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ABSTRACT

Lcs Alasos Netional Laboretory has begun e
projac: to aisulete the formstion end collepse of
underground cevities produced by nucleer explosions
using chemicel exploeions st much smsller scele oo
e large geotechnical centrifuge. Use of &
centrifuge for this project presents instrusenta-
tion challenges which are not encountered in tasts
et similer scele off of the centrifuge.
Electromagnatic velocity messuring mothods which
have bewn very successfully spplied to such wodels
et i § would be vary difficult, {f n»t fmpossibdle,
to ispleseant et 100 g. Ve are investigeting the
feasibility of other teckniques for monitoring the
ground shock 'n small-icale tests including ac-
celaronaters, stress genges, dynamic strein maters
end small, mutuel-{nductance particle valocity
gauges. Initigl rasults indicete thst some of
these tachniques cen be sdepted Ior cantrifuge
spplications.

INTRODUCTION

Lns Alamos National Laboretory recently vegen
8 project to investigate soss of the phenomens
which ere sssocisted vith the containment of under-
ground nucleer tests. Tha expearimental goal is to
use small chesicel sxplosive chergss buried in
sisuleted rock end soil on e centrifugs (1].
Although the uluimate objective of this project may
be ocutsids ths scope of this conference, many of
the sxpsrisantal techniques thet wiil be used are
directly spnlicsble to the sisulstion of the sf-
facts ¢f non-nuclesar munitions usiang centrifuge
modals. Bsceuse this prngrem has just bagurn, this
pepar will foecus on ginersl considerstions regerd-
ing the sessuresent of grouné? shock on ths
esntrifuge) hovever, we will briefly discuss the
rssults of some preliminery tasts.

Explosives have been used for maay yesrs on
csntrifugss. One of the mest extensive applice-
tions has bean the imvesstigstions of axplosively
roduced crsters by Sehaidt and varieus co-workers
r..;.. 2-3]. Ons of us has slso baen iavelved in
this and similar studiss [6,7]. MNewever, slmost
ell such iavestigstiods have iavolved no fm sfiu
ms.sursments of ths ground shoch thst (s ths
nechanise by whieh the expiosive does its work. WNe
hsvs fsund only ome reyjert of s sentrifugs {aves-
tigation ln which ths grouad shoek smplitude has
besn msesured (8]. Im erder to have ceafidencs in

the fidelity of scsled modal sisuletions of ex-
plosive affacts oo structures, it is sssentiel that
the ground shock be measu-ed in the free field aend
io the iemediate vicinity of the structurs. Omly
i{ we ure correctly simuleting ths source of the
losds on the structurs csn we ba essured thet
massured struztursl responsas will be sisilar to
the respoases of the full-scale structure.

BASIC GROUND BHOCK MEASUREIMENT TECHNIQUES

Numerous “schoniques have besn devalopsd to
messurs meny peremsters of ground shock in o
veriety of enviromments including nucleer explo-
sions, lerge high explosive (HE) field tests end
smaller HE tests in & leboretory snvironment. In
this saction we reviev some of thoss sathods
without diract considaretion f their sdeptability
to centrifuge testing) thet edeptibility will ba
discussed in the ngxt saction.

Accelaromatars have besn successfully spplied
to ths messurement of ground shock from lerge scels
explosive events for many dscedes. 1ln tdhei:r most
streightforvarJ epplicetion, the accelerstion is
the messured quantity, but it is possible to in-
tegrate the beasic output of ths trensducsr to
ohtaic both velocity sad displacesent. Tle in-
tsgration cen ba done eas & deta reduction stap
efter tha experiment or in resl-tise, aither in o
circuit pechsged with the treasducer or in e
separsce pachegs rsdoved fros the ground shock
snvironment. Resl-time, close-coupled integrstion
to velocity has the edvantages thet the signal to
be transsitted {s lowver frequsacy (which will
wsually ba easier to ceparete from noises) end thet
the velscity is fraqusntly tha ground rheck
persmater mosl mseadsd in the spplicetion,
Rxperismce shovs that, wnless the sccelarometsr «nd
fite cabling are extrssely stiff, sccelarosatars
fellav the motion of the syrrouadiag sedium
feithfully.

Oma difficulty ol scoslarometers is that they
do not return good deta when the iaverss of the
greund shock rise time is nsar or sbove thes
resopant frequency ef the treasducer. Typically,
sccalaromatars oepsble of messurimg very high ac-
sslaretions ars sesll and hsvs high resonent
!n;unetu (s. g., Endaveo 2291 rsted at 110’
u/sé with & resomadcs et >2350 kHa). Ascslercaetars
ars designsd to ds ssnsitive tn motion in e par-
ticuler direction, but peckagss sen bs obteined
with thres davicses mounted so that their ssnsitive



axes ate mutually rerpendiculer. They typicelly
hevs s sansitivity to trensvarse eccelerstiom of
favw parcent of their nominal sensitivity. Another
difficulty with eccaleroaetsrs is occasionel cscur-
rence of drift end sero shift, Pinelly,
eccalarosetar housings sust bs eble to withstand
the pressurs that sccompanies the accelarstion in s
ground shock pulse. However, despite their dif-
ficulties, accaleromstars ara unquestionadly ths
ss‘nstay of ground shock imstrusentation for large
scals avents.

Induced ealectrosotance is the basis of most
techniquas which directly measure the perticles
velocity in ground shock. The Lorents force omn
alactrons in & cooductor soving in & uniforms mag-
netic field was ucad by Zaitsev at al. (9]. When e
lsrge electromagnet is used te pro_J_u-cc e uniform
magnetic field perpendiculer tec tha direction of
the snticipated sotion, the Lorants force producss
e current in & wire perpsndicylar to both the fiald
and the sotion. The current is proportional to the
velocity of the wire which ie small enough that it
soves with the surrounding medium. HNors recent ax-
pcrisents hsve esployed & cylindricsl version to
messure the ssisuthal average of the redial
velocity produced by & spharicel chargs [1"]). This
ssisuthal sveraging can be vary useful in reducing
the scetter of ground shock deti cavsed by the in-
avitable veriebllity of geologic materials. An
alectrosagnatic particle velocity gaugs has been
daveloped in which the fisld is prodrced by & small
permanent magnat rether thcn by 8 large slectromseg-
net (11]) but the rsspones of this geugs is highly
non-llnear, end it hss not been asployed in diver-
geant flow.

Mutusel inductecce hss slso bsan used to
meseurs particle velocity. Using two coils, buth
with their exes psrallel to tLhe direction of ex-
pected perticle sotion but sepsreted in thet
direction, the velocity can be meassured if & cur-
rent {8 supplied to the upstrees coil end the
current is monitored in the downastress one. 1f the
ground shock enveloping tha source coil will sever
the lesde providing the current, & conductive plate
can be pleced insides ths source coil to trep the
flux for & duretion dependent on its askin dspth and
thus prolong the useful life of the gauge (12].
Aftar the shock envalops the suter coil, this gauge
will on.y give s racord of the reletive velocity of
the two coils.

Yet another eslactromagnetic velocity gaugs
consists of two long, thin coils weound togethar
with the long direction beirg the aexpected direc-
tion of particle motion) & coastant current is put
through ons of the coils end the current in ths
other is messured. As the snd nesrsst the source
bagine to move, tha eres of the two coils dscreases
which produces & curvent in tha pichup coil propor-
tional to the rete of changs of the srss. 1If the
flow is not significently divergent?, the result
will bs & messure of tie particle raloeity of that
end of the gaugs. As in the pravious example, when
thy ground shock arrives st the snd of the soils
the geuge measurss the relstive velocity of the two
ends [13].

The PDR displecemeant gauge is & gauge which
dirsctly massures the dynemic displecement {m
ground shock snd hss been used i{n large HE and
nuclesr tests. Tha gauge is essentislly s essxisl

csbls eligned perellel to the direction of
weasurement; a frequency domaim rellectemacter is
wsed to detarmine the length of the cabls {14]. 1f
tha cable is very lomg asd the wpatrean and is well
coupled to the flow ia the grewnd sbuck, the change
im the lsangth of the eabls is the Lagrengienm dis-
placemant et that end of the seble. PFor shorter
cables, the gauge vill mesassre dirplecement wecril
the weve has encompassed both ends, snd will
moasuZe the relative displacemsnt ¢f ths two snds
thareafter.

Almost all of thas ebove dsscribed displece-
ment, valocity semd eccelaration measuring systams
have the potentisl of ssasuring scrain, strein rate
or strein eccelereation es wall. 1In oose casss,
such as the mutusl imductan:e types of velocity
gaugs end the FDA displscemant gauge, the potentisl
can be echiaved by using & s~sller gauge and/or
modifying the orfentstion. 1la most of the other
cases, two separate gauges must bes used and the
strain derived by dlvidisg tha difference in their
displacement by thelir sspsretionm.

1o eddition to partematars directly desciribing
the flov field, msasurement of the streer Ariving
it is elso desirsbla. HMest mmasurements of stress
in ground shock gcre sccosplishel with Lagrengien
gauges wiilch have transducesrs that ars either
piesoresistive or pisscelectric. Thes most common
pieesoresistive matarisls sre foils of wengsain, yt-
terbium or carbov-lesded ,vigymer. Plesocelsctrics
include jjuerts, ocsrsains like leaad sircosests
titansts (PLT), lishiue niobeate, end recaently
polyvinylidens flouride (PVI':).

1n order to yse thees trensducars successfuily
to mesrure ground shock, thay must be packaged epd
empleced to survive ths flow ead to deliver the
proper strass to ths trensducer. The foil
materisls (the piesorssiscives end rvrz) cen be

sade {nto very surviveble flat-pack designs which
will tressait the stress at ths geuge surfgce to
Lhe trsnsducer. UnfoTtunately, for the matels
there is & ccnsidereble sengitivity to sheasr
stresses vhich may slso be deliversd to the
trensducer. Carbon geuge- havs besn shown to be
ssnsicive oniy to the component of strseess normal to
the foil (13], 30 they shouid give relisble resulte
io o flet-pack desisu.

Tha nost critionl requirement of stress gsuges
is thst thsy be empleced in such s 2anner that the
freas-fisld stress 18 also the stress msasured oy
ths trensducer. This ves discussed in e peper
deliveread st the firot symposiua in this sarfss
[16). Thse flet pack desigs wes spscifing'ly
selected ler this quality. Nowaver, that design
enly gwarantess that the stress weesured is that in
the mediva iemediately eutsids the geuge pecxegs.
1f the geuge his beem aspleced 'a & hole drilled
iato the free-field sadiva, stree: Yridgimg may
still eseur srowud ths smplscesment hols amd {te
comtants.

CONSIDERATIONS P,R CENTRIFUGE INPLENENTATION

Net all af the adeve-descridead types of geug)
will ba wsebdls feu msacuring groumd sheck in &
sentrifuge tast and athers may raquire substantisl
medifiecaticn. Ths ssmtrifugs savirosmqant differs
from the fisld snd static lgbergtory eaviroomsnt in



‘that there are lisitations om the muee end physicel
dimension of the test, the sntire experisent ie
rotating ebout the exis of the machine, and the
ifnitiel ec.elarations ere much gregter then 10
m/e?. These differences will make sose of these
sethode impeseible to deploy sed will degreds or
fovelidate the performancs of other techaiques.

Uee of sccelerometare to measure ground shock
in centrifuye sodel tee*s ie vary eppealing becauee
of the loag history of their euccessful epplication
to full scele messurementes. However. their use in
the centrifuge environmant vill nscessarily involve
sose effort. Intagretion of eccelarstioca recoids
to get velocity end digplecement {s obviously sen-
sitive to eny fnitie: scceleration| thue care muet
be taken that tha tast eccelerstion nct interfere.
Use of ac coupling echemees ehould parsit the
dynamic eignal to ba recorded without interference
froe the teet acceleration. This conelideretion
will epply to eccelerometsre in any orisntation be-
zeuse of the trensveree sensitivity of rhe
transducers. The small ecele of the model experi-
ment cen slso preeent problemw. FPiret, baceuse the
experisent dimensione are small, ricetinmes will be
proportionataly shorter if hydrodynasic similitude
isv maiotained. This may leaed to eccelerome care eap-
prosching their resonant frequenclies. Second, the
eiee of the ecceleroseter peckege ssy be lerge
enough to perturb the flow fleld. FPor cosparieon
to the same probles at full ecele, consider e half-
centimseter acceleromater eancefeuleted in e 2 cm
pachkage for e 100 g teet. Thie would ba equivelent
to e 1 weter package st full ecale.

All electromagnetic velocity geuges may be af-
fectad by the rotetion of the centrifuge if the
esbient magnetic envircament {8 pcor. The eerth’e
megnetic field per se is probably so week ey to be
no probles for gauge reeponse, but the preesence of
lerge sessee of magnatic eteesl soving either rele-
tive to the teet or relative :o the earth’e field
mey prove troublesose. Seasitivity to thie poce-
sibility wiil have to be deterained on & cese Dy
case beele. 1f the rotation produces & problem of
varying background fisld lergs enough to compromise
geuge performence, ec coupling say be useful in
elisineting the spurious eignal.

S8ose of the slectrosagnetic techmiques vill
not be useful o ventrifuge experiments because of
their requiresent for large alectromagnats. For
axemple the cuils used to produce the ssgnetic
field for e tecent series of metar-scale tests with
enplosive sourcee in soil cenductad et Liversore
Wetionel Lsboretory [17] esploysd e pair of colls
ebout ) s high end weighing severel tons. Ve fael
confident in predicting that thess coils will not
be used in eny centrifuge testing progras; in viaew
nf the considereble asuccass of this techaique for
messuring ground shock in model tests et ! g, this
{s unfortunate.

Portunacely, particle velocity gaugee of the
msutusl inductsnce type sees to offer excallent
potentisl for applicetion te the centrifuge
snvironment, The only snticipetad diffisulty ie
that scaling thes down wlll entail the use of thin-
ser geuges wirss vhich will be sore fragile.
Moocethaless, this type of geuge will slsost cer-
teinly figure prosinently in future cemtrifuge
modelling progrene.

The FDR dieplecement geuge aleo sseme to be a
likely cendidete. The sost spperent difficuley
alreo sseme to be the trede-off batween eies end
fregility.

Strese gaugee ehould experience little dif-
ficulty dua to either *he etatic ecceleration or
the rotation of the centrifuge. BJire may be eonme
problem, but both carbon and PVFZ efe evaileble in

very emall (< 3 mm) sises. Obtaining the deeired
sensitivitise from gmall treneducere of other type:r
may 6ot ba posgible.

PRELININARY TEST RISULTS

The objective of our work go fer hae been to
teet various geuge deeigne that may be sdcptable to
tha centrifuge eanvironment. Wi have teeted various
package designs for manganin .nd cerbon etreee
goeugees and bave identified ssverel potentiel
problese for obtaining good recorde. We ere cur-
rint'y testing accelerosetere to identify deeign
congiderations. The goale heve been to develop
etrese gauge paciagees that (i) creets ¢ minimur of
reflecced waves by good impedence matching with
test meteriale, (2) eneurs e gauge life that {a
grester than that of etrees elgonale eesocistad with
ehock wevee, (3)) are asosliiy empleced {n
heterogeneous ma terisle such et slluviue end grout,
and (4) can protect the gauge element from the teet
materiel.

Our initiel tests ueed geuge packete pleced in
e tank of water with ephericel high exploeive
chargee. The ghairgas were 1 and 2 inch (23 end 91
ma) digmeter spheres of C-4 high expiosive in-
ftieted by Reynoid: RP-87 deotonators. Thig
eppro.ch allowed experimente to be eetup egeily end
provided & hareher teer for most geuges than would
soil. Use of Ceh poermitted quick wclding of the
Cherge to the desired siee whils seving expenes,
Presently ve are experisanting in e eend bed, which
10 aleo reletiveiy simple for experimantal setup.
Simple deeiyn encoureages the repetition of meny
shots in prepsretion for the lisitations {mpceed by
the centrifuge.

Pigure 1 illustretes & design for the mangenin
geuge package that, go far, has mat our goale. The
mengenin gasuge is mountec on & polycarbonate eup-
port with the sensitive sleneant et rignt engles to
the Keptos-oosted leeds. 4 coaxie]l cable {s a:-
tached to the back of the geuge. A shorting pin
extends about 1 mm i{n freat of tie sensing clement;
this pin is aleo attached to & coaxiel cable. The
whole sesesbly {8 potted in epoxy, which can be
dopad with coruandus powder to obtain the desired
dessity. The pachage is pleced perpendiculerly to
the sheck freant. Upon costact, the shorting pin
triggers an osailioscops trace. The wave, with
refisctions of sinisum emplitudc, will then jese
throwgh the geuge slong the axis of the sire lesds.
1o thie manner, the <ave must trevel saverel cen-
tisstars bafore it can eshear the gauge leeds; hence
e relatively long record is schieved. A desirable
festwre of using the escillnscope trigger is that
the scepe asn be sat to & ‘sst sessuring window,
which allevs detail of the wave profiis to be
obtaimed. Uith other recordisg taohniques tkie pin
sijht be redumsdant. Figure 2 shovs tvo typicsl
records for differaet chaige sives ond different



geuge renger in water. WNote that the gauge orien-
tation affacts the shape of tha msesured signal.

We have elso used carbon gauges in & flat psck
design. TFigure ) shows the gauge sensitive alament
eand leaads encepsulated betweses two | sm thick
shasts of mica. Thu geugs leeds eand mice plates
ere strengthened by potting in apoxy well sxey fros
the sensitive elesant. This design allows us to
plece tha geauge perpendiculer to the direction of
stress wvave propagstion. The lifetime of he gauge
is max’sised by {ts tangentis! length, vhich deter-
miner the swmount of time the shockwave must trcvel
to reach the leade sfter hitting the gaugs eliment.
Pigure 4 is & typical stress record obtained with e
flat pack geuge in weater.

Since the carbon geugs plecesant wa esploy is
such diffarent then that veed for msanganin, dif-
ferent geomatricel probless (s. g., raflaections,
geuge motion end bridging ecross tha geuge sltering
the free-field stresses) ariss for ssch gavge.
Shesr strength in tuff end grouts used to simulete
it {e expesctad to be & msjor problem Lo ovsrcoma in
echieving good stress tecords. The rediel versus
tangentisl arrengemants described sabove are hopaed
to give us wmaximumn geuge lifae.

Ve have expearisnced problems with slactromag-
netic noise fros the detonator bacsuss it produces
over 100 millivolts of moderets fraquency (3 to 10
HHz) noise in unshialded leeds. This noise may be
en artifect of our sisple charge degign. However,
we have found that by using coaxieal lesds vharever
possible end elusinuas foil shielde around the geuge
peckagee, the noise cen ba redu.ed to less than 10
sillivolts. With further grouading Jof the shield-
ing »nd use of bettar, cast charges,ws ars certain
that the noise cen be reduced to negligible lavels.

FUTURE PLANS

Our progrem to sessurs ground shock producaed
from snell HE explosions on e centrifugs has just
begun. There i« stili much to be done et 1l g in
the i1ins of sslecrting end perfecting propar tech-
niqLes bafcce moviny onto the centrifuge. As
sentioned ibove, we are beginning to conduct teasts
in soil~like materies.,. We expect to conduct tests
in grouts designed to sisulstu the pozous tuffs
which occuir et the Nevede Tasst 3ite. However, the
primery thrust of these eerly sxpariments is upon
sessurenent techniqies, not on materisls. During
the cosing months we plen to try ssverel other
strevs end velocity gsuges. 1ln particuler, we will
investigate thes feassibility of using the )ong
slectromagnatic perticle velocity geuge, end astress
geuges using rvrz sensitive alemen.s. Other plenn

include stteaptes to messurs hoop stresess (vith the
Jerbrn gauge dascribed) end strelns (with the PDR
geugs end g strgin-rete varsiun of the long
alactrosegnetic gsugs). We hope that within the
next yetr we will bagin testing with fully confined
bursts on & centri.uge.
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Pigure 1. Skatch of manganin gauge assambly.

Figure 2. Pressure histories recorded from manganin
gauges. (a) Charge diameter, 25.4 mm; gauge range,
50.8 mm. (b) Charge disametar, 30.8 mm; gauge range,
350.8 mm,

Figure 3. Carbon flat pack gauge asseably.

Figure 4. Pressurs trace measured by carbon gauga
at a range of 127 sm from s 50.53 mm dismater charge
of C-4,
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