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THis report presents the results odtalsned from s {n-house experimentsl
and theorstical stufly on the simalation of air-bliast-indused ground wotioms,
The vork wos conducted under Project STIC, subtask 13.168, Program Slenent
T.60.06.01.5, aué vas funded by the Defense Atomic Support Agemcy. This wors
us cmw&%m 1 Jeiy 1964 to I Fedruary 1965. The report vas submitted

12 Mareh (965

This report consists of tve volumes, Volume I copisins Part I, Simsiction
Technique, Part 2, Alr Pree Tleld; and Part 3, Zarth Free Meld., Volume I3
containe Part &, Undergrouné Structure Beaponse (Seoret-BoForn); end Fawt 5,
Hardened Commnicstions Hesponse {Secret-NoFormi.

The masistmmor of the foilowing personnel and orgmnizetions is mratefuily
sckpoviedged: the Laborstory Serviees Sestion, Clvil Engineering Branch, Alr
Force Wespons Lsborstory, assizted by personnel from the Alr Porce Shoek Tube
Pacility, procured, installed, snd recorded all of the fres.field instrumenta-
tion. Capt Thomms BE. O'Brien, Civil Engineering Branch, Alr Foree Yespons
laborstory , vas responsible for the drilling of instrumentetion holes and all
of the soils testing. ligt Duayne D. Plepenburg, Civil Enginesring Branch, Air
Force Wespons Lsboratory, ves responsible for the fabrication of primscord
rachs and wao assisted by persommel from the Explosive Ordnance Dsposal
Section, Deputy for Msterial, Alr Force Special Wesponz Center. My, Fred
Feterson, Civil Zngineering Bramsh, Alr Foree Weapons Leborstory, vas the
resident engineer for the sonstruction oo this project., Photographic coverage
vas prfovided by the Photogrephic Diwision, Deputy for Test snd Engineering,
Air Porce Special Weapoms Center. iHeawy equipment snd operstors were provided
by the Kirtland Air Force Base Civii Engineering Division.
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Becuizs froz the Pumse [ Lomp-Durstion Righ-Pxplosive Simuiation Taclmigue
(LDESST) experisment srs presentsd. This experisent simulstes the sir-biast-
induced ground motions Crom & large-yield nutienr ¥eApos OVer & plasn ares

96 feet &y 1% feet. A specisily designesd matriz of prisscord was usilised
Lo produce the deslired esxplosiorn in a confined volume of sir. an overburden,
or mane of saterial, was placed over the explosion to provide & resciion
Turce to shape the rosultisg wave pulse and to provide tie required long
durations. The experiment produced an alr pressure pulse which bhad a pesk
overgressure of 312 psi. & time to ope-hall pesk pressure of (1.2 msec, and
a total Suration of 17O ssec. The shonk frunt traveled al s avErage velsolly
of $,120 ft/ses. On the basis of these resulis, recomeendnticne gre xade for
future simuistios experizents. Ther scexwmorwed zarih free-fieid notioos and
stresses are compersd with theoretical caleulstions, st the validity of the
technique Tor sismulating the desired muciear envircmmest is sstablished.
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SECTion I

IHTROUIOTIOS

The Phase JI, long-Duration ¥igh-Zaxplosive Simulstion Technique (LDEEST)
shot, was fired at 1315 hours, HST, on 1% December 106k, at Kirtland Air Force

fase, Hew Hericzo.

i. Objectives

The primary oblective of this test wes Lo simslate the sir-Blast-induced
ground motions from s large~yield muclissr surface expiosion. The specific
régeirensnt ¥88 1o #imuintc the emvirooment st the 300-poi overpressuréeé range
from & large-yield nuclesr sxplosion. Secordary oblectives vers 1o oboerve
the respense of & scajied structursl sodel and %o pracl test a hardened cable
complex in the sismulated environment.

2. Sackground

A grest desl of interest has boen recenitly geoverafed ir the develoiment
of various techniques %o simulate suclesr weapon effects. Much of the impetus
for this increassd interest repulied from the moratorium on simospheric testing
vhich was imposed by the Buclesr Twst Ban Treaty. Air Forece requiresents exist
Lo conduct nucliear tesis on sctual hardened systems s well as to condust
bagic regearch on miclear veapon effects. Sipce atmospheric testing is no
longer poszible, these reguirsments Dust nov be met through sisulation programs.
To meet & portion of these requirements, the Air Force Weapoms Laboratory began
a two-phece program in February 1964 to develop 2 tachnique o simulaste the
sir-biast~induced ground motions fros s large-yield miciear explosion. Fhase I
{reference 1; of this prograx consisted of a8 thorouzh study of verious simuls-
tion technigses and the actual field testing of the two most promising
expicsive technigues. The techniques tested vere {1} a detunable gasecus
mixture and {2} 3 matrix of primacord to produce the desired explosion ir a
confined voluzme. An overbturden, or =sss of material, was piaced over the ex-

ive to provide s reanticon forge which would snape the resulting vave bulse

[y

&

o]
o

1o provide the reguires long durations.
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The application of @ overtburden to iztrease exploaios duraticus was
first attempted by the Stanord Hessarch Institute {reference 2}, They fired
& number of sisulstion shots on 4 smAll scale, 5-1/2 feet x 11-1/2 feel in

plan, utilitiag s detonsble gnsscus mixture., Thaees prelisisary results indi-
ented that the cverturden concept for incressing durations wes a practicas
scheme if the saperisent was conducted on & large encugh scale. However, the
ghsecus wixtures vhilch they utilized did oot simuliate the traveling wvave
charactaristics of & shock vave in alr, i.e., the correct pressure/frontal
velocity relationships.

o O R R B TR

The prisacord mestrix concept, 8lse uiilizing the overturden to intrease
durations, wvas developed umnder contract {reference 3} for the Alr Force
Weapons Loboratory. Twe shots vere conducted on an area 15 Teet x 30 feet in
plan, These sfforis were not successful in producing the dssired environzernt

of 8 00-psi owerpressure vave from 8 large-yield muciesr weapon.

Sever shots vere Cired upnder the Fhase I study on an area 2C Teet x
0 feet in plan. These testz further developed the two explosive techniques
apd refined the overburdien concept for increasing durations. Either lechpique
appeared Lo e capables of simulating the desired envircmment. However, the
primacord satrix, officially designated the Lomg-Duratioa High-Expiosive
Simulation Tectmique {IDHEST), was selected a5z the wore promising for appli~
cation up larger scalegs. It vas ecsier o field, safer, and aore economical
thar the detonable gas technigue.

The Phase 11 test was s dir.ct follov-on of the Phase I effort. This
test was conducted 1c demonstrate the feasibility of simiating air-biast-
induced ground moticns from a large-vield miclear veapon utilizing the LUHEST.
The test was conducted on a plan aree 3& feet x 150 feet, which wvas much
iarger thas any experiment previcusly conducted. Copventionmal construction
technigques and practices vere utiiized to demonstrate the feasibility of con-
ducting ever larger experiments.

3. Nuclear Slast Enviromment

Thnis experiment was planned to simulate the nuclear hiast enviromsent
st the 300-psi peak overpressure jevel from a 1-NT surface explosion. This
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peak overpressure will occur at & ground range of 2.2%0 feol frow the deionmticn
point and will hmve ap sssocisted szhock front velocity of §,800 feet per secrond

{reference L), The gvergressure desays rapidiy from the penk value st the shoek
Tront eand resckezr a valus of 1%0 psi ik 37 ssec. However, the tolal positive

phase durstion ¥ill e approxizmately 1 second.

Figure I-1 {liustrates ihe pressurs-tisme nistory of & 300-psi pemk over-
sressure shook wave from 2 I-MT murface burst. The iapulse contsinmed in ihis
paise can be computed by iaking the time integral of Lthe pressure over the
ertire positive phase duratisn. In thkis instance, it is 3P psi~sec.

. Wher the history of the shock vave is studied {(figure I-2} it can be seen
that the peak overpressure and the shock front velocity both dessy sonctonisally
with ground rasge. This is caused by the expanziorn taking pimce asz the alr
biast losds increasingly larger &isks of material.

The curvature of the shook front alsc decreases with ground range. At =
distance of 2,00 feet from the Jdetonatios point, the curvature of the shock
front {5 considered to be ipsignificant. Therefore, thiz simsulation tectinique
utilizes » plame wave front te sizulete the actual case.

The air-blast parazstiers ithat were cousidersd ir the development of the
envircensent to be simulsted mre

{1} Peak overpressure

{2} Shoek front velccity

{3} Overpressure duration, puise shape and impulse
{k} Peak overpressure and shock front velocity decay

Tue effects of these parsmeters on the air-blast-induced ground moticns
are discussed in the next section.

§.

&, "i-”hect“i
a. Air-EBlast-Ilnduced Ground Motions

Wnen large surface areas are loaded nearly uniformly, such as
occurs at moderste ranges from s large-yield nuclear detonation, one-
dimensional vave theory can be used as ap approximmtion. In onedimensiona!
vave theory, only vertical motions occur and simple reiationships can be es-

tablished among stress, displacement, strain, velocity, and acceleration.

N
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Although this situstion s highly idealized, ihe Lheory provides an wder-
standing of the basic relationships tetween the air-hlast paraseters and the

stresies and motions induced in the ooil. These results can then be corracted

to iake accountl of thw other factors wiizdh infiuence the free-fismid behavior.

Figure 1-3 shows s unifors elastic medium, extendipg to an iafinite
depts, vhich is inaded upiformiy st its free surface bty A timse dependegt
pressure, P{t). A unit cyilnder of 2o0il, exisndlog Trom the murfurc to an
infinite depth, can br examined and will be represestative of sli cne sur-

rounding material. The strsius in all directions except depth, %z, are equal
to zero.

B AR GO (e A i S et AL AR
ot SR SE e o B e e hd )
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For egailidriza the sumation of forces in the 2z direction must
be egual to zerc, snd

"y 20
(ote) (3] - 52t a0

MIHGNB LS daerow

which sinplifies to

a0
3% T
& 3t * 22

wvhere
£ = amss density of the mediux

= undisturbed location of a given particle

4 = displacement of a giver particle in the
t direction, a function of 2z and t

t = time varisble

az = norsal streas in 2z direction, tension
considered positive

Jefine strain as

€ = N
z éz

and stress as
ﬁ: * u‘z



AFWL-TH-E5-26, Vol I

whare
(1w}
Mo (i) {129}
= eonstreined midulus
E = Toung's sodaiss
v = Pelzson's ratie
Thet saking approrriste substitutions into the wave sguation,
33y 3 fam 4y
T AT {3:; Y
Define
£2 & B/p
Then ihe vave eguation reduces tc
3%y 3%
at? = c? 3z?

Sbe sclution ¢t this eguation is of the furm

vhere

Eince the medius is considered tc have an infinite depth, only the forward

u s r{t - 2/C} » gt + 2/C}

f{t - ¢/C} descrides a forvard moving vavs
g{t »+ 2/C} describes a backvardi moving wave

moving wvave soliutioz is required.

The wave shape {s unaltered as it propagates tirough the nedius.
Figure I-4 shovws a pressure pulse propagating through the medium with the time
variable, {t - 2/C}. z/C is the time it takes the wave to propagate from the

surface to the depth being studied.

itress has teen previcusly defined as

w4
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With sppropriste substitutions
o, * t’:gm:z - 2y %‘% s sCrt{s - 2/}

where
us r{y - 2/C}

g£‘8 : s -
v a‘éf{t t/C}

afrie - 2/0)1

:
A Y [

strain has been previously defined as

<

t‘z 3z

which from above is

¢, * ¢ 't - 2/0)
Particie welocity is defined as

as=

2

= £ {t - 2/C)
At the surface {2z = Q) the stress is equal to
o, = ~P(t]

Then froa sbove

°o. " ~P(t) = —oCr*(t - 2/C)

o
. P!tl
it - 2/C) = s
At @ depth, = (e - z/C) = ﬁ-t-;-c—’-&)-
8
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Miking the appropriste substitutions
o, = ~Flt - £/0)
e, = -P{t - pjcllpct
u = Flt - 2/Ci/0C

Acceleration is defined as t{he partial derivetiwe of the particle
veiocity with respect to tise

B} »

:;lgv

i @
= E%E-E{P{t - 2/C}]

Thus , the pesk acceleration is dependent on the shape of the tver-
pressure~time curve.

The abgoiute displacement of & point, 2, &t & specific time, 1, ca
e obtained by st integration of the particle welocity st the point, z

A 3 T
u{z, ¢t} ST L P{t - z/0)at

and
alz, t) = =21
vhere
I= r P{e - z/Ciat

]

Taizs integral is squal to the ares under the overpresture-time curve
P{t - 2/C} between the times o to 1. See figure I-Lk. This integrstion cen
be canvenjently performed graphically on the overpressure-time curve.

Table I-1 susmarizes the one-dimensional vave propagation quantities.

WMwum- TP
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Table I-1
SROGRY OF CHS-LIMSHCICEAL WAVE PROPAGATION QUASTITIES

Quantity Bauation

Stress g, = “P{t -2fC}

Strein e = <Pl - 2/C) JpCR
Veloeity @ = Pt - 2/C}/oC
Accelerstion i= o (p(z - 2/0))
Displacesat u= I/pC

The one-dimensional vave theory has shown that the stress in the soil
propagstes with a vave shape usaltered from the air-blast input. In reality,
three major changes vill take place sz the stress wave propagstes vith depth.
The rise time wiil incresse, the ispulse duration will be spresd out, snd the
pesk stress vwill decrease. Nonlinesrities in the stress-strain curves of
earthen materials are the primary cause of the first tvo factors. The varia-
tion of stress intensity with depth s csused by three separste phenomenas.
First, most carthen msterials have highly noselastic stress-strain curves
vhich result in energy absorption. Secondly, vhen finite areaz are lcaded
by transient inputs, rarefaction wvaves prepagste invard from the doundaries
(see figure I-5).. Thirdly, spatial sttenuation, or the spreading out of the
load, snd reinforcing of the load by aress that have deen loaded dy higher
pressures pley conflicting roles. As previously described, the peak over-
pressure and shock velocity of the air-blast input are both decaying vith
ground range (sece figure I-2}. If this air-blast is used as the loading
input for an elastic half space, ray theory can be used to exemine the probdlem
{see figure "-6). Each pesk overpressure lewel has a ray path slong vhich

10
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it propagstes, And spatial divergence chuses 1% So stienuste a3 (% propagates.
if a vertical section is examined, it san b shown that energy from higher
orerpressure reglions will e fending {2to snd loeally reinforciag the sireas
jevel at any grosmd range of interest. For megston vields, the alr-biast
parsmeters are changing st the appropriate rate io balance the effect of

the spatisgl &ivergence and 5o atienuatiss dus 1o hie phonowencs shouid coswr.

When the test area is small {«500 fewtl, in comparison with the ares
ionded by & 1-M7 wespun, the air-blast parsmeters sre neariy wifore {(see
figare I-2). I sddition, *hen fepths of & fov bundred fest or less sre of
inteyrusst, Lhe raying effect is =minimmi. Becsuse of ithese Tactors, the decay
¢l pesk overpressure and shook front velocity mave sot been further comsidered
a8 oo important parasster o the simulation technigue.

The one-dimepsivnal vave Ltheory has also shoun that the strain snid
particle velocity are affected by the ssgnitude and vave shape of the air-
blarz input snd the properties of the medium. These free field guantities
are siso sffected by ithe sabe parameters which caune the sttenustion of
stress vith depih. Accelerstion has been previously shoun to be sxtresely
sensitive to the shape of the sir-blsst input, particulsrly the rise time,

ich i{ncreases with depth. Displecement has been shosm to be dependent on
the integral of the stress-time history at the depth of iaterest. To
achieve significant displacessnts, the Inpulse muat grossly maloeh that of the
nuclesr explosion snd the ares losded mmt be significomtly large, in
relationship to the depth of interest, t¢ minimize the effect of rarefsction

waAYeS.

Only wvertical composents have been discussed thus far. A traveling
vave xuat be considered to study the relistionship between wertical snd
horizontal stresses and motioms. Figure I.7 {ilustrates a typical sir-biasat
input, P{t], traveling over the s.rface of the earth with & shock welocity, U.
The welocity of propagation of the stress wawe into the earth, €, ix deter-
mired by the intensity of the air-bisst imput end the properties of the sarth
xaterial. It is given by

= Mg

il
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where
M= constrained sodilus st the stress level of interest
g = weas denxity

For the sake of simplicity oniy the afir-blaat input in the superseismic
region will be discussed. This iz s good mssumption for facilitiass which are
constructed im soll or sofl rock Lo withatand overpressures of seversl
hupdred psi. iz this region, the siress veve trails debind the air-bimst
shoek Troot snd saters the grownd with sn sngle, a, vhich cap be deterained

oy

NTELR T R v ey R

8in o = $/Q

Ax indicsted in figure I-7, the initial stresses snd motions propagate
in a direction perpendicular to the stress wave front. Howewver, behind the
weve front these directions change. AL very iate times the problems cen be
coasidered stetic snd the motions and stresses sust cov be vertical. The
divectios of the gsotions and stresses thus change vith time, having &
initial divection perpecdiculer to the compression vave front and & find
direction on & vertical line. &2 s spproximation, the components of the
motions snd stresses omd be computed by sssuming that the entire styess wvave
propegates in s direction perpendicular to the compression wvave front. PFor
this assumption the bhorizontal components and vertical componerts sre

Horizontal component = value perpendicular to front x sin a
Yertical component = vslue perpendicular to fromt x cos o

Thus, the value of the horizomtal snd vertical compoments of both
the initial stresses and motions induced in the 20il are s function of the
material properties a3 wvell as the shock front velocity. To schieve sppro-
priate horiiontal and vertical components, the shock froat welocity produced
by the simulation technique must closely duplicate that of the nuclear
environment at the overpressure level of interest.

The previous discussion of sir-blast-induced ground motion has
shown that the pegk overpressure, shock fromt wvelocity, overpressure duration
pulse shape, snd impulse are significont parsseters in defining the environ-
peat to be sisuiated. The Phase I test attempted to generate & peak over-
pressure of 300 psi and a shock froat velocity of & 800 fr/sec. The durstion

1z
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to ous-hildfl rEsk Dreulure Ve used a8 8 eriterion Ter delinisg Lhr Ccorrecifess
of the overpressure decsy behind the mhock front. Is addition, the grous
patoning of the impuise was sitsmpted.

b. PFrigscore Matriz

Figure I-8 iliustrates the general conoent of the srimecord satrixz.

A continwous stlrard of primscord hse bese laoed into s matriz which eporoxi-
astes the wiifors properties of A s0iid shest expiosive. This approximation
iz mequired cioce sheet exploaives wilk the sppropriela ﬁ%&g@ﬁ&‘&iﬁﬁ properties
are not currently compereially svallskie. Primacord, on the other bhend, has

the appropriste dstamatice properties vwhon it is placed in & specially designed

catrix., Iz addition, it {3 commerciaily avsiladle, fairiy soamomicnl, and
zafe Lo work witk.

There are {wo parsmeters whicsh may be adlusted to oontrol the character-
istics of the shock wave produced by this tachnique. These parametars sre the

icad density and e primacord wrap angle. To understand the effect of these
tug paArsmeters, the prosess thst produces the shook wave sust be considered,
Tae wrap angle determines the raie at which the combustion products are
formed along the length of the facility. These combustion products act like
8 pistan vhich loads & cylinder of air in front of the detonation. This
process forms & shock wave in the air vhich moves cut abead of the piston,
and the particle velocity of the air tehind the shook wave {8 egual to the
velocity of the piston. The problem is further compiicated by the intense,
skort-duration shocks that are produced by the detopstion of the individual
strands of primacord snd the reflection of these shocks vitk one another and
the bvoundaries of tie cavity. These secondary rhocks sove forward at a
faster velocity end overtake the mais shock. The net effect is a reinforce-
menit of the main shock vith s corresponding incresse in pressure and shock
veioccity. The interactice of shocks crestes & hnatural pressure decay
immediately benind the shoek front. If the cavity were perfectly insulated
and nad rigid boundaries, the gases inside woulid eventually come %o some
egquilibriug pressure. ilowever, the overburden begins o move upward at early
times, whion increases the cavity wolume and causes a corresponding decrease

in pressure.
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{1} Psar Shock Pressure

The thecretical prediction of the pesk shock pressure proved $o
be intrastable. ‘Therefnre, as experisental approach vas used in Phase |
{reference 1} to determine the pesk pressure. This approach was gulded oy s
theoretical thernochemicnl snalysis viere {ssatropic, egquilibrius sressures
were computed for & fixesd volume {(reference 3}. These calculations comsideres
the cosbuvation of the prismacord and its csse and the dissasceistion of the
cosbasticn products. Figure 1.9 presents s logarithmic least-gousre fi1 of
the four experirental dats points which were available from previous experi-
aents. The pewk shock overpressure hes bess pliotted a8 &8 Nunctien of load
density. Losd demsity is definnd as the total weight of explosive, in pounds,
divided by the injtial cotifined volume of alr, in cubic feet. According to
figure I-9, & losd demxity of 0.076 ibs/ft> is required to produce s peak
shock overpressure of 300 psi.

{2} Shock Pront Yeloszity

Figure 1.8 also illustrstes s plsne shock front propagsting in
the desired direction of travel. The primacord has a detonstion welocity far
in excess of the L 800 ft/sec shock front vhich is to be simulated. Therefore,
the primaccrd mairix must be designed to hare & vrap angle vhich produces &
shock front having the sppropriate velocity. Simple trigonometric theory
suggests that the wrap sagle, £, should be defined by the following formula:

shock front velocity
detonation front welocity

Experisental deta from Phase I indicate that this simple theory
does not expiain the ocbserved results. The problem is complicated by all of
the factors discussed in section l.:i.B. ‘Therefore, the results of the experi-

sin ¢ =

mental program mist be utilized to predict the required vrap angle for a
desired shock front velocity.

Figure I-10 presents s curve of shock froat velocity versus
vrap angle. This curve vas obtained from a least squared fit of the four
data pcints vhich vere svailable. There vas a great deal of scatter in the
experimental results snd the curve is only accurate to +500 ft/sec. According
to figure 1-10, & vrap angle of 9.2 degrees vill produce a shock froat
velocity of b 800 ft/sec.
ik
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€. Overburdss {aiculations

A pressure pulse of 2xvresely short duration vould be produced Lf
the primacord setrix were sxpleded in the gpen aly, Howvewver, the total
durstion can be significantly increased snd the =malor pertion of the decay
behind the front controlled 4if an overdburden ie utilized. The overdurdss
will move upward after the detonetion Lekes plsce and the explosion produsts
will expend into tne increasing volume. Toe initial wolume of the explovwion
cavity, the peak cverpressure, the overburden masx, snd the expansion prooess
sll contrel the movement of the overburden. A hweber of simplifying sssusmp-
tions must e sade defore the movement of the overbturdes can bDe caleulsied.

Figure I-li illustirates the pmodel which vas used for tie overburden
caiculations. & time-varying pressure (s confined iz s cavity of infinite
lsteral extent which has an initial height of The lower boundary of
the cavity is assumed to be n rigid surface. The uprer boundary of the
cavity, vhich is formed by the overburden, is assumed to move only in the
vertical direction with vigid body motion. The overburden is defined 3y »
nass per unit ares, =, Only one coordisate is required to define the rigid
body sotion of the overburden. Thua:

{1} = displacement

2

é—-—x* = grreleration

at

The expansion of the gases in the cavity can be described by

-¥
° ) (%)

where
PO = peak shock overpressure
a = atmospheric pressure
x = displacement
xo = initial cevity height

y = ratio of specific heats = 1.3

i%
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Using Sewton's second law,

2
?*l%
at’

the following equstion can be derived:

-¥

i

)
& =
= g=0

e At

& e (1

214 b ze

e

This nonlinesr differentisl eguation was sclved by numerical integration.

Pigure 1-12 presents the results of the overburden calculstions for
& initial overpressure of 300 psi. The time 10 one-half pesk pressure has
been plotted as & function of the Wi variables: overburden weight snd
initial ecavity height. It can be seen that incressing either the initial

cavity height or the owerburden weight will increass the tise Lo one-hialf
pressure.

Results from Phase I indicate that the duration to one-half pressure
is approximately Li percent of tiie thecretical wvalue. Houever, the effect of
experiwment size on this factor was not xnom, since all of the previous tests

thad been conducted in approximately the same size facility. It was vostu-
isted that edge effects played an important role in the Phase I experiments,

and on the basis of judgeent, a correction factor of 9C percent was celected
rather that the experisental value of ié percent. Pigure I1-12 vas then used
to seiect an initial cavity height of 36 inches and sn overburden weight of
SOG Ibsf‘-{t’? to give an expected time to one-hal? pressure of 37 msec.

Figure I-13 presents the theoretical overpressure-time history
calculated for the selected parameiers. The results for £ 1-MT nuclear
veapon have also been plotted on the same figure for comparison. I¢ can be
seen that the  rimacord curve matcues the nuclear curve only in the neighltor-
nocd of the cne-half peask pregssure. However, it must be realized that the
theoretical primacord curve sccounts caly for the pressure decsy caused by
overburden mction, and the interaction of shocks at the front will cause a
decay imm=Ziately behind the shock, which is not considered in these caluc-
iations. Whern this is taken into saccount, the general characteristics of

the twe curves should e gquite similar down to one-hal? peskx pressure. The
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prigscord surve has a total durstiom of 160 msec snd a total iopulse of 1S
psi-sec., The auclear curve has a total impulse of 32 psi.sec; hovewer, in
tae first 160 msee, it uas an fwpulse of spproximately if psi-sec,
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Figure I-7. Air-Sisst-Induced Grousd Mtions in Superseismic Rezion
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SECTION II

PROCEDURE

i. Opexstions
2. Detanation Fecility Construction

Toe gotvmstion fecility comsists of steel sheet pliliing and earth
retaiging walls, & vood and steel support stiructure, and sand overburdes.
Figure Il-1 is s general plan view, PFigures II-2, II-3, and I1-& a&re thres
typical sections vhich iliustrate ihe major components of the facility.

The construction of the Jdetonation facility was mocomplished in the
following aajor steps:

{1} The text srea vas excavated to the reguired dimensions.

{2} Steel sheet piling vas driven arcund the perimeter of the
facility, except for a small access roadway.

{3) Steel E piles vere driven, and WF bDesms, to span the model
section, were positioned and welded in place.

{4} “The rows of prefsbricsted footings, colums, snd girders
were set inte piace and nalled together.

{S} The remaining steel sheet piling vas driven to close ihe
roadvay .

{6} The primacord racks were installed, tied togetaer, ang
connected to the plane wave detonation generator.

{7; The partially prefabricated wood panels were positioned on
top of the girders, nailed in place, snd filled with sand; snd the top ply-
wood meshers were stapied to the fioor joists.

{8} Samd fiil was placed betveen the stee} sheet piling and the
vooden support structure.

{9} Finally, the sand overbturden vas placed simnitapecusly with

the earth backfiil vhich surrounds the facility.

The facility vas constructed in a reclanguiar excavation approximately

o ]
3
[}

feet by 170 feet in plan and 10 feet desp. As origipally comoeived, the

iz
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faciliity wonld have bSeen construstsd of & level area with the earth retaining
wall in & bermed configuration. However, & 10-fool cut was required for this
test in order to place the ooy ofF the facility 2t an elsvalice below Took

layers vhich were przsest at the size.

Toe stesl sheet piling ves drivesn arund the perizeter of tbe test
ares with § S-inch space belwesn the support structure and the insids face
of the sheet piling. This D-inch space was lsTer Tiiled wilh sand o provide
sdditional lLateral stebility to the facility. The steel zheet piling was
drives to a dopth of § t and was oot off at a height of 10 1/2 feet, This
vas to provide a vertical working fasce and to zupport the unbalanced horizomtal
foroe vhich results frox the Sifferent heights betwesn the owerburden snd the
oackfilk.

e earth retairing wall is reguired o prevent side venting alflter
the detonation takes place. Side venting wouléd releasse energy from the
experizent, distort the one-dismensional motion of the overburden, sud present
additional safsty hazards., The earth ret dcing wall was constructed Ly back-
filling between the sheet piling and the side of the open cut. The backfill
material vas placed uncompactzgd. It consisted of a predosinetely silty
zaterial woich was present at the site. The backfill cperatiocn was accomp-
lished simtanecusly vith the piscsment of the sand overburden to awaid
excessive hending of the sheet pilimg.

The support siructure gerves thres purposes simulteneously: it
provides the initial cavity ip vhich the explcosion takes pimce, it pesitions
the prigacord in & horizontal pisne sbove the ground surface, and it supporis
the overburden. The initial cavity beignt, from the suwrface of the groumd
to the bottom of the fi00r pmmeis, is 3 feet. After the detonation takes
place, the explosicr products f1il} this initial cavity snd create the required

pesk overpressure.

Figures II-2 and 1I-3 are tynical sections which illustrate the
comstruction of the woud port .on of the support structure. The tays of
foctings, colusms, and girders were placed in rows which span the length
of the facility. The extericr bays were located on 4-foot centers vhile
tne interior bays vere loceted on E-foot centers. The columns vere pliaced

on 5-foot centers along the length of each rov.
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The o rows, waich make up the centrsl bay, wers Drcken &oIduEs &
20-foot span at the model location, snd steel construction was used ip place
of the wood., 3Steel ¥ piles were driven to depths of approxiomtely 35 feet
8L the four comers, &< steel WF Losmes were uwsed Lo span the distance betueen
the piles in ewch row. Figure ¥4 {ilustrates this porticn of the comstruc-
tion. The overburden weight iz transferyed o the E piles which distritute
the load sloag their length instesd of tc the surface of the grovnd. This
avoids the prelsading of the upper portion of the siructyral model, including
the door.

e wood panels, which span the rows of girders, wers partislly
prefabricated prior ¢o placesent; i.e., the bottom plrywocd sheets vere stapled
te the wood Jeists. After the pamelis vere pailed isto position in the
facility, the space betweer the Ycists was filled with s demse coemerciel
concrete sand at & denszity of spproxinstely 109 Ias’!‘t3. The dense sand
controls the injtial movement of the overburdes oy preventing compaction of
the lower surface. This iz 20 ensure that rigid body ztions, vhich heve
beer assumed for the overburden caiculations, actually take place. After
the sand vas leveled, the itop plywond sheeis were staplied in place,

e sand for thie rexainder of the overburden was cbhtained fros &
local borrov pit. It was selected oo the basis of obtalning an uncompactied
density of aspproximately 100 1w/ ﬁB or greater. The nigh-density requive-
ments are agsin to ensure that rigid body mctioms take place and to produce
the sinimux neight o7 2 given weight of owerburden. The sand overburden
vas pisced from the extericr of the test area utiliring & Jong boomed crame.
The final leveling vas accomplished by & small tracstor and aand lasbor. The
total weight of overzurden, including the panel sand, vas 500+5 kb:‘!’tg.

Pigures 1I-3 through 1I-7 amow the comstructicn sequesce. Figure II-5
shows the detonstion facility in ac early stage of the construstion. The
sheet piling arcund the parimeter of the facility can be seen ir the back-~
ground. The vorkmen are trenching for the footings, and pertians of the
columns are already iz place. Pigure l1i-£ snous the upper portion of one of
the ¥ piles and the WF bDeam vhich spans the acdel section. Figure II.7
stows the compieted rows of footings, coiumms end girders. The primsacord

racks are being inztalied before placement of the partially prefabricate
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vocd panels, These panels zan e seen staced in ihe background.
2. Frimazord Inztellstion

1T5%-grain, plastic-coated prismacord sanulfsctured by the Engign-

Bickford Company was utilized for this test. Tests were conducied on 3005-foot

elesents of this prizscord and i1 was determingd that the detonatlion wolocily

vas 21,000 ftisec 31 peroent.
{17 Primscord Rack Fsbricsstion

The prisacerd matrix parsmetiers were sslscted from the deta
presested in section I. A load demsity of 0.076 Ib/fi° and a wrap sagie, 8,
of 4.2 degrees vere selicolsd 0 respectively produce & penk eguilibrium
cverpressure of 300 psi and a shock frout velocity of 4,800 ft/sec.

The primascord satrices were fabricated on wooden Tugks. The
racks were constructed of 2-inch by N-inch lusber with Z7-gage metasl Draces
at all jloizts and corners imee figure II.8). Two rack sizes were reguired
to match the girder spacings wiilch were utiliszed in the comstruction of the
detonation farilizty. The lsrger racks, type A, wvere 7 feet 2 iaches by
2% feet 10 inches snd the smsaller racks, type 3, were 2 faet 9 inches by
24 feet 10 inches.

Jotches vere cut arcamd the entire perimeter of the recks to
positicn the prizmacord. The notch spacing ves determined on a4 trial and
ervor Lasis in @ attempt oo simzitanecusly match the fwo parmmeters of load
depsity and wrap anglie. Tabdle II1-] susmarizes the notck spacings vhich were
utilized. This notch spacing produced a wrsp sngle of 5.8 degrees.

Table I11-21
FOOTCH SPACING
Side spscing Exd spacing
Rack type {inches} {inches)
2.625% 17.2
8 2.5 5.5
33
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The wrapping of the primscord was scoomplished with the primascord
racks supportad & their center lime with & chain hoist. This provided a
clearance for free passage of the primscord. The primacord was initially
secuyed o & top corner of the rack with tape and stretched 1o the coposite
aide {(botlom} of the rack and placed {n ihe proper actek. The cord was then
passed under the rack and sgain stretched to the oppesite side {top) and
piaced in the proper notch. The cord was alternstely passed under and
throvn over the top of the rack %o enablie the wrappers to uxe s contimuous
strand of primmcord. Kach succeeding wrap cycie was s repeat of the previous
operation until the center iine of the rack was reached. At this point,
the person throwing the cord over the rack proceeded 3o the opposite end of
the rack wbere he continued nis cperations. This procedure continued uptil

the entire rack hed been wrapped with primacord. Flgure II-9 is s sketch of
this operstion.

One hupndred eighteen tuousand feet of primacord vere used in
Tabricating the racks snd lscisng them together after they vere positioned
in the facility. The total voliume of the explosion cavity minus the volume

of the wood in ihe cavity was 0,700 ﬁ'}. The actusl lomding density vas

¢
g

{118,000 ﬁ.){i‘i"j ‘Eﬁﬁ}
b= 3 ? f
{?,wo &L}‘i‘—iéia@.m nﬂ

%

S

|23

= C.0725

3

e

{2; Primscord Buck Flacenent

The raciks vere urapped vith primacord in advance of their
piacement in the detonetion fecility. IDuring the interiz period, they wvere
stored in an off-site expiosive ordanance bunker. Transportation to the
site mnd installation in the detonstion facility were accomplished in
consecutive steps. Some of the prizsecsrd recis were loaded ca s Tiatded

raller, transported tc the site, mnd unlosded onto pallets. The pellets
vers 1ifted into the detomation facility by & cran» and the racks were
piaced by workmen vnile tne flatbed trailer retumed for ancther load,
Figure II-T shows the piacemert of a ~ack. 'The tops of the coiumms provided
s ledge wnich positioned the praaccrd racks is 2 norizontal plane 2 feet

abcve the ground surface.

Lad
g
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The primacord oo 182 ead oF each rack was lsced to (U3 mate on
the end of the adiscent rack with 1TS-grain prizscced. In addition, trams-
wrse ties were made with short lengihs of 1TS-grain primmcerd. These tiex
were mude betvess the primssord om the sides of sdjscent racks st S5-foot

intervals., Flgwe II-10 shows ihe tying opersiion.
{3} Primacord Detonstion

& 96-foot atrand of EO0-grais primscord was connected 1o essh
individusl piecr of primscord acrosg the ontire width of the matrix on the
getonation end of the laciiity. Porty-elight streads of 175-arain primacord
were coonectsd 1o the k00-grain primacord on 2-foot centers. Each of the
48 strands was placed in 2 plastic casing which passed through the slywood
bulkhend, sheet piling, and Leskfill material fo the original ground surfece

{z2e figure II-11}.

Figure 11-12 illustrates the geteetric pattern of equal-length

175-graip primaecord strands which were utilized to fabricate the plane-wave
geserator. Duplicete blasting caps were used %c initiate detonation. The
detongtion wave Iraveled dovn the plane wveave generstor snd aimuitenecusiy

detonated the kOU-grain prizaccrd st &8 separate points. Phase 1 resulés .

.

indicate that tnhis detonation scheme will generate s weve which iz plane
across the widih of the facility within a few sicrozesonds,

c. Deionation Segquence

A dry-run of the countdown procedure vss conducted before the test
to ensure that sll iostrumentation, timing, and firing circuits were properiy
functiconiag. The countdown procedure consisted of the following steps:

{1} At T-1 nours, the test ares vas cleared of all persommel.

{2} The blagsting c&ps were installed on the plane wave gsnerator
and Lne firing line: were cimnected to the blasting caps.

{3} The firing lines were conrected to tne safety tox At the ooamans
center. Defore the firing cireuit oould be snerwized from the power supnly,
s slug nad to be paysically inserted ioto the safely box and & Sution

depressed and held down.

{%, A% T-15 minutes, the ares was visually checked by susrds Lo

35
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ensure that the ares was still clear of personnel.
{5} At -5 minutes, all isstramentation circuits were energiied.
{6} At T-2 minutes, the Tiring system progrimmer was initisted.

{7} At T-1 minute, & siren wvas soundsd. The plug wss inserted into
the safely box snd the bultcn vas depressed.

{8} &t T-15 seconds, a ve2roal countdown was started.

s

{9} At 7-10 zeconds, the memual calibratisn switch was throws.
{20} At 7-8 seconds, the calibration switeh wvas opened.
{11} At 7-2 seconds, the cameras vere turned on.

{12} At T-0 seconds, the explosives were detonated.

{13} 'he facility was visumlly iaspected for undetonated explosives

acd the ALl Clear” siren was sounded.
4. Safety

The command center vas Lccated spproximately 500 feet from the edge
of the detonation facility. Only essential personnel were allowed in the
command center. Spectators were not allowed to approac: within I 000 feet
of the detanatioe facility from T-1 hours until after the "All Clear” siren
wvas scunded.

The westher criteria were has:d on & maximum wind velocity of 10

miies per hour with a hesading such that sand or debris would not be bliown
toward an active portiop of the Zirtiand Alr Force Base.

Because of the siting on an Alr Force base, close coordinstion vas
reguirsd with the PAA tover to ensure that sircraft 4id zot pess cver the
Tacility in their landing snd take off patterns during the firing seguence.

2. Instrumentation
&. Seneral Laycut

Figure II-13 illustrates the genersl instrumertation isyout. The

iccations of tihe structural model mnd the hardened cable project are inlicated.

The gensral locstion aof ithe aly nressure gages . 2he rear-surface soil pressu

- iie  Eywes

gages, and the Ariil acles for the earth free-field gages are alsc shown.

P it
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The specific instmuentation Srialls sre repsrted in Parts 2 and 3. 4
detslied instrumentation list iz provided in sppepdiz A.

Ail the instrusestation cables were Drought out of the detonrtion
facility ia Tive major trenches whick has 8 ninimom depsth of cover of 3 fesy
of earen. The sheet piliing izmediastely over the cable treanchesn was driven
to i-fooi depth insteas of the sormal 5 feet to prevent shesring of the
cables &8 this dlscomtimuity. The cables were fariher protectad by being
pisced in plastic soaduits which rar ootinususly froo il instrosentstionm
iocatisns 1o the extericr of the detonatian facility. The cables were brought
to the surface gyproximstely 30 feet Trom the north edge of the facillty and
froz thiz point they ran above ground o the instrumentation vane.

o, Instrusentation Pecordisg

The glectrunic signsals produced by the Tree-Tield gages iz this
experisment vere recorded in the Air Poree Wesposs Laboratory Field Instru-
mentation Trailer which was 1ocazed approxisatiely SO0 feet o the porth of
the test site. The CEC "Systea D° {3i-kc carrier) was used for signel condi-
tioning of the veloacity gages. The rexmining Tres-field gages were cpersied
by Allegheny Instrument “"Senscr Analogue Modules” {SAM-1] signal conditioniag
equipment. The SAM-I is & TC system incorporaiing s power supply snd a IC
wide Tand ampiifier for each gage. Four ampey CP-100 and two OBC PRI
tape recorders were gsed to record ail free-field instrumsntation viith the
exception of the ecarth time of arrival system, vhich was recorded by Fastax
camere. A time zode generstor vas used io place sn IRIG time code o each
tape. Simulated calibration signals vere sent through each recording
channe iomedintely tefore and afler the shot by shuanting selected resistors
across ome arz of the trapsducer bridge. Figure 1I-14 is a schematic of the

instrusestation recording system.
¢. Camera Coversge

igh-spesed motice picture smd Fastax cameras were utilized to
shotogreph tne event. These cameras vers atunted On twe woodes stands, one
to the north and one %¢ Lthe wvesi of the detonation faciliity. Wooden targets
were positioned to give the relative movemsnt Setween ihe top and boitonm of

the overburdes a8 iliustreted in figure 1I-13, The canera coverage vas

o) b

e

e
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planned to give data on the overburden motion and any venting of the explosion
products as well as to provide total pictorial coverege of the event.

38
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WITH 22 GAGE METAL STIFFENEZRS AT ALL JOINTS AND CORNERS

Figure 1I.8. Typical Primacord Rack Construction
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48 STRANDS 2'
ON CENTERS

ORIGINAL GROUND SURFACE 175 GRAIN
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SHEET PILING
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175 GRAIN £
400 GRAIN :
'PLYWOOD BULKHEAD -] '

TEST PIT FLOOR

Figure II-11. Primacord Entrance into Detonation Fé,cility
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Figure 1I-12. Primacord Detonation
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OVERBURDEN

SAND FILLED
. FLOOR PANELS

Figure 1II-15. Target Stands
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SECTION III

'RESULTS

This experiment produced a peak overpressure of 312 psi, a time to one-
half pesk pressure of 18.2 msec and a total duration of 170 msee. A composite
pressure-time history curve is given in figure IX~1 which defines the air
free field environment. The impulse contained under this curve is approximately
10.4 psi-sec. The average shock front velocity was 5,120 ft/sec #11 percent.
and the wave front was essentially plane, across the central portion, as it
traveled the length of the facility. o -

The overburden moved upward with rigid body motions until it cleared
the top of the metal sheet'piling. The overburden continued to move upward
8s a mass until it reached a height of approximately 125 feet a&\the firing
end (see figure III-1). At this point, the individual particles of-sand
began to break up and & dust cloud continued to rise to nearly twice this
height. The overburden displacement versus time measurements taken from the
Féstax camera coverage of the target stands are presented in figure I1I:-2.
No differential motions between the top ard the bottom of the ovérburden
could be detected in the target stand data. o

A small amount of sidewall venting was first detected at the #outheast n\\x\

corner cf the fecility. This venting progressed across the detongtion end of
the facility and then proceeded down the sidewalls and across the reflection -
end of the facility. Major venting did not occur until the bottom of the
overburden had cleared the top of the sheet piling.
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SECTION IV

DISCUSSIOR

The peak overpressure and shock front velocity curves developed during
Phase I {figures I-9 and I-10) have been corrected to include the Phase II
data. These corrections were quite small. Flgures IV-1 and IV-2 present the
corrected pesk overpressure versus loed density, and shock front veloeity
versus wrap angle prediction curves.

The composite air-pressure curve obtained from this experiment is compared
with the results from a 1i-MT nuclear weapon in figure IV-3., It can be seen
that the desired durations were not obtained in this experiment. The observed
duration to one~-half pesk pressure was 49.2 percent of the desired duration
and Lh.4 percent of the computed duration. This agrees well with the k3.9
percent observed in the Phase I experiments. It had been postulated that
edge effects played a major role in producing the observed low efficiency
factor. However, this does not now appear to be the cese since the perimeter
length to plan area retic was decreased from 0.15 for the Phase I facilities
to 0.0342 for the Phase II facility with no substantial increase in the
efficiency factor.

Figure IV-4 presents the displacement-time history of the overburden
motion. A comparison of t:he theoretical and observed time histories reveals
that the overburden was initially accelerated much more rapidly than vas
computed, while at late times there is fair agreement. The observed high
initial mcceleration will cause a much faster decay of pressure than was
computed.

Since the duraticn efficiency factors from both Phase I and Phase II
agree and experimental results clearly indicate that the overburden calcu-
lations are in error, it is obvious that these calculations must be adjusted
in order to successfully make predictions for future experiments. Figure
IV-5 has been extracted from reference 1. It is a plot of duraticn efficiency
factors to one-half peak pressure for various cavity heights. The results
in figure I-12 have been corrected to include the efficiency factors given
in figure IV-5. The corrected set of curves are presented in figure IV-6.
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SECTION V

CONCLUSIONS AND RECOMMENDATIONS

The parameters of the simulation techﬁique scaled exactly between the
smell Phase I tests and the large Phase II test. The peak overpressure and
shock front velocity prediction curves, which were developed during Phase I,

appear to be valld within approximately 10 percent and only small corrections
were required to include the Phase II dsta.

The observed durations to one-half pesk pressure were only 49.2 percent
of those desired. Duration efficiency factors have been applied to the
theoretical calculations to account for this discrepancy. Figure V-1
summurizes these calculations and illustrates the overburden versus initial

cavity height required to simulate a 300-psi shock wave for a 1-MT detonation.

For future 300-psi simulations, it is recommended that a load density of
0.0720 pound of PETN/ft3 and a wrap angle of 8.6 Qegrees be used. The initisl
cavity height and the overburden mass should be selected from the wvalues
given in figure V-1. The primacord matrix should be positioned 24 inches
above the ground surface when & 36-inch cavity height is utilized. Similar

recomnendations cannot be made for larger cavity heights until additional
tests are conducted.
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SECTION VI

INTROPUCTION

1. Objectives

The air free-field measurements were mede to determine the air-blast
pulse produced by the experiment, to provide irnput data for the structural
model and the earth free field, and to provide data to improve prediction
techniques for future tests. In addition, measurements were made of the

shock wave which was released to the atmosphere.

2. Background

The research performed during the first phase of this project was used
as a basis to design this large-scale experiment. During Phase I, four
primacord tests were conducted and experimental data were collected to
determine the load density, primacord wrap angle, cavity height, and mass
of overburden which are required to produce a desired simulation. As outlined
in section{I, an experimental approach was nécessaxy since the analytical .
problem is nearly intractable.

Many of the Phase I conclusions were'érrived at with a minimum of data
points. Also, all of the previous experimenté were conducted on a much
smaller scale than the Phase II experiment. This experiment will, thefefore,
provide valuable data for improving the prediction techniques for futhre
simulations. For example, it was found in Phase I that a 36-inch cavity
would produce a duration which was 44 percent of the theoretically computed
duration. The effect of scaling the loaded area on this parameter can be

determined on the basis of the Phase 11 results.
3. Predictions

As discussed in section VI-2, the Phase I results were utilized to
predict the parameters required to give the desired simulation. In addition,
Judgment was utilized to determine the effect of incressing the scale of
the experiment. On this basis, the following predictions were made:

Peak overpressure 300 psi

Time to one-half pressure 37 msec
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Total duration
Snock front velocity

160 msec
4,800 ft/sec
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SECTION VII

PROCEDURE

1. Instrumentation

a, Air-Blast Gages

The prime instrumentation for this portion of the experiment consist~.

of flush-mounted pressure transducers. These goages provide pressure~time

histories as well as shock ‘front time-of-arrival deta. Two types of pressure

transducers were used, thé Norwood Model 111 and the SBcheavitz-Bytrex Model
HFG-2000. The -Norwood transducer is a conventional strain gage device
selected because it proved to be dependsble and rugged during the Phase I
test series. The main wegkness of this gage\is its relatively low frequency
response (20,000 cps) which csuses a moderate amount of ringing when the gase
is subjected to an air shock. The Scheavitz-Bytrex gage is a recently
developed pressure transducer which uses & semiconductor strain gage to link
a very stiff diaphragm to the transducer body. This gage was selected
because of its relatively high frequency response (50,000 eps). Calibraticn

~

was accomplished in the field with static air pressure.
b. Shock Front Time of Arrival

A line of bresk wires was placed along the length of the facility tc
provide additional shock front time-of-arrival data. The bresk wires were
manufactured in the Air Force Weapons Laboratory from very lightweight foil.
The break wires were cannected to a BC circuit such that when a foil element
was broken, a step increase in voltage was prcduced. The séven bresk wires

were multiplexed into a single channel for recording.
¢. Microbaragrsphs

Microbaragraphs were used to measure the intensity of the shock wave
formed in the surrounding air when the facility vents. These self-contained
instruments had a variable--reluctance bridge pressure sensor head supnlied
by a 1,000-cps carrier, preamplifier, detector, DC amplifiers, and Brash

recorders. The sensing head is a Wianko twisted Bourdon tube.
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2. Gage Placement

The pressure transducers were mounted in concrete blocks which had a
concave upper surface to facilitate the attachment of calibration fittings.
The blocks were set in the field with the top of the gage flush with the
ground surface. The gage leads were threaded through & flexible metal tubing
which had been cast in the concrete. After exit from the concrete, the cables
were protected by plastic conduit. "The upper portion of the mounting block
was grouted level with the ground surface when the cslibretion of each gege
was completed. See figure VII-1.

3. Gage ILocstions

#

Figure VII-2 is a plan view of the test area showing the location of the
air free-field instrumentation. I% will be noted that each position containin
& pressure transducer has been assigned a location number. The actual
distance between variocus gage locations was surveyed, and these distances
have been indicated in figure VII-2. The break wires were placed at 25-foot
intervals, commencing at the detonation end of the facility. Their location
will be designated by the letters D. E., plus a distance to the gage of intere
i.e., D.E. + T5 Nféet«. Table VII-1 lists the transducers used at each of the
locations shown in figure VII-2,

The microbaragraphs were located along a line at distances of k00, 800,
and 1,200 feet from the north edge of the test racility.

T0



A

pan]

BT e RN AL B0 s S T A TR SO TR e T T SRR 70 3 R IR AT

e Y "

TN M R B HTR £F SREry W " 8 118

e g o

Ln A g

AFWL TR-65-26, Vol I

Table VII-1

INSTRUMENTATION LIST

Location number Instrument type
1 Norwood Model 111
L _ Nc;rwood Model 111
5 . Norwood Model 111
7 Norwood Model 111
10 Séheavitz-Bytrex Model HFG-2000
14 | Norwood Model 111
18 Norwood Model 111
22 -  Scheavitz-Bytrex Model HFG-2000
2k Norwood Model 111
28 - Scheavitz-Bytrex Model HFG-2000
30 Norwood Model 111
32 ‘ Scheavitz-Bytrex Model HFG-2000
3k Norwood Model 111
D.E. Break Wire
D.E. + 25 ft Break Wire
D.E. + 50 £t . Break Wire
D.E. + 75 ft Breek Wire
D.E. + 100 ft Break Wire
D.E. + 125 ft Bresk Wire
D-B. + 150 £% Break Wire

N
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*

PRESSURE TRANSDUCER
GROUND SURFACE

GROUT PLACED AFTER CALIBRATION

et Rty ..'“'..!_\'_, by £
ot PR O

CONCRETE BLOCK FLEXIBLE TUBING

CONDUIT

Figure VII-l. Pressure Transducer Mount
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SECTION VIII

RESULTS

1. Air Pressure Cages

TR R

Nine pressure~time history traces vere recorded from the 13 air pressure
gages which were installed in the experiment. In addition, three of the
channels (18, 22, and 28) contained time-of-arrival data, but pressure-time
data could not be recognized or extracted from th. excessive amount of noise

which vas recorded. The cause of this excessive noise has not been determined.:
The gage at position No. 30 was disconnected before the test because of
faulty signal-conditioning equipment,

Appendix B containé the time history records for all of the air pressure
gages which recorded usable data. Table VIII-1l is & summary of the shock

front time of arrival at each of the gage locetions.
Table VIII-l
SHOCK FRONT TIME OF ARRIVAIL AT PRESSURE TRANSDUCER LOCATIONS
Location Time of arrival

No. (msec)

32 5.4
24 _ 10.9 {
1k 15.8 ’

10 20.4

1 2h.9

28 10.9
18 16.0
L 19.7
3k 5.7 *.
30 --- 4
22 : 15.8 ¢
20.4
5 25.3 ]

Th
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2. Break Wires

All seven of the break wiras performed satisfactorily and the times of

arrival recorded st each location are summarized in table VIII.Z.

Dist from Detonation End (£}

Table VIII.2

SHOCK FRONT TIME OF ARRIVAL AT BREAX WIRE LOCATIONS

Loecation

Detongtion End

Detonstion
Detonation
Detonation
Detonation
De't onation

Detonation

3. Mierobaragraphs

End + 25
End + 50
End + 75

End + 100

End + 125
End + 150

Time of Arrival

{(msec)

0.0

5.4
10.8
16.1
21.2
25.9
30.3

The results obtained from the microbarsgraphs sre sumarized in table

VIII-3.
Table VIII-3
MLCROBARAGRAPH RESULTS
Peak positive phase Peak negative phase Positive Total

Range overpressure overpressure duration jduration
(feet) (microbars) (psi) {microbars) (psi) (sec) (sec)

Loo 8,400 0.123 4,800 0.0705 0.20 0.53

800 3,900 0.057h 2,400 0.035 0.2¢ 0.53
1,200 3,360 0.04k95 1,680 0.025 0.20 0.53
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SECTION IX

DISCUSSION

1. Pressure-Time History

A review of the pressure-time history records presented in appendix B

will reveal the presence of many small shocks during the early portion of

e

SROMNBEPOURL P VRRSROR P L

the record (spproximately the first 10 msec). Originally, it was planned to
ignore these minor shocks and to wait for thermal equilibrium before defining
the peak overpressure. However, the shock portion of the curve represents
too much of the impulse to be ignored. Since the soil tends to integrate

or smooth ocut the pressure pulse, it was decided to substitute a smoothed
curve for each observed pressure pulse, taking care to preserve impulse. To
arrive at this smoothed curve, the early portion of each individual record

was divided into a number of equal time increments. A mean pressure value
vas selected for each time increment such that the impulse was preserved.
Finally, & smooth curve was constructed utilizing the mean values, and it

was assumed that this fit represented the preassure pulse seen st a particular
§ gage.
% Figure IX-1 is a composite pressure-time history curve derived from the

§ individual smoothed curves described above. The peak pressure of the composite
curve was determined by averaging all of the pesk pressures from the smoothed
curves. To determine the wave shape of the composite curve, the smoothed

curve representing each pressure-time history was normalized to the average
pesk pressure. These normalized curves were then averaged togetiher to
complete the composite curve.

Three of the pressure records indicated negative pressures at relatively
early times. These curves were adjusted by linear base line shifts such
that they reached a zero pressure at a time which agreed with the zero

pressure from the composite curve.

Some Justification exists for the rather complicated derivation of &
composite air pressure curve. Figures XIV-2 and XIV-3 compare the pressure-
time histories seen at two shallow buried soil stress gages with the composite
air pressure curve, The shocks have already decreased in magnitude and the
measured stress curve appears to be approaching the shape of the composite curve

T H 5T 58 i N e e @ <t oo+ e
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i 2. Shock Front Velceity

Shock front velocities have been computed from the shock front time-of-
arrival data and the results have been plotted in figures IX-2 through IX-5,
respectively, for the north gage line, central gage line, south gage line

and break wires. These plots contaln interval velocities as well as aversge

velocities. The distance between gages was measured to the nearest 0.01 foot;

however, the physical location of the gages in the test facility was only

known to +1 foot. A summary of the interval shock front velocities is

. presented in figure IX-0 along with an average shock front veloeity of 5,120

ft/sec. It should be noted that there appears to be an increase in velocity
W4ith the distance traveled. The individual values agree with the saverage
value within +16 percent. However, the central line of gages representéithe
iargest deviation from the average value in both the plus and minus direction.

- These points are suspected to reflect surveying errors since their average
' velocity is exactly 5,120 ft/sec. If these points are disregarded, the indi-

. viduel values agree with the average vslue within +11 percent.

Figure IX-7 is a plot of egual time contours which define the position
of the shock front in the test facility. The shock front is essentially
plane across the central 50 feet of the test facility. The maximum distance.

. deviation, for a given time, in the centrel area is 3 feet. This is equiva-

§ lent to approximately 0.6 msec. There is a definite edge effect along the

entire length of the facility. This may be due to the smaller primacord racks
which were utilized at the edge positions.

3. End Wall Reflections

When the shock front reaches the end of the facility s reflected shock is

formed which travels in a direction opposite to the initial flow and causes

17

an increase in pressure. Table IX-1 contains & summary of the observed results.
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Table IX-1

REFLECTION RESULTS

Gage position Dist from reflection end tr Pr
no. (£t) {msec) {psi)
1 20 9 190
20 9 185
10 L. 71 20 80
50 —— —_—
Ls.1h 19 70

m?__ e ate ev———— e s e & — e
v

vhere tr = time of reflected shock arrival

Pr = strength of reflected shock

The reflected shock pressures have been plotted as a function of travel
distance in figure IX-8. If a linear fit to the data is assumed, a reflection
factor of approximately 2 is obtained at the end wall (reflection factor =
incident pressure plus reflected pressure divided by incident pressure). For
a shock wave, the reflection factor from a perfectly rigid wall is 6.5,
However, the detonstion wave is not a true shock and the end wall provides an
extremely soft boundary. Figure IX-8 also indicates that the reflected
pressure should have died out by the time it has traveled 60 feet. No
reflected pressures were observed on the pressure records at 70 feet from

the reflection end. The average reflected shock front velocity has been
obtained from time-of-arrival data in figure IX-9. The average velocity of .
4,000 ft/sec correspcnds to a pressure of 200 psi in air, which agrees fairly

well with average measured reflected pressures.

L. Shock Pressure Vented to the Atmosphere

In figure IX-10 the air shock which was created by the venting into the
atmosphere is compared with an equivalent unconfined hemispherical high
explosive detonation with a total charge weight of 3,000 pounds. It can be
seen that the Long-Duration High-Explosive Simulation Technique creates an

78
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R,

eir shock which is at least an order of magnitude lower in peak overpressure

¢ ] than its equivalent charge weight of high explosives.
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SECTION X

CONCLUSIONS AND RECOMMENDATIONS

The composite pressure-time history curve given in figure IX-1 defines
the eir free-field environment which was produced by this experiment. It
indicates a peak overpressure of 312 psi, a time to one-haif peak pressure of
18.2 msec, and a total duration of 170 msec. The impulse contained under
this curve is approximately 10.L bsi-sec.

The shock front velocity produced in this experiment increased with travel
distance and ranged from 4,550 ft/sec to 5,680 ft/sec. The average velocity
vas 5,120 ft/sec +11 percent. The wave front was essentially plane in the
central 50-foot portion of the loaded area.

The reflected pressure at the end wall is of the same order or larger
than the incident pressure. The reflected pressure attenuates rapidly with
distance, and for this experiment it had decayed to zero in 60 to 70 feet of

travel.

The air shock which was created in the atmosphere when the experiment
vented was an order of magnitude lower than that created by an equivalent
weight of high explosives detonated unconfined in a hemispherical charge.
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PART 3

EARTH FREE FIELD
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SECTION X1
INTRODUCTION

1, Objectives

The earth free-~field measurements were made to determine the response
of & known medium to a controlled input, to determine the attenustion of
free~-field quentities with depth, to provide input data for the structural
model, and to provide data for determining the mass of materisl realistically
loaded so that larger follow-on experiwents may be sppropriately scaled.

2. Background

Earth free~fileld measurements have been made on numerous nuclear and high-
explosive detonations. These data have been utilized to derive s number of
empiricel prediction techniques as well as to provide check points to verify
analytical solutions. Any theory used to predict the motions snd stresses
induced in the earth from an air-blast loading requires a knowledge of the
properties of the soil. Therefore, a comprehensive site exploration program
was accomplished to determine the properties of the soil at the test site.

3. Seoil Survey

The site exploration program consisted of seismic refraction and uphole
velocity surveys, the obtsining of undisturbed samples and the lsboratory
testing of samples. Laboratory investigations included mechsanical analysis;
constrained modulus tests, triaxial tests, and moisture content and density
determinations.

The results of the seismic survey are summarized in table XI-1 (reference
5). The nature of higher velocity interface detected at 268 feet is unknown
but it is probably the surface of an older, deuser alluvial material. No
higher velocities were detected to a depth of 1,500 to 2,000 feet.
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Table XI-1

SEISMIC PROFILE

Depth Seismic velocity

(£5) (fps) '-
0-58 1700
58-268 2550
268-2,000 6740

The test site consists of layered media ranging from a dense sand to

%

¥
i
&
i
¥

medium gravel with some mixing of clay and caliche. There was no ground

water table above 90 feet. The scil profile is shown -n figure XI-1 (reference
6). The boring denoted by "NE" was sampled by using S-inch Shelby tubes to
obtain l-foot undisturbed samples at 5-foot intervals to 2 depth of approximately
1€ feet. The boring denoted by '"C" was explored to a depth of 90 feet using
S-inch Shelby tubes sampling at 5-foot intervals. The "SW" boring vas

examined utilizing a es»nlit spoon sampler and standard penetration tool. RNo

e A BRI o o

undisturbed samples were obtained, but density, moisture content, and soil
types were obtained to a depth of 90 feet. The "C" hole is located approxi-

mately in the center of the test area.

Figure ¥XI-2 is a summary of the streas-strain curves cbtained from the
construined modulus tests. These tests were performed in a modified Karol-
Warner Model 354 consolidometer. This apparatus provides a rise time to
maximum load of approximately 200 msec and essentially zerc latersal strains.
The results show composite curves for all the samples tested. The bearing
cepacity of the surface material was determined from triaxial tests to be
5,000 to 6,000 1bs/ft2.

Investigations of various sites in the aree resulted in the selection
of & borrow pit in the ares of the e:xperiment. It was found that the native
material cculd be placed at an sverage density of 98 1bs/ft3 by =onventional
earth-moving equipment with no compactive effort.

L4, Predictions

The peak vertical stress acting at any depth beluw the surfsce of the loaded

area was calculated using the spproximate method develc.ed by Newmark (reference 7).
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This method utilizes influence charts to solve the classic Boussinesq spatisl
attenuation problem (i.e., a distributed static load applied to the surface of
an elastic half-space). Inherent in the method is the assumption that the
stresses propagate at an infinite velocity and thus a disturbance at the

surface immediately influences the entire body.

¢ idealized pressure-time curve giveﬁ in figure 1-13 was utilized as
the loading function with the smooth curve replaced by many steps of uniform
pressure. Each step contained the same impulse ms the portion of the curve
that it replaced. A time dependent trial and error sclution was then per-
formed with the load positioned at various points over the 96 x 150 foot area
until the maximum stress at the depth of interest was found. This process was
continued until the maximum stress at several depths was found and then the

points were connected with a smooth curve.

Figure XI-3 presents the computed theoretical sttenuation of maximum
stress with depth for the center 5l the loaded area. The results for the
idealized primacord air-blast input and & i-MT nuclear air-blast input are

shown for comparison.

The prediction of pesk vertical acceleration as a function of depth is
shown in figure XI-k, Reference 7 was used as the basis for these calcula-

tions. At the surface the pesk acceleration was computed from the formula

Z30)
so }{ 1000
r, = oon| 22 [19)

vhere
Ap = peak vertical scceleration, g
P = peak overpressure applied at
o
the surface, psi
and

C = seismic velocity, ft/sec

At depth, the peak accelerstions were computed from the formila

P
- { 5011100
Apz " 58{100}{ z ] %
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where

A = pesk vertical acceleration at

pz depth of interest, g f
z = depth of interest, ft é
]

a = attenuation factor, figure XI-3 :

The peak vertical acceleration at a depth of 10 feet was connected to the |

surface velue with e straight line to interpolate between these two values.

The prediction c¢f peak vertical velocity as a function of depth is shown
in figure XI-5. References T and 8 were used as the basis for these calcula-

tions. Heference 7 gives the following equation for computing the peak
vertical velocity

P_ i
L ft/sec {‘Eﬂ}lEQQQ) a

vpz 1G0 C

where

c

propagation velocity, ft/sec

The variations in results are obtained by using different values for C. The :
change in seismic velocity at 58 feet, as noted ir table XI-1l, was not taken
int¢ account. The lower range of values is obtained by letting C equal the E
seismic velocity of 1,700 ft/sec. The upper range of values is obtained by :
letting C equal a pyropagation velocity determined from the constrained
modulus tests (885 ft/sec). It should be noted that the attenuation with
depth is determined by a,. Reference 8 gives the following equation for
computing the pesk vertical velocity at a depth of 5 feet.

T5P

5= sCSG ft/sec 20 percent

1

A

where

VS' = peak vertical velocity at a depth ;
of 5 ft, ft/sec

5 = gpecific gravity
c, = 3/ of the seismic velocity, ft/sec

This calculation contains an uncertainty of +20 and this entire range
has been indicated on figure XI-5.
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The predicted curve was drawn approximately midway between the range of
vlaues obtained from reference 7. It should be noted that the predicted
curve also agrees quite well with the value obtained from reference 8 for
a depth of 5 feet,

A computer program was available to calculate both relative and total
displacements for various depths. This program is patterned after the
computational scheme presented in referénce 7. Tebulated values of e,
and P(t) are required for each class of problems. In addition, the physical
properties of the medium must be supplied. Table XI-2 contains a summary
of the physical properties used for this calculation.

Table XI-2

PHYSICAL PROPERTIES FOR DISPLACEMENT CALCULATIONS

Seismic Wave peak Recovery
Depth _ Density velocity velocity ratio
(£t) (1b/£e3) (ft/sec) (ft/sec) (%)
0-58 110 - 1,700 885 5
58-268 110 2,550 1,300 100
268- « 110 6,740 3,400 100

The wave peak velocity is the velocity at which the peak stress propagates;
this value should be determined from laboratory tests. For the deeper
layers the wave peak velocity was assumed to be appreoximately cne-half of
the seismic velocity. The recovery ratio is a measure of the materials
nonelasticity. The recovery ratic equals the recovered strain divided by the
peak strain or

R.R.= & peek - £ permanent _ € recovered
B € peak £ peak

(See figure XI-6.)

Figure XI-T7 presentis the prediction of total displacements ag a function
of time for various depths. Figure XI-8 presents the prediction of relative
displacements between the surface and verious depths as a function of time.
It should be noted that the majority of the displacements are predicted to

occur in the upper 75 feet of material.
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The angle of entry of the stress wave into the ground, o, was computed
from the formula

sin o = =
where

U = air shock veloeity, 4,800 ft/sec

S

bt o
%ﬁ@

The value of o ranges between approximately 10 and 20 degrees depending on

e
i

a9

e S T

whether C equals the seismic velocity or a peak stress propsgation velocity.
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Figure XI-3. Predicted Attenuation Factor
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STRESS

Figure XI-6. Idealized Bilinear Stress-Strain Curve
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SECTION XII

PROCEDURE

1. Instrumentstion

The instrumentation used in this experiment was selected to be compatible
with the reccrding equipment available at the Air Force Weapons Laboratory.
Piezoelectric devices were avoided tecause of difficulties with long lines
and with moisture. Further, because of the long duration of the loading
pulse in the experiment, it was felt that piezoelectric concepts would not give
siifinient static response characterisiics. Wherever possible, balanced
full-bridge trensducers were used, DC signal conditioning equipment was

preferred over carrier systems.
a. Velocity Gages

The primary earth free-field measurement in this experiment was
vertical particle velocity at various depths. The velocity gage developed
by the Sandia Corporation was used to observe this motion. This gage is a
3-kec carrier-driven device using a pendulum blade moving through a viscous
damping fluid to provide the velocity measurement. The gage was encased in
an exterior aluminum shell to protect it from the soil stress environment.
Figure XII-1 shows the velocity gage and protective cover. Calibration was
accomplished in the laboratory by displacing the blade pendulum from its
zero position with a magrnet and then letting the l-g gravitational force
return the pendulum to its zerc position, thus producing a velocity versus

electrical ocutput curve.
b. Accelerometers

The Statham Model A69TC fluid demped accelerometer was used to i
measure vertical accelerations in the earth free field st various depths. :
This gage was selected because of its high frequency response. The accelero-
meter was sealed in 2 waterproof aluminum cup to protect it from moisture and
soil stress. The void space inside the aluminum cup was filled with dry i
Qttawa sand to improve the density metch of the accelerometer with the soil. %
Figure XII-2 shows the accelerometer and protective cover. ;
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The accelerometers were calibrated in the laboratory on a centrifuge prior
to psckaging for placement in the ground.

T

S0

c¢. Soill Stress Gages

A newly developed soil stress gage was used to messure the vertical
stress in the soil at verious depths. This gege, developed at the Air

SRS

Forca Shock Tube Facility, utilizes semiconductor strain gages to measure

\ .
; ﬁﬁ@w

b
o

the load applied to a small saluminum c¢ylinder. The gage was calibrated with
static air pressure. This method of calibration has shown excellent agree-
ment with results when the gage is placed in a dense (112-113 1bs/ft3)

Ottawe sand and subjected to & static losd. No dynamic resulis are aveilsble.
Figure XII-3 shows the soil stress gage.

vt AL

d. Long Span Displacement Gage

long span displacement gage was used to measure the relative dis-
plecement between the surface and various depths. This gage was developed
and has been previously used by the Sandis Corporation. The device consists
of a long wire connected to concrete deadmen at various depths in a drill
hole. The wire is isolated from the soil by flexible metal tubing. The

upper end of the wire is connected to a spring-loaded reel whose axle is

connected to & rotary potentiometer. This reel is attached to the interior

g 4116w R

surface of & cylindrical concrete structure near the surface of the ground.
As the surface is depressed, the reel moves downward and the rotation of the
potentiometer gives an electrical signal proportional to the deflection.

Figure XII-4 shows the long span displacement gage mounted on its calibration
device.

a0, SN e 8

e R o

e. Time of Arrivsl Systenm

A modified version of & previously developed time-of-arrival system

was used to monitor the movement ot the pressure pulse front through the

earth. The system consisted of 100 omnidirectional "ball switches" positioned

in a three-dimensional array in the ground. As the pressure pulse passes, E
; the switch is moved and gives a switch closure. These switches are connected
to a remote console where the switch closure triggers a multivibrator which
momentarily lights a small neon 1light. A high-speed camera photographs
the light bank to give a record of the switch closures as a function of time.

i TR PRVIS
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f. Slope~Indicator Gage

This installation was used t0 measure the permanent vertical and
horizontal displacements and the verical transient displacement from the
ground surface tc a depth of 50 feet. The gage consisis of sections of
extruded aluminum casing, 2 feet long and 3 inches in diameter with instru-
ment grooves 90° apart, joined together with 12-inch aluminum couplings.

The couplings permit relstive vertical movement between the segments and

form a 50-foot-long composite casing. A first-order survey was performed

pre- and post-shot to determine the shsolute motion of the top of the casing.

The change in inclination of the casing and the vertical movement of the
segments relative to the top are measured with =n inclinometer or slope
indicator instrument and depth probe lowered down the inside of the casing
in the instrument grooves. These measurements were made pre- and post-shot;
the difference between the two sets of readings represents the permanent

horizontal and vertical movement of the casing.

In an attempt to measure vertical transient displacements, s 50-foot
section of continuous blued aluminum tubing 2 1/2 inches in diameter was
inserted inside the outer casing and secured to the bottom. This tubing
was installed after the initiel set of inclinometer and depth probe measure-
ments had been made. Spring-loaded hinges with a scretch point were affixed

to the inside of each coupling on the outside casing and were held open with

a continuous length of pianc wire. After the inside blued tubing was installed,
the piano wire was withdrawn, allowing the hinges with their scribes to snasp -

against the blued tubing. Figures XII-5, XII-6, and XII-7 illustrate the
slope indicator instrument and the depth probe.

2. Gage Placement

With the exception of three near-surface soil stress gages, all free-
field soil transducers were placed in 8-inch diameter drill holes at various
depths ranging from 1 foot to 80 feet depth of burial. The holés were
drilled using a special drilling mud wvhich formed a starch liner around the
interior surface of the holes. This liner added virtually no strength,
but prevented water from penetrating into the surrounding soil and provided
enough stability to the loose granular material to keep the holes open

until the instrumentation was placed.
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Each transducer wes arranged on its cable 30 as to be properly oriented
vhen it was lowered into the drill hole, Short sections of copper tubing
vere installed over the s¢il stress gage cables to ensure vertical aligne
ment. In addition, & light was lowered intc the hole immediately following
the gage t0 permit visual inspection of the poszsitioning of the gage. Aft{er
the placement of each gage, the hole was filled to the next level with a
dry native sand. A wire-screen box was placed over the top of the hole to
provide a uniform method of raining the sand into the hole. This method
gave a density of backfill nateriel very nearly equal to that of the surround-
ing scil. The three near-surfece soll stress gages were placed in hand-dug
holes. The gage holes were backfilled with a netive sand.

During placement, each gage was connected to its respective signal
conditioning equipment. All gages were monitored for coperation snd balance
to ensure their proper functioning.

The slope indicator casing was installed in a 9-inch-diameter drill hole
and backfilled with a dry native sand. The sand backfill was compacted with
3 pnuematic vibrator to ensure that the casing would closely follow the

motion of the surrounding soil.

3. Gage Locations

Figure XII-8 is a plan view of the test srea showing the location of
gll of the earth free-field instrumentation. It will be noted that each
position containing active instrumentation has been assigned a location
nugber. The location number, gage type and depth of burial have been combined
into a codiag system wkich is illustrated in teble XII-1.

Table XII-1

INSTRUMENTATION CODIRG SYSTEM

Code Description

19D-75 Hole 19 - Long Span Displacement - 75 fL depth
218-5 Hole 21 - Soil Stress Gage - S ft depth

25V-1 Hole 25 -~ Velocity Gage - 1 ft depth

12A-70 Hole 12 - Accelerometer - 70 ft depth

85-g Hole 8 - Soil Stress Cage - near surface (3 in.)
6T-20 Hole 6 - Time of Arrival - 20 ft depth

110

B et el e



Figure XII-9 is a cross section of the typical instrumentation installa-
tion. Hole 21 contained accelerometers, velocity gages, and soil stress
gages. Holes 12 and 25 were identical to hole 21 with the exception that all
of the soil stress gage locations were deleted. The time-of-arrivel system
was normelly installed in either a 25- or 50-foot deep hole as illustrated
in figure XII-9. The three near surface (3 inches deep) soil stress gages
vwere installed at locations 8, 11, and 16. The long span displecement gage
had three depths: 25 feet, 50 feet, and 75 feet. All of the electronic
instrumentation, with the exception of the time-of-arrival system, responded

to only the vertical compenent of the input.

Teble XII-2 contains a complete earth free-field instrumentation listing.

Table XII-?

INSTRUMENTATION LISTING

Hole no. Gage type Depths (ft)
2 Time of Arrival 5,10,15,20,25
3 Time of Arrival 5,10,15,20,25
6 Time of Arrivel 1,5,10,15,20,25
8 Soil Stress 0.25
g Time of Arrival 5,10,15,20,25,

30,35,40,45,50
11 Soil Stress 0.25
12 Velocity 1,20,40,60,80
12 Accelerometer 16,30,50,70
13 Time of Arrival 5,10,15,20,25,
30,35,40,45
15 Time of Arrival 5,10,15,20,25,
30,35,40,45
16 Soil Stress 0.25
17 Time of Arrival 5,10,15,20,25
19 Long Span Displacement 25,50,7T5
19 Accelerometer 75
20 Time of Arrival 5,10,15,20,25
21 Velocity 1,20,40,60,80
21 Accelerometer 10,30,50,70
i1
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Hole no.

21
23

25
25
26

29
31

33
35

Table XII-2 (cont'd) .

Gage type

Soil Stress
Time of Arrival

Velocity
Acceleroneter
"Tme of Arrival

Time of Arrival
Time of Arrival

Time of Arrival
Time of Arrival

191

Depthks (ft)
5,15,25,35,
45,55,65

1,5,10,15,20,25,
30,35,k0,45,50

1,20,40,60,80
10,30,50,70

5,10,15,20,25,30,
35,40,45

5,10,15,20,25

1,5,10,15,20,25
30,35,40,45

5,10,15,20,25
1,5,10,15,20,25
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Figure XII-1l. Sandia Velocity Gege and Protective Cover

Figure XII-2.

Statham Model AAQTC Accelercmeter snd Protective Cover
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SECTION XIII

RESULTS

1. Soll Stress Gages

Two datsa traces were recorded from the 10 s0il stress gages which were
installed in the experiment. All the soil stress gages installed in Hole 21
redorded an excessive amount of noise from which no useful data could be
recognized or extracted. The nolse on all of these records started at
spproximately 13 msec, which agrees with the first signal output from the
top velocity gage in this hole. The cause of this excessive noise has not
been positively identified. However, it is suspected that the noise was
generated by the cables being squeezed as they exited from the protective
conduit at the drill hole. The two data traces were obtained from gages
installed with 3 inches of earth cover, The third near-surface gage {11S-g)
appeared to saturate the amplifiers and no useful data were obtained. The
measured near-surface vertical soil stress records for gages 85-g and 16S-g
are shown in figured XIII-1 and XIII-2 respectively.

2. Acgelerometers

Five data traces were recorded from the 13 accelerometers which were
installed to measure earth free-~field motions., The remaining eight channels
contained an excessive amount of noise from which no useful data could be

recognized or extracted. The cause of this excessive noise has not been

positively isolated; however, it is suspected that the tape recorders contrib-

uted significantly because of incorrect gain settings.

Appendix C contains the time history records for all of the accelerometers

which contained data. Figure XIII-3 is a summary of the recorded peak down-
ward vertical accelerations for the earth free field. Acceleration data
from the interior of the structural model have also been included on this
figure. Figure XIII-5 presents the times of first arrival of the accelera-
tion pulses measured in Hole 12. Figure XIII-6 presents the time of first
arrival of the acceleration pulse measured in Hole 21.

The acceleration-time records were integrated to obtain additional

transient vertical velocity data and these results are presented in appendix C.
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3. Velocity Gages

Thirteen data treces were recorded from the 15 velocity gages which were
installed in the experiment. Gage 21V-~1l was disconnected before the test
beceuse of a faulty signal conditioning unit. Gage 21V-60 appeared to

sgturate the amplifiers and no useful data were obtained.

Appendix € conteins the time history records for sll of the velocity
gages which contained data. Figure XIII~4 is a summary of the recorded
peak downward vertical velocities. Figure XIII-5 presents the times of
first arrival for each of the velocity pulses measured in Hole 12. Figure
XIII-6 presents the times of first arrival for each of the velocity pulses
measured in Hole 21. Figure XIII-T presents the times of first arrival for
each of the veloccity pulses measured in Hole 25, A summary of all the times
of arrival of the pesk vertical downward velocity are presented in figure
XI11-8.

L. Long-Span Displacement Gages

The long span displscement gages did not provide any useful data. The
overpressure caved in the protective cover over the gage housing and sub-
Jected the potentiometers to the free-field air blast environment. This
drove all of the displacement records entirely off scale and saturated the

amplifiers.

The velocity-time records were integrated to obtain an indication of
the transient vertical displacement; these results are presented in appendix
C. Base line shifts were required to integrate a portion of the wvelocity
records and the adjustments that were made are indicated by dashed lines on
the figures in appendix C. A summary of the first major downward peak
vertical displacements obtained from the integration of the velocity records
is presented in figure XIII-9.

5. Slope~lndicator Gage

Figure XilI-10 shows a plan view of the location of the top of the slope

indicator gage both pre- and post-shot as determined from survey data. These
data indicate that the top of the gage moved 3.72 inches downward, 1.20 inches
to the east and Q.lh inch to the south. Figures XIII-11l and XZII-12 illustrate
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the permanent lateral motion of the gage with depth.

permenent vertical displacement with depth.

Table XIII-1 gives the

The scratch gages installed to measure the trsnsient vertical movement

did not function as expected.

Problems were encountered in the inatallation

of the gage and the magnitude of the displacements appear to be lower then
expected., These factors make the recognition of the data impossible and,
therefore, no results are presented.

Teble XIII-1

PERMANENT VERTICAL DISPLACEMENT WITH DEPTH

(SLOPE INDICATOR) .

Displacement

Displacement between

Sl g F e

g TR a2 1

et b AT

Depth surface to depth successive depths
(£t) (in.) (in.)
2.00 1.32 1.32
k.so 1.80 0.48
T7.02 2.16 0.36
9.52 2.70 0.2k

12.04 2.40 0.00

1b.5L 2.52 0.12

17.05 2.70 -0.12

19.55 2.52 +0.12

22.06 2.52 0.00

2L,57 2.64 (Max) +0.12

27.08 2.52 -0.12

29.58 2.52 0.00

32.09 2.6L (Max) +0.12

34.60 2.52 -0.12

37.09 1.32 -0.12

39.60 2.28 +0.96

42,09 2.Lo +0.12

Lk .62 -—— —
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6. Time-of-Arrival System

A plean view of the test area showing the locetion of the time-of-arrival
gages and the shock wave gt the surface of the soil is presented in figure
XIII-13. As indicated in the figure, the time-ol-arrival gages were installed
slong three latersl lines. The results obtained from the time-of-arrival
system are presented in figures X{II.lk, XIII-15, and XIII-16 for Planes 1, 2,
and 3, respectively. Esch planre represents an east-west profile of the test
area. The time of arrival at each gage location is noted on the figure,
and contour lines of equal times have constructed to¢ indicate the location

and shape of the stress wave in the earth.
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SECTION XIV

DISCUSSION

1. Scil Stress

As indicated in figure IX-1, The air-blest input had a different shape
and considerably faster decay to one-half peak pressure than predicted. The
shape of the ajir-blast curve influences the attenuation of stress with depth

snd, therefore, an after-the-~fact calculation of the stress attenuaticn was
acccmplished utilizing the composite air-blast curve given in figure IX-1l.

The results of this calculation are presented in figure XIV-1 along with the
predicted curve. Since there are considerable differences in the two curves,
the attenuation of other earth free-field quantities was recomputed after-the-
fact utilizing the new attenuation factors. Complete confidence cannot be

placed in either calculated curve without supporting stress meesurements,

which were not availsble from this test.

The measured vertical stress in the soil near the ground surface (3 inches
of cover) is presented in figures XIV-2 and XIV-3. These records indicste
vaelues of pesk overpressure of 700 psi and 570 psi instead of the 312 psi

G LA B

obtained from a normalization of all the air pressure measurements (figure
IX-1). The composite air pressure curve has been plotted on each of the soil
stress records for comparison. The overpressure axis has been scaled such

that the maximum values from each curve coincide. It should be noted that

the shape of the two curves agrees quite well. If some adjustments were

made for the small amount of attenuation which should take place in the 3-inch
depth, the two curves would agree even better. Thus, it appears that the
nesr surface stress gages reproduced the time history of the air-blast input
closely while magnifying the intensity by a factor of aspproximately 2.

These gages were calibrated with static alr pressure. This method of calibra-
tion has been correlated with results in a dense (112-113 lbs/ft3) Ottava

E gsand, subjected only to static loads. The gages in this test, however, were

s placed in a native sand with a density of approximately 100 1bs/rt3 and wvere
gsubjected to a dynamic load. A magnification factor of 2 is not unreascnable

when the differences in density and loading are considered.
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2. Acceleration

Figure XIV-L presents all of the measured earth free-field peak accelera-
tions along with after-the~fact calculations of attenuation with depth, which
takes into account the composite air pressure curve (figure IX-1) and the
after-the-~fact attenuation factors given in figure XIV-1l. Data from the
interior of the structural model have also been included on this figure. The
data cltained from the 2arth free-field accelerometers were of extremely poor
quality since the signals were masked by a high-intensity noise. The only
record for which this was not true was 19A-75: it gave a pesk acceleration
which was much higher than calculated. All of the acceleration data indicated
pulses of extremely short duration. When these data wefe integrated to
obtain velocity-versus-time histories, the results indicate that none of the
velocities returned to zero (appendix C). This uncertainty about the integrated
fesults also raises a question as to whether the peak velocity had been
attained before the end of the dsata.

In spite of all the uncertainties, the data taken as s whole indicate
that the shape of the attenuation of pesk vertical acceleration curve with
depth agrees fairly well with the calculated curve, althcugh the measured
values in the upper 20 feet were somewhat lower. A much lafger quantity
of reliable data would be required before the prediction technique could be
radically changed.

3. Velocity

The vertical velocities measured at the near-surface locations had s
characteristic shape that agreed quite well with the air-blast input, i.e.,
a shori rise~-time to the peak followed by a decay to zerc in a time ranging
from approximately 100 to 200 msec (see figures C-17 and C-27 in appendix C).

The rise time increased monotonically with depth as indicated in table XIV-1.°

W1
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Table XIV-1

RISE TIMES g
Depth ta tp tp~-ta ‘
Hole (£e) (msec) (msec) (msec)

12 20 3k 70 36

12 Lo k2 85 43
12 8o L8 170 112 :
21 1 13 1k 1
21 20 34 85 51
21 %0 b2 100 58
21 60 L 105 61 5
21 80 52 120 68
25 1 . 12.2 18 5.8 Z
25 20 2h.6 50 25.k ‘
25 ko 30 65" 35
25 60 31 60 29 *
25 80 45 110 65

NOTE: ta = time of first arrival
fp = time of peak arrival

In addition, the measured pesk vertical velocity generally decreases with
depth as shown in figure XIV-5, This figure presents all the measured peak
vertical velocities and the after-the-fact calculated sttenuation curve as
well as the results obtained from the integration of acceleration records.
The after-the-fact calculations were based on the formula from reference 7,

e eSS B A A A R S s s e v R AR ‘

E ] |
. so| 11000
which is given in section XI sz = L ft/sec 0 [ C] uzJ. A peak over-

: pressure of 312 psi was used for Pso’ C was taken as 3/k of the seismic
! values given in table XI-1, and “z was taken Trom the after-the-fact calcula—i
tions given in figure XIV.l. Although there is considerable scatter, ¢
particularly when the velocities obtained by integration are inecluded, the
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data appear to fit the calculations reasonebly well with the exception of the
near surface values. Reference 8 does not predict velocity values above a
depth of 5 feet because of the erratic results observed from nuclear field
tests. The technique for predicting accelerations given in reference 7 teakes
this into account; near surface values and surface values are computed by

two different equations which give widely different results. It is also
possible that the velocities are much higher at the surface than at small
depths of burial. This could be caused by low initial densities of the
surface materiel or by a scouring effect immediately ahead of the air blast.

The data indicate that the velocity at a depth of 20 feet is much higher in
Hole 21 {9.9 ft/sec) than in Holes 12 (L.7 ft/sec) and 25 (5.8 ft/sec). A
first reaction would be to assume that this efeect was caused by differences
in the .ir pressure input at these locations. A review of the pressure-time
recor.: siven in appendix B reveals that there was no record obtained from
the gaye near Hole 21. Both of the air pressure gages (10 and 24) near Holes
12 and &7 indicate that the pressure records required base line shifts to
correct for negative pressures at relatively early times. In addition, the
air pressure record from Position 24 was very spiked in appearance. However,
there were not sufficient air pressure measurements taken to positively '
determine the variation in air pressure input at various locations within the -
loaded area. In mddition, the near surface velocities hsd feir agreement,
indicating similar air-blast inputs.

Another possible cause of these differences might be the side rarefactiomns
as illustrated in figure I-5. However, this does not appear to be the case.
Figure XIV-6 illustrates a gross simplification of the real problem, i.e., &
static load applied by a foundation to a soil which is assumed to have elastic
properties. In this case, the rarefactions have all interacted and static
equilibrium has been reached. The unit width can be used to represent
approximately 100 feet. Then the centerline represents Hole 21 and the
one-quarter point represents Holes 12 and 25. At a scaled depth of 20 feet
the stress intensity is 90 percent and 94 percent respectively. Thus the
static representation of the rarefaction phenomenon does not explain the
60 percent or more differences in the measured velocities. Another argument

can be used to negate the importance of the rarefaction waves. Figure XIV-T
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illustrates the geometry and travel times involved. In this figure, ta = time
of first arrivel for the signal generated at the surface, tp = time of peak
arrival for the signal generated at the surface, and tr = time of first
arrival for the rarefaction wave generated at the boundary of the loaded

area. The fastest first-arrival velocity was utilized to compute the arrival
times for the rarefaction waves. It is obvious from the figure that the
rarefaction waves arrive at all holes after the first arrival from the surface
but before the peak arrival from the surface. The arrival of a rarefaction
wave cannot be observed on the velocity records given in appendix C between
the first arrival and the peak arrival for the gages in question.

Another explanation for the differences in velocity measurements at the
20-foot depf:h is the difference in the in-situ material properties. The
stratigraphy in Hole 21 consists of 10 feet of fractured hard clay followed
by a thick layer of sand to a depth of 35 feet. The stratigraphy in Holes
12 and 25 consists of a foot or more of a very loose silt, a & to S-foot
layer of hard fractured clay and a thick layer of sand (see figure XI-1).
It is also obvious from the blow counts on this figure that there were
considerable variations in the density of the material in the sand layer.
Thus the measured velocities at a depth of 20 feet may have been different
because of differences in attenuation which took pla.ée above this depth und/or
because of differences in the density of the material in which the gages
were located.

The time-of-arrival data from the velocity records can be used to compute
first-arrivel propagation velocities as indicated in figures XIV-8, XIV-9,
and XIV-10. The propagation velocities computed from the first arrivals
agree with the uphole seismic data (tsble XI-1) with two exceptions. The
propagation velocity in the upper 20 feet of material in Hole 21 is approxi-
mately 50 percent of the seismic value. In addition, both holes 21 and 25
indicate an exceedingly fast layer between 20 and 40 feet with propagation
velocities in the range of 10,000 to 20,000 ft/sec. Referring to the Soil
Profile (figure XI-1), the high velocity region appears to correspond to
the very dense sand and gravel layer. It is very doubtful that e dense
sand and gravel layer would be capable of providing velocities of this
magnitude. The hard caliche in the lower layer should have a much faster
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velocity than the sand and gravel, but the results again show good agreement

with the seismic dats.

The time-of-arrival data from the velocity records cen alsc be used to
compute peak arrival propagation velocities as indiceted on figure XIV-11.
These propagation velocities indicate that the peak velocity travels at one-
half the front velocity or less. This agrees quite well with empirical
rules of thumb ranging from 1/2 to 3/4 of the front velocity.

4, Displacement

No measured data were obtained on transient displacement ?ince both the
long spen displacement gage and the transient measuring portion of the slope
indicator failed to perform satisfactorily. The peak vertical displacements,
- derived from the integration of the velocity records, are compared on figure
XIV-12 with after-the-fact calculastions. The agreement is very poor and the
deta are very inconsistent. A detailed study of the displacement time
records in appendix C will reveal that the majority of these data do not
have the expected clasic shaée as illustrated in figuré XI-1. The'peakr
displacements from records which have the more classic shape also tend to
fit the calculated curve on figure XIV-12 the best. These discrepancies
may be caused by inaccuracies in the velocity-~time records or by a poor

selection of base-line shifts which were utilized for the integration.

Permanent displacement data are available from three sources: inte-
grated velocity-time records, slope indicator measurements, and pre- and
post-shot surveys. The permanent vertical displacements obtained from the
integration of the velocity records were so inconsistent that the results
are not presented. The permanent displacement of the top of the slope
indicator installation was 3.72 inches saccording to the results obtained
from the pre- and post-shot surveys. However, the depth probe readings
indicate a value of 2.6k inches. These differences in results have not
been reconciled. The survey also revealed that all of the near-surface
monuments, such as the air pressure gage mounts, had essentially no permanent
displacement. This can onlyrbe accounted for by elastic rebound near the |
free surface which would not affect deep structures to the same extent. The
permanent lateral movement in the east-west direction was identical for the

slope indicator and the survey data. The results indicate the surfsace
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moved 1.2 inches to the zast. The permanent lateral movemant in the ncrth-

south direction varied between the sicpe indicator and the survey data. This

difference appears to be due to an error in a slope indicator reading at a
depth of 46.5 feet as shown in figure XIII-12. A permanent lateral movement
to the eant was also observed in the structural model. A movement in the
direction opposite to the airblast travel was not expected since the stress
wvave induced in the ground will have a horizontal component whose direction
is to the west. A surveying error can be immedliately ruled out because of
the excellent agreement between the two independent messuring techniques as
illustrated in figure XIII-1l. This motion can, however, be explained by an
elastic rebound which overshot the initial position during the unloading.

5. Horizontal Motions end Stresses

The time-of-arrival system indicated stress wave angles of entry (see

figure I-T7) ranging from 10° to 45°. However, the majority of the angles

ranged from 15° to 25°, and 20° will be taken as a representative average.
Combining the equations given in section I for the two components of motion

gives

Horizonial component _ sin a _
S —r——— ———— 2 tan a
Vertical component Co8 a

and for 20°, tan a = 0.364. Thus the initial horizontal component of both
motions and stresses behind the wave front, is equal to approximately 36
percent of the vertical component.

146

st B 9 € o o~ s e

ST OR . BIRD S, T s e e




DEPTH,ft
@
O

o]
/
20
/
30 -
V4
40 y
Vi

50 | | l’//,f ///r

0
o
N
\‘
N

-q

o

-
<

o
o
-

T e, R B R D A D S B B R i e B N

-,
g,

o
o
~.

o |—4

/
t20 ; ' ;
‘ PREDICTED
/ e AFTER THE FACT CALCULATION i

130

140

150

160

170
c 10 20 30 40 50 80 70 80 90 100

ATTENUATION , %
Figure XIV-1. Attenuation Factors

ik7




i
A SRR A R R S R R T R e

AFWL TR-65-26, Vol-1

$S849g T10Q TED A3, S0BIING-IBAY

*Z-ATX eandTy

sosw'ImIL
06 08 oL 09 0s 1034 (0] Qe 4]
I I ) ! I ¥
F————— a!l-llnlllll.l.."’l”’./
"I‘”
~
™~
.
L ll
A\
1-6 913 3NS5 Yd HiY
" 3LISOINOD = =—
39V SSIULS THOS wmemeee
A3N
-~ 0-58 39v9
i 1 1 ] | }

c0o2

[&]

o

<
15d°IYNSINAEIAC

009

RGEA R e L

@At

008

1l




SR R

T i TR

SR L P D e i L 1 T S R e et e DR B T B

B I = Tt

AFWL TR-65-26, Vol 1

%

i
E
<

§53.13g TT0G TBOTI9A S0BJING-IESN E-AIX InFTY

dosw'INIL
06 08 0L 161:] Qs Ob Ot 02 0l G

F=—— ———F

-6 "Old INNSSIH IV //

- FLISOdNDD = o e ™~ i
JIvI SSINULS 0S <)
, AN
N

b-52139v9 N\ N

002

(o)
o
=

154 JHNSSINJNIAD

| | | | { i i i d 009

e e A (47 48 4 TR LTI M

% P s g s 1 2 ~ - A A PTG SITTW LV PRD AT R UL b 0§ A o 34 ket b %2 X S e I S0 et T8 WS (18 et rime nl 1T T e g S A N W

. - ¢ * g

W e



ot T TR 7S

AFWL TR-65-26, Vol I
DOWNWARD CL
+ 74/
‘7‘%&; 20 =
:-E
1
| -~ -
“** /
R
% KEY
B + HOLE 2 .
4 O MOLE 21
-
§ E 40 @ HOLE 19
. - O MoDEL
g - ~——— AFTER THE FACT CALCULATIONS -
5 50 |+ [
!
i
!
i 60
- m
70 +<’;
- ® -
eo U
| 0 -20 ~-40 -60 -80 -100 -i120 -140 -i60 ~180 -200 -220 -240 |
; PEAKVERTICAL ACCELERATION g's
Figure XIV-L. Peak Vertical Accelerations

150




6T ARG o 0 s e T AT T T YWD e sttt &

sy et © e R T T R R N T A P B R B S R K A R Ut o e Rk st s -

AFWL TR-65-26, Vol I

o <,> o
" DOWNWARD : -
/
10 ¥
20 +- } %
30
KEY
+ HOLE 12 _
B O HOLE 2! ]
;, < MOLE 25
= 40 Bl @ INTEGRATED ACCELERATIONS —
W wmeme AFTER THE FACT
Qe CALCULATIONS
50 @&
60 J )
= -
70 (oW
L. ' o
80 l JT -
o -2 -4 -8 -8 -0 =-iz2 -i4 «i8 -i8 -20

PEAK VERTICAL VELOCITY, ft /sec

Figure XIV-5. Peask Vertical Velocities

151




o e s e PP R ST S N T S PR DU S N

AFWL TR-65-26, Vol I

a—— UNIT wmm-—-—-)i

UNIT LOAD

EPERL SEAXE A

5 SRPEEES Pty ot lotes ?,'T“'m... L3 L 2 PR RR R oty LRI R R

N,

4|
08 \ \
Q7

wi—1

WL/
o

|
0.4 jrmm"

et 4 ST

o (/4 POINT ' s CENTER LINE

: O
0.5 0.5 //
4
E aad — x —— —
w w
8 / ; /
1.0 .0
o o~ - P
15 15
0 0.2 0.4 0.6 08 1.0 0 0.2 04 0.6 0.8 1.0
STRESS INTENSITY STRESS INTENSITY
Figure XIV-6. Foundation on an Elastic Soil
: 152
i3




AFWL TR-65-26, Vol I

VG

% o B

HOLE 2i

AT T TR SN (A YR CE S e ORI T I IISIT L F S NG e BV, TR T A TP A TR R, 3 IR TN G TR TR, A B MY RIEQINTR. e A%

HOLE!28 25

e 23’ H

2%

A

toz2imsec
tp=72 msec

Figure XIV-T.

e A

Prrrr

ta:14 msec
tp =39 & SO msec

Influence of Rarefaction Waves

153

T




AFWL TR-65-26, Vol I

0
10
E
2
$
f:
30 \
£ =
§ Z a0
Q.
W
Q

KEY '22:
: ——> AIRBLAST A
O  VELOCITY GAGE =
@ ACCELEROMETER o
50
60
70
5 80
i o) 10 20 30 40
TIME OF FIRST ARRIVAL ,msec
f Figure XIV-8. Propagation Velocities, Hole 12
154




AFWL TR-65-26, Vol 1

Ofe—

0
R
\ero
10
20
-
!
c
30 =
%
o
Z 40
& KEY
o T > AIR BLAST
O VELOCITY GAGES o
® ACCELEROMETER b4
50 °
<
*
L]
o
60
©
%
70 —& -
)
(4]
80 - —O
0 10 20 30 a0 50 60

TIME OF FiRST ARRIVAL ;msec

Figure X1V-9. Propagation Velocities, llole 21

155




S R AU 1.0 o ue 1

X

&
¥

T

e e o e (A R TT

ANML LR=-0)D~20, VOI 1

a)
o,
2
(+]
lO \45
X
o
20
30
g.
Y 40
u KEY
—»- AIR BLAST N
Q
O VELOCITY GAGES c
o
50 o
-
~,
»
[ ]
n
so IL
P
[ 4
: - \,O
70 z
e
G
80
0 10 20 30 40 $0
TIME OF FIRST ARRIVAL ,msec
Figure XIV-10. Propagstion Velocities, Hole 25
156

R 1 8 A A Ay B B s s e e



4 VT &t &l WS LWy WA A

10 2
+ HOLE 12
O HOLE 2i
 MOLE 28

20

30 ;

DEPTH f1
rS
(o]
sas/i} OO0V
R R D BT et S e

50 1
% ‘
o) :
~ ‘
2 |
o g
Par ¥ E
60 o :
a
"oo
v 3
o, “
s, \ <
Q "
L J
o
80 . +
0 30 60 90 120 150

TIME OF ARRIVAL (PEAK VELOCITY) msec

Figure XIV-11. Propagation Velocities (Peak Velocity)

157




o MAANTIs ¢, ong et

RS / S
- § .é
DOWNWARD &
L= 10 f
' ]
& - - é
3 20 S+ -0 :
- . ?
j
{ 30
: INTEGRATED VELOCITIES
B KEY _
= + HOLE 2 |
z O HOLE 21
a 40 7 < HoLE 2%
a 3¢ PERMANENT DISPLACEMENT AT
- TOP OF SLOPE INDICATOR B
" ~—ae AFTER THE FACT CALCULATIONS ;
50
f— -
60 ©
- - S
i
70 g
£
80 +=> o ¢
0 <2 -4 -6 -8 -0 -2 -4 -6 -8 =20
PEAK VERTICAL DISPLACEMENT,in
24
Figure XIV-12. Pesk Vertical Displacements E
H
158
.4 N - - - .




SECTION XV

CONCLUSIONS AND- RECOMMENDATIONS

The peak vertical stmsseé produced by this experiment are presented in
figure XV-1. Since no stress data were cbtained at depth, this curve was
prepared utilizing the after-the-fact attenustion factors given in figure
XIV-1., The pesk vertical accelerstions and velocities produced by this
experiment are presented respectively in figures XV-2 and XV-3. The vertical
velocities are the most reliable of all the transient earth free-field
phenomena measured. These data reflect the nonhomogeneous nature of the
soils which underlie the experimental area. The peak vertical displacements
produced by this experiment were the most errstic of all the free-~{ield
quantities, and a great deal of reliance cannot be placed in the date. It is,
therefore, recommended that the calculated curve presented in figure XIV-12
be utilized for defining the variation in peak vertical displacement with
depth.

The ground surface experienced a permanent horizontal displacement of
approximetely 1 inch in a direction opposite to air-blast propagation, and
a negligible amount of permanent vertical displacement. However, near-surface -

structures experienced permanent vertical displacements ranging from 2 to b

WG

inches. The magnitude and direction of the permanent displacements were
A
primarily gcverned by elastic rebound phenomena. .

The selection of gages for this experiment as regards type, number, and
location should have been adequate to meet the project obJectives if a high
degree of data recovery had been realized. Mechanical and structural changes
must be made to both the long-span displacement gage and the slope-indicator
gage to successfully measure transient displacements. Electronic and
recofding_problems must be corrected if the earth free-~field accelerations

and stresses are to be completely describded. !

The mass of materimsl realistically loaded by this simulation technique
is a function of both the size of the loaded srea and the shape of the air-
blast input. As a rule of thumb, the width of the loaded surface should be
twice the depth of interest, and at this depth, the width of realistic

simulation is limited to one-half the width of the loaded surface. This is
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% illustrated in figure XV-4, In addition, the actual air-blast input must
simulate the overpressure-time history from the nuclear yield of interest
as described in section I. These considerations should produce a simulated

stress environment which does not deviste more %hsan 20 percent from the
desired nuclear environment.
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INSTRUMENTATION EQUIPMENT LIST
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APPENDIX A

INSTRUMENTATION EQUIPMENT LIST

1. Tspe Recorder

a. Make: Ampex
Model: (P-100

Ampex Corperstion Instrumentation Products
934 Charter Street, Redwood City, Cslif

List of Characteristies:
(1) Tape Transport
(a) Tape Speeds: 60, 30, 15, 7T 1/2, 3 3/4, 1 T/8 ips standard
(b) Tape Speed Deviation: +0.35 percent maximum
(¢) Start Time: 5 seconds or less at 60 ips or 30 ips
3 seconds or less at 15 ips or 7 1/2 ips
1.5 seconds or less at 3 3/4 ips or 1 7/8 ips
(d) Stop Time: Maximum of 2.0 seconds
(2) Direct Record/Reproduce System

(a) Frequency Response and RMS Signal-to-Noise Ratio:

RMS Signal to RMS Noise

Bypass Unfiltered
Tape speed Bandwidth filtered wideband
(ips) (cps) (av) (db)
60 300 to 250,000 + 3 db 30 25
30 200 to 125,00C + 3 db 30 2}
1 200 to 60,000 + 3 db 30 23
T 1/2 200 to 25,000 + 3 db 28 21
3 3/b 200 to 12,500 + 3 db 28 19
17/8 200 to 6,250 + 3 db 28 19

(b) Input Consumption: Approximately 1375 recording level;
operable from 0.7 to 10.0 volts rms.

() Input Impedance: Minimum 18,090 ohms resistive, in
parallel with 275 micromicrofarads, unbalanced to ground.

(d) Output Level: 1.0 volt rms nominal across & 10,000 ohms

or greater impedance.
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{e) Output Impedance: Less than 100 ohms.
(£} Control Track Generator: Subcarrier frequency 17 ke or

18.2h xc. Modulating frequency 60 eps +0.02 percent. Modulation 50 percent
+5 percent.

(3) Power Reguirements
{a) Voltage: 105 to 125 volts, single phase, 48 to 62 cps or
380 to 420 cps AC; or 210 to 250 volts, single phase, U8 to 62 cps or 380
to 420 cps AC; or 26 to 30 volts DO, ripple 2 volte pesk~to-peak maximum,

(b) Pover Consumption: Approximately 375 watts for a 1k
track system. )

(k) Environment

(a) Temperature: Operating +LQ°F to +125°F. Storage non-
operating -20°F to 160°F.
(b) Altitude: Operating 10,000 feet; nonoperating 20,000 feet.

(¢) Relative Humidity: Up to 95 percent without condansation
space.

b. Mske: Consclidated Electrodynsanmics
Model: PR~-3300

Consolidated Electrodynamics Corporation
360 Sierra Madre Villa, Pasadena, Calif

List of Characteristics:
(1) Transport
(a) Tape Speeds: Six standard speeds in 3 pairs (60, 30 ips;
15, 7 1/2 ips; and 3 3/4, 1 7/8 ips)
' (b) Tape Speed Accuracy: +0.25 percent

(c) Start Time: Less than 3 seconds at a apeed of 60 ips and
2 seconds at lower speeds,

(d) Stop Time: Less than 2 seconds at 60 ips and 1 second at
all other capstan controlled speeds.
(2) Direct Record and Reproduce System
(a) Frequency Response and Signal-to-Noise Ratio:

Tape Speed 60 30 15 T 1/2 33/ 1°7/8
(ips)
Bandwidth 300 cps 200 cps i00 cps 100 cps 100 cps 100 cps
measured to to to to to to
100 ke 50 ke 25 ke 12.5 ke 6.25 ke 3.125 ke
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Frequency *3 db +3 db 43 db +3 db r3 db +3 db
response

ref to 1 ke )
S-N~-R(RMS) -35 db ~35 db ~35 db -35 db -35 db -35 db
300 eps to

band edge

(v} Input Level: 1 volt rms nominal (0 db) to produce normal
recording level.

{c¢) Input Semsitivity: 0.25 toc 10 volts rms.

(d) Input Impedance: 20k ohms, unbalanced to ground.

{e} Output Level: 1 volt rms nominal {G db)} across a 600-ohm
load impedance.

(£) Output Impedance: Less than 100 ohms in series with 25 mf
unbalanced te ground.

(g) Distortion: 1 percent 3rd harmonic distortion of a one ke
signal and less than 0.6 percent intermodulation distortion when recording

and reproducing st normal record level (0 db) at 60 ips.

2. Timing Control System

a. Make: Hyperion
Model: Hi-140-12-S

Hyperion Industries, Inc.
Watertown, Mass

List of Characteristics
(1) WWV Synchronize: Automatically synchronizes time code genersator
with WWV with accuracy of 1 msec.
(2) Decimal time-of-day display; continuous decimal in-line display
synchronized with output time codes. Time of day displayed in hours,
minuteé, seconds, tenths of seconds.
(3) Time Base: Internal 1 mc crystal controlled oscillator with
stability of five parts in 109 per day.
(4) Serial Time Code Outputs:
(a) IRIG-A
(v) IRIG-B

(5) Serial Modulated Time Code Output:
0 to 5 volts P-P into 1 k
IRIG Modulated into 100 kc carrier
IRIG Modulated into 1 ke carrier
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{6) DC Level Shift Output: DC level shift code output is 0 to -6
volts P~P into 1 k ohm., Rise time 2 microseconds.

(7) Power Requirements: 105 to 125 V, 60 to LL0O cps.

(8) Operating Environment: -25°C to +55°C in 95 percent humidity.

3. Signal Conditioning Equipment

a. Msake: Consolidated Electrodynasmics Corporation
Model: CEC System D (Type 1-113B Carrier Amplifier) o

Consoplidated Electrodynamics Corp., Data Recorders Divis:cn
360 Sierrs Madre Villa, Pasadena, Calif

List of Characteristics:

(1) Full Scale Output: +5 ma into a 26-ohm load.

(2) Sensitivity: Input signal for maximum output, 1 mv with no
attenuation, 1 volt maximum with full attenuation.

(3) 1Input Impedance: Approximately 1,800 ohms.

(4) Input Attenuator: 1 to 1,000 in 20 steps.

(5) Bridge Balance System: Will accommodate four external bridge
arms composed of wire strain gages or other resistance elements or two-arm
variable-reluctance transducers suitable for use at 3 kec.

(6) Linesrity: Output current proportional to input voltage within
2 percent of maximum output.

(7) Frequency Response: Galvanometer trace amplituds constant
(+2 percent) for modulating frequencies from 0 to 600 pes.

b. Make: Allegany
Model: Sensor Analogue Module (SAM-1)

Allegany Insirument Company, Division of Textron Electronics, Inc.
1091 Wills Mountain, Cumberland, Maryland -

List of Characteristics:

(1) Gain Range: 100 to 2,000,ccontinuous with vernier

(2) Amplifier Balance Control Range: +100 microvolts referred to
the input.

(3) Balance Range: +10 percent of scale standards.

(4) Linearity: 0.02 percent of full scale at DC.

(5) Frequency Response: DC to 40 kc. Down 3 3» at 4O ke with
vernier fully counterclockwise.

(6) Noise: T microvolts rms, DC to 40 kc. Two microvolts peak-to-
peak, DC to 3 cps.
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(7) Drift: 0.3 microvolt/°F referred to input.

(8) Output Impedance: Less than 0.1 ohm at DC.

(9) Output Voltage: 10 volts DC or pesk AC to 20 ke.
(10) Output Current: 100 me DC.
(11) Common Mode Rejection: 90 db at 60 cps.

L, Air Pressure Cage

8. Make: HNorwood
Model: 111 Bonded Strain Gage Pressure Transducer

Advanced Technology Laboratories, A Division of American-Standard
360 Whisman Road, Mountain View, Calif

List of Characteristics:
(1) Nonlinearity: Better than 0.5 percent of F.S. by terminal
method or 0.25 percent by best straight line through zerc method.
(2) Hysteresis: Better than 0.5 percent of F.S.
(3) Repeatability: Better than 0.1 percent of F.S.
(4} Resolution: Infinite.
(5} Acceleration Effect: Less than 0.1 percent F.S. per g in all
planes,
(6) Vibration Effect: Insensitive from 50 to 2,000 cps to 100 g
in 3 planes.
(7) Zero Pressure Output: Less than +2 percent of F.S. st rated
excitation.
(8) Resonant Frequency: Approximately 45,000 cps.
(9) Frequency Response: Flat within + db from 0 to 20,000 cps.
(10) Pressure Limit: 150 percent of F.S. for static pressure (125
percent for 100 psi range). Full scale for dynamic pressures,
(11) Recommended Excitation: 10 volts DC or AC, 17 volts maximum.
(12) Electrical Output: 3.5 mv/v +20 percent for -34 bridge, 3.0
mv/v +2 percent for -35 and -36 bridge.
b. Make: Scheavitz-Bytrex
Model: HFG-2000

Bytrex Corpcration, Kulite-Bytrex Corporation
50 Hunt Svic2t, Newton, Mass

List of Characteristics:
(1) Output Signal: 100 mv F.S. minimum.
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(2) Output Impedance: 1,300 chms at 80°F, increases approximately
0.015 percent/°F.

(3) Input Impedance: 5C0 chms at 80°FP, increases approximately
0.06 percent/°§.

(4) Excitation: 20 volts DC or AC rms.

{(5) Natural Frequency: 100 ke,

(6) Shock: Will Withstand more them 2,500 g on all axes.

(7T) Acceleration Sensitivity: 0.002 percent per g.

(8) Operating Temperature Range: -65 to +300°F.

(9) DNonlinearity and Hysteresis: Less than 1 percent, combined.

(10) Maximum Allowable Pressure: 150 percent of range without damage ,
200 percent of range without rupture.
(11) Mesasuring Range: 0O to 2,000.

5. Accelerometers

a. Make: Statham
Model: A69TC-350

Statham Instruments, Inec,
12h01 West Olympic Blvd, Los Angeles, Calif

List of Characteristics:

(1) Acceleration Range: +100 g to +500 g.

(2) Bridge Resistance: 350 ohnms,

(3) Excitstion: 5 volts DC or AC rms.

(4) Full Scale Output: Approximately +20 mv.

g (5) Operating Temperature Range: -4O°F to +200°F.

: (6) Direction of Sensitivity: Perpendicular to base.
(7) Overload: Three times rated range.

B s , SRR BT B D B S,
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(8) Transverse Acceleratiocn Response: Less than 0.02 g/g for
transverse acceierations up to rated range.

(9) Nonlinearity und Hysteresis: Less than +1 parcent of F.S.
output.,

(10) Natural Frequency: Approximately 2,000 cps.

6. Soil Pressure Gages

a. Make: Lynch
Model: Developed and fabricated in Air Force Weapons Laboratory

i72
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List of Characteristics:

(1) Frequency Response: Greater than 100 kec.
(2) Renge: O to greater than 2,000 psi.

7. Velocity Gage

a. Make: Saendia Corporation
Mocdel: DX-B, variasble reluctance type

List of Characteristics:

(1) Frequency Respanse: 0.02 to 400 opsa.

(2) Maximum Range: 100 fps.
(3) Excitaticn: L volts rms.

8, Time-of-Arrival Systenm

100-channel digital display actuated by omnidirectional inertia switches.
read out on 16-mm film run at 1,000 fps. Supplies & three-dimensional

analog of energy transmission in soil.

9. Long~Span Strain Gage

a., Make: Developed and fabricated in Air Force Weapons Laboratory

Model: Helical potentiometar type
List of Characteristica:
(1) Frequency Response: 12 cps.
(2) Rise Time: 21 msec.
(3) Range: ‘Jp to 100-ft length.
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FREE-FIELD GROUND MOTION RECORDS

R NS

FE R oot o T

187

R

1

ot o <yt A~



ANl TR-DD=£0, YOL &

e e v ] e i o

& habaadm

B I R U DR EIPORIY T PRSP R SV LT s S

o S Ty B

PRI

This page intentionally left blank.

PTTENUNAT 3" T S WRNLY AP SOWETIRERI LR

188

e R O T A 8




..,,,,.,...ﬁf\iﬂ.‘,".!%n.s_.‘.:.”.,s...e.q,i,....Rq,ééggggﬁwﬁmﬁ%@%%i a...e:,».»%iw?.vﬁ,.:mns{?«4. S e e TOTRIRD S . ey 3 s a0 i, QT S TSR e oA e %Ynelt‘ﬁ
©
1 11 T 17 1 LR 17 11 V1 171 P ¥ 1 [
fone -1 ]
P ] i
. - 8 |
ord
g
- - 3 :
" . L ”
4 |
(Y i
— -y .
] !
- - g |
o - i
0 u S
o e L)
o " ~
. A - W Aﬂﬂv —~ I
N =
- - et 4
- - o
o [3)
—r o4
R S ,J < .n
” Q
— \ -

30
Figure C-1.

- T -
ﬁr l\l\l‘\\-\l\ . -
SNSRI -
- QYVYMNMCT -
1 1 1 111 | .. NI T W | 111 | N A Q
~N
[w] O O Q O O O
AR NS AU S B

¥
$,0'NOLLYH33DDV



g S i dretiane. S aSRhRlI b A0 ot v s Gy g e (N AP 1 A i 18 il bt s+ B0 e e RF RO PR [P

T 17 L L A | T 11 T T T 1 e
o b
j-' el
= o
R C [1]
br B
- . - ”
- Q e =
LY
. > - Y
o - 4
- ey o,
W o 5
R z 1° ¢ 2
— - Q
- o - € T
< 4w 2
~ z e
T‘I - il T ‘m
o
+ £
aand ey %
mid and]
o g ﬁ-
} 1l_ﬁ“\\|ll||x p
. O )
m - e .l.-..\.....-v.l.\.l\lll - ad
% \
. F P t——t -
0 . GHVYMNMOC .
w_, [ | L 11 L.t 1 1 L1 1 1 m
,mv O 4] < 7 w
m { ) f i
m 208/1)'ALIDONIA

B e T N U

130



AFWL, TR-65-26, Vol I
3T T T T ™ | -
w 20 30 0 f 50 60
= 0 i
.4 ]
9 \--_
"_i 12A-50
@
[VE)
-
Sos
Q- 7
< |8
<{
E 3
z
E
8
TSR e T N ! B Ll 1.1 i 11
TIME, ,msec
Figure C-3. Vertical Acceleration versus Time
HEerTTrTTT T T T ™17
¢ 20 30 0 50 60
} o g~
> \
e
Q
o
-l
tal
>
-1
o o~
[+ 4
:
> 12ZA-SC (INTEGRATED)
:
o
Q
Y Nl Tl T T T Y Ll 11 | i i
TIME msec
Figure C-4. Vertical Velocity versus Time

191

<

1Y

%
é




]

S sy B s K o B

EE s e e
e E N

AFL TR-65-26, Vol I

ACCELERATION,g's

VELOCITY,ft/sec

A o 4t maram s e ————

W MEARGESTA L L e se.

R

Or1T—rTT T T T T T 11 T 11 | S
» /\ -
- \ -
o / “ -
- L 4
- 2 \ 4

«

= ; \,-
pap ; —
.. © -

-2 M Ll 11 L i1 L1 v L1
20 30 40 50 60 70

TIME msec
Figure C-5. Vertical Acceleraticn versus Time

orrrrTT T T T T T TTT T T
=3 —
. \ -

-05
o o~
ad 2 sy

- 2 12A-70 (INTEGRATED) 7
— ’ —y
= g -

-1.0 L 11 [ I | L i1 L1
20 30 40 5C 60 70

TIME,msec
Figure C-6. Vertical Velocity versus Time

192

e et < amt s AR ALY A o e e 25 e e«

N



et o SRR

R Nt ¢ ot gt 2 s e
2i B P 1 0D 0 e SRS o, <ot TH AR

SN S

AFWL TR-65-26, Vol I

+20 11T N S ™T 17 ™7 11 T T I N . '
[— et
- -
+i0
- -
020 30 40 50 60 70 80
— —
-10 :
- o - :
"o | < . :
z - z I9A-75 B
o g
5 o8 |
ax —-20 {
= - - 1
w 3
s I - Bl
-30
n ] i
;
— ] !
~40 '
~ = i
B h i
-50
— ad- i
60 bl 1| L1l BN AN EE NS B A Li 11 L 11 i
TIME, msec i
?
Figure C~T7. Verticael Acceleration versus Time :
193




E

IR AT

SR AT S Gt AvTmrr s s e s

e,

AFWL TR-65-26, Vol I

R e e T L

1 R LR [ | R
-
o |
. = -
v % I9A-TS (INTEGRATED)
2 r: i
s L8 -
i -2
u -
o oayl
-l
@ P -
> - -
-3
-4 ] | SO W S | J1. 1.1 L1 1.1 I |

Figure C-8.

S0

Vertical Velocity versus Time

194

60
TIME, msec

P




AFWL TR~65-26, Vol I

195

ST T T T T LA LA A
- -
o 20 30 40 /\so 60 k; o]
- 0
< \f\ ]
e r \ -
= - Vi -
3
e t v -
po -
i - -
O-5
< o .
g .
2 21A-70
— 3 7
D
o “‘D . e
-0 Por 1.1 L.l 1 1 4 1 | | + 1.4 1 i1
TIME ,msec
Figure C-9, Vertical Acceleration versus Time
O 11T N I T T T T1 ™1 T T
b il
g [ -
g r .
= =1
o - B
S z 21A-70 (INTEGRATED)
P-'; —
- 8 .
P ST N | I | 14 1 1
20 30 40 S0 60 70
TIME ,msec
Figure C-10. Vertical Velocity versus Time




AFWL TR-65-26, Vol I

+3 1 ™7 T T T T T T
- -1
© - 300 400 300 ﬁ;o
¢ 0
= o -
)—’ - ey
o
3] o .=
% o -
> -3
e -
<
.
: 12v=20
I—’ —
-6 04T | 1 1. 1.1 | S N . | | 1 T | SN W 1 1
TIME msec
Figure C-11. Vertical Velocity versus Time
Py bt U R LR LR R ] LR R ! | I
+3
s [ 3
P’
z - -
w
2 9 100 200 300 400 500 600
v O
< n -
4
% | -
a - 12v-20 (INTEGRATED) B
- o
-3 \
Q
L-; LT T X X _ - -
-§ —
8 -
g bd—l 11 [ L1 1 1 Lt i Ll J.l L
TIME ,msec

P e ST

Vertical DPisplacement versus Time

196

R R e e S R e T

V

R A L S R

G

e rw———w— ————— - -



AFWL TR-65-26, Vol 1

3 T T T ™ TrTTTTTT T TTTT

BASE L'lNE SHIFT | ‘
30 _[ 400 . 5Q0

ror-T

© 0
o
$ N -
)" oo
: —
o
1 -
23— - I
K 12v-40 T
" 8 ] ®i
-6 i I O RS S TN S TN N S O N O I T g,
TIME,msec ' '
Figure C-13. Vertical Velocity versus Time
TIME, msec
g 0 00 200 300 400 - %00
e 0 ' | :
z _ ] 3
W . i
¥ L 12V -40 (INTEGRATED) B i
q X ,
R : -
® -3 _ — —— '
e L& - :
z : |
-—-Q L - N
P TR I [ | 14 1.1 B W O TR :
Figure C-14. Vertical Displacement versus Time
"197




+3 T T T ™rT1 ™ T T T T 71T
P
_, & 100 200 300 400
, o
: a
5% :: - -
: >
3 B t: = w—
% o
- @-3
;. € .
; -
- g 12v~80
. -3 -
—o o
-6 f¥Y§ t ¢ | SO R IO | N N | S I N | f 1 1 i
TIME msec
B Figure C-15. Verticel Velocity versus Time
{
i TIME ,msec
: . O 100 200 300 400 500
£ 0
o § Fgr 0\ :
! . o
g : 2 12v~80 (INTEGRATED! B
- 3 ]
3 a2 e
E -3
1 a - 4
- s SN G E G SN NS G SmEs =)
P T T Y I A NSNS
Figure C-16. Vertical Displacement versus Time
|
{
| f; 198
i




e % e e e v e e s e e it v b

B R e R

199

Vertoca; Velocity versus Time

- Figure C-17.

o ,
- S0 I N N N A N N A N N I N A D B B T T S B R N A S
. | B
.=
o —
3
/ -
/
o /
8 /
: \\ -
€ m - '
w T / >
= a N
-
™ /
ta
< /
4
e /
= 7 B
\ -
/
| ———— -
f\ QYVYMNMOT - §
0-4~ e 4k v o e 4 1o 1 8 11111t | N O O N
° 7 ° T ¥ o 2 ¥
! ’ i

293/43°AL100T3A




e e e b O Yt

TS M it AR AR o N oA Tl S TADOOS i suAr R 1o

3 ’ i

%00

400
LR ]

i

300

1

TIME msec
T 17

21v-1 UNTEGRATED)

200
1

1

100

' ININIIVI4SIO

e

Bt

et

L b

T 1 i1
) 4 |
g \
0
= a
it
- ]
-9
- »
~ s
g
B @
~4
- &
o (o]
n S
_ «
- 3
(4]
owd
> P ,
\ %
- ©
-4
- L
(&)
§ b
t
- &
QUYMNMOQ -
| A N I | ] 4
0 @ e
3 t !
e T e e as{5.....}{{::a.,iézgssf.ﬁ@?.«,i;%.&s;tr,.z.fﬁf?&




VELOCITY, ft/sec
1
n

{
"]

TIME, msec

100 200 300

400

i

-N~

Pt

i1

= v

]

[BASE LINE SHIFT

2iv-20

1

~DOWNWARD

e

<

...
=
=
-
-
-
-
e

i

Figure 19.

201

Vertical Velocity versus Time

2

W -

R P A O

[ RATPR

Sl

A

[ U



AFWL TR-65-26, Vol I

T

o v

m TIME, msgc

s Q 00 200 300 400 300 600

. O -1 T T =TT T T T ™ T T

i - .

-3

i v F N

- T -

{ 2 ¢

8T :

+ & |3 21V-20 (INTEGRATED)

f o = I

: - ~ \/ -\\ ]
- . aand
= -

L§ 11 Ll L1 L]t Ll Ll

Figure C-20. Vertical Displacement versus Time

202




AFWL TR-65-26, Vol 1

T I S XY

S R S SR e e T e

+3 ™1 T T T T T T T T
o oo“ 100 20& 300 400 500
“ .
'g | \_ 4»/’-' B
’- d i
t: . v
o
o i —
o
-3
b O I / o
| S _
u—; —
o
-.Q -
-6 | S - L1t 1 1 J 1 1 1] Ll i b | O |
TIME msec
Figure C-21. Vertical Velocity versus Time
T...E,msec
0 100 200 300 400 500
O T I T B T T T
= L 21V -40 (INTEGRATED} ]
= \ ' i
z —
z -3
w o P
< C 4 I \/ _
P - ; w— e i
a F 4
L ~ ¥
D) 3
-6 i1 11 | N O T | L 1 1 1 [ . | .1 1 1
Figure C-22. Vertical Displacement versus Time
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