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ABSTRACT

Im pact tes ts  w e r e  p e r f o rmed to i n v e s t i gate s u r v i v a b i l i t y  of

proposed BMD s t r u c t u r a l  m a t e r i a l s  to fa l lout d e b r i s  f r o m  a

n u c l e a r  s u r f a c e  b u r s t . The mate  r i a l s  eva lua ted  i n c l u d e d :

A. 1 . 0 - i n , t h i ck  606 1-T65 1 a l u m i n u m

B . 2 . 5 - i n , t h i c k  e p o x y  f i b e r  g l a s s

C, 0 . 5 - i n , t h i ck  T - 1  s tee l

D. 2 4 - i n ,  th ick  c o n c r e t e

A sp e c i a l l y des i gned powder  gun was u t i l i z e d  to p r o j e c t  sands tone

m i s s i l e s  wei ghing 10- , 25- , and 5 0 - l b  each at the spec i f i ed  tar-

gets . The impact  ve loc i ty  fo r  the  10- and 2 5 - l b  p r o j ec t i l e s  was

n o m i n a l ly 300 fps and the 50- lb  p r o j e c t i l e s  impacted  at ve loc i t i e s

n e a r , hut exceeding,  200 f ps . The damage i n c u r r e d  in the t a r g e t s

as r e s u l t  of impact  was  neg li g ib le .

Thinne r p lates (0 . 375- and 0 . 2 5 - i n ,  t h i c k )  of T- I s teel  and mild

steel  w e r e  impacted to de t e rmine  the p e n e tr a t i n g  c a p a b i l i t y  of a

50- lb  sands tone  cube. Both 0. 2 5 - i n , t h i c k  p lates w e re  p e n e t r a t e d

whi le  the 0 . 375- in,  th ick  p lates w e r e  onl y dented.  A f i b e r  g la s s

panel 0. 94 - in ,  thick was also p en e t r a ted  by the  5 0 - l b  p r oj e c t i l e .

These t es t s  indicate that  sands tone  d e b r i s  in t hese  s i z e s  is a

m i n i m a l  t h r e a t  to BMD s t r u c t u r e s  a l t h o u g h s t r o n g e r  m a t e r i a l  s u c h

as g r a n i t e has  shown cons ide rab ly mor e  p e n e t r a t i o n  c a p a b i l i t y  in

p r e v i o us  tes ts  at MDAC . It is a l so  ap p a r e n t  that  p r e v i o u s l y

e st ab l i  shed pr e d i c t i v e  data f o r  g r a n i te  would not app ly t’o r m a te  -

r i a l s  wi th  less  s t ren g t h  tha n g r a n i t e  such  as s a n d s t o ne .
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FOREWORD

The work described in this report  was perfo r med under cont rac t

DACA 3 9-7 2 - C - 0 015 , Resea rch  Study of Ejecta Impact Pa ramete r s ,
dated 30 June 1972 , between the U. S. Army Eng ineer Wate rways

Experiment Station (WES) ,  V i c k s b u r g ,  Miss iss ippi , and McDonnell

Douglas As t ronau t ics  Company (MDAC),  Hunt ington Beach , Cal i forn ia .

The r e sea rch  was sponsored b y the Direc tora te  of Mili tary Construc-

t ion,  Office , Chief of Eng ineers.

This report  descr ibes  a se r ies  of e jecta  impact t e s t s  conducted by
MDAC us ing  thei r  ejecta cannon. The r e s e a r c h  was conducted under

the supervision of Mr. Glen L. Roark , P rogram Manager , with Mr.

Bruce L. Cooper as the Princi pal Invest iga tor .

The contract was monitored by Mr. J. W. Meyer of the Weapons E f f ec t s

Laboratory (WEL)  unde r the general  supervis ion  of Mr .  L. F. Ingram ,

Chief of the Phenomenology and E f f e c t s  Division , and Mr.  W. J. Flathau ,
Chief of WEL.  Con t rac t ing  Off ice r  was BG E. D. Peixotto.
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Section 1

INTRODUCTION

Dur ing recent ABM studies it became apparent that prediction of damage to

the phased a r r a y  radar and associated s t ruc ture, resul t ing f r o m  the impact

of fallout debris from a nuclear surface burst, was uncertain. There are

different theories of rock distribution and fallout, but r ega rd l e s s  of the rock

distribution, given a rock and an impact angle and velocity, there is no

empirical data or theoretical approach that adequately predicts damage with

a feeling of certainty. Effects of interaction of parameters such as rock

shape. composition, impact angle, breakup, target stiffness, etc., are not

well understood at this time, especially in this low projectile velocity

reg ime.

As a result, an in-house research  project was undertaken by McDonnell Doug las

Astronautics Company (MDAC ) in which a propellant powered roc k projec tor

(Figures 1 and 2) was designed and built. This cannon is capable of project-

ing rocks of any shape against targets  at velocities simulating the maximum

terminal  velocities of rocks f ree- fa l l ing  in the atmosphere.  Dur ing thi s

research project , 5- and 10-lb grani te  cy l inders  were f i r ed  at steel p late s

varying in thickness from 0.188 in. to 2.0 in. High- speed photography was

used to provide details of rock-target interaction.

A number of interesting effects were observed during this test per iod , some

of wh ich ar e lis ted below:

A. Although the rock velocity is approximately 300 fps , the initial

impact sidespray is a fine dust cloud with a velocity of approxi-

mately 1,400 fps . This dust cloud spray moves out lateral ly from

the impact point and hugs the surface of the plate.

B. The rocks striking the 2-in, plate f ragment  into sharp p ieces which

have an average fragment velocity (parallel to the steel  p late) of

approximately 150 to 200 fps .

--  - - - .~~~- -~~~~~- --~~~~~--- -- .— ---~ —--~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 
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C. The rock f ragments  do not rebound at ang les from the steel p l ate

but follow a path almost para l le l  to the p late.

D. There is a correlat ion of f r agmen t  sizes and ini t ial  rock size; i. e. ,

the larger  the rock , the lar g er the si ze of i ts pri ncipal f ragments .

E. There is a geometry effect  on impact damage and p ene t r a t i on  of

th inner  p lates. Rock-cy l inde r s  hi t t ing on an ed ge cut throug h a

p late while s imilar  rocks h i tt ing  e n d - o n  onl y dented the same

plate.

F . On the th inner  plates , the rocks  were  essent ia l ly undam aged

regardless  of whether they penetrated the target  or were  stopped

by the target .  Except for  minor  ed ge chipp ing,  there was no

fr acture or cracking of the rock. Thi s indicates that , at some

th ickness  or compliance, there  wil l  be a t r a n s i t i o n  reg ion where

the rock will b reak  up and the hig h velocity s idespray wil l  be

formed.

G. Even thoug h the rock veloci ty  is very low , the li mited test data

cor responded  very  well with the empir ica l ly der ived  equation fo r

small par t ic les ;  i. e .,  project i le  diameter much g rea ter  than the

p late th ickness, str iking thin p lates at extremely hi gh veloci t ies .  *

These exper iments  demonstra ted that there was a def in i te  need for  f u r t h e r

exper iments  to inc rease  the unders tand in g  of the low-speed  imp act ph e n o m e n a,

thereby preci pitating this  exper imental  stu dy with the Corps  of Eng i n e e r s ,

Wate rways Experiment  Station (WES) , Vicksburg ,  M issis sipp i. This stud y

w as pe r fo rm ed in two phases.  Phase I was a study in which a deta i led p l an -

nin g of impact experiments  was coordinated with r ep re sen ta t ives  of the Off ice

of the Corps  of Eng in eers (OC E) , Huntsvi l le  Eng ineer  Division (HND) , WE S ,

and MDAC. Phase II was the experimental  phase of the stud y where  the tes t s

were  conducted in accordance with the test p lan as formulated in Phase I.

This experimental effor t  included a diagnostic test series and a parameter-

var ia t ion  tes t series.

I~NASA SP-8042 , Meteor o id  Damag e A s s e s s : no nt , N A S A Spa ce  V e h i c l e
Desi gn Cr i t e r i a  (Str uc ture) , 1970 .

4
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Section 2

PHASE I - PLANNING

The first portion of this study involved a j o in t  effor t  with WES, OCE, HND,

and MDAC pe r sonne l in developing a detailed pla n for  the impact experiments .
In this effor t , determinat ion was made of such items as projec t i le  size ,
g eomet ry, material, velocity, impact an g le , and targ et desc r iption.

The p r imary  objective of the study was to determine the effects  of ejecta
f ragment  impacts  on advanced bal l is t ic  missi le  defense  (BMD) s t ructura l
mate r i a l s ;  therefore, four typ ical ta rge t  ma te r i a l s  were selected:  (1) T - l

steel , (2) epoxy f iber  g lass  ( Synthane GEC 500 , Type GEE , MIL-P -1 8 177C) ,
(3) re inforced concrete as specified in Figure  3, and (4) 6051-T651 aluminum.
All t a rge t s  were  4.0- by 4.0-foot square , secured around all four sides such
th at local f ai lure may occ ur, rather than f lexural  or bending f ai lure  along the

mo unted edges. The target  thickness for the initial tests  was selected as the
mini mum thickness  for the specific BMD structural  material  or potential
s t ruc tura l  material.

The project i les  used for this stu dy were n a t u r a l  mater ia ls  with pro per t i e s
similar to rock types located at actual miss i le  sites. Propert ies  of the test
material s are available at WES. The project i les  were cubical or near  cubes ,
so that impacts on a sharp ed ge might be obtained , th ereb y simulat ing the
wors t  case wi th respect to ta rge t  vulnerabi l i ty .  Cons idera t ion  was also g iven

to f i r ing  blunt -nose  project i les  as part  of the p a r a m e t e r - v a r i a t i o n  tes t  se r ies ,
but this later proved to be unnecessa ry .  The pr inc i pal p ro j ec t ile wei ght
was app roxi m atel y 50 lb , however, dur ing the d iagnostic tests of the a luminum
and f iber  g l ass ta r g ets , 10-lb and .i5-lb p ro j ec t i l e s  w e r e  used in i t i a l l y on the

assumption that the smaller p ro jec t i l e  mi g ht pen etrate these ma te r i a l s .  If
t h e y  d idn ’t , th e p roj ect i le  wei ght would then be i n c r e a s e d  unt i l  the maximum
pr o j ec t i l e - w e i ght capabi l i ty  ( approximate ly ~0 lb at 350 fps) was  reac hed or
t a r~.:et fa i lure  occor  red.  The impac t  v e l o c i t i e s  se le -t e d  were to be the calculated5
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ALL DIMENSIONS ARE IN FEET

Figure 3. Concrete Target Specifications
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terminal velocity for free falling rocks ejected by a nuclear surface burst.

These velocities are nominally 275 fps for 10-lb rocks, 325 fps for 2 5-lb

rocks , and 375 fps for 50-lb rocks . During the diagnostic tests , it was neces-
sa ry t o mod if y this plan as discussed in Section 3. 1.

The results of the diagnostic test series were  used to determine the parameter-
variation test series. These tests will be discussed in Section 3.2.

Data collection during these tests were to include velocity measurements

obt ained f rom high- speed photography, visual inspect ion and photographs
of targets, and co llection of projecti le f ragments .

7
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Section 3

PHASE II - EXPERIMENTAL STUDY

3.1 DIAGNOSTIC TEST SERIES

The diagnostic test series was designed to answer the following questions with
a minimum number of trials:

A. The resis tance of 1.0-in, thick 606 1-T651 aluminum to edge-on
impacts normal to the target  surface.

B. The survivabili ty of 2.5-in,  thick f iber  g lass to projecti les striking
edge-on and normal to the target, thu s determining the suitability
of fiber g lass as a material for BMD structures.

C. The survivability of 0. 5-in, thick T- l  steel to the la rges t  projec t i le

weig ht (50 ib) striking edge-on and normal to the plate.

D. The effects of the 50-lb projectile striking ed ge-on and normal to
the 24-in,  thick concrete target.

All of the test plates, except for the concrete target, were  clamped to a lar g e

steel f rame made from 8-in. I-beam to ensure maximum rig idity. The I-beam
framed the test sample on the back side , leaving a 30.0- x 30.0-in, square
f ree  space on the target that would allow projectile penetration of the target
without in terference from the framework.

Velocity data were obtained by utilizing hi gh-speed cameras ( approximately
2 ,500 f rames/second)  located normal to the projectile fli ght path. Two
stanchions were located along the flig ht path to measure  di s t ance  t r ave l l ed

in a given time period. These dat a were backed up by util izing an elec t r ical

• break circuit to start and stop an electronic counter as the p rojectile passed
through pre-posi t ioned stations. P ressure - t ime  his tor ies  in the gun were

also recorded to monitor repeatability and to ensure  that in t e rna l  pr essures

were  no t exceeding gun limitations . Some d i f f e rences  were  noted in the
velocity measurements  between the th ree  systems, bu t they were  g e n e r a l l y
less than 10 percent. The velocities indicated in the presented tes t  data were

9
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obtained from the high-speed film, since this appeared to be the more reliable

method. A high-speed camera was also located approximately 10 degrees off
the flight path to observe the target response to impact, as well as to observe
projectile breakup and the spray velocity. This camera was operated at

approximately 6,000 frames/second. All of the test films are available at
WES.

The sandstone projectiles utilized for these tests were obtained from a quarry
in Ash Fork , Arizona.  The f i r s t  p ro jec t i l e  ma te r i a l s  obtained were sandstone
slabs that could only be made into 10- and 25-lb projectiles . These pro-
jec tiles resembled roug h parallelepipeds r a the r  than cubes , al thoug h they
were acceptable for test. The stones for 50-lb projectiles came at a later

date and were cut into perfect cubes.

Previous tests at MDAC had been with grani te  project i les  and no d i f f i cu l t y
had been encountered in launching; howeve r , the sandstone mate r ia l  does not
have the s t rength inhe rent in granite.  This caused proble ms in at tempting to
laun ch th e sand st one projec t i les ; th e r e f o r e , many of the ea r l y shots were
not considered good tes ts .  In order  to keep the pro jec t i l es  intact , it was

necessa ry  to lowe r the f i r ing velocity.  This modificat ion was acceptable to
WES p ersonne l, since their observation f rom previou s cra ter ing  tests
indic ated that fallout velocity was somewhere near 200 fps. This was selected
as the minimum impact velocity.

The results  of all of the diagnostic test f i r ings  are presented  in Table 1. Onl y
the f i r ings  considered as producing accep table impact data points will  be
discus sed in this text.

~. 1. 1 Impact Tests on Aluminum
Test No. 3 was the f irst  test on aluminum in which the project i le  impacted the
target intact. The 10-lb projecti le measured 4.0 x 4.8 x 7.0 in. and was
launched with the long axis parallel  to the fl i ght path. Impact veloci ty of the
project i le  was 298 fps. U pon impact the projec t i le  broke  up into severa l  smal l

p ieces with the largest  pieces appr oximating 2 - in .  cubes .  The breakup velocity

10 
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or  - i l C I e s p r a y  \¼’ as t r o l l  ~0() to 400 f ps. Th i s  cons i s t ed  of v er y  f ine  p a r t i c l t .~~
ho l. t  r g i - r pa r t i c  I i ’s had i - c t  s ide ra l ) l y l o wer  v e l o c i ty .  The a l u m i n u m  t a r g e t

~¼ .tS Ut lda m age( l .

For l e s t  No . 4 , a 2~~- lb  p r o j e c t i l e  4.5 x 6.5 x -).0 in. was fired at the a l u m i n u m

t a r g e t  s im i l a r  to t he method used in  Test  No . 3. A smal l  por t ion  of the projec-
t i l 4  h i-ok c • f t  du r i r i g l aunch  but , j ud g i ri g f rom the photog rap hic data , it appears
¶ 1 1 , , !  t~~I m t I or  t a r t i c l e  wei g hed ap pr ox imate l y 20 lb. The s m a l l e r  p iece  hi t

~ltL * t l \  h e t c r i -  the  l a r g e r  p iece. Im pact  ve loc i t y  was ~~7 f ps , wit h a sm all
Ii h - sl lt ’s p r a v  v e l o c i t y of about .~00 f ps. No local  damage to the p late was

- I t ’ i - I ~t ( I  - l i t  th e  p 1 i t o  wa s  bowed 0.1 3 in.  This  was measu red  b y p lac ing  a
1 • ~i’ ed ge a c r o s s  t l i t - 4 8 — i n ,  p late and measu r ing  total  def lec t ion .

No . I . ’ c o r i s i s t e t l  of a 5 0 - l b  cube , 8. 5 x 8.5 x 8.5 in. , impac t ing  the t a rge t

t h e  p r i e c t i l e  re m ained i n t a c t  d u r i n g  launc h but  broke  into severa l
I r g e  p ie l  i - s  upon i r i l pac t ing  the ta rget .  The l a rges t  p iece wei g hed about  20 lb.

I he t a r g e t  i n c u r r e d  minor  damage. Total  p late d e f l e c t i o n  was 1.5 in. , w i th  a

() .~~~- i t i .  deep d en t  noted at the impact  point .  The dent  at the impact  p oin t  was
m ea s u r e d  b y p lac ing  a 15 .0 - in ,  s t raig ht ed ge d iagonal ly ac ros s  the s q u a r e

“ t oot j)rlI)t ’ and m e a su r ing  maximum depth. As may be seen  in Fi g u r e s  4 and
5, the pr o j e c t i l e  impacted  on a c o r n e r  p r oduc ing  r e p r e s e n t a t i v e  ed g e - o n
impact  (la ta .  Fi g u r e  6 shows the l a rge r  r e s i d u a l  f r a g m e n t s .

I h i s  t e s t  conc luded  the d iagnos t ic  tes ts  for  a luminum showing that the mini-

mum t h i c k n e s s  c o n s i d e r e d  for  th i s  ma t e r i a l  could  su rv ive  impac t s  of sand-

s tone  pro j ec t i l e s  up to 50 lb without se r ious  damage.

~~. 1. 2 Impac t Tes t s  on Fiber Glass

Two 10- lb  p ro jec t i l es  were  f i r ed  at the f ibe r  g lass  t a r g e t , bu t  n e i t her

m a i n t a i n e d  in tegr i ty  during launch.  Because  of the d i f f i c u l ty  of keep ing  the

sm a l l e r  p r o j e c t i l e s  in tac t , it was  agreed upon by WES and MD AC p e r s o n n e l
to p roceed  with the 2 5 - l b  test .  Th is  was Test  No. 7 , c o n s i s t i n g  of an i r r e g u l a r
shaped p r o j e c t i l e  4.5 x 6.5 x 9.0 in .  f i r e d  w i t h  the l o n g e r  ax is  a long  the pro-

e c t i  Ic  f l i g ht path  w i t h  an i mp a c t  v e l o c i ty  of 281 fp s.  A g a i n , t h e  s a n d s t o n e

b r o k e  up d u r i n g  l a u n c h , but  t h e  l a r g e st  p i e - c e  appea t e d  t o  we i g h f r o m  I t o

20 lb . he r e s u l t a n t  damage  to the f i ber  g l a s s  c o n s i s t  eli  of  i n in o  r sr i  r f a c e

pock s but w a s  o t h e r w i s e  u n d a m ag e d .
13
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A ~0 —  lb cube  ~~~. 5 ,- 5 . ~< x 8 . ~ LII . w a s  u se( l  f o r  l e s t  No . I 3 . T h i s  w a s  l a u n c h e d

su~~h t ha t  t he  i m p a c t  v e l o c i t y  was  ~~~ f ps . I h e  p r oj e c t i l e  r e m a i n e d  i n t a c t

u n t i l  i m p a c t  w h er e  i t  b roke i n t o  s ev e r a l  l a r g e  p i e c e s , w i t h  a s i d e - s p r a y

v e l o c i t y  of $00 to 400 f p s .  The t a r g e t  was  i t u t  d a m a g e d .  Fi g u r e s  7 an d  S show

the  t a r g e t  a f t e r  i mp a c t .  F i g u r e  8 r e v e a l s tha t  the c o r n e r  of the p r oj e c t i l e  h i t

f t  r I f o  r a good e d g e —  on i r np ;ic t .  L i n e s  in the  photog rap h a re  not  c r a c k s  in the

f i b e r  g l a s s  bu t  ‘‘foot p r i c t s ” r e v e a l i n g  how b r e a k up  o c c u r r ed  in t h e  s a n d s t o n e .

I h e  s a n d s t o n e  f r ag m e n t s  a r e  shown in  Fi g u r e  9.

l h e  Sc t e s t s  a l so  i n d i c a te  the c ap a b i l i t y  of t h i s  ma te  n a !  to  w i t h s t a n d  t h e

hi r~c st  r o c k  p r oj e c t i l e s  con s ide  reel f o r  th i s  tes t  s e r i e s .

One o the r  test  was c on d u c t e d  du r ing  th i s  s e r i e s  to eva lua t e the  e f f e c t s  of

g r a n i t e  v e r s u s  s a n d s t o n e,  I h i s  was  l e s t  No , 8, which  w i l l  be d i s c u s s e d  w i t h

the  n . t  r a n ie t e  r — v a r i a t i o n  t e s t s .

3 . 1. 3 I m p a c t  T e s t s  on I — i  Steel 
—

i h o  pu r p o s e  of Tes t  No. 14 was  to d e t e r m i n e  the  s u r v i v a b i l i t y of 0 . ~~ — i n , t h i c k

1 —  1 s t e e l  when  impac ted  b y a 5 0 — l i )  p r o j e c t i l e . 5 lhe  s a n d s t o ne  p r o j e c t i l e  w a s

au 5 .5 x 8.5 x 8. 5 —  in .  cub e wei g h i n g  48. 0 Ib , w i th  an i m p a c t  v e l o c i t y  of 21 (1  f p s.

I h e  p r o j  ec t i l e  r e m a i n e d  in tac t  du r i n g  l a u n c h  but  b r o k e  in to  s e v e r a l  I L l  i g e

p ieces  upon impac t  with a sidesp ray  v e l o c i t y  of 300 to 400 f ps. The l a r g e s t

p iece o b s e r v e d  wei g hed l e s s  than  1 lb. T h e  p late w a s  not  p e n e t r a t e d , n or  (lid

s p a ll i n g  occu r ;  total  p e rm a n en t  d e f l e c t i o n  was  1.0 in ., wi th  a 0 . 5 - i n .  deep dent

w h e r e  the  c o r n e r  of the proj  e c t i l e  impac t ed .  Fi g u r e s  10 and 11 show the p l a t e

a f t e r  tes t .

~. 1. 4 Impac t  l e s t s on ( on cr ~~te

l e s t  No. 15 c o n s i s t e d  of f i r i n g  a 5 0 — i b , 5 • 5 x 8.5 x $ .~ - - i i i .  c ube  i g a l u s t  a

t h i c k  c nc r ote  s lab .  I h e  t a r g e t  w as  made b y MDAC to  s p e c i f i c a t i o n s  set by

WES. A samp le of the c o n c ret e  w a s  t e s t ed  b y \VES and w a s  f o u n d  to hav e an

Ulic on f i n e d  comp re - s  sive  s t r e n g t h  of i< ,~~ ~~ s i .  l- ’orrn s a n d  r e - i n  f o re  i l i g  f o r  t h i s

s t r u c t u r e  a re  shown in F i gu r e  12 .

17
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The sands tone  p ro j ec t i l e  impacted intact  at a ve loc i ty  of 22~ fps. A n o t h e r

c o r n e r  impac t  was apparen t , wit h an ensu ing  c r a t e r  r e s u l t i n g  in the t a r get

10.0 in. long x t . 5 in. wide x 1.0 in. deep. The damaged a rea  did not r e a c h

the r e i n f o r c i n g  b a r .  Fi g u r e  13 shows an o v e r a l l  view of the specimen af ter
test .  Fi g u r e  14 is a c loseup of the damaged a r e a  r e v e a l i ng  a deposi t  of f ine

sands tone  dust c o v e r i n g  the c ra te r .  It was not u n t i l  this res idue  was dusted
away (F i g u r e  15) that the t r u e  c r a t e r  depth could  be measu red .

lh e  p r o j e c t i l e  brok e into severa l  v e r y  smal l  p ar t i c l e s  (Fi g u r e  16) ,  except

for  on e l a r g e  p iece wei g h ing  about 5 lb. Sidespray  v e l o c i t y was  again between

$00 and 400 f p s.

* 

L -~ P A R A ME T E R - V A R I A T I O N  TEST SERIES

A f t e r  the d i a g n o s t i c  t e s t  se r ies  was comp leted , a meeting was he ld  to review

the  tes t  r e s u l t s  and to ou t l ine  the p a r a m e t e r - v a r i a t i o n  tes ts .  Ori g i n a l l y, it

-
~ as thoug ht that  the p a r a m e t e r - v a r i a t i o n  t e s t s  would cons is t  of evaluat ing

the p r o j e c t i l e - t a r g e t  mate r ia ls , wi th  the following p r i o r i t i e s  set fo r  the

o r d e r  of v a r i a b l e  tes t ing :
A. T a r g e t  t h i c k n e s s  ( i n c r e a s i n g ) .

B. P r o j e c t i l e  wei g ht.

C . P r oj e ct i l e  ang le of impact .

D. Proj ec t i l e  mater ia l .

Since a l l  of  the m i n i m um proposed  t h i c k n e s se s  w i t h s t o o d  the  l a r g e s t  s h ar p  edged

p r o j e c t i l e  c l in s i d e -  red at  a ~) t )  — d e g r e e  a n g l e  of i m p a c t , the  f i r s t  t h r e e  l)”~° r i t i e s

cou ld  be e l i m i n a t e d .  ‘I ’his l e f t  onl y p r o j e c t i l e  m a t e r i a l  e v a l u a t i o n .  Al l  ( I f  t h e

sand  s t u n t ’  p r o i t - ( - t l l e s  v i r t u a l l y d i s i n t e g r at e d  upon i m p a c t  w i t h  a n y  of the  t a r g e t

nate  r i a I s . The r e i n  re , it was  dec ided  to d e t e rm i n e  w h e t h e r  t h i s  b r e a k u p  w as

ty~)i ca l  or  if  i t  v .05 due  I n  t he  p r up e  r t i es  of the p a r t i c u l a r  s a n d s t o n e  u s -d .  A l l

m a t e  ri  al s fo r  t h e  d i a g m i n  s t i  c t e s t  c ame  f r om  A u~i zona.  Fur  t h i s  e v a l u a t i o n , V~ LS

I) rI I\ I ded sand st a  no n a t e  r ial ft - u rn  G i-and J u net  ion , Cub rado to be ( k i t  nt  0 50 — lb

p r oj e l  t i l e s  and  f i r e d  at 0. S- i n ,  th ick  -r -i s teel  and 2 . 5 - i l l ,  t h i ck  f i b e r  g l a s s .

It was  a lso  d e c i de d  to tes t  t h i n n e r  t a r g e t s  of 1’ - 1 s teel  and mi ld  s teel  to f i n d

f a i l u r e  poin ts  fa t- t h e se  m a t e r i a l s in an a t tempt to t ie  in the r e s u l t s  of t he se-

t t s t ~~ to p r e d i c t i v e  cu rves  p r e v i o u s ly e s t a b l i s he d  b y MDAC f o r  g r a n i t e

24
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pro jec t i l e s impac t ing  on mild steel . The f i n a l  test  in t h i s  ‘s e r i e s  was  a 5 0 - l b
sands tone  cube impac ted  a g a i n s t  a 1 . 0 - in , t h i c k  f i b e r  g lass  pane l  to d e t e r m i n e
the  f e a s i b i l i t y of u t i l i z i n g  th i n n e r  m a t e r i a l  fo r  BMD s t ru c t u r e s .

A s u m m a ry  of the p a r a m e t e r - v a r i a t i o n  t e s t s  may be found in Table 2 .

3 . 2 . 1 Colorado Sandstone Impact Tes t s

Tes t  No. 16 cons i s t ed  of impact ing a 46 .5-lb , 8. 3 x 8. 3 x 8. 3- in .  Colorado
sands tone  cube agains t  a O . 5 -i n .  th ick  T- l  steel  t a r g e t .  The hi gh - speed
c a m e r a s  did not function for  this test , hut backup data ind i ca t ed  that impact
v e l o c i ty  was approximately 240 fps . The p r o j e c t i l e  sha t tered  into f ine  I ar-
t i d es upon impac t .  The ta rge t  had a total def lec t ion  of 0. 5 - i n ,  with a 0 . 15- in .
dent at the impact point. Figu re s  17 and 18 are pos t - t e s t  pho tographs Test
No. 16.

A ~i .5 - i t s .  thick f i b e r  g lass t a rge t  was impacted at 230 f ps b y a 46. 0 - lb  8. 3 x
x 8. i - i n .  Colorado sandstone cube for  Test  No. 17. The p ro j ec t i l e  corn-

p letel~ shat tered upon impact with a s idespray  veloci ty  of 400 fps . As shown
i t-i Fi g u r e s  19 and 20 , only slight sur face damage occur red .

3 .2 .  ~? G r a n i t e  Imp a c t  Test ’s

A l O - ib , 5- in ,  diameter by 5 .0- in ,  long g ran i te  cy l inder  was f i r ed  at a 2 . 5-in.
t h i c ’. f i b e r  g lass  panel  with at-i impact ve loc i ty  of 340 fps. The pro jec t i le  was
v i r t ua l ly undamaged  whi le  a c ra te r  was f o r m e d  in the f ibe r  g lass (Fi g u r e  21)
4.8 in.  long b y 2 .~ in. wide by 1.3 in. deep, with damag e extending to the
backs ide  caus ing  c r a c k i n g  ( F i g u r e  22 ) .  The damaged a rea  was sec t ioned,
and d e l a m i n a t i o n  was d et e c te d  th roughou t  the t h i c k n e s s  of the spec imen
(Fi g u r e  23) .

3. 2. 3 Mild Steel Impact_Tes ts

For res t  No. 18 an 8. 3 x 8. x 8 .3- in .  A r i z o n a  s ands tone  cube  wei g h ing  48. 5-lb
impacted  a 0 .2 5 - i n ,  th ick mild steel  p late at 247 fps (Fi g u r e  ~ 4) .  A “vee °
shaped hole r e s ult ed  f r o m  a c o r n e r  impa ct , as shown in I”i g u re s  ~ 5 and 26 .
I’hc p r o j e c t i l e  b roke  in to  l a rg e  p i e c e s  upon impac t  (Fi g u r e  S~~7 I , with  a s m a l l
pa r t i cle  s ide  sp r a y  v e l o c i ty  of $70 fps.
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Test No. 19 was the sam e as Test  No. 18, excep t that a O . 37 5 - i n .  th ick mild
steel plate was used for a target .  As seen in Figures  28 and 29 , v e r y  l i t t le
dam ag e o c c u r r e d .  Total pe rmanen t  def lect ion was 4.0 in., with local denting
at the impact  point  of 1. 3 in. Dam ag e to the p ro jec t i l e  (Fi g u r e  30) was

neg li g ible.

3.~~ . 4  T-1 Steel Impact Tests

To de te rmine  where  the fa i lure  point was for  this mater ia l, a 0 .375- in,  thick

ta rge t  was u t i l i zed  for  Test No. 21.  The 8.3 x 8.3 x 8.3- in.  A r i z o n a  sands tone

cube w e i g h e d  49.0 lb and had an impact ve loc i ty  of 241 fps. Total t a r g e t

de f lect ion was 1.~3 in., with a dent of 0.7 in. at the impact point  (Fi gures  31

a st c l  32) .  The p ro jec t i l e  b roke into severa l  la rge  p ieces  (Fi g u r e  33) ,  with a S

small  pa rt i c l e  s idespray velocity of 340 fps.

s ince  fa i lu re  did not occur  with the 0 . 3 7 5 - i n , thick p late , a 0 .2 5 - i n ,  thick
4 s rge t  was used under  the same condi t ions  fo r  Test  No. 22.  The hig h-sp eed

camera  moni to r ing  ve loci ty  did not t r i gge r  dur ing  this tes t , but b a c k up  data

ind ica ted  impact ve loc i ty was approximately 245 fps. A l a r g e  hole was pro-

duced in the t a r g e t  (Fi gure  34).  Figure  35 is a closeup of the f o r w a r d  side ,
and Fi gure  36 shows the backside .  The actual “punch 1’ fa i lure  does not appear

to be any g r e a t e r  than  that obse rved  with the 0 . 2 5 - i n ,  thick mild steel p late ,

but once the c r a c k i ng  began it c o n t i n u e d  to propagate in three  d i r ec t ions .
I5his m a t e r i a l , although having g r e a t e r  s t r eng th  than mild s tee l , appe 55 ir s  to

be m o r e  s ens i t i ve  to impact damag e once p ene t ra t ion  has o c c u r r e d .  The

p r o i e c t i l e  (F i g u r e  37) r ece ived  ve ry  l i t t l e  damage as a r e su l t  of impact .

2 . 5 F ibe r  Glass  Impac t Test

l e s t  No . 20 was p e r f o r m e d  to de t e rmine  the s u r v i v a b i l i ty  of a 0 . 9 4 - i n,  th i ck

f i b e r  g lass  pane l  to impact  by a 48 .5-lb , 8. 3 x 8. 3 x 8 . 3 - i n .  A r i z o na  s a n d s t o n e

cube. The imp ac t  ve loc i ty for  th i s  tes t  was  242 f ps. A l t h o u g h t h i s  pane l  was

36.0 in .  x 48.0 in ., it was s t i l l  supported on all four  s ides  s im i l a r  to all  of

the p rev ious  tes ts .  F igures  38 and 39 show that the spec imen  was b r o k e n  in to

four  l a rg e  p ieces  upon impact .  The p r o j e c t i l e  (F i g u r e  40) c o n t i n u e d  to t r a v e l

a f t e r  p e n e t r a t i o n  an n  c ame  to res t  about 200 y a r d s  pas t  the i m p a c t  p oin t .  The

p ro~ ec t i le  ree e iv e d  l i t t l e  damage  as 54 r e s u l t  ol  i m p act .

- 1 — -~~ S5
-~~~~~~~~~~-- 

_ _~~~~~~~~~~~~~~~~~~~ _~~~~~~~ 



--5- - . - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S- ---- 55S.-- 5 - 5 - S - - 5 —.-~~~~~~~

C

Si 

_ _ _

S

4 1;~~~~~~~~~~~~ 

-~

1 .5 I
15
S:5b

~~ 5
Is

~5 ~~~~~4

.5 
~t~~*—-$’

4 
4-~~~~

5.5

I - - -  
- 

S

r ~~~ S 
~~~~~~~~~~~~~~~~~~~~

\ I#

I P S  ~~~~~

55 5-~~~~~~~~~ S S



~~~~~
-— -5 5- 5—- 55 ~ 

-55— —5- —-55-— 

*~ 

4111 

-5-5W 

~~ 

: ~ 

I
S 555<55 

5
5 ~~/ 5)5 /5515 5

Ss~~~~~~~ I15~~~ S 
I~~ll5- /I 5 It

-
I ~ ~ -~~m~i - ~~~ -I~~~5

i - <I

~~~~~~~~ I 5  
~ 55

-S . - -

~~~~~~~~~~~ ~ ~~ ~~S ~ I~ 15, SSt II-S 
44~ S~~~55 I 

5 15-
Sr S 

~~
-
I

S 

~ ~ 11 ~I ~ ~~ I - 5 5 5 ~ I5~~ s ~~~~~~~~~

-~;-US 
~ ~ ~ ~ ‘

~: ~ - -i1j 54s ,~ s~ I~ < ~~~~~~ 5

S • 
~~ ~I1~~~~ I: 

5
5 5 4. ~~~ ~

S 1 41s5
-

S ~~~~~~~ II 

~55

~~~~~~~~~~~~ 
~~~~~ 

-
_ 555 i55 s  1155 ~~~ ~ 

I
~~~~~ S 55 S5~ 

I S 5 5-

-
~~~~~~~ 

_

(

_
5 - t t

s
S I s 1 I 1~5~~st1: ~~I~~55I

S 
~ ~~~ 5- 1 555

-5-

- 5 - 5 545 5

~ S 551

-

~~~~~~~~ -_ 
S I  4

_

- 
I~ t~~~~~S ~ ~ 

S
S I I I s 54~~4544~g~

5
S I S

_S
5 ’

~~~~ 5S S
S -5i

~55~~~~~~~~~~~~~~~~~ 55tt I 

S ~:1 3

145 
~ 

~~~~~~~~~~~~ 
;<S 

~ 
~)5

S ~ I 

-~/-
-
~15~

i- S 
~ <~~I 

~ 
~~~~~~~~~~~ I

S_
5 _ _

~~~ _
_ _

S S 
I~~~

115 5-

I

_S 

~~I

55
55 5

I _PS - (55.
IsI155 S Cr

5-4. 551 5 5/ .  
5 

- 5
55~~~~ 5 - S _Sn I C-

IL 
S

4 I~

5 555 S~~~~~~ -5~~ S 5-~~ 5-



S -5

~~ 

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~ 

~~~~~~~~~~~~~ ~ 
~ 

~~~~ i-~~~ sC~ - SI~~~ 4~~~S~~~~~~~ ~~~~~~~~~~~~ 

~~rr~~~~ 
5545 ~~~~~~~~~~~~

I 
~ ~~~~~~~~~~~~~~~

_

S :
5 :  

S
~~ ~ ~ 

5,~~ ~~~~~~~~~~~~

I ~ 

~~~~~~~ 

- 5- 1 
~~~~~~~~~~~~~~~~~~~~~~~~ 

S 

_

-I 
~~~~~~ 

5
UM~ 5~ I51- _1 5_

I 5~~ 
~ ~ 

s S55I4Ss~~~~~

S S~~~~55S~~ 

~~~ I 1 S S
5

I
~

55
t15~l 

I 
5 

5 
5

~ 
~~~~~ ~

5 :~:~- 
- 

S 5 :à~~~ 
- - 

I ~ ~~~~~~~~~~
I 

~~ ~~~~~~~~~~~~~~ I I S S 

~: ~~~~~~~~~~~~~~~~~~~~~~~~~~

-
~~~ :~

<. 

~~~ 5
5

/ _
~ : ~~~~~~~~~~~~~~~~~~~

‘ 41 ~~~~~~~~~~~~~~~~~~~~~

_

~ 

S

I 

1~
I

~~~~~~~~ :

tI 4 I 5-
~~t5~~ ~~ S ~~ 

_ _ _

~ 
I - - ~ 

~~~~~~ 5 5 _I ~ 
~ 

~ 
~ 

S 

- I-

-5 

- 
5 

~~~~ 
1~~ 

~~~~ S <~~~~
$ 

-

5 1 

- 

I I

S 

55S 

~~~~~~~~ _ 
-
-
~~~~ I- 14

~iZ~ < 1 5
~~

5-
S
~~~~~~~~ i1

s
51

15

5 ;5

- S 5
~~~~~~~~~~~

5

~~~S

S

~~~I~~~~
5

S S
~~~~~~~ I;I~~~~sI 

- 

~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~
I 

I 

S

- S S~~~~~~~~~ ~~~~~~~~~~~~~~~ 5-



—- --5- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -5555-
S-S — s--- - - ---- -----~~~~_ - -~ - -— L----~- -5 5 -  -- --55---- --

S 
-

-
~

4i — 

S

4s~ — *1II~~~~
I - 

- 

-

~~W A~tIt
S Ir ~~~~~~~~ 

51

/ S  
5

s-S

4 ~~~~~~~~~~~~ 
aS -4

- 
-

~~~ 
-~~~_S

I 

. S I ’i-55 

- - 
If

_ _ _ _  _ _ _ _ _ _ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

I~~~~~~

s

~~~~~ 55

______________ ____ 
S

C-

- - - -5 - — - S  5 1 5 5  _5 -  55 5- - - S~ IIi~~~~ ~~~~~~~~~~~~~~~~~



--—5- - - -_ - -5-5--- S - — 5 - 5 - - S -5 - 5-- --5~~--- - - --- S-_ -S .55~~~~~~~~~~ -~~~~ 5_-55- ,5~
_5-5_ 55-S~~~~_S l l 5- 5 5 5 S S 5~~~~~ S 5 5- 5 5 5 5 l -S55 - -

15 

15 frr~.5 
- 

- 
1

5
5j

~~~- -

I~ - -

I t

-S 
-5’ 455

- 

~, 
~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

S S
~14 -

I 

~~~~~~~~~~~~ :55 ’ :
5* 

5- - 
S
~~ S

5 11555 4. 

1

~~~~ S

S
~~~

TS S~~~~~~~ 

~~~~~~~~~~~~~~~ 
~~~

- - 5/~ ~~~~
S 54

I-

(N
(555



-

S 

[

:t5
.s t k

~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

S
14

~ 45
5 _ I 

‘ ‘ 
--S

~~~~~
—

~~~~~~~-

I U.

I Cr
- 

Cr

I IL 

- - --- 5--S--- - - S  a



- -

II~ 

~~~ ~

5- s

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ i ~~~~~~~~~~~~5) 4 :

~~~~1~~
Ir

~~~~
J

~~~~
r

S 

_

~~~~~~~~~~ 

51 

$1

:-:~~~~ ~:-~—

_ _  

_
__ 

I

5 5’

, ~~~~~

,
~5—, 



r

-

~~~~~~~~~~~~~~~~~~~~~~~~~

- 5 - -5 5 - - -- 

~~~~~~~~

- 5

~~~~~~~

- S 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

55)

5)

<S 
-5 - 

551555 ~ S S s~~~I~~~5 55 S 
4~~ I45I~~1 I

S 7,
s~ ~ ~

sIs~ S
S I ~ ~ 

S _I

C 
I 

455554 ~ <~~~ 5-
515 5 5 1 - < I 

~
1 

~ ‘ s /

~ ~~~~~~~~~~~
5-
;:~~ : 5

~~~~~~~~~

i- 

55

~~~~~ 
I

~~~ 45ll 
( 1 ~ 

~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~

~ ~~~

5~~ 1 
~~~~~~~~~~~~~~ 

‘

~~~~~~~ -
It ~

< 
I _I

~ :L~
5-
~
j1

55
s

~~ +~~~~b55~
it

;- _5w
~~
I

, ~~~~~~
55 - S S~S;5 5

S
55
~~51

S ‘ 
~~

55555- I LI.
55 5 5 1 1 ~~~~~~~~

-S5~~~~~ ? I S—I ~ ~ 
sI;Y55~ 1~ 55 

I ~ 
I 

5

St
S

_
,4~ 

5-S
~~~I 

~~~~~~~~-1
- - S ~~~~~~~~~~~~~~~~~~

5/
S

<

5,
~~~pttS I <

~~~ 
5-

i
s 4—

~~~~I 
S 

~~~~~~~~ 
C~s4

S -‘5 
5 /554$<S~~1 

~: 
ci

5- 5
555

5 I I ‘~~ ‘~ (N

~~~5I< ~~ ~~
1
~tt 15 I

I ~ ~ S. 4. 55

I 
5 5

4 ~S 5 S- ~~~~S tI~~
s Ss~I4 5 ~ II~~ I I

4.4. 1 ~4~5
lS S15~~s <  

S

S /~ S sL~ S S 
~55 ~ 

Is . IS I~~~ 515ttll5 I

H

U,
Cr

LI



~~~~~~ 5 5 5 5 S 5 -  5l~555-55~~~5-5_55 ~~~5 S -S S I S S S S S 5- 55  _ S 5 ~S~5-I

47

5)

i~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

_ _ _  _ 

~~~~

-

S 
_ _ _

_ _ _ _ _  5 - - ~~~-SS--



r55 55—- 5 - 55 - S 5~~~~-S 5 1 5-55 5 ~~ 5- - S

4 5

55)
St

5.)

S 

<r

S 

/~~ ~ 
S ~ 

~ 

:k~
1
~~~~1~ 

!I
S5øI

~~~~~~I~~

I

5
Y

S 

5151 ~~553~ ~ ~~ 
5- 

5 
1 ~

S 

~I 
~ ~~4s~~ ~ 

<S

‘ 
5515 

~~~ ~ 
s
~ 

~

5555 
I 

I 
~55$~ s ~ 

~

St 
51 55

S 

S

~~~~ 

5 S ~~~~~~~~~~~~~~~~~~~~~~~~

-
I ~ 

~~ ~
455455/ -A .  5-Si5- ~~~~ 

‘
~~

-~55 

15 1 
~<555 <5~ 55

I
5 

55 ~~~ S

I 
~~~~~~~~~

~~~~~~~~~~~~~~ 

S
51r: 

555
~A-~~51

~~ ~ 
1
455 ~ ~~ ~~~~~~~

~~
;; 1 

-I 
<
~ 5-~ Itt 15

54.

;:t~ 
51

\ 
~~~~ 

~~~
41

t

~~~~~ 
15- 55 

\ ~~~~~ 51 

1 ~ 
1 

~ 
5-I’5- ‘~r~

I ~~~ ~~

-
-S

~~~~~~~~~

S

:~
15j :5 : ~ ~

st 

~
~~~~~ 

11

~~~
/
~~

4

5~;ç~~
51

i

~~~~~~~~~~~~~~~~~~~ 

5~~~~~S~~~~~51<S 51~~~~ 
~~I II ~~ ~~ 

155

~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~ It~~~~~~~~ 15~i
S 

S 

5SI~~~S’~5- ~ 
5S~~41 ~~ S

5~~~~~~ 155-S~~~~~~ ~~~~ 

~ ~~~~ 
15

5~~~

5-

~~~~~~~~~~~~~~~~~

’ 

S 

55 

~~~~~~~~~~~~~~~~~~~~ 

-S

~~~~~~~~~~~~~

I

I

5

~~~~ 

i~:~~ 
~~~~~~~~ 

s~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~



r.- ~~~~~~~~~~~~~~~~~ 
- -5-- - I - ~55 ~S l  ~~~5-~ 5 - 5 - 5 - 5 . 5 - 55-S555-55~~- S S S ~~~~ - . 5 - -S--S- -S 5 - 5 5 55 ~~~~~~~~~~ 5 - 5 - 5-

~~~~~~~~~~~~~~~~~~~~~~~~~ 

55 1 .51

S 55 5 51415 5 44 4s4,f S I -I~~t 1 S 5~~~ ~I 55 sI

~~~~ ~~~ ~~ s -

- I 

1 S
i-~ ~I /t~~~~ S ~~I S4 . s 5S S ~~~~ I~515;

-

_ 

4~~~~
$

~~~ 
~~~~~~~~~~~~~~~ -

_ 

~~1
S I 

*

1155 5 
~~~5~ I555SS~~~~ ~~IS.  - S I

55555

- “ ~~~~~~ 
- 

~~~~~~~
- :-

‘

~~~~

S 
- S

-. : ~ : ~~~~~~~~~~ 
5- 

-
51

55 1~~ f - 
- I ~~~~~

~~~ S~~~~~S~~
I
~~~~~~~~~ 2 t .

~

C 4 / 55 4 S

~~~~~~

15

~~~~~~~ 

- 

- 
1

S - 

~~~~~~~~i~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

$S

~~~~

5

~~~~~
115

SISIS ‘4  ~
- 

- 5 55 5 51

- 
I~~ S I

S 5 l~~555
I5 ~5~~ S

5-

5 S 1 4 . 4 . -5~

5 5 1 - - - 51551 4SIS5S<

- 
~~~~~~~~

4
~~i-*ss s s ‘

~~ 
s

S~~

5/
~~~S 

~~~~ t

5 
- ~~ 

- - ‘
-S 

5 
- I

- 
S

SSIS~ - - - 
- 

5-

- 
5 

~~~ 
- -

‘4. 5555~

l
~~ 

- ~~ s 4 . 4~~4,~~~~~~~~~~~ *~~~~~~~~~~~*



-t

5 

-
~~-~~~~~

___________

________ _ _  _ _ _  

_ _ _ _  
Sc
;’

~

: ‘

5 _ _ _  

_ _ _  

:~~ ___ 
_ _ _ _

S 
~~~~~~~~~~~~ 

S 

_
-

S 

_  
5

5
551

t j s  

I 
~~~~~~~~~~~~~~~~~ 54

~~

,

5~ 
s

,

~~

-
S

- 5

S
~~~~~~~~~~~~~~

5 

__ 

(

.
5 5-

5

~~~~
S 

~~~~ _~S5 
-4~ __ _

S 
5~~~ 55 

S

~

S 

~ ‘.5 f~.44 5 -
.,. 5 

~~ S 5

- :..
~~~

- -  5 5 ‘
~

- , S k ‘, 
~_5 ~~~~~~ 5 5 5~5 5 • 

5-4,5$5 S

r ~~ 4-

- S ---S- - -- - - - 5--- _ _ _ _



n

_

~~~~~~~~~~~~

-S- _ . _ - S

~~~~~~~~

_ 5-

~~~~~~~

5 5 5 -

~~~~~~~~~~

S _ _ _ -- —5- - -5 - - - 5 5

St

d 
~ I I ~~

5- 5:4 1~~
51 -

/:‘~~ 5 5*
1 5 5 -  ~~~~~~

;~ #1 

5- ‘~ 

L 

~Is4
55 < S 5 5~ S 1 4 4 5 l

S I 

~ 

~~~~~~~~~~~~

-/ ~~ 5~~~~ 
I 

~~~~~~ 5 - 4 5’ I545-~~ ~ 51~ 
~ 

~~~~~~~~~~~~~~ 545 S ~ 
S

S5555
S;S~~

S
~~~~i

t I
S S 1

45 
~5 I 

~~5- 55 Is

S ~~~~~~~~~~~~~~~~~~~ 
S 

~~~ ~ 
I

14t5/
~
I55is 

~S

S ~: 
- 

~ 
- 

s~~14~~~~_ S555~ 5

S ~~ ~ 
~~ 

~ II. 

~ ~ -s- :
~~~~~é~

5

5 / 5 5 _ I~~~ 5 S  I

5- 

~ ~~~~~~~~~ 
S ~~~~~ I

~5 51’55~k -
~~

S 

< ~~S -5 

5 ~~ 

‘‘*~~~~~~~~~~
‘ /

~~~~~ 

: ~55 1 

~ ~~~~~~~~~~~~ 
- 

~~~~~~~~~~
15 ~~ ~ ~~~~~~~~~ ~~ ~~I 

55 

5~~S
5 

I
~~~~~4,s~55: ~~~~ /S~~~~~~~~~~~~~~~ S S Is455~

1/S15 I
l

S -
5 - 1

1 
I4 

~~ 
S ~ 

~~~~~~ S

I ~~-
- 

< 5 
5 - s~~&Is

~~~ S
I~ 

~~~~~~~~~~~~~ )~~~~~~ lS.55

5555 

1 
~~~~~~~~~~~~~~~ 

IS

4

~~~sl 
~44//S 4 5 5

~~~~~~~~~~ 

S

5~5 s~ 5555 
~ 

-S

:~ ~ i~~~~<~t

S I

5—

554.5,~~~~ S
1

55
55 551

I ~ _ SI S ci
-S s I (~s,

S 
;~: 

55.
I S ~ s5~~1

4-S

ci
5~

~ Ili-~~ I— -S —-S - S  ~~~~~~~~~~~~~~~~~~~~~~ 15~ 5~
S
~~ 

SI



I

Section 4

SUMMARY AND CONCLUSIONS

1h i s  e xp e r i m e n t a l  stu dy was p e r f o r m e d  p r imar i l y to inves t i gate the

i-. u r v ~ v a h i l i t ~ of desi gna ted  ma te r i a l s  to impact  damag e caused  by f a l l ou t

r k ’h rj s  f r o m  a n u c l e a r  s u r f a c e  bu r s t .  The m a t e r i als  and t h i c k n e s s e s  w e r e

is

A . A l u m in u m , t s O b  1- T65 I , 1 .0—in ,  t h i c k .

155 . ~ poxv f i be r  g lass , 2. 5-in, thick.

C . T — I  Steel , 0 .5- in , thick.

D. ( ; s r s s ~r et e , 24. 0- in ,  thick.

A l l  of th e s e  ma t e r i a l s su rv ived  impacts  by 50-lb sands tone  cubes at v e l o c i t i e s

of a p p r o x i m a t ely 250 f ps. The impact veloci ty  ori g inal l y p l a n n e d  fo r  t h e s e

t e s t s  was the  MDAC ca lcu la ted  t e rmina l  veloci ty  fo r  a 5 0 - l b  ro ck , which  is

a! t t  5 5 7 5  f ps , hu t  the sands tone  could not survive l aunch  co n d i t i o n s  to ach i eve

t h i s  v e l o c i t y wi thout  b r e a k in g  up. T h er e f o r e , it was  dec ided  to tes t  with i m p a c t

v e l o c i t i e s  n e a r  to , but exceeding ,  200 f ps. This was se l ec t ed  because  p r e v i o u s

c r ; t t e r i n g  t e s t s  )v WES exh ib i t ed  this fa l lou t  ve loc i ty  f r o m  ph o t o g r ap h ic

C ISV (~ r a~ ~~~.

P r e d i c t iv e  da ta  f o r  g r a n i t e  ( F i g u r e  4 1 )  i n d i c a t e s  that a 5 0 - l b  p ro j  e c t i l e  w o u l d

b r e e c h  1ì 0. S - in .  k i c k  s t ee l  p late.  Th i s  has  not  been d e mo n s t r a t e d  w i t h  g r a n i t e

in these  l a r g e r  s izes , but  p r e d i c t i o n s  did ho ld  t rue  in a p r ev ious  MDAC st u d y

p r o g r a m  f o r  5- and 1 0 — l b  g r a n i t e  cy l i n d e r s .  P e n e t r a t i on  by a 5 0 — lb  s a n d s t o n e

pr o j  e c t i !~ diii r~I I , t  o c c u r  n u t  i i  t he  t a r g e t  was r e d u c e d  to a 0. 2 5 — j o .  t h i ck  m i l d

st c e l Sp 4 S I ~~~? f l P 5 i .  !‘ hj . ,  f l d~ he c o mp a r e d  to p e n e t r a t i o n  of a s i m i l a r  t a r g e t  by

5 — l b  I’ ra i i i t r ’  c v l i s i d e r  at 11-i f ps or a 1 0 — l b  g r a n i t e  cy l i n d e r  p e n e t r a t i n g

0. 37 - — i n . ? 5 i c l s  m i l d  s t e e l  s i t  550 0 f ps. .-\ l so , d u r i n g  t h i s  stud \  a 1 0 — l b  g r a n i t e

- - h r  ‘ ~ I )  t p s -i ~ so d e m o n s t r a t e d  c o t s s - s l e r i } 1y m o r e  p e n e t r a t i o n  c a p a —

s i l t  cs t h i s  r i b-I t h e  ) 0 — l l )  S 5 4 ’ l ( I S t O S S C ’  at ~~0 5  s i n ’ !  ~ - t 7  ips a g a i n s t  the 2 . 5 — i n .

‘ r s t c~~ f i b e r  - ‘l a s s  I rL - ’ t .
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These data  would  indica te  that  sands tone  is not a p e n e t r a t i o n  t h r e a t  to BMD
s t ruc tu res  in the s izes  evaluated in this  test  ser ies  because of its low
s t r eng th .  It is also apparent  that the p r e d i c t i v e  dat a would not app ly to
mater ia l s with less st r e n g t h  than g ran i t e .  Althoug h p e n e t r a t i o n  is not a
p ro b l e m  with sands tone , the de f l ec t ion  of mater ia l s such as s teel  ari d alu-
minum may cause  ser ious  p rob lems  if such ma te r i a l s  are  u t i l i z e d  for  a
r ada r  face.  The sli gh tes t  d e f l e c t i o n  wi l l  r educe  the e f fec t ive  radar  cover-
age cons ide rably. Another  point  to cons ide r  is the p o s s i b l e  damage to
e lements  on the radar  face r e su l t i ng  f r o m  the p r o j e c t i l e  s idesp ray .  Th i s
proj ecti le b reakup ,  with ensu ing  s idesp ray ,  appears  to occur  onl y when the
s t r u c t u r e  is r i g id  and pene t r a t i on  r e s i s ta n t .  This  may prove to lie an i n t e r -
e s t l ug  t radeof f  study in which thin p la t e s  may be u t i l i zed  fo r  r a da r  faces ,
al lowing onl y the pene t ra ted  a rea  to be damaged  i n s t e a d  of the damag e
resu l t i ng  f rom a ri gid fac e in which p r o j e c t i l e  b r e a k u p  o c c u r s  with some
damag e radiu s to dipoles  g rea te r  than the impact  a rea  alone.

It is apparen t  that althoug h the su rv ivab i l i ty  of the se lec ted  m a t e r i a l s  p r o v e d
favorable, it is still n e c e s s a r y  to be able to predict  damage  to o the r  m o r e
v u l n e r a b l e  ma t e r i a ls that may be in c r i t ic a l  loca t ions  near  a nuc lea r  s u r fa c e

bur s t .
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