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MEASUREMENT OF GROUND SHOCK IN EXPLOSIVE CENTRIFUGE MODEL TESTS

E. 8. Gaffney, K. H. Wohlets and R. G. McQueen

Los Alamos Mational Laboratory, Los Alamos, WM 873543

ABSTRACT

Lcs Alamos National Lsboratory has begun a
project to aimulate the formation and collapse of
undarground cavities produced by nuclear explosions
using chemical explosions at much smsller scale on
a large geotechnical centrifuge. Use of a
centrifuge for this project presents instrusenta-
tion challenges which are not encountered in teets
et similar scale off of the centrifuge.
Electromagnetic velocity seasuring mathods wvhich
have bewn very successfully applied to such wodels
et i § would be very difficult, 1if n»t impossibla,
to feplement at 100 g. Ve are iovestigating the
feanibility of other teckniques for monitoring the
ground shock 'n small-icale tests fncluding ac-
celeronaters, stress gauges, dynamic strain meters
and small, mutual-inductance particle velocity
gauges. lulitisl rasulte indicate that some of
these techniques can be sdapted lor centrifuge
applications.

IXNTRODUCTION

Lns Alamos National Laboratory recently vegan
a project to iovestigatea some of tha phenomens
which are associated vith the containment of under-
ground nuclear tests. Tha eaxperimental goal {a to
use emall chumical explosive charges duried {n
simulated rock and soil om a cantrifuge [1].
Although the uluimate objective of this project may
be ocuteida the scope of thie conference, many of
the experisantal techniques that wiil ba used are
directly apnlicable to the simulaticn of the of-
fects of pon-nuclear sunitions ueing centrifuge
wodela, Bacause this prngram has just begurn, this
papar will focus on grneral considerations regard-
fng the measurement of grovand shock on the
centrifuge) hovaver, wa will driefly discuss the
results of some preliminary tasts.

Explosives have beea used for many yeasrs on
centri{fuges., One of the mest extensive applice-
tions has been the {avestigations of anplosively
roduced oraters by Sehatidt and varieus co-workars
rc.g.. 1-3). One of us has also been invelved in
this and slsilar studias [6,7). HNewaver, almost
all such tevestigatioas have imvolved oo fa sftu
me.suresents of the ground shoch \hat {s the
nechanien by which the explosive does fts work, Ve
have feund only ons tedert of a santrifuge inves-
tigation ln which the yround shoek ampllitude has
been measured [8]. 1m erder o have confidesce in

the fidelity of scaled model simulations of ex-
plosive effects on structutres, it is essentisl that
the ground shock be measu-ed (n the free field and
io the imsmediate vicinity of the structure. Ouly
i{ we 4re correctly simulating the source of the
loads on the structure can wa be assured that
massured structural respoosas will be similar to
the respouses of the full-scale structure.

BASIC GROUND BHOCK MEASUREIMENT TECHNIQUES

Nuserous “echniques have besn developsd to
Seadure sany parameters of grouad ehock in a
variety of enviromments lancluding nuciear explo-
slions, large high explosive (HE) field tests and
smaller HEI tests in a laboratory eavircument. In
this section we raview some of those methods
without direct conafderation .f their adaptability
to centrifuge testing; that adaptibility will be
discuseed {o the next section.

Acceleromaters have been guccessfully spplied
to the mseasurement of ground shock from large scale
explosive events for many decades. In their most
strafghtforwvard application, the acceleration {e
the measured quantity, but it (s possible to in-
tagrate the Ddasic output of the transducer to
ohtala both velocity snd displacesent. The in-
tegration can be done as o data reduction step
after the experiment or ino resl-tise, either in a
clrcult pachaged with rhe trensducer or in a
seperace pachage removed from the ground shock
environment. Resal-time, cloee-coupled integration
to velocity has the advantages that the signal to
be transmitted is lower frequency (which will
woually be easler t5 feparate from nofsa) and that
the velecity 19 frequently the ground rhock
parsnetar mostL needed in the application,
Experience shovws that, wvnless the accelerometer «nd
f1te cabling are axtremaly otiff, accalercmatars
fellev the motlion of the surrounding medium
falthtully.

One diffiaulty of acoslerometers Lo that they
do not return good data when the iaverse of the
ground shock rise time {9 near or above the
resonant frequency eof the trameducer. Typicalty,
accelerometers capable of measuriag very high ac-
eselerations are small and have high resonant
ln;uuuu (e. g., Erdevoo 2191 rated at 1x107
/8¢ with a resomance at >230 kHs). Ascelercaetars
are designed to be sensitive to motion fio a par-
ticular direction, but packages ean by obdtained
with three devices aounted so that their sensitive



axes are mutually rearpendicular. They typically
have s sensitivity to transvarse acceleration of a
fev percent of their oominal semsitivity. Another
difficulty with accelerosetsrs 18 occesionel cocuer-
rence of drift snd sero shift,. Pioally,
accelerometer housings must be able to vithstand
the preassure that accompanies the acceleration in o
ground shock pulse. However, despite their dif-
ficulcias, accelerometers ars unquestiounably the
ma‘netay of ground shock imstrusentation for large
scale events.

Induced electromotance is the basis of most
techaliques which directly msasure the particle
velocity in ground shock. The Lorents force om
electrons i{n a cooductor soving ia & uaniforms mag-
netic field was uced by Zaitsav st el. [9]. When a
large electrosagnet is used te pro_ﬁn-u a yoifors
magnetic field perpendicular to the direction of
the anticipated motion, the Lorenta force produces
a curreat in a wire perpendicylar to both the field
and the motion. The current is proportional to the
velocity of the wire which (s small epough that it
moves with the surrounding msedium. More recent ex-
pcriments hsve employed a cylindricsl version to
measure the asimuthal average of the radial
velocity produced by s spharical charge [17]). This
asimuthal averaging can be very useful in reducing
the scatter of grouad shock dati caused by the {n-
evitable variability of geologic materials. An
electromagnetic particle velocity gauge has been
developead in which the fiald (s prodrced by a saall
permanent magnat rather then by a large electromag-
pet [11]; but the respsonse of this gauge is highly
non-llnear, and {t has not been employed in diver-
gent flow.

Mutual inductance has also been used to
measure particle valocity. Using two colle, buth
with their axes parallel to Lhe direction of ex-
pected particle motjon but saeaparated in that
direction, the velocity can ba measured {f & cur-
rent (e supplied to the upstream coil sand the
current {s monitored {n the downstresn one. 1f the
ground shock enveloping the sourca coll will sevar
the leads providing the current, a conductive plate
can be placed {neide the source coil to trap the
flux for a duration dependent on its skin depth and
thus prolong the useful life of the gauge (12].
After the shock anvelops the outer ceil, this gauge
will on.y give a record of the relative velocity of
the two coils.

Yet another alectromsagnetic velocity gauge
consiets of two long, thio coils wound togethar
with the long direction being the expected direc-
tion of particle motion) a coastant curraat {e put
through one of the colls and the current {in the
other Lo measured. As the end nearagt the source
bagina to move, thea area of the two colls decreases
which produces a curvent in the plckup coill propor-
tional to the rate of change of the area. If the
flow 19 oot significantly diverges?, the result
will be a massure of the particle ralocity of that
end of the gauge. As in the previous exasple, when
thy ground shock arrives at the end of the solla
the gauge measures the relative velocity of the two
ende (1)),

The FDR displacement gauge Ls & gsuge which
directly measures the dynanmic diepiacesant is
ground shock and has been used in large HE and
ouclear teets. Tha gauge 1s aespsentially & seaxial

ceble aligned parellsl to the direction of
weasuresment; & frequency domain raflectemacter is
weed to datarmine the length of the cable [14), It
toe cable is very lomg asd the wpatresm end is well
coupled to the flow in the grewad shick, the change
im the length of the eable is the Lagramgianm dis-
slacesant at that end of the seble. PFor shorcer
cables, the gauge will measure dirplacement wacil
the wave has encospaseed both ends, 8nd will
measuZe the relative displacemant ¢f the two ends
thareafter.

Almost all of the above described displace-
ment, velocity and acceleration measuring systame
have the poteatisl of ssasuring scrainm, strain rate
or straia accelaration as vall. 1In cose cases,
such as the msutual imductanie types of velocity
gaugs and the FDA displacemant gauge, the potential
can be achieved by using a s~sller gauge snd/or
sodifying the orfentstion. Iun most of the other
cases, two sepatate gauges sust be used and the
stralo derived by dividieg the difference in their
displacesent by thelr sepsration.

1o addition to partamatare directly desciibing
the flov field, msasurtement of the strewer Ariving
ft Lo aleo desirebla. Mest mmasurements of stress
in ground shock cre sccomplishel with Lagrsngiaen
gauges which have traosducers that are either
plesoresistive or plencelectric. The most coammon
plesoresistive materials are foils of manganin, yt-
terbium or cerbou-lesded ,vismer. Planmocelsctrice
include juarta, cersunice like lead sircomate
titacate (PLT), lithive niobate, and rvecently
polyvinylidase floutide (PVI'I).

Io order to yese thess trensducera successfully
to @earure ground shock, thay sust be pachaged and
anpleced to survive the flov and to deliver the
proper stread to thea tracsducer. The foil
materials (the plesoresisiives and rvrz) can be

nade into very survivebla flat-pack designes which
will cramsait the etrese at the gauge surface to
“he trsoaducear. Unfortunately, for the meatale
there {90 a conaiderable sensitivity to shaar
stresses which may aslso bde dalivered to the
transducer. Carbon gauger have been showa to be
sensicive on.y to the compooent of stisss vormal to
the foil (13), 20 they should give relfabdle results
fo a flat-pack desisn.

Tha moat oriticnl requirement of stress gauges
is that they be emplaced in such & Janner that the
free-field atrese 10 ala0 the strays metoured oy
the trensducer. This vas discussad (n a paper
daliverad ot the firot eyeposiua i{n this searfes
[t6). The flat pack desigm was specifica'ly
seleacted ler this quality. However, that design
enly gwarantees that the stress weasuted is that {n
the sadiua femediately eutside the gauge pacnage.
1f the gauge hus been esplaced 'n a hole drilled
iato the free~fleld mediuz, otres: yridging may
still eesur srovud the emplacesent hole amd {¢t2
comtents.

CONSIDERATIONS P,R CEWNTRIFUGE IMPLENENTATION

Mot all of the abeve-descridbed types of gaug>
will be usadle fo. measuriag grouad sheck in »
eentrifuge tast anéd eothery may vequire sydstantlial
sedifleation. The ecentrifuge euvirosment differs
frem the field snd static leberatory eavirooment in



‘that there sre limitations on the muss and physical
dimension of the test, the entire experiment ivs
tntating about the axis of tha machine, and the
faitial sc.elerations are much grester than 10
a/s?. These diffarences will make sose of these
sethode impessible to deploy amd will degrade or
iovalidate the performsnce of other techaiquas.

Use of accelerceetars to measuras ground shock
in centrifuye model tes*s Lo very appealing because
of the loag history of their successful application
to full scale weasurements. However, their use in
the centTifuge environment will necessarily involve
some e¢ffort. Integrastion of acceleration recoids
to get velocity and displacement {8 obviously sen-
sitive to any fnictial accelaration; thus care must
be taken that tha taet acceleration nct Ilnterfere.
Use of ac coupling schemes should permit the
dynaaic eignal to be recorded without ilunterference
from the test acceleration. This cooslideration
will apply to sccelercmeters in any orientation be-
cause of the transversse senelctivity of the
transducers. The small scale of the model experi-
ment can also present problemw. FPiret, bacause the
experisent dimensicas are small, risatimes will be
proportiocataly shorter L{f hydrodynamic eimilitude
{s malntained. Thies may lesd to accelerome cars ap-
proaching their resonant frequenclies. Sacond, the
sise of the accelerometar psckage may be large
enough to percturb the flow field. For comparison
to the same probles at full scele, couslder a halt-
centimeter accelarometar encagsulated {n a 2 ca
package for a 100 g test. This would ba equivalent
to « 1 weter pschage at full scals.

All electromagnetic velocity gauges may be af-
facted by the rotation of the cantrifuge {f the
smblant magnetic environment is poor. The earth”s
magnetic fleld per se ls probably so wesk a8y to be
oo problem for gauge response, but the presence of
large nasses of magnetic steel soving either rals-
tive to the tast or relative o the sarth’a fiaeld
may prove troublesome. Seasitivity to this pos-
olbllity will have to be detearalned on & case Ddy
case basis. 1f the rotation produces a problem of
varying background fleld large enough to compromise
gauge performance, ac coupling may be useful ln
eliminating the spurious signal.

Some of the electromagnetic techmiques vill
not be usefu]l in ventrifuge experieents because of
thelr requirement for large electromagnets. For
exsaple the cuils uveed to produce the magnaetic
fleld for a recent serles of metar-scale tests with
axplosive ssurces in soll conductad at Liversore
Mational Laboratory [17) employed a patir of coils
about ) s high and veighing several tons. Ve fael
confident in predicting that thess coils will not
be ueed in any centrifuge testing progzam; ino view
nf the conslderable success of this techaique for
seasuring ground shook in medel tests at | g, this
fs unfortunate,

Fortunacely, particle veloclity gauges of the
sutual Lloductance type seem to offer excallent
potential for applicetion to the centrifuge
suvironment., The only snticipated diffieulty io
that scaling them down will entail the ude of thin-
mer gauge wiree which will be mors fragile.
Monetheless, this type of gauge will slmost cer-
tainly figure prosinectly io future centrifuge
modelliing prograne.

The FDR displacemant gsuge aleo seems to be s
likely candidate. The most apparent difficuley
aleo sesws to be the trade-off batweeno sise and
fragilivy.

Strees gauges should experience little dif-
ficulty dua to elither *he etatic sccoeleration or
the rotation of the centrifuge. BSize may be some
problam, but both carbon and PVTZ arq available in

very small (< 3 am) sises. Obtaining the desired
sensitivities froes small traosducers of other types
may not be powsibla.

PRELININARY TEST RISULTS

The objective of our work so fer has been to
test various gauge designs that may be sdcptable to
tha centrifuge environment. Wi have tested various
package designs for manganin «und carbono stress
gsuges and have jfdentified eeveral potential
problems for obtaining good records. We are cur-
r'at'y testing accelerometers to identify design
considerations. The goals have been to develop
strese gauge packages that (1) crests s winimur of
reflected wavap by good impedance matching with
test matarisls, (2) ensure a gauge life that Ls
greater than that of strees sigoale apsociatead with
shock waves, (3) are easily emplaced {n
heterogeneous msterials euch ac alluviue and grout,
and (4) can protect the gauge element from the test
material.

Our loftlsl testa veed gauge psckets placed In
a taak of water with sphericsal high explosive
chargea. Thea chargas were 1 and 2 inch (23 and 91
aa) diaseter opheres of C-4 high axploeive in-
itiated by Reynoldse RP-87 detonatores. This
appro.ch allowed experimants to be setup easily and
provided s harsher tast for most gauges than would
soll. Uee of C-4 parmitted quick molding of the
charge to the desired sise while saving axpenss,
Presently ve are experisanting in a sand bed, which
19 also relatively simple for experimental setup.
Siaple deslyn encourages the repetition of msany
shots in prepsration for the limitations {mposed by
the centrifuge,

Pigure 1 {llustrates a deaign for the manganin
gauge package that, eo far, has mat our goals. The
manganin gauge {s mountec on a polycarbonats sup-
port with the sensitive elenant at rignt angles to
the Kaptom~coated leads. A coaxial cable s ai-
tachad to the back of the gauge. A shortiong pin
extends about | mm in freat of tie senslog olement;
this pin 15 aleo attached to & coaxial cable. The
whole aasembly fa pottad in aepoxy, which can be
dopad vith coruadum powder to obtain the desired
density, The pachage is placed perpendicularly to
the sheck f(rent. Upon comtact, the shorting pin
triggere an osailloscope trace. The wave, with
teflections of miniaum amplicudc, will thaen pase
through the gauge along the axis of the «ire laads.
In this sanner, the «ave myst travel sevaral cen-
timstars beafore it can shear the gauge leads) hence
8 ralatively long record is achieved. A desirable
feature of ueing the escillnscope trigger is that
the scepe ean be set to a fast meaosuring window,
which allewvs dotail of the wave profile to be
obtaimed, Ulith other recordimg tachniques tkis pin
mijht be vedundant, Figura 2 ahows two typieal
racords for differant chavge sises and different



gauge ranger in water. WNotse that the gauge orien-
tation affacts the shape of the measured signal,

We have also used carbon gauges in a flat pechk
design. Figure 3 shows the gauge sensitive elemsnt
and leaads encapsulated betwees two 1 msm thick
shaets of mica. Thu gauge leads snd mica plates
are strengthened by potting in epoxy well sxay from
the sensitive elenent. This design allovws us to
place the gsuge perpendicuilar to the direction of
stress wave propagstion. The lifetime of he gauge
is max‘mised by its tangentia! length, wvhich deter-
ajner tha amount of timea the shockvave must trcvel
to reach the leads after hitting the gauge aliment.
Figure 4 i3 s typical stress record obtained with a
flat pack gauge in water.

Since tha carbou gauge placesent we eaploy 1is
such different than that vsed for manganin, dif-
ferent geometrical problems (e. g., reflections,
gauge motivn and bridging across the gauge altering
the freae-fiald stresses) arise for sach gavge.
Shear strength in tuff snd grouts used to simulate
it Ls expected to be a msjor problem Lo overcoma in
achieving good stress trecords. The radial versus
tangentisl arrangements described above are hoped
to give us maximum gauge life.

We have experienced problems with alectrosag-
netic noise from the detonator bacause it produces
ovaer 100 millivolts of modarate frequency (5 to 10
HHz) nolse in unshialded leads. This nolse may be
an artifact of our simple charge design. Howaever,
we have found that by uaing coaxial leads vwharever
possible and alumi{nuam foil shields around the gauge
packages, the noise can ba reduced to less than 10
millivolts. With further grounding Jf the ahield-
ing #nd use of bettetr, cast charges,ws ars certain
that the noise can be reduced to negligible lavels.

FUTURE PLANS

OQur program to measure ground shock produced
from small HE explosions on a centrifuge has just
begun. There is still much to be done at 1 g in
the i1ine of selecrting and perfecting proper tach-
niques befcca moviny ooto the ceantrifuge. As
mentioned ibove, we are beginning to conduct tests
in sol)-like materia.. Ve expact to conduct tests
fn grouts designed to simulatu the povous tuffs
which occur at the Nevada Test 3ita. Howaever, the
primary thrust of these early experiments {s upon
measurement techniqnes, not on materisle. During
the coming months we plan to try several other
stress and velocity gauges. In particular, we will
{nvestigate the feasibility of uasing the )Jong
alectromagnatic particle velocity gauges and strese
gauges using rvrz sensitive alemen.s. Other plann

include sttempts to measure hoop otresses (with the
jatbnn gauge described) and atralns (vith the PDR
gauge and & strelo-xate versfuvo of the long
alectromagnetic gauge). We hope that within tha
next yetr va will bagin testing with fully confined
burets on a centriiuge,
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Pigure 1. Skatch of manganin gauge asssmbly.

Pigure 2. Pressure higtories recorded from manganin
gauges. (a) Charge diameter, 25.4 mm; gauge range,
50.8 mm. (b) Charge dismeter, 30.8 mm; gauge range,
350.8 mm,

Figure 3. Carbon flat pack gauge asseambly.

Figure 4. Pressure 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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