovealsocomesinto play.

At intermediatedistances10-1000m the contributionsfrom P andS body waveswill

be much smaller than the Rayleighwavesdue to geometricspreadingof the cylindrical

body wavesin comparisonwith the line surfacewaves. The largestamplitudesat these

distancesarearound30.5 p.m at surfacedistancesof 50 ft 15.2m in the seismicpeakat

aroundone Hz Fig 2. Since vibrationsarereducedwith depthby attenuationand

spreading,this implies that the amplitudesfound at tunnel depthwill be considerablyless

than this, in agreementwith the field measurements.

Becausethe r1 distanceof surfacewavesis around-220 in, theywill be severely

attenuatedat several kilometersfrom the source,wherea mixture of P and S waveswill

survive. As a practicalmatter,the amplitudeof the wavesnearsurfacewill be largely due

to the S wave contributionuntil extremelylargedistancesare reached. This allows the

attenuationfactorsfound for the chalkby laboratorymethodsto be checkedagainstthe

field measurementsof the maximumdisplacementamplitudesfor geophonesin shallow

boreholesin the bedrock. The displacementmaximaof the oneHz peakX, andthe

broadbandtime recordsXm found for a very largeblastthe chargeusedwas threetimes

the size normally usedin quarryoperationsaregiven in Table III Lesmes,Morgan and

others,1988; TNRLC, Volume 7, 1987.

In order to isolatethe attenuationeffectsfrom the geometricalspreadingof the wave,

the latter must be takeninto account. Let D be the r1 distance. Then the waveamplitude

far from the sourcehasthe spacedependence
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x = AIRexp-R/D ; take the natural logarithm,

lnx=lnA-lnR-R/D orlnx+lnR=lnA-R/D

so that a plot of In x + In R versusR hasa slopeof -D. The blastattenuationplot Fig. 3

showsa much steeperslope for the plot of the broadbanddisplacementsXm versusIt than

with the displacementsof the one Hz peakXjr versusIt, becauseof the greaterattenuationof

the higher frequencyparts of the wave with distance. The plot of In Xf + In R versusR is

very flat and the error fairly large, so that the C1 distanceof 49 kilometersmay be an

underestimate.The displacementsaregiven directly in Table UI for referencepurposes.

While the attenuationis abouta factor of ten larger than that predictedby the simple

model, the degreeof uncertaintyattachedto suchlow amplitudemeasurementsis great

enoughthat it is desirableto repeatthe blastexperimentin order to more precisely

determineboth the attenuationrate and the displacementamplitudesin the one Hz peak

xI.

Tentative Conclusions:

1. The wavespeedsandattenuationsin the marl and unconsolidatedmaterialsare

poorly knownat presentandshouldbe determined.

2. The surfacewavesat intermediatedistancesare attenuatedwith a lie distanceof

about220m.

3. The body wavesat largedistancesare attenuatedwith a r1 distanceof roughly

50 km; while it doesnot appearthat the true C1 distanceis muchlessthansay40 km, it

could be much larger,of the orderof 100 km. The true attenuationfactorsfor the chalkare

very importantfor predictionof the effect of vibrationson the machine,so that moreand

better dataare neededin this area.

4. Evenwith low attenuationin the bedrock,the displacementamplitudesat tunnel

depthin the sensitivewavelengthregion maybe low enoughto be correctable,becauseof the

reflection at the bedrock/dirtinterfaceandbecausethe unconsolidatedmaterial absorbsa

significant fraction of the waveenergy. Furthermonitoringof displacementamplitudesat

tunnel depth is neededto determinethis point definitively.
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5. The parametersfound in this study area good enoughfirst orderestimatethat they

are within a factor of two in most cases,andthe probablerangesof someareknown with

considerableconfidence. It shouldbe possibleto demonstrateon the basis of these

parameterswhetheror not an uncorrectableproblemexistswith vibrations,and thesevalues

shouldbe usefulas guidesto futuremonitoringandanalysis.

Acknowledgements

I acknowledgeseveralstimulatingdiscussionswith King-YuenBill Ng andJack

Petersonregardingwavesandoscillationsin elastic solidsandthe frequencyresponseof the

main ring. I would like to thank DaleMorgan andDavid Lesmesfor providing datain

advanceof publicationand for severalinterestingdiscussions.I thankNormanTilford and

Melvin Friedmanfor hospitality at TexasA&M andfor helpful discussionsaboutsite-

specific aspectsof the vibrationmonitoring situation.

References

King-Yuen Ng andJackPeterson,Ground-MotionEffectson the SSC,SSC-212and FN-511,
March 1989.

U. S. Departn*ntof Energy,April, 1987 Invitation for Site Proposalsfor the
SuperconductingSuperCollider SSC,DOE/ER-0315.

J. A. Hudson,1980 The excitationandpropagationof elasticwavesCambridgeUniversity
Press.

JamesTumanNelson,January1987SuperconductingSuperCollider EnvironmentalGround
Vibration Study, SSC-N-307,Wilson, Ihrig & Associates,Acoustical Consultants.

KennethH. Stokoe,II, GlennJ. Rh andYoung-JinMok, July, 1987 Field Measurementof
GroundBorne Vibrations from RailroadOperationnearChapelHill, Tennessee.
TennesseeSSCSite Proposal,Volume 7, AppendixA.
GeotechnicalEngineeringReportGR87-6,GeotechnicalEngineeringCenter,Civil Engineering
Department,The University of Texasat Austin.

Milton B. Dobrin, 1976 Introductionto GeophysicalProspecting,Third Edition McGraw-
Hill.

11



TexasNational ResearchLaboratoryCommission,1987 SuperconductingSuperCollider,
Dallas-Fort Worth Site Proposal.

David Lesmesand Dale Morgan, with participantsRichard Carlson,JohnDelphia, Kenny
Hatfield,Earl Hoskins,Tom Moriarty, JohnMurdock, FrankSamstagandJanetSimms,
April, 1988Dallas SuperconductingSuperCollider Site Vibration StudyTexasA&M
University, Departmentof EngineeringGeosciences.

V.A. Clark, B.R. Tittmanand T.W. Spencer,October,1980 Effect of Volatiles on
AttenuationQ1 andVelocity in SedimentaryRocks,Journalof GeophysicalResearch,Vol.
85, No. 810, p5190-5198.

SydneyP. Clark, Jr., Ed., RevisedEd., 1966 Handbookof PhysicalConstants,Geological
Societyof America Memoir 97, New York.

Norman Tilford, RichardCarlson,ChrisMathewson,Ken White, Melvin Friedman,Earl
Hoskins,John Westerfield,Paul Santi, RandyWaclawczyk,Chuck Snell, Alan Huffman,
JohnDelphia, Ken Hatfield andChuck Herrick, September,1988 Geologicaland
GeophysicalInvestigationof the QuatemaryAlluvium nearForreston,Texas;An Assessment
of the ConditionsAffecting the ProposedDallas/FortWorth SSCTunnel Line Near Shaft
E9, Centerfor EngineeringGeosciences,Departmentof Geology,TexasA&M University report
for TNRLC.

12



TABLE I. Representativevalue rangeof wave speeds;attenuationfactors
aj= 4/Qv atf= 1Hz.

Material
Property Chalk Marl Dirt

Vpkm/S 2.70 3.05-2.58 1.761.92-1.38 0.20.24-0.15

Vkm/S 1.871.88-1.07 1.06?-1 0.09?

VRkm/S 1.74 0.997? 0.086?

hRm 756 467? 46?

apkm1 0.0023 0.04? 7.85?

a5km1 0.0057 0.1? 7.85?

a1km 433 25? 0.127?

a’km 175 10? 0.127?

Questionmarks

Table II. Surface
= 1 Hz peak.

indicatequantities

wave attenuations,

estimatedfrom the literature.

train data of amplitude displacementsof the

DistanceD

ft m

xf,

10 in.

Bardwell xf, Midlothian

jim x104 in. jim

50 15.2 1.22 3.10 2.50 6.35

100 30.5 0.140 0356 0.158 0.401

500 152.4 0.076 0.193 0.140 0356

1050 320.0 0.022 0.051 0.065 0.165

For comparison:
ISP Limit xmax = 5 x 10 in. = 12.7 p.m at IRs

=20 x io in. 50.8 pm elsewhere
Ennis train 50 ft Xm = 12 x io in. = 30.5 pm
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Table HI. Spreadingand attenuationof wavesfrom a quarry blast with distanceR
from the source.

Location R km

X

1O in. pm

Xf

10 in. pm

Station 1 2.46 10.0 25.4 0.43 1.09

GP-2 10.0 1.30 3.30 0.081 0.206

Station 3 18.0 1.00 2.54 0.075 0.191

GP-1 30.2 0.032 0.081 0.019? 0.048?

*Inferred
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x = AIR expl-R/q-i]

logi + logR = log A - R/

e
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Figure 3. BlastAttenuationPlot
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