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Under the terms of this contract, examination of available literature per- 
taining to passive protection was to be made and the current state-of-the- 
art was to be used in preparing concepts for passive protection. 

Three areas bear heavily on considering counters to enemy weapons.  These 
are the effects of blast, the penetration of fragments and the direct hits 
on facilities by projectiles. 

In examining the literature available to us which related to these three 
areas, it was found that no one doc unent adequately treated all three subjects 
Many outstanding documents treated each subject. Where such outstanding 
and easily understandable documents were found, the cogent features of each 
were extensively applied to arrive at concepts for passive protection for 
aircraft, personnel, command, control and communications facilities, and 
POL. 

So that the rationale used in arriving at the concepts will be understood, 
and so that users of this document can, in turn, create their own passive 
protection plans, portions of the outstanding publications pertaining to 
the three areas have be*>n incorporated herein. For detailed treatment of 
the subjects in question, however, the reader is referred to the basic docu- 
ments. All of the fifty-two (52) documents listed in "References" were used 
in varying degrees; however, ten are worthy of special mention because of 
their "extensive application" and incorporation. They are highlighted and 
identified^by an asterisk (♦) immediately in front of their identification 
number in "References" beginning on page viii. Where data and/or figures 
from the references have been directly incorporated in this report, they 
have^been identified on the applicable figure and also cross referenced on 
the "List of Figures" beginning on page iv. 

The contribution of the authors of the outstanding publications is hereby 
credited along with our appreciation. 
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A. GUIDE FOR OBTAINING EFFECTS OF WEAPONS 

It may be necessary to determine the thicknesses of various materials 

required to attenuate the penetration of projectiles and/or fragments into 

various materials.  To assist in making these determinations, "road maps" 

delineating procedures for arriving at thickness of materials were prepared 

and are located in Ficures iii (page xiv) and v (page xvi) for fragments 

and direct hits by projectiles, respectively. The parameters associated 

with blast also have an effect on the materials used for passive protection. 

A "road map" leading to quick determinations of the parameters of blast 

is also included herein in Figure iv on page xv.  These "road maps" or 

methodologies refer to figures within this report and/or to references 

where solutions may be found. 

xii 
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METHOD FOR PREDICTING PENI 
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(T1\ 

DATA BANK FOR  DATA ON 
PROJECTILE O » MATERIALS 

0 

DATA ON THE PROJECTILE 
• WEIGHT/MASSES 

- TOTAL       - CORE 

• SHAPE 
• DIAMETER 

• LENGTH 
• MATERIAL 

• STRIKING   VELOCITY 
• AREA 

^ 
I 
INPUT 

• NUMBER OF LAYERS 
• PROJECTILE CODE 

(SEE PAGE 4-129 ) 

• MODE OF OPERATION 
(SEE PAGE 4H24   ) 

• THICKNESS OF LAYERS 
(SEE PAGE 4-125) 

• MATERIAL  OF EACH 
LAYER(SEEPAQE4-I26) 

• INITAL STRIKING 
VELOCITY 

IDENTIFY WEAPON 
FROM 

THE THREAT (ScV 

® SELECT SOLUTION 
METHODOLOGY 

«»COMPUTER  «MANUAL 

MULT I OR SINGLE 
LAYER COMPUTER 

SOLUTION 

^ I 

a CONFIRMAI 
COMPUTER 
OUT COOED II 
CONVERSATIC 
MANNER AND 
DATA ON PR< 
FROM   rpT 

(T: IDENTIFY MATERIALS 
TO COUNTER THE 

WEAPON 

(SSV 
SINGLE LAYER 

MATHEMATICAL 
CALCULATION 
OR GRAPHIC 

SELECT MODE 
OF OPERATION 

I. ANALYSIS OF EXIST- 
ING SITUATION 

2 DESIGN OF FRONT 
LAYER 

'SÖESION OF BACK 1ÄYBR 

OR A SINGLE LAYER 

© DATA ON  MATERIAL (S) 
PROPERTIES 

r 

FOR SOILS A CONCRETE 
• CLASSIFICATION OF SOIL 
• PROJECTILE  W6T 
• STRIKING VELOCITY 

FOR" METALS"» PLASTICS ' 

• MpO * fO  • < (ED 
• L   (FD •  f • • 
• K •t* 

FOR WOODS 
• e •A(ED 
• ♦        •v(ED 
• « O  • 

(MIV 
MATHEMATICAL 

USE EQUATIONS     AA,   ABt 

AC  S   AD   BEGINNING ON 
RASE 4-BS 

USE   EQUATIONS    CA,  CB, 
CC FOR THICK PLATES 
BEGINNING ON PAGE   4-71. 
FOR THIN PLATES USE 
EQUATIONS DA B  DB ON 
PAGE  4-78 

A 

USE EQUATIONS   EA. EB. 
EC  B ED   BEGINNING ON 
PAGE    4-7B. 

SOILS 

CONCRETE 

FIOURC 

  



►ENETRATION OF MATERIALS 

n 
^FIRMATION 

IPUTER   PRINTS 
COOED INPUT IN 

VCPSATIONAL 
NEP AND OIVCS 

ON PROJECTILE 

r CED 

^4\ 
OUTPUT 

"ODE   I: 
, RESIDUAL VELOCITY 

THRU EACH LAYER 
• DEPTH OF PENETRATION 
• PENETRATION TIMES 
MODE   2: 
• THICKNESS OF FIRST 

LAYER REQUIRED TO 
STOP PROJECTILE IN 
LAST LAYER OF MATERIAL 

•RESIDUAL VELOCITIES THRU 
EACH   LAYER 

• PENETRATION TIMES 
»*>Pg »: 
• THICKNESS OF MATERIAL 

IN LAST LAYER REQUIRED 
TO STOP PROJECTILE 

OR 
•THICKNESS OF A SINGLE 

LAYER OP MATERIAL 
REQUIRED TO STOP 
PROJECTILE 

• PENETRATION TIMES 
• RESIDUAL VELOCITIES THRU 

SUCCEEDING   LAYERS  IF 
MULTILAYERED 

e COSTS 
COST PER SQUARE 
FOOT OF PROTEC- 
TION 
(SEC PAGE 4-41 
FOR EXAMPLE) 

T AID 
GRAPHICAL  

INPUT a/OR 

MCRETE I 

 r! 

TFIC St 
I FIG   ISA 
Fit.  I1C 

1 ZT 

Fit. hi .»iftl 

, • STRIKING  VELOCITY 
I • RANGE S NO  ROONOS 
| • TERMINAL VELOCITY 

I • TYPE PROJECTILE 

ÖÜTftÜT 
• THICKNESS 

KTALS 

STICS 

FIG 
FIG 
FIG 
FIG. 
FIG 
Pit. 

47A 
SO 
• I  ft 
ft 
•1 

• • TYPE PROJECTILE 
| •MILD  STEEL 
• AP PROJECTILE 

1 • PENETRATION 
• INITIAL VELOCITY GVso 
• ■AL   LIMIT VELOCITY 

• THICKNESS 
• PENETRATION 
• THICKNESS 
• PENETRATION 

RBF 4t   ft 
REP • 

• RANGE 
• TYPE OF   PROJECTILE 

THICKNESS 
PENETRATION 

• fJlPORATlOl 
• INSTANT. VELOCITY 
• RESIDUAL VELOCITY 
• PENETRA riON 

• PENETRATION 

e OBLIQUITY 
CONSIDERATIONS 
USE  FIGURES 20, 
42, 43, 44 8 45 
PLUS FORMULAS 

e TRADE-OFF 

GIVEN EQUAL 
LEVEL OF PRO- 
TECTION SELECT 
LEAST EXPEN- 
SIVE OPTION 

SYMBOLS FDR 2-1 

E • AREAL DENSITY 
#-• OBLIQUITY 
a > PROJECTILE WQT 
A • AREA OF PROJECTILE 
H ■ HARDNESS OF WOODS 

METALS  S PLASTICS 

Mp. PROJECTILE CORE MASS 

L   ■ LENGTH or PROJECTILE 
K   • DYNAMIC  BULK MODULUS 
e •  DENSITY OF MATERIAL 
f I  PROJECTILE   HALF-ANGLE 
f   ■ SLIDING COEFFICIENT OF 

FRICTION 
Is • DYNAMIC COMPRESSIVE SHEAR 

E  • YOUNGS  MODULUS 

^ ■ STATIC TENSIL YIELD STRENGTH 

d >   DIAMETER OF PROJECTILE 

i •  BRINELL  HARDNESS 

W • WGT OF PROJECTILE 

^ 
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1.  INTRODUCTION 

The enemy surface-to-surface attack activity on tactical air bases 

in Viet Nam has highlighted the deficiencies in passive defense. 

Other countries have the potential to attack existing or future 

tactical air bases outside Viet Nam with surface-to-surface weapons 

as well as with air-to-surface weapons. The combination of the 

present combat attack activities in Viet Nam and the potential of 

other countries dictates that the Air Force have an ability to 

adopt effective passive defensive measures. The objective of this 

study is to develop concepts from which a capability can be derived 

to survive direct hits from surface-to-surface projectiles and near 

misses from aerial bombs and missiles.  (See Figure i.) Surface- 

to-surface missiles with a damage equivalent to aerial bombs have 

not been treated in this effort. To obtain the desired capability, 

the proper protective and/or structural materials can be combined 

with a "shaped" facility in a terrestrial environment which will 

enhance passive protection. In arriving at the preferred concept, 

it was first necessary to evaluate the threat. Second, counters to 

the threat were postulated and the desired capabilities of the 

facilities wei*e defined.  Third, alternative configurations of 

facilities were devised which might meet the counters to the threat. 

Fourth, the alternative configurations were traded off against selection 

criteria. Fifth, a computer code was designed to assist in calculating 

the penetration of weapons in the threat into various materials. 

Sixth, the selected materials were applied to the facility configuration. 

Finally, the preferred concept(s) were defined. Figure 1 entitled 

"Approach to the Effort" graphically portrays the generalized flow 

used in this study. 

1-1 
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2.    THE THREAT 

a.  Flexible Response 

Small war-like activities may develop into larger actions through 

escalation. The entire spectrum of war ranging fron Technological 

Wars through Nuclear Holocaust was examined to frame the threat. 

The types of weapons and their employment vary as the intensity 

of offense increases. 

To have a reasonable chance for survival without spending large 

initial sums for massive structures, the facilities should have 

the flexibility to increase their resistance to the effects of 

weapons as the intensity of attack increases. The purpose of this 

section of this report is to identify the various intensities of 

conflict and the associated weapons.  (See Figure 2.) At the 

lowest end of the spectrum is Technological War; however, it is 

waged throughout the entire spectrum. This war is characterized 

by research, development, study, innovations and by activities 

relating to the next generation of weapon systems or the facilities 

to support them. While closely allied to the present Viet 

Nam conflict, this study, though small, could be classified 

as one of the many elements comprising the Technological War. 

Cold War, so named because of the absence of firing on both 

sides, is recognized by diplomatic confrontations, intimidation, 

provocative actions and shows of armed strength. The area of 

concern of this study, however, covers those parts of the conflict 

spectrum ranging from inlti.il infiltration through conventional 

non-nuclear war. The classes of weapons associated with conflicts 

covering this broad Mband" are mutually inclusive. They are lifted 

/ 

below: 

2-1 
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TYPES OF OFFENSIVE ACTIVITY 
 BY THE ENEMY  

Initial Infiltration 

Guerrilla Warfare 

Subscale Limited War 

Limited War 

Conventional War 

Conventional, Non-nuclear 

CLASSES OF WEAPONS 

Grenades and Small Aras 

Small Caliber Machine Guns 

Mortars and Large Caliber 
Machine Guns 

Rockets and Howitzers 

Aerial Bombs 

Tactical Missiles with the 
Damage Equivalent of 
Aerial Bombs 

One of our national policies states that conflicts should end as 

soon as possible and at the lowest practicable level of intensity. 

To construct massive structures for passive defense at the outset 

of each "brush fire" war is inconsistent with national policy. It 

may also be uneconomical. Nevertheless, the military services 

must plan for and be prepared to implement actions in case of 

escalation. Therefore, a flexible response in passive defense for 

each successive escalation of the threat is needed. A knowledge of 

specific characteristics of projectiles is required to design 

structures which will counter each successive threat. To design 

such a facility, a "Basic Core" is constructed first. As the 

intensity of conflict increases, additional protective materials 

are successively added until a specified limit of protection is 

reached beyond which it would be uneconomical to continue. In 

case of de-escalation from the lower levels of intensity, reclamation 

and reuse of passive defense structures should be considered. 

2-3 
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b. Elements of the Threat 

The specific weapons posing a threat to tactical air bases are: 

1. Grenades 9. 120 nm Mortar 

2. 30 Caliber 10. 57 nm Recoilless Rifle 

3. 50 Caliber 11. 75 nm Recoilless Rifle 

^. 10 ■ 12. 122 am Rocket 

5. 120 mm Chicom Rocket 13. 152 nm Howitzer 

6. ikO  Soviet Spin Stabilized    lU. l60 mm Howitzer/Rocket 

tl 7.  60 nm Mortar 15. Bombs and Missiles 
Delivered by Aircraft 

8. 82 mm Mortar 

The weapons which place the moat severe requirements on structures 

are the 102 mm Chicom Rocket, the IkO nm Soviet Spin Stabilized 

Rocket, the 122 nm Rocket and aerial bombs (Refer to Figure 3).  By 

1973 it is postulated that weapons of 200 nm, 2k0  nm and 250 nm may 

be used. These weapons will place increased passive protection 

demands on structures to be employed in that time frame. 

Ö 

ö 
11 
ü 

The accuracies of weapons have a distinct bearing on their effectiveness 

and the degree of passive protection which must be provided. Figure 

h  gives the accuracies of a variety of weapons contained in the 

threat. It is pointed out at this Juncture, that the weapon CEP's 

shown in Figure k  are smaller than system CEP's. For example, the 

weapon CEP for the 122 nm rocket at two-thirds maximum range is 

approximately 58 meters or l80 feet. The system CEP is slightly more 

than 600 feet. ü 
ü 
ü 
ü 2-5 

— 

i^-^-—,. 



rz-~r3L i   ■■ 

-MM* 

r 

i; 

D 
D 

H 

W 

OS 

O 

W 

CO 

a* 
o o 

■ 

p 

? I 
CO 

CO CO M        ■ 

g        3 
I en 

o 
cd 
-p 

I 
n 

■P 

•P 
cd 

(D 

ö od h 
•H   Ö o 
5 a 
^1 R 
O rH •H c^ 1 < ITS O 
0) G 

,Q  O • 
CO 2'    • 

COW 
a o CQ 

• ir\   • 
t» o 

O         <D S mS 
-P   ^ •> oo 

b£ a TJ Pi c2   * 

as05 
H 

S 
»1 

f
i
e
d
 

Li
eu

t 
o
w
i
n
g
 

3 
3 a

g
o
n
 

in
gt
 

1 o -P XI 
•H        iH p gs n bOH (D s n ß o m a. :* 
32^ 

O 
w < 1 fc. 
c? Ci 
M 
fc CO 

w 

LJ 

U 2-6 

—m -» ••—— •     *. — 

- 



'~^—^^^^^~^immmmm—mmmmmn 

a 

.1 

ji 

n 

u 
u 

Approximate Areas of Damage by Surface-to-Surface Weapons 

Paragraph 2b above dealt with whole projectiles and their accuracies. 

Of equal importance is the size, number and velocity of projectile 

fragments and the area over which they will be effective.  (See 

Figure 5 and Table I.) Data similar to those in Table I are also 

available for hand grenades, 20 mm, 75 mm, 76 nm, 8l mm, 90 nm, 

105 em, 120 mm, 8 inch, 2^0 mm and 4.5 inch rocket. Reference 5 

should be consulted for these data. The criterium used in arriving 

at the effective area is that there will be at least one hit by 

a fragment for each 10 square feet. The size of such a fragment 

will be large enough and have sufficient velocity to cause casualties 

to personnel (incapacitate, not necessarily kill) and major damage 

to aircraft ( $100,000 damage per aircraft). The orientation of 

the damage pattern for each weapon varies with respect to the line 

of flight of the projectile. In conflicts such as Viet Nam, the 

location of the weapon being fired with respect to the target is 

not generally known. Therefore, Figure 5, "Approximate Areas of 

Damage by Various Surface-to-Surface Weapons and their Fraönents" 

depicts the effective areas of weapons from 60 mm through 152 mm 

without regard to their firing origin or the orientation of the 

damage pattern. 

A 60 nm weapon, for example, will scatter fra^aents capable of 

inflicting 100^ casualties and major damage to aircraft approximately 

50 feet from the point of impact. The 152 mm, on the other h»ial, 

will inflict the same damage at 70 feet. At one hit for each 

2-7 
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25 square feet, the 152 on weapon would scatter effective fragments 

out to 90 feet from impact. Under these conditions, tht- apparent 

desirability of dispersal of facilities should be carefully 

examined.  Such factors as the added cost of dispersal, availability 

of real estate, ability to protect the dispersed site fron» 

infiltrators, and  added time for ground movements should be included 

in the examination. To emphasize this point, assume a lUO mm 

weapon misses its intended target by 50 feet, an actual impact 

occurring 50 feet from the intended target would throw effective 

fragnents against personnel 70 feet frcm the impact point or 120 feet 

from the intended target.  (S^e Figure 6, "Effect of Hear Miss and 

Damage Area on Personnel") Consideration of the probability of 

damage to adjacent facilities, i.e., "bonus effect," is necessary 

in the siting of protected as well as unprotected facilities. 

Ü 

d.    Damage Pattern for 500 Pound General Purpose Bomb 

The threat from aerial bombardment was also assessed.    For illustrative 

purposes,  a 500 pound general purpose bomb was used.    A "worst 

case"  analysis was performed.     In this case, the bomb was burst 

30 feet above the ground and its angle of attack %ith respect to 

the horizontal was 75 degrees.    The release altitude of the bomb was 

20,000 feet and its velocity remaining at 30 feet above the ground 

was 990 feet per second.    The bomb was launched on a westerly 

heading (270 iegrees) at the time of bomb release.    Figure 7, 

"Damage Pattern for 500 Pound General Purpose Bomb" shows that 

casualties can be expected out to l60 feet from the impact point. 

11 2-9 
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Again, the criteria of at least one hit per 10 square feet for 

casualties was used. It is interesting to note that fragnents 

from the bomb would perforate one-eighth inch of mild steel out 

to 165 feet once every 25 square feet. This could also cause 

major damage to aircraft. 

e. Calculation of Fragnent Data 

The above data on fragments are based on actual data. If, however, 

fragment data are not known for a particular weapon in the threat, 

the following theoretical procedure can be followed for predicting 

the size, velocity and dispersal of fragments. 

(1) If the explosive mass, VL^,  and the steel mass, Ms, of the 

projectile are known. Figure 8 will enable one to predict 

the initial velocity, V0, of all fragments generated by the 

blast. For example, a TNT filled cylinder with a Mx to Ms 

ratio of 2.1 has an initial velocity of approximately 0,000 

feet per second. 

(2) Data from Figure 9 will yield area to grain size ratios for 

various fragment weight. Thus: 

A/m  =0.15 for a 50 grain fragment 

A/m  = 0.6 for a 0.Ö grain fragnent 

(3) Figure 10 yields the ratio of striking velocity to initial 

velocity for various A/m ratios for specified distances. 

An A/m of 0-6 at 200 fee* for example yields V = 0 whereas 

an A,/m of 0.15 at 200 feet yields a velocity of 0.5xVo or 

U,000 feet per second. 
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f. Consolidated Data on Elements of the Threat 

(l) A precise description of each of the projectiles contained 

in the enemy inventory is necessary to bound the problem 

of the passive protection. To this end, Figure 11, 

"Consolidated Data on Elements of the Threat" shows 

pertinent data on each element of the threat. The data 

sheet contains the following types of information: 

(a) Name of Projectile 

(b) Angles of Impact 

(c) Ranges 

(d) Velocities 

(e) Radii of Fragment Effectiveness 

(f) Dimensions 

(g) Ratios of «eights 

(h) Penetration into Various Single Materials 

g. Cost Effectiveness of Shelters 

The location of U. 8. military aviation bases in friendly or 

passive foreign territory is conducive to the adoption of 

procedures for good operating efficiency. For exsmple, the 

aircraft can bo parked closely together in the open and close 

to servicing and maintenance facilities. Structures need be 

built only for weather protection in name  case«. Under these 

conditions, with sufficient air superiority, the likelibood of 

an attack on an airdrcsK can be minimized. As the probability 

ü 
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of an attack from the air increaaea, dispersal of the aircraft 

heccaes more attractive. However, vhere attack is likely 

fro« the ground and sabotage and infiltration are serious 

considerations, it is not attractive to use dispersal for passive 

protection of aircraft or facilities. Therefore, the construction 

of shelters for aircraft becanes a consideration. Figure 12 

ccnpares the cost of damage to aircraft versus number of 122 ran 

rockets and 02 mm mortars expended against a parking ramp 

containing 70 aircraft spaces. This comparison can serve as 

an example of one case of the level of cost which may be allocated 

to shelters used for passive protection of aircraft. The 

letters R and S refer to revetnents and shelters respectively. 

The subscripts to Biß  refer to the number of protection 

surfaces. In the case of shelters, a top is always included 

plus 3 or k  sides. For example, S3 is a shelter with 3 sides and 

RQ corresponds to aircraft parked in the open with no protection. 

The  curves are based on the assumption that the rounds are 

equally distributed and that the shelters can defeat the mortars 

and rockets with instantaneous fuzes but not delayed fuzed rockets. 

Delay fuzes for mortars were not used. It can be seen in this 

example that recovery of the costs of shelters begins at about 

P ciÄiJative rounds. Protection against higher numbera of rounds 

requires that more cost be allocated to shelters. This can be 

seen by sliding the 8^ and 8~ lines up at the SSM slop«, 

a^jrovements in shelter capability can have the effect of decreasing 

the slope of the curves relating to shelters to zaro. 
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TABLE I:    Fragment Damage of HE,  155 nm Projectile; 
Initial Fra^aent Velocity 3,500 f/a 

Distance 

Urn 
Total 
number of 
effeptive 
fr agents 

Average 
number of 
effective 
fragments 
per sq.ft. 

For the lightest 
effective fraenents 

bur at 
in feet Weight 

oza. 
Val 

Caaualtiea 

20 1ÖÖ0 .37^ .0100 23U0 
30 17U0 .151* .OlUö 2000 
ko 1A0 .0816 .0195 17U0 
6o 11*50 .0321 .0310 13Ö0 
8o 1300 .0162 .oM*o 1160 
100 1220 .00971 .0562 1030 
150 10U0 .00360 .0032 8U5 
200 9U0 .0010? .1^ 73Ö 
300 770 .00060 .166 59Ö 
IOP 640 .00032 .235 503 
700 U20 .00007 .515 3h0 

Perforation of i/o inch mild steel 

20 11*00 .278 .0350 2690 
30 1290 .111* .01*60 21*10 
ko 1210 .0602 .0591 2210 
60 990 .0219 .09Ü0 1910 
80 8U0 .0101* .139 1690 
100 720 .00573 .195 1530 
150 500 .00177 .370 1260 
200 390 .0007« .590 1100 
300 260 .00025 1.05 935 
1*00 220 .00011 1.52 8U5 
700 72 .00001 3.1*1* 685 • 

Perforation of l/U inch mild steel 

20 710 .11*1 .198      1 3040 
30 676 .059b .236 2850 
40 600 .029b .277 2680 
60 510 .0113 .372 2430 
80 1*1*0 .0051*7 .485 2220 
100 385 .00306 .614 2060 
120 336 .00186 .760 1920 
11*0 300 .00122 .932 1800 
160 265 .00002 1.12 1690 
IbO 21*0 .00059 1.32 I6l0 
200 212 .00042 1.55 1530 
300 88 .00006 2.75 1270 

■ 
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Improvements in weapon accuracy and penetration capability have 

the effect of increasing the slope of all the curves. Ideally, 

the slope of the curves relating to shelters should be lers than 

a curve plotted showing cost of active offensive and logistics 

operations relating to the delivery of rounds on a selected target. 

In connection with the above, Figure 13A gives the number of rounds 

required to insure a 90% probability of at least one 155 nan projectile 

perforating various thicknesses of concrete targets of different 

sizes. Similar data on other projectiles can be obtained by cot- 

suiting Reference 5. 

Figure 13B, "Projectile Penetration into Clay-Sand Soils," shows 

the depths of penetration of various weapons into clay-sand soils 

as a function of the angle of impact and striking velocity.  In the 

extreme cases, a 75 nm shell striking the ground at 36° and a velocity 

of 525 feet per second will penetrate 3.9 feet; the 2Uo m projectile, 

on the other hand, will penetrate 29 feet into the soil when the 

striking velocity is 1,170 feet per second and the Impact angle it 

U8.5 degrees. The  change in direction of the various projectiles 

(hiring penetration, however, causes the aforementioned projectile! 

to bury themselves only 3.7 feet and 11 feet below the surface 

respectively. For comparative purposes, the depth of penetration 

of a 155 BB projectile into concrete was plotted against various 

terminal valorities and ranges. At 1,üOO feet per second and 15,000 

yards ranf«, this projectile will penetrate l.k  feet of concrete. 

This same projectile at 1 000 fett per second would penetrate about 

il feet of eftsth. Figure 13t, "Penetration of Concret« by Projectiloa," 

shows the bchavUr of the 155 HI »nd 105 mm projectiles against concrete. 
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h. Blast 

(1) General 

Thus far in the discussion of the threat, the basic elements 

that have been considered are the effects of fragments and 

rt the penetration capabilities of whole projectiles into various 

materials.  In the case of explosive projectiles and the near 

miss of bombs, which was also a part of this study, blast effects 

on structures are also a part of the basic threat. Discussion 

of phenomena of blar.t »a developed in the following paragraphs. 

u 
11 

(2) The Explosive FfOOtM 

High explosives release their energy by a process called detona- 

tion, and low exploolves or propellents by a process called 

rapid burning. The time required for the detonation of o 

quantity of high explosives is much less than that for burning 

of a like amount of propellant.  Particle size has little effert 

on the r&to  of detonation of high explosives; however, particle 

t'   size directly affects the energy released by burning prope]lants. 

Some high explosives such as mercury fulminate are very sensi- 

tive to shock and heat and can be easily detonated by a spark 

or other local applications of heat. These explosives are 

used to initiate less sensitive explosives and are called 

primers. Other explosives which are less sensitive to shock 

and heat than primers but in which detonation can be initiated 

are called boosters.  These are intermediates between primers 

and a main body of explosive and are capable of initiating 

the main explosive and being initiated by the primer.  Tetryl 

2-25 
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Is an example of a booster used extensively during World War II. 

The main body of explosive is very insensitive to shock, heat 

and friction and must be detonated by a booster. Explosion 

of the booster results in a compression wave which initially 

passes through the main explosive body at about the velocity 

of sound. This wave provides enough compression to start 

chemical reaction of the main explosive which is rapid and 

produces products at very high temperatures and pressures. A 

«one thus develops called the detonation wave which travels 

through the explosive considerably in excess of the speed of 

sound (16,000 to 26,000 feet per second), the velocity depending 

on the physical properties of the explosive on its dimension 

and the degree of confinement. When the detonation wav*> reaches 

the interface between the explosive and the air the products 

of the detonation, largely gases, expand with very high velocity, 

pressure-, and temperatures. The boundary between the air 

and hot gases is sharply defined. Behind this layer the pressure 

and temperature, at a short time interval later, decrease 

rapidly to lower values toward the interior of the charge. 

The rate of expansion of the luminous zone, presumably the hot 

burnt gases, continually decreases. Eventually, another dis- 

continuity emerges from the luminous zone and thereafter leaves 

it behind.  This is the shock wave which travels outward spherically 

from the charge. The pressure in the front of the wave called 

the peak pressure steadily decreases.  At great distances, 

the peak pressure is infinitesimal and may be treated as a 
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sound wave. Behind the shock wave front, the pressure decreases 

from its initial peak value. Near to the charge, the pressure 

in the tail of the wave is greater than atmospheric. However, 

as the wave propagates outward from the charge, a rarefaction 

wave is formed which follows the shock wave. At some distance 

from the charge, the pressure behind the shock wave front 

falls to a value below that of the atmosphere and then rises 

again to a steady value equal to that of the atmosphere.  That 

portion of this action where the pressure is above atmospheric 

is called the positive phase and below atmospheric the negative 

phase. The velocity at which the shook wave is propagated 

is uniquely determined by the pressure in the shock wave front 

and the pressure, temperature and composition of the undisturbed 

medium. The greater the excess of peak pressure, the greater 

the shock velocity. Since the pressure at the shock front, is 

greater than that at any point behind it, the wave tends to 

lengthen as it travels away from the charge. If the charge 

is confined by a metal case, the case is expanded by the 

pressure of the hot gases. At first, the metal flows plastically 

until the volume of the case has been increased about twice 

(in the case of steel) and then rupture occurs.  The resulting 

fragments of the case are propelled at high velocity and pro- 

ceed the shock wave over a great distance from the charge. 

Acceleration of the fragments requires energy and a considerable 

fraction of the detonation energy may be carried away by ^ne 

fragments. As a result, the pressure of the shock wave of a 

confined charge is considerably less than from an uncased 

,-.'-;.}7 
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charge. At the boundary between the burning gases and the 

surrounding air. oxygen comes in contact with the hot reaction 

products. Combustion is not complete at this juncture and 

further slower oxidation takes place and additional energy 

is released and the shock wave energy is enhanced. This 

process is called'kfter burning"and if it in itself were com- 

plete, the energy from this source would be about twice that 

released by the detonation. 

(3) Shock Wave Interaction 

When the pressure in the shock wave is weak, or nearly at 

acoustic strengn the pressure at the reflected surface is 

very nearly double the pressure of the incident wave.  However, 

when the pressure in the shock wave is appreciably above atmo- 

spheric pressure, the excess pressure on the reflected surface 

is much higher. For example, if thp incident pressure is 

about 100 psi, the reflected shock pressure will be about 500 

psl.  As the incident wave expands to greater size, the 

reflected wave also expands, not in a spherical shape, but 

in the shape of a flat elipse.  At some distance from the 

charge, which is determined by the height of the explosion 

and by the strength of the incident shock wave, the intersection 

of the reflected wave and the incident wave occurs above tho 

surface. 

This is the point of origin of a pressure wave which connects 

that point and the surface. This is called the Mach stem 

and the intersection of the Mach stem, the incident and 

y 2-26 
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reflected wave is called the "triple point." As the shock 

system expands further, the Mach stem grows rapidly tending 

to encompass the two shock systems above it.  If the explosion 

occurs very close to the surface, the Mach stem is formed 

almost directly under the explosion and in a short time it 

has grown so that most of the shock system is a Mach stem.  Tf 

the explosion occurs on the surface, no separate reflection 

wave is formed and it can be considered that the shock wave 

is a Mach wave.  The pressure and positive impulse in the neigh- 

borhood of the triple point and in the Mach stem are considerably 

greater than the pressure In the incident shock wave or in the 

shock emitted when the burst is on the ground. 

INCIDENT WAVE 

REFLECTED WAVE 

W W ^ ^o? *& N^V ~ ^^ 

EXPLOSION ABOVE THE SURFACE 
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SUPER IMPOSET 
IN T ENT AND REFLECTED WAVEL 

_iJm(K.  DOUBLE THE PRESSURE OF AIR BURST 
„INCIDENT WAVE BUT LESS THAN TRIPLE POINT 

Ay-'M'^ 
EXPLOSION ON THE SURFACE 

When a shock wave strikes a non-rigid obstacle such as a build- 

ing, the wave is reflected by the surface of the building in 

the various ways described above. The reflection from a non- 

rigid surface will not, however, conform quantitatively to that 

from a rigid surface such as that discussed above. At the instant 

the v/ave strikes the wall, the wall is accelerated and continues 

to accelerate as long as there is excess pressure on its outer 

surface. At first, the wall deforms elastically so that, for 

insufficient excess pressure or insufficient positive duration, 

there may be no permanent deformation of the wall. If the blast 

is of sufficient intensity, the wall deforms inelastically and 

suffers permanent displacement. If a very long wall with a certain 

natural period of vibration is struck by a shock wave of long 

duration, the wall can be considered to be suddenly subjected 

to a blast of constant pressure equal to the pressure in the 

shock wave enhanced by reflection. For sufficiently small pres- 

sures, the wall will deform elastically (the amount of displace- 

ment being about twice that from a static pressure equal to 

I, 2-30 
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the pressure In the reflected blast) and will not rupture. Some 

pressure must exist, however, such that the wall will collapse. 

For shock waves of finite duration, the walls may not collapse 

even though the pressure is equal to the critical pressure. 

Instead, the wall will acquire momentun IVom the shock wave 

and will vibrate without reachim? the amplitude corresponding 

to collapse. If the duration of the wave is very short compared 

with the time required for collapse, the momentum imoarted to 

the wall must be sufficient to deform it beyond the critical 

limit. On the basis of reasoning such as this, the peak pressure 

is usually considered to be the determining factor in the damage 

produced in blast from very large bombs such as atomir bombs. 

For small bombs, it is generally assumed that the positive 

Impulse is the important quality since the duration of the blast 

is quite short. 

(h)    Basis for Structural Design Against Blast 

The dynamic behavior and, therefore, the response of a protective 

structure (barrier or shelter) and its elements to the blast 

output, as indicated above, depend on (a) the properties (type, 

weight, shape, etc.) and location of the explosion, and (b) the 

physical properties and configuration of  the structure itself. 

The response of a protective structure to blast can be described 

in tprms of structural design ranges, such as (a) close-in, 

(b) intermediate, and (c) far. With "close-in" design range, 

the initial pressures acting on the protective structure are 

usually extremely high and further amplified by their reflections 

-31 
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from the barrier. Also, the duration of the applied loads are 

short In comparison to the response time (time to resch maximum 

deflection) of the individual elements of the structure. There- 

fore, structures which are to withstand near miss explosions 

are designed for dynamic impulse rather than for the peak pressure 

associated with longer duration blast pressures.  Structures 

subjected to blast effects associated with the intermediate 

design range sustain blast pressures of smaller intensity than 

those associated with the close-in range.  Hovever, because the 

duration of these pressures (which are long in comparison to 

those for the close-in design range) are in the order of magni- 

tude of the response time of the structure, structural elements 

I' designed for the Intermediate range respond to the combined 

effects of both the pressure and impulse associated with the 

blast output.  Protective structures designed using the far- 

range criteria are designed for duration of blast loads which are 

extremely long in comparison to those associated with the other 

two design ranges.  Here the structures respond primarily to 

the peak pressure in a similar manner as those structures designed 

to resist the effects of nuclear detonation. Although each 

design range is distinct in itself, no clear cut division between 

these ranges exists and each structure must bp analyzed for a 

predicted blast protection environment based on the threat and 

degree of acceptable risk. 

The quantitative values relating to the parameters discussed 

above can be obtained by referring to Figure IjD, "Shock Wave 

ö I 
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Parameters for Hemispherical TNT Surface Explosion at Sea Level," 

and Figure 13E, "Shock Wave Parameters for Spherical TNT Explo- 

sion In Free Air at Ses Level." 
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3-  COUNTERS TO THE THREAT 

The remote siting of tactical air bases beyond the range of enemy 

tactical fighters (arm's length concept) has been effective against 

J attack from the air but ineffective against attacks from the ground. 

This deficiency in our tactical air base defenses has not gone un- 

noticed by other potential enemies. Therefore, the likelihood of 

future ground attacks is high. The specific objective of this effort, 

as Stated in Paragraph 1, is to develop facility concepts to protect 

personnel, weapons and equipment from offensive weapons contained 

r--| in the threat (Figure 11, "Consolidated Data on Elements of the 

Threat"). The measures taken to counter the threat are derived 

p from the size and shape, obliquity, strength location, environment 

and degree of acceptable risk associated with the facilities under 

IJ attack (Figure Ik,  "Passive Protection Counters to the Threat"). 

/ - Definitions of these terms are shown below: 

... $121 refers to the length, width and height of the structure. Size 

L is an important consideration because it influences the probability 

I of the structure being hit. 

shaPe is the geometric form of the structure. 

Obliquity of a facility is an important parameter since it can in- 

fluence the angle at which a projectile (or its fragments) intercepts 

the structure. Properly sloped or angled shapes tend to increase 

the obliquity and encourage ricochet. A reduction in the thicknesses 

I of materials designed to defeat missiles can be made when the deflec- 

tion of projectiles or their fragments is highly probable. Another 
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example of the importance of obliquity is the bending stresses it 

produces on the projectiles prior to substantive impact. 

Strength of the structure, as used in this report, refers to anti- 

weapon strength rather than structural strength. It influences 

the ability to reject, arrest, or deflect the attacking missile, 

projectile or fragment. 

Location of a facility is defined as its proximity with respect to 

other structures and urban features. Location is important in over- 

all tactical air base planning, end must be considered a passive 

defense function. It should be the subject of another study since 

this effort deals primarily with facility concepts. 

Degree of Acceptable Risk may be largely a military judgment factor. 

However, if the degree of risk can be reduced to percentages or 

cost variables, judgments can be more productive. For the purpose 

of this effort, it is defined as the per cent of damage that is 

acceptable if near total protection cannot be given to a facility 

and hence its contents. Risk is influenced by, among other things, 

the cost of providing near total protection, the "utile" value of 

the items to be protected, the time necessary to obtain a given 

level of protection, the availability and cost of materials. The 

degree of acceptable risk influences the extent to which a given 

facility must be protected. 

Environment. The parameter which has the greatest impact on each 

of the above variables is the terrestrial environment selected for 

the physical placement of the structure. The terrestrial environment 

can be classified in six categories as follows: 

3-3 
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a. Entirely above ground 

b. Above ground and revetted (The category includes Earth Cover 

over the entire structure.) 

c. Partly buried 

d. Partly buried and revetted 

e. Partly buried and covered 

f. Totally underground 

Each of the above parameters, i.e. size, obliquity, strength, loca- 

tion and environment, are discussed in the following paragraphs. 

a. Size - Building Areas and Probabilities of Hit 

The targets associated with the threat are buildings and their 

contents (people, POL, command and control, aircraft and other 

parts of weapons systems). The target presenting a small area 

is less likely to be hit than a large one. The quantitative 

values of the size of targets versus the circular error probable 

of weapons attacking the targets have been identified so that 

acceptable sizes of structures can be related. In the case 

where a building is the target (Figure 15, "Rules for Computing 

Areas and Probabilities"), the presented area of the top of 

the building is given by: 

Presented Area of Top = (Floor Area) (Sine of Impact Angle) 

In calculating the presented area of the sides of a structure, 

the building (target) is assumed to be rotated so that the line 

of flight of the projectile intercepts a corner. Thus the presented 

area of the sides is given by: 
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Presented Area of Sides = 2(Building Height)(VÄri^)(Cos kcf){Cos  Impact^-) 

The probability of a structure being hit by a single shot is 

given by: 

P(hit) ■ 1 - e-0'6^)2 

= 1 - c(-Q-22 Area) 
CEP2 

where the area of the building presented to the line of flight 

of the projectile is approximately a circle whose radius is "r." 

H. H. Germond has shown in his report, "Target Coverage," RAND 

RM-149, April 19^9, that this is a good approximation. Throughout 

this study buildings have been used as most representative of 

target areas. Utilizing the above equations, three figures were 

prepared as follows: 

FIGURE TITLE 

l6a (Linear) and l6b (Log) 

17a (Linear) and 17b (Log) 

l8a (Linear) and l8b (Log) 

Single Shot Ph vs. Presented Area of Building 

Single Shot P vs. Area and Height of Building 

Sing-1^ Shot P vs. Circular Error Probable 

From the above family of curves, it can be seen that the probability 

of a structure being hit is a function of its size and the accuracy 

of the attacking weapon. In the illustrative hypothetical example 

below, the assumption is made that a 15 per cent probability of 

direct hit for each shot fired exists. This is an exceedingly 

high probability and it is used to illustrate the sensitivity of 

building size to weapon accuracy. 
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The options are to construct buildings with the following charac- 

teristics given the Circular Errors Probable (CEP) as indicated. 

AREA HEIGHT 

750 Square Feet kO  Feet 
1,000 Square Feet 30 Feet 
1,800 Square Feet 20 Feet 
7,000 Square Feet kO  Feet 
8,600 Square Feet 30 Feet 
9,800 Square Feet 20 Feet 

CEP 

50 Feet 
50 Feet 
50 Feet 

100 Feet 
100 Feet 
100 Feet 

From the above it can be seen that no building larger than 1,800 

square feet in area and 20 feet high can be erected without 

exceeding a probability of hit of 15 per cent for each shot 

fired from a weapon having a 50 foot CEP.  It is unrealistic to 

place such a restriction on structures. Hangars, PCL Dumps, 

and Communications all require facilities larger than 1,800 

square feet.  To be practical in arriving at the proper size 

structure vis-a-vis survivability, it is first necessary to 

determine the accuracies of the weapons in the threat and then 

develop concepts for facilities of an area that will minimize 

the probability of hit and also resist the attacking weapons. 

The structures should be configured so that they will have as 

low a silhouette as possible and they should also encourage 

ricochet. These actions will enhance the probability of survival 

To place the above in realistic perspective, the weapon CEP's 

for projectiles are shown in Figure *♦, "Examples of Accuracies." 

The 102 mm has a CEP of 37 meters, the 122 mm, 58 meters; and 

the ihO mm, 48 meters. Given these data, the problem takes on 

a different hue.  This time assume tnat the structure will be 
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attacked by 102 mm vrlth a 30 degree impact angle. The weapon 

fTEP (as differentiated from the system CEP, system CEP's are 

larger than weapon CEP's sometimes by a factor of k)  is 37 meters 

or about 120 feet. A structure with a floor area of 5,000 square 

feet and 30 feet high must be erected to properly perform its 

designated function, as for example, a nangar.  By referring 

to Figure l8b, it can be seen that a single shot P of 8 per 
h 

cent prevails. The addition of protective materials to the 

building would significantly increase its probability of survival. 

Methods for doing this are discussed in Paragraph Uc of this 

report. 

Obliquity 

Obliquity is defined as the angle measured from a line normal to a 

target surface at which a orojectile is directed to that target 

surface. The angle of obliquity is the complement of the angle 

of impact. Therefore, the angle of obliquity plus the angle 

of impact is equal to 90 degrees. 

r su&F/iceor rjeser 

The configuration of the facllitiei is influenced by the threat, 

the capabilities desired, the terrestrial environment in which 

it will be placed and the materials to be applied to the structure. 

One of the dominant things that influence the shape of a structure 

3-lU 
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is the angle at which target surfaces are presented to an attack- 

ing weapon. This is important because ricochet is encouraged 

by oblique presentation of the building surfaces to the projectile 

| path. If proper attention is given to obliquity, projectiles 

may be deflected and savings in thicknesses of protective: materials 

on the structure can be made. In this regard, Figures 19 and 20 

are useful in determining the angles for the sides and roof of 

a building. From Figure 19, entitled "Relationships between 

Parts of Building and Angles of Attack by Projectiles," it can 

be seen that howitzers tend to attack targets at angles centered 

on 30 degrees to the horizontal. Rockets and mortars, on the 

other hand, predominate at angles of attack between ^5 and 60 

degrees. The angles which encourage ricochet are those from 

the angle of attack through the limit of the critical angle. 

Critical angles are those angles of obliquity at which projectiles 

(or fragments) start to ricochet. Critical angles are velocity 

i dependent and increase as velocity increases. The critical 

angle* for mortars start at angles of obliquity of about 22 degrees 

(68 degree angle of impact). Their velocities are on the order 

of 720 feet per second. Artillery shells approach at velocities 

of 1,000 to 1,500 feet per second. T*ieir critical angles are 

33 degrees and U3 degrees for the aforementioned velocities 

respectively. Rockets have velocities between 800 and 1,200 

\ feet per second; therefore, critical angles for rocicets should 

fall between mortars and artillery shells. Hence, the walls for 

I structures should be inclined toward the attack (outward) 10 degrees 

or more to encourage ricochet from projectiles approaching at or 

1. 

1 
u 

♦For impact on concrete 
3-15 
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above 30 degrees. By referring to Figure 20, "Angle Associated 

with Breakup," it can be seen that 20 degrees obliquity is in 

the "knee of the curve" and that the ratio of the thickness 

of the wall (T8) to the diameter of the projectile (d) is 0.8. 

In view of these findings, it is determined that the walls of 

the "basic core" should be inclined 20 degrees toward the direction 

of the attack. By the same token, roofs should have pitches 

varying from the horizontal 10 degrees downward in a single 

direction to 20 degrees upward. On balance, it appears that a 

flat roof accormodates the essential elements of the threat rela- 

tive to ricochet. 

I 

i 
I 

1 

c. Strength 

(1) Materials 

Atoms Join in a solid state to make materials. The fact 

that atoms come in a large number of sizes and have different 

bonds of strength between them accounts for the wide variety 

of materials. The pattern of atoms in a structure dictates 

the general properties of materials. (Note: During the 

course of this work, it was found that it would be advantageous 

to be able to determine when properties of materials are 

the "ruling" parameters regarding penetration. By specifying 

the desirable properties and showing the effects of these 

properties on penetration, the laboratories can perform 

research to "invent" new materials for armor which will per- 

form approximately according to pre-determined standards. 

The method for doing this is discussed in Paragraph Uf, 

L 3-17 
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"Penetration Analysis," snd Paragraph Ug, "Computer Techniques 

for Prediction of Penetration.") 

With the above In mind, by working backward from end-use 

to the choice of materials for passive defense structures, 

a wide variety of materials, their combinations and composites 

are found to be applicable. 

The end-use of materials for application to passive defense 

structures fall In five categories (Figure 21, "Functions of 

fteterlals"); namely, rejecting, arresting, deflecting, triggering 

and the support of other materials. A combination of these 

functions Into a single system nay be desirable. 

Rejecting 

A desirable quality for a material to have is the ability 

to outrightly reject penetration of a projectile or fragments 

thereof (Figure 22, "Reject"). Materials which fall into 

this category are those possessing high mass densities. 

Some of those found to be applicable to structures used for 

passive protection are: 

o Dual Hardened Steel 

o Mild Steel (installed at an Angle) 

o Ceramics backed with Metal or Reinforced Fibre Plastic 

o Aluminum (Various) 

o Magnesium 

o Beryllium 

o Boron 

J L 3-19 
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o Concrete 

o Doron 

o Lexan 

o Titanium 

Arresting 

In some instances, the cost of re.lectin« a missile may be 

prohibitive or materials which perform well in the Rejecting 

function will not be readily available. In these cases, 

absorbing the energy of the missile would have the same 

effect; that is, defeat of the attacking missle (Figure P3» 

"Arrest"). On other occasions, economies may be obtained 

by first slowing down the attacking missile and then reject- 

ing it.  In either case, materials that arrest the projectiles 

or their fragments have a place in the protective construc- 

tion field. Ü 

u 
Ü 

o Soils (Various Classifications—Sand, Silt, Clay, 
Gravel, and Combinations) 

Some of the materials that possess qualities which would 

arrest enemy projectile attack nre: 

o Concrete 

o Asphalt 

o Metal Grit 

o Mild Steel 

o Water 

o Aluminum 

o Metal, Mineral and Plastic Honeycomb (Sandwiched) 
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o Ballistic Nylon Cloth 

o Ballistic Felts 

Deflection 

The angle at which a missle hits an object is an important 

parameter because at certain velocities and angles of 

obliquity, ricochet can be encouraged. It is important, 

therefore, that materials be placed so that ricochet is a 

high probability (Figure 2U, "Deflect"). Generally, the materials 

which perform well in the Rejecting function also perform 

well in the Deflecting mode. For continuity, however, 

those materials which would deflect projectiles on their 

fragments are those listed in the paragraph entitled 

"Rejection" above. 

Combination (Figure 26) 

By experiment, using mathematical models, it has been found 

that layers of different materials reduce the velocity of 

projectiles more efficiently than a single material. It 

was also found that a combination of materials performing 

the iunctions of arresting, deflecting and rejecting was 

more effective than employing materials which do not 

perform all these functions. However, the sequence of the 

materials is an important factor. As a general rule, 

against weapons equipped with instantaneous fuses, it is 

apparently better to place "triggering" materials first 

so that they activate the fuse and arresting materials 

l-2k 
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can then absorb the fragments. To validate this sequence, 

a ccinputer program was devised so that large numbers of 

projectile "runs" could be made through various com- 

binations of materials. In essence, It was found that 

materials should be exposed to projectiles In the following 

sequence (Figure 26, "Sequence of Materials") 

First Layer - Trigger materials should be placed at a dis- 

tance from the facility such that Instantaneous fused 

projectiles will be activated but explosion will not occur 

before the projectile Imbeds itself in arresting material 

installed on the structure. The trigger screen should also 

be Installed to activate delayed fuses so that fusing action 

it started and explosion occurs prior to full penetration of 

the protective materials on the structure. The trigger 

material will also serve as a mechanism to topple or dis- 

orient 20 mm and smaller projectiles so that they arrive at 

the second layer of protective materials with obliquity and/or 

yaw. 

r 

i 
Second Layer-Arresting material would absorb the fragments 

from the instantaneous fused projectiles. This should reduce 

the area over which effective fragments would be scattered 

or it will ccapletely contain the fragments. In the case of 

delayed fuses, the complete projectile would be slowed down 

by the arresting material so that penetration of the third 

layer of protective materials would be more difficult. The 

arresting materials would also absorb fragments when the 

L 3-27 
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delayed fuse causes explosion.  (See Refinement to Second 

Layer below). In the case of 20 mm and smaller projectiles, 

the arresting material would retard their velocity to such 

a degree that ricochet from the third layer of material 

would be highly probable. 

Refinement to Second Layer would be beneficial if the 

arresting material were divided into two portions with a 

void space between the portions. Ihe void space (chamber) 

would vent the explosion to the outside after a projectile 

ricochets from the third layer of protective material. 

Third Layer - Reject/Deflect material would be the final 

external layer of protective material.  It would serve to 

stop the projectile or to cause it to ricochet. 

Optional-Inside the structure - Arresting material may be 

hung inside the structure on cables or draped over high 

cost equipment to catch projectile fragments and/or secon- 

dary projectiles. 

Desired Capabilities of Materials 

Materials selected for passive defense of structures must 

be utilized efficiently to resist the penetration and 

explosive forces at costs which are competitive with other 

methods (such as active defense) of defending against the 

effect of small arms, mortar, artillery and rockets. It is 

also desirable to anderstand the phenomenon resulting from 

3-29 I 
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the penetration of various materials having different 

properties and the effects associated with the explosion 

of conventional weapons within the structure or in its 

immediate proximity. For example, the contact of a steel 

tea-get material by a steel projectile traveling at 3,000 

feet per sound results in very high pressures (approximately 

3,000,000 psi). Heat is generated adiabatically. As a 

consequence, very high temperatures are obtained. Pressure 

waves are generated in both the target material and in the 

projectile. The waves travel through and are reflected in 

both materials at characteristic velocities. The charac- 

teristic velocities are near sonic velocities. The  pene- 

tration of a projectile is resisted by the target material 

through the application of frictional forces at the inter- 

fering surfaces, by the cohesive forces in the material and 

by compressive forces applied normal to the existing surface 

of the projectile. A successful penetration apparently 

proceeds in the sane way for ductile or brittle materials 

until the stresses induced through the three methods above 

interact or act uniquely to fracture the target material 

ahead of the projectile. In the case of glass (Figure 27, 

"Effects of Brittle Radial Cracking on Velocity-Penetration 

Curve for Glass."), it may be seen that, at a point 

approximately half way through, the fracture ahead of the 

bullet is such that no further substantial resistance is 

offered by the target. Results of calculating the penetration 

of various materials assuming ductile behavior and using 

u 3-30 
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constant static values for bulk modulus, corapressive 

shear and coefficient of friction are shown in Figure 28, 

"Computed Velocity-Penetration Curves." The 

greater penetration resistance shown for a ceramic is lue 

to the effect of the larger mechanical property ratio3 for 

ceramics. The difference between u ductile glass and a 

brittle glass can be seen by comparing the glass curve, 

showing instantaneous velocity at various depths of projectile 

penetration into materials in figures 27 and 28, It may be 

true that the dynamic strain forces become negative at some 

point which aids the projectile penetration. If either of 

the materials melts at the high temperatures encountered, 

frictional resisting forces axe due to dynamic shear stresses 

of either the target material or the projectile material in 

its liquid state. High impact loads generate compression 

waves which are transmitted at near sonic velocities through 

elastic materials and are reflected in the opposite phase at 

the opposing surfaces of the projectile and target (Figure 29, 

"Wave Generation from Impact"). Thus, compression waves 

are reflected as rarefaction waves. Both kinds of waves 

interface and add and produce nodes of compression and tension. 

Shear is also probably produced. If the projectile over canes 

the forces produced by the target material, penetration is 

successful. The projectile may be undeformed or it may be 

deformed or it may shatter in the process of penetration. Any- 

thing other than an intact projectile represents degraded success- 

ful penetration with probably less destructive momentum after 
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penetration. The desirable properties of materials for 

targets then are:  High melting point, high tensile strength, 

Wgh compressive strength, a high dynamic modulus. The 

materials for the defending target should be plastic rather 

than elastic.  They should be heat resistant, tough, strong 

and plastic.  No one material known provides these charac- 

teristics.  In this study, combinations of materials are 

suggested to meet these stringent requirements. 

The characteristics of various materials are tabulated in 

the following tables. 

Table Title 

Ila (6 pages)   Specific Gravities and Weights 
lib   Mechanical Properties of Representa- 

tive Plastics 
He Sound in Solids 
TTd Physical Properties of Metals 
He Condensed Tabulation of Mechanical 

Properties, Alloys of Steel. 

Hf Mechanical Properties of Aluminum Alloys 
Ilg   Mechanical Properties of Magnesium Alloys 
Tlh   Changes in Mechanical Properties of 

Plastics with Decreasing Temperatures 

d. Terrestrial Environment of Structures (Figure 30) 

TTie terrestrial environment, more than any other factor, 

influences the configuration of the facility, its cost and 

Its performance. Because of the importance associated 

with placing the facill'.y In the environment which enhances 

its performance, it Is necessary at this juncture, to discuss 

the advantages and disadvantages of above ground and buried 

3-35 
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TABLE II A 

SPECIFIC GRAVITIES AND WEIGHTS 

Substance Specific 
Gravity 

Weight. 
Lb/cuft. 

METAL OR COMPOSITION 

Aluminum 2.70 168.5 
Antimony 6.52 413.0 
Barium 3.78 235.9 
Beryllium 1.85 115.5 
Bismuth 9.63 610.3 
Boron 2.53 158.2 

Brass:      80C., 20Z 8.6 536.6 
70C., 30Z 8.44 526.7 
60CM 40Z 8.35 521.7 
50C., 50Z 8.19 511.7 

Bronte:    90C., 10T 8.77 547.9 

Cadmium 8.64 539.6 
Calciu.n 1.54 96.1 
Chromium 6.92 432.4 
Cobalt 8.70 543.5 
Copper 8.89 554.7 

Gold 19.28 1204.3 
Iridium 22.4 1399.0 
Iron, cast 7.02 - 7.73 43S.7 - 482.4 
Iron, wrought 7.8   -7.9 486.7 - 493.0 
Lead 11.32 707.7 

Magnesium 1.74 108.6 
Manganese 7.30 455.5 
Mercury (68* F) 13.54 845.3 
Molybdenum 10.20 636.5 
Nickel 8.80 549.1 

Platinum 21.33 1333.5 
Potassium 0.87 54.3 
Silver 10.40 - 10.52 650.2 - 657.1 
Sodium 0.97 60.6 
Steel, Carbon 7.83 -   7.86 489.0 - 490.8 

Tantalum 16.60 1035.8 
Tellurium 6.25 390.0 
Tin 7.29 454.9 
Titanium 4.49 280.1 
Tungsten 18.60 - 19.10 1161 - 1192 

Uranium 18.69 1166.9 
Vanadium 6.32 394.4 
Zinc 7.04-   7.15 4M. 3 - 446.1 
Zirconium 6.49 405 
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SPECIHC GRAVITIES AND WEIGHiS (cwt.) 

SubaUnce 

Air, O'C, 700 mm 
Ammonia 
Carbon dioxide 
Carbon monoxide 
Gas, illuminating 

Gas, natural 
Helium 
Hydrogen 
Nitrogen 
Oxygen 
ASHLAR MASONRY 

Granite, syenite, gneiss 
Limestone, marble 
Sandstone, bluestone 

MORTAR RUBBLE MASONRY 

Granite, syenite, gneiss 
Limestone marble 
Sandstone, bluestone 

DRY RUBBLE MASONRY 

Granite, syenite, gneiss 
Limestone, marble 
Sandstone, bluestone 

BRICK MASONRY 

Pressed brick 
Common brick 
Soft brick 

CONCRETE MASONRY 

Cement, stone, sand 
Cement, slag, etc 
Cement, cinder, etc 

VARIOUS BUILDING MATERIAL 

Ashes, cinders 
Cement, port land, loose 
Cement, portland, set 
Lime, gypsum, loose 
Mortar, set 

Specific 
Gravity 

Density relative to air: 

1.0 
0.5920 
1.5291 
0.9673 

0.35 - 0.45 

0.47 •• 0.48 
0.137 
0.C693 
0.9714 
1.1056 

2.3 - 3.0 
2.3 ~ 2.8 
2.1 - 2.4 

2.2 - 2.8 
2.2 - 2.6 
2.0 - 2.2 

1.9 - 2.3 
1.9 - 2.1 
1.8 - 1.9 

2.2 . 2.3 
1.8 - 2.0 
1.5- 1.7 

2.2 - 2.4 
1.9 - 2.3 
1.5 - 1.7 

Weight 
Lb/cu ft. 

0.08071 
0.0478 
0.1234 
0.0781 

0.028 - 0.036 

0.038 - 0.039 
0.0105 
Ö 00559 
0.0784 
0.0892 

165 
160 
140 

155 
150 
130 

2.7 - 3.2 183 
_ 53-64 

1.4 - 19 103 

130 
125 
110 

140 
120 
100 

144 
130 
100 

40-45 

• For gases specific gravity is relative to air instead of water 
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SPECIFIC GÄAVITIES AND WIIOMTS (coot.) 

* 

Sutwtaao« Speolflo Weifht. 
Oravltjr IVoefL 

Greei«tore, trip 2.8 . S.S 167 
Oypaum, alabaster 2.3-11 159 
Hornblende 3.0 167 
Limes ton*-, marble 15-11 195 
Magnesite 3.0 167 

Phcaphate rock, apatite 3.2 200 
Poiphyry 16   -2.9 172 
Pumice, natural 137 . 0.90 40 
QurrU, flint 15   -16 195 
Sandatone, bluestone 12   -15 147 
Shale, alate 17   -19 176 
Soaps tone, laic 16   -16 166 

STONE   QUARRIED, PILED 

Baaalt, granite, gnciaa _ 96 
Limestone, marble, quarts m 95 
Sandatone — 92 
Shale m 92 
Greenstone, hornblende - 107 

BITUIONOUS SUBSTANCES 

Aaphaltum 1.1 - 1.5 61 
Coal, anthracite 1.4 - 1.7 97 
Coal, bituminous 1.2 - 1.5 64 
Coal, lignite 1.1 - 1.4 76 
Coal, peat, turf, dry 0.69 - 0.95 47 
Coal, charcoal, pine 0.26 • 0.44 23 
Coal, charcoal, oak 0.47 - 0.57 33 
Coal, coke 1.0 - 1.4 75 
Graphite 1.9 - 12 131 
Paraffine 0.67 . 0.91 56 
Petroleum 0.97 54 
Petroleum, refined 0.79 - 0.62 50 • 

Petroleum, benaine 0.73 - 0.75 46 
Petroleum, gasoline 0.66 - 0.99 42 
Pitch 1.07 - 1.15 99 
Tar, bituminous 1.20 

e 

75 
• 

• 
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S^ClflC OUAVITIIS AND WflOHTS (cont.) 

SubCtADO« Speolflc Weight 
Gravity iVoult 

51«f«. bank «Uf — 67 -72 
SUfB, bank ■cre«nlnfs m 68 . 117 
Slaga, machine alag — H 
Slafa, alag aand - 49-55 

EARTH. ETC., EXCAVATED 

Clay, dry - 63 
Clay, damp, plastic — 110 
Clay and cravat, dry — 100 
Barth, dry, IOOJ« —> 76 
Barth, dry, packed - 95 

Barth, molat, loos« — 76 
Barth, molat, packad — 96 
Barth, mud, flowing — 108 
Barth, mod, packad — 115 
Riprap, Umaatone — 60-65 
Riprap, aandatone — 90 
Riprap, ahale - 105 

Sand, grarel. dry, looae - 90-106 
— 100-120 

Sand, gravel, dry, wet — 116 - 120 

EXCAVATION B VATBR 

Sand or gravel 
.aand or gravel and -lay 
Clay 
Klver mud 
8oU 
»tone riprap 

MINERALS 

Aabaatoa 

Bauxite 

Chalk 
Clay, marl 
Dolomite 

MWERALB (( 

Peldapar. orthoclaae 
Ooelaa, aerpantlne 
Granite, ayenlte 

2.1-1.8 
4.50 

2.7-3.2 
2.55 

1.7 - 1.6 

1.6 - 16 
1.6 - 2.6 

2.9 

2.5-2.6 
14-17 
16-11 

166 
S61 
164 
159 
109 

137 
137 
161 

186 
169 
178 
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Substance 

VARIOUS SOLIDS 

Cork 
Carbon, Graphite 
Rubber, Hard 

Commercial 
Gum 

Glass, flint 
Glass, common 
Glass, plate or crown 
Glass, crystal 
Leather 

Paper 
Rubber, caoutchouc 
Rubber goods 
Sulphur 

TIMBER, U. S. SEASONED 

Balsa 
Ash, white-red 
Cedsr, white-red 
Chestnut 
Cypress 

Fir, Douglas spruce 
Fir, eastern 
Elm 
Hemlock 
Hickory 

Locust 
Maple, hard 
Maple, white 
Oak, chestnut 
Oak, live 

Oak, red, black 
Oak, white 
Pine, Oregon 
Pine, red 
Pine, white 

Pine, yellow, long-leaf 
Pine, yellow, short-leaf 
Poplar 

Specific 
Gravity 

2.40 - 2.60 
2.45 - 2.72 
2.90 - 3.00 
0.86 - 1.02 

0.70 - 1.15 
0.02 - 0,96 
1.0   - 2.0 
1.93 - 2.07 

0.11 - 0.14 
0.62 - 0.65 
0.32 - 0.38 

0.66 
0.48 

0.51 
0.40 
0.72 

0.42 - 0.52 
0.74 - 0.84 

0.73 
0.68 
0.53 
0.86 
0.95 

0.65 
0.74 
0.51 
0.48 
0.41 

0.70 
0.61 
0.48 

Weight 
Lb/cu ft. 

14 - 16 
140 
74 
69 

57-68 

180 - 370 
156 
161 
184 

59 

58 
59 
94 

125 

7-9 
40 
22 
41 
30 

32 
25 
45 
29 
49 

46 
43 
33 
54 
59 

41 
46 
32 
30 
26 

44 
38 
30 
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SPECIFIC GRAVITIES AND WEIGHTS (eont.) 

Specific Weight 
■■■■ 

Gravity Lb/cull. 

TIMBER, U. S. SEASONRD ^^m 

(Continued) 

Redwood, California 0.42 26 
Spruce, white, black 0.40 - 0.46 27 
Walnut, black 0.61 38 
Walnut, white 0.41 26 

Moisture Contents: $ 
Seasoned timber 15 to 20% 
Green timber up to 50% 

CERAMICS 

Elec. Porcelain 2.5 156 
HI Alumina 3.8 237 
Sintered Alumina 4.0 249 
Cemented Carbide 13.5 842 
Thorium Oxide 10 624 

VARIOUS LIQUIDS 

Alcohol, 100% 0.79 49 
Acids, nitric 91% 1.50 94 
Acids, sulphuric 87% 1.80 112 
Oils, mineral, HubHcants 0.90 - 0.93 57 
Water, 4'C, max. density 1.0 62.426 
Water, 100* C 0.9584 59.830 
Water, Ice 0.88 . 0.92 56 
Water, snow, fresh fallen 0.125 8 
Water, sea water 1.02 - 1.03 64 
Liquid Oxygen 184* F 71.4 

Liquid Nitrogen 195* F 50.5 
Acetone 20'C 49.4 
Alcohol (methyl) 0*C ^5 50.5 • 

Benzene (T C 

le
r 

de
ns

 
m

pe
ra

tv
 

56.1 
Carbon Tetrachloride 20* C 99.6 
Gasoline 41.0 . 48.0 

Glycerin 0* C it 78.6 
Kerosene 

11 
51.1 

Mercury 849.0 
Turpentine 

Water QT C Ü 64.8 

62.422 
Water (SP. GR.. 1.0000) 4*0 62.43 
Water 20 C 62.319 

3-U1 
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TABLE II D 

PHYSICAL PROPERTIES OF METALS 

Melting 
Point, 

Boiling 
Point, Specific Density, 

deg F deg F Gravity lb/cu in. 

Aluminum 1217 Will 2.67 0.09 - 0.1 
Antimony 1166 2624 6.76 0.24 
Beryllium 2345 5032 1.85 .066 
Brass 1650 — (7.8) 

(8.6) 
.28 
.31 

bronze 1650 — (8.52) 
(8.96) 

.30 

.32 
Cadmium 609 1409 8.65 .313 
Cesium 83 1275 1.9 .069 
Cobalt 2723 5250 8.55 .32 
Copper 1981.4 5050 8.85 .319 
German Silver 1850 __ (8.5) .307 
Mi 1945.5 3992 19.258 .695 
Iridium 4280 - 313 3789 22.38 .808 
Iron 2786 4442 7.9 .28 
Iron, Cast (1900) 

(2200) 
— 7.22 .26 

Iron, Wrought 2700 - 29r — 7.70 .278 
Lead 621.3 (2900) 

(3600) 
11.38 .411 

Lithium 354 2403 0.53 .019 
Magnesium 1204 2048 1.75 .063 
Manganese 2246 3452 8.0 .289 
Mercury -37.97 680 13.58 .490 
Molybdenium 4760 8670 10.2 .368 
Nickel 2642 — 8.8 .317 

Niobium 4380 ^ 8.57 .31 
Palladium 2822 7200 12.0 .433 
Platinum 3191 7970 21.5 .776 

Silver 1760.9 3550 10.51 .379 
Sodium 208 1620 0.97 .035 
Steel 2550 — 7.9 .28 

Sulfur 239 833 2.07 .075 
Tantalum 5250 — 14.1 - 16.1 .6 
Tin 449.4 4118 7.35 .264 
Titanium 3260 -. 3.54 .16 
Tungsten 6152 10700 18.8 .697 
Zinc 786.9 1663 7.14 .258 
Zirconium 9356 — 6.57 .23 

REF 52 l-kk 
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TABLE II D (Cont.) 

PHYSICAL PROPERTIES OF METALS 

Heat Cubical 
Speoiflc 

Heat 
Atomic 
Weight 

Conduc- 
tivtty, 

Electrical 
Condivtlvlty. 

Expansion 
by Heat 

Typical 
Tensile 

Strength. Silver Silver ■ 100 from ISO'F 
-100 to212T P«i 

0.215 27.1 48 53.0 0.0070 18,000 
.050 120.2 4.2 3.5 0.027 - 0.050 1,000 

— — — 10 — 30-90,000 
.092 — (15) 23 0.0057 9,000 
~ — (30) 17 .0064 40,000 

.066 — — — (.0051) 3.000 
-~ — — — (.0057) 25,000 

.055 112.4 22.2 __ ^^ 

.052 132.9 mm _ —_ 

.099 58.97 — 19.9 .0037 . 34,400 

.093 63.57 89 99.5 .0051 30,000 

.095 — 8 10- 32 .0055 ^_ 

.032 197.2 53.2 76.7 .0044 14,000 
.032 193.1 34 30 .0020 _ 
.113 55.84 11 -16 9.9 - 17.0 .0036 39,500 
.1296 ~~ 11.9 (2.8) 

(1.4) 
.0033 — 

.1136 — — 17 .0035 50,000 

.031 207.20 8.2 7.6 .0088 (1,600) 
(2,400) 

.79 6.94 — _ 

.025 24.32 37.6 35.8 .0083 20,000 

.115 54.93 — ■■ .. __ 

.033 200.6 1.8 1.7 .0182 ^_ 

.061 95.95 34.6 34 _ 54-100,000 

.109 58.68 14 (14.5) 
(9.9) 

.0038 (50,000) 
(100,000) 

.065 92.9 — — __ ^^ 

.056 106.7 17 15 .0036 50,000 

.032 195.2 17 (20) 
(10) 

.0027 (30,000) 
(50,000) 

.057 107.88 100 100 .0058 36.000 

.295 22.99 — — — ^_ 

.liV — (6) 16 .0041 50.000 
(14) 3 .0030 20.000 

.175 32.07 m m — _ 

.036 161.5 m 9.9 .0024 M 

.056 118.7 15.2 11.3 .0069 5,000 

.130 48.1 ~ 13.7 _ _ 

.033 184.0 — 23. m 500,000 

.096 65.37 28.1 26 .0088 »,000 - 24,000 

.069 91.22 • 4.3 — — 

REF 52 
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TABLE II H 

CHANGE Of MKMANICAL WOfCRTIES OF PLASTICS 
WITM OKIEASING TEMPCRATUtE 

t ■ laer«MM with ämrmaU* tmmptntnrm 

■ - No chaac« with (fecreulng tempermture 

* - D»er—— with doer Maine Umparatur« 

Approximat« Room Temp. ValoM «ad 
Behavior with Drcreaalnf Temperature 

MaUrtol Or«ip Ultimate 
Tenalle 

1000 pal' 

Kim*- 
Uoa. 

% 

Mod. of 
Flaatlclty. 

10s pot 

Work to 
Produce 
Failure. 

Ftlh/ÜL» 

laod 
Impact. 

Ft lb/in. 
of ootrh 

lamlaaUd, (UM fabric baM* ».   | l.ft  1 ft. a 21.   1 10.   1 
TWroMwcttlnc, 

10.  1 1.5   d l.ftl SO.   d 1.  d 

TlMroMMffttlnc, 
lamlaattd cotton ba«« 12.   1 4.    d 1. 1 30.  d 3. d 

TlMraK»«tttnc, 
■oldtd, phmollcs 1.   1 1.    d l.ftl ft. 4 2.   d 

TWnwMcCtlaf^ 
nol<tod( mUc*llan«oufl ft.   ■ .4 d ft. 1 2.  d .Sa 

Tb«rino««ttlnff, 
CMt, mlsccllaiMoua «.   1 l.ft d .ftl ft. d .Sa 

Th«rmo plastic, 
etllttloa« aevtata« i.   1 12.     d .11 SO.  d 1 d 

TlMrmo plaatlc, 
cailuloaa teal, botyrataa ft.   1 1ft.    d .SI 80.  4 3.   d 

Thar ow plaatlc, 
e«llttloaa proptonat« 8.   1 13.     d .SI •0. 4 3.   d 

Tharmo plaatlc, 
attflcalhiloM ft.   1 8.     d JN SO.  d 1  d 

Thermo plaallc, 
ctllulo«» nltrala ft.   1 1ft.     d .SI 100.  4 S.ftd 

Thar aw plaatlc, 
potminaa 6.   1 v 4 .41 SO.  4 .ftd 

Tharmo pUatlc, 
polyawthyl aMthacrylaU 10.  1 8.   d .41 ST.  d .4« 

Md atlffer 
HI-114 cloth.   F^*«. g«4L 

tl.:flLO flbergUaa 

RIF 52 3.l«o 
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•tructurei («nd comblnmtlon« ti>ereof) with retp«ct to their 

u*e. Table III, MTerrcitrial Envlronoient of Structurei" 

•«■■arlzee the cogent features associated with placing 

different types of structures in tbe various terrestrial 

etnrlroments. frcm the table, it is initially concluded that 

aircraft shelters should be placed in an above ground environ- 

■ent and covered vlth protective materials. Protection of 

stored POL is enhanced by placing it entirely underground. 

Barracks and Cram ml. Control and OosMini cations (c3) facilities 

should be initially placed in a partly buried envlroaaent. If 

the intensity of conflict increases, the partly buried struc- 

ture should be covered vlth protective aaterials. It should 

be configured so that it can accept the loads ia^posed by the 

addition of these asterlals. 

•• Dsgree of Acceptable Risk 

The risk a coMander takes by not providing adequate passive 

protection for aircraft, personnel and equlpswnt will vary in 

each specific battle situation. It is possible, however, to 

show the cost effect of providing shelters relative to the 

threat. Trcm Figure 12 "Cost of Shelter» for Aircraft," it 

can be seen that the cost of providing 70 arch-type shelters 

having three sides is $U,?50,000. (Approximtely $60,000 each). 

Without shelters, the U.S. would sustain a loss of about 

$5,200,000 la aircraft, facilities and equlpsent after a total 

of approximately 17 cuaulatlve rounds of 122 wm rockets (assume 

delay fusing on 8 of the rockets) and 17 emulative aortars 

are directed against the reap area of a tactical air base. It 

3-51 
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would be advisable to provide shelter! of three sides so that 

they will be in place by the time the "break-even" point of a 

cooblnatlon of 3U emulative rounds Is expected to be reached. 

By the saw token» shelters with closures should be deployed 

by the tlae approximately ^2 cumulative hostile rounds are 

expected because the cost of the protection afforded by the 

«belters with their closure will be amortized at that point. 

Tt Is Interesting to note that the cost of equipping shelters 

with closures vs. continuing with shelters with no protective 

doors is not amortized until about the 130th cumulative round. 

If the threat is changed so that the enemy uses only rockets 

with delayed fuses, be must now switch from area targets to 

"point■' targets. Tb- change to this tactic complicates the 

passive defense problem because the defender must now increase 

the level of protection by "thickening" the protective 

materials with an attendant Increase in the cost for each 

structure. Ifce attacker, on the other hand, must improve his 

CKP, I'fTlt more weapons, or a combination of toe two. Ulis 

is also a mostly course of action. Under the "all delayed 

fuse threat" the defender can effort to do without shelters 

until the cumulative number of rockets reaches 72. When that 

point is reached, the defender should have shelters in place 

whose three sides are capable of repelling or at least 

containing the delayed fused rocket. By the time approximately 

105 emulative delayed fuse rockets are expected, the three- 

sided shelter should be provided with doors. In this discussion, 

3-W 
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the cost used for shelters in both the instantaneous and 

delayed fuse environments were assumed to be the same. 

It is concluded, therefore, from a cost standpoint, that the 

degree of acceptable risk is a function of the cumulative 

number of rounds and the cost to defend against them.  It 

should appear to be in the best interest of the defender to 

have shelters for aircraft constructed and in operation at 

least by the time the "break-even" points discussed above are 

reached. 

Other factors, such as the "utile" value of the aircraft 

vis-a-vis the tactical situation may dictate that shelters 

be provided at an earlier time. 

Desireo Capabilities for Form of Facilities 

The features of concepts which are desirable (in some cases 

undesirable) are discussed in the following paragraphs. 

(Figure 31, "Desired Capabilities"). These features were 

used as selection criteria for arriving at the preferred 

concept. 

(l) Design 

For the purpose of evaluating the various concepts with 

respect to design, the following subsets of desigi are 

used: 

LI 

- Simplicity 

- Reliability 

- Redundancy 

- Adaptability 
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- Growth potential 

- Ability of conversion to other uses 

- SubrMtatlon of structur&l components 
within a single structure and other 
structures 

• Low cost 

Ihe above facets become important with the realization that: 

- The structures are to be erected by field 
forces 

- It la difficult to predict the variation 
o^ b-vlfe situations 

- The uses of facilities may change as 
conflict intensifies decreases and 

- Fiiup'Twer efforts devoted to resolving 
logistic problems in time of war often equal 
or exceed those devoted to operational task«. 

u 
LI 
0 

ü 

(a.)    Sin^licity 

Simplicity of design is a relative term. A measure of 

simplicity is the repeatability of identical modules of 

simple detail throughout the structure and their basic 

application to other facilities. 

(b.) Reliability 

Reliability refers to those features and methods of 

design that have a proven history of successful and 

reliable application.  New unproven techniques, worthy 

of possible development, should be explored for reli- 

ability.  Concepts possessing only enough reliability for 

the task performed are preferred from a cost standpoint. 
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(c.) Redundancy 

Redundancy Is that feature of design which, In case of 

failure of one part, enables other parts of the struc- 

ture to accept the load safely. Redundancy, within 

reasonable cost, is a desirable feature. 

(d.) Adaptability 

Adaptability of design is that attribute which permits 

the structure to be used for more than one function 

or purpose. Adaptability also refers to the Hblllty 

of the structure to be placed in terrestrial environ- 

ments other than above ground. A scheme that has a 

high degree of adaptability is preferable to concepts 

with little or no adaptability. 

(e.) Growth 

Growth characteristics permit the structure to be 

changed to accept escalation in th*» threat. Inherent 

in growth is the ability of the structure to be en- 

larged to accept objects of changed dimensions over 

which it was originally designed.  Concepts with a 

good growth potential are desirable. 

(f.) Conversion 

Conversion is the ability to change the function of 

the building from one purpose to another with minimum 

modifications. Another facet of conversion is the 

capability to use components or whole sections of the 
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structure for another complete function (e.g., Using 

structural system originally designed for an aircraft 

shelter for a warehouse or barracks). 

(g.) Substitution 

Substitution Is the ability of various components within 

the structure to be Interchanged. 

(h.) Low Cost 

Cost Is a function of all the other attributes discussed 

heretofore with respect to design. 

(2) Manufacturing 

The term manufacturing as used In this effort refers to 

the making of components of the structure from raw materials. 

There is a fine line of distinction to be drawn between 

manuTacturing and fabrication. For the definition of fabri- 

cation, see paragraph (5) below. Some of the attributes of 

manufacturing tnat will be discussed are:  Simplicity, 

productivity, tooling and low cost. 

(s.) Gimplicity 

Simplicity of manufacturing is the degree of component 

repetition and ease which a plant encounters in the 

manufacturing process.  Simplicity is also measured by 

the presence of product stability and the absence of 

close tolerances. 
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(b.) Productivity 

Productivity refers to the ability to utilize mass 

production tools and techniquec in producing the 

manufactured components. 

(c.) Tooling 

Some designs may require special tooling In the manu- 

facturing process. Special tooling u normally required 

when complex shapes or components are specified 

or a new method or material is utilized. Tooling 

also Influences productivity, ccoxplexlty and cost. 

(d.) Low Cost 

Cost Is the absolute number of dollars associated 

with manufacturing and is Influenced by the manu- 

facturing processes above.  A high cost of manu- 

facturing Is not necessarily deleterious because 

of the trade-off opportunities between manufacturing 

costs and fabrication and erection costs. 

(3) Shipping 

The transfer of a structure from the place of manufacture 

and/or fabrication to the geographical location of use Is 

"shipping." Modes of shipping chosen for this study are by 

aircraft, ship and trucks and railroads as representative. 

Shipping is measured by packageability of the product, 

freight, handling ta d the ability of the shipment to be 

diverted to another location during transit. 
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(a.) Packageablllty 

The efficiency vlth which conponentf of a structure 

can be stacked in standardized shipping containers 

(of all categories) Is packageablllty. 

(b.) Freight 

Freight Is the cost of placing the fabricated 

structure on the carrier, transporting It to Its 

destination and then unloading it on the site. 

(c.) Handling 

Handling refers to the degree of ease with which 

the packaged structures axe transferred from one 

method of transportation to another. 

(d.) Diversion 

Diversion is the ability of a packaged structure 

to be sent to a different location once it is en- 

route to an Initial destination. Diversion relates 

to the mode of shipping. 

{k)    Storing 

Storing is the act of placing the packaged structure 

at a site in an enclosed structure or in an open area. 

Some of the effects of storing are: Deterioration due 

to weather, age, and/or corrosion. There is also a cost 

associated with storage and its related effects. 
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(»,) Minimum Deterioration by Weather 

Deterioration by weather it the degree to which 

exposure to the elements has caused the stored 

structure to decay. It is related to the material 

that the structure is made of as well as the manner 

in which it is packaged. 

(b.) Minimum Deterioration due to Age 

Some materials, whether in use or in storagey tend 

to deteriorate faster than others. This parameter, 

then, ie *.  measure of the ability of the packaged 

structure •to resist the effects of inactivity while 

it is in the storage state. 

(c.) Low Cost 

Cost of storage is the absolute dollar value, not 

only of storing packaged structural components, 

but also the cost of periodically inspecting, main- 

taining and repairing them. 

(5) Fabrication 

Fabrication is the act of assembling and packaging the 

manufactured components into identifiable entities for 

shipment and subsequent erection. Fabrication includes 

the physical erection of the structure on the designated 

site. Some things influencing fabrication are skill levels, 

tool complexity, time and cost. 
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(*.) Low Skill Level 

Skill level it the relative expertise required by 

personnel to assemble and erect the structure. 

Portions of fabrication may necessitate unusually 

high skill levels, but erection of the building parts 

should be simple and straightforward. 

(b.) Low Tool Ccnplexlty 

Tool Cooqplexity relates to special or ccoplicated 

tools required for fabrication. When special or 

complicated tools are required, the skill level 

and cost of fabrication usually become higher. 

(c.) Minimum Time 

Time for fabrication is the calendar days necessary 

to assemble (including erection) the structure. 

It is measured from the date the manufactured com- 

ponents are delivered to the fabricator to the date 

of initial operational capability (IOC), 

(d.) Low Cost 

Cost of fabrication is the dollar amount required 

to perform the fabrication task. 

(6) Maintenance 

Maintenance is the effort necessary to keep a structure 

available for combat or support operations. As in the 

case of "storing," some of the things related to maintenance 

f 
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and repair. Ttoe terrestrial environment (underground and/or 

above ground) In vhlch the ttructure !• iltuated will In- 

fluence the complexity of the maintenance task. Maintenance, 

aa used here, la Independent of the coobat environment 

(whether or not the structure la hit by projectllea) which 

determlnea the amount of time a facility will be out of 

coeanlsslon awaiting the repair/replacement of damaged areas. 

This Is covered under paragraph (8) entitled "Repair." 

(a,) Oorroslon 

Corrosion Is the natural combination of materials 

In the structure with unwanted substances such 

as oxygen. This process will degrade the quality 

and strength of the structure. The requirement 

for abnormal corrosion prevention measures in a 

structure is undesirable. 

(b.) Weathering 

Weathering is the deterioration of the structure 

due to light, moisture cycling and other factors 

associated with weather. Resistance to weathering 

is desirable. 

(c.) Aging 

Aging is the deterioration of the structure as a 

result of slow chemical processes within the 

structural materials and the long term effects of 

etresü and temperature change. Resistance to aging 

is desirable. 
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(d.) Maintenance Repair 

hfeintenancc repair Is the action taken to reverse 

or correct the effects of corrosion, »feathering 

and aging. Low cost in lahor, materials and time 

is desirable. 

(e.) Low Cost 

Cost is the dollar amount estimated for keeping 

the facility in an adequate state of repair and 

available for its Intended use. 

(?) Operation 

Operation refers to the actions necessary to keep a well 

maintained and "in commission" facility available under 

all conditions. The procedures and action required to 

operate the closure and the environmental controls as 

examples of operatlona. Keeping a facility in operation 

has an effect on the operational efficiency of the organi- 

zation occupying the facility. 

(a.) Ease of Operation of Closure 

Ease of operation of closure is the degree of absence 

in the complexity and amount of time necessary to 

either open or close the doors and/or openings of 

the facility. 

(b.) Simple and Reliable Operation of Environmental Controls 

Operation of environmental controls relates to the 

effort and complexity of operating the machinery and 
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other devlcei necessary to keep the itructure 

under the specifled conditions of temperature, 

humidity and ventilation. It includes, but is 

not limited to, the operation of air conditioning, 

heating, water remove1 (sump pumps), dust and refuse 

remo/al and detection equipment. 

(c.) High Organizational Efficiency 

Organizational efficiency is engendered when a 

facility is operated efficiently. Sometimes poor 

performance of an organization is directly related 

to an undesirable facility environment. Quanti- 

fication of this parameter «mounts to a value 

Judgment on how efficiently (reliably) the components 

of the structure and equipment operate. 

(8) Repair 

Repair is the act of replacing structural components 

and/or eqvlpment of a facility because the components 

and/or equipment were damaged in battle.  This type of 

repair is unrelated to the maintenance repair stated 

under "Maintenance," which refers to repairing the 

facility due to normal wear and tear. The quickness of 

repair due to battle damage is related to the complexity 

and skill level required to affect the necessary restoration. 

0 
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(a.) Low Conglexlty 

Coo^lexity is related to the degree of difficulty 

or ease of operations necessary to affect restoration 

of the damaged structure. It is influenced by the 

simplicity and/or complexity of the basic design 

and the repair kits, materials andproce3ures 

associated with such restoration. 

(b.) Low Skill Level 

Skill level is the degree of dexterity required 

of the personnel performing the repair function. 

(c.) Low Cost 

Cost of repair is the estimated dollar amount required 

to restore the structure to at least its original 

condition. For the purpose of evaluation, a direct 

hit by a 122 mm rocket was assumed. 

(9) Damage Resistance 

Damage resistance is the ability of a structure to over- 

come the effects of attacking weapons. This can be 

accomplished by the selection of the proper materials 

and configuration for the facility. Damage resistance 

can be increased by ind icing triggering of the fuse 

of attacking projectiles, by encouraging rocochet of 

whole projectiles and/or t. eir fragments, by resisting 

penetration of hostile missiles, by overcoming the 
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effects of external and internal pressure gradients 

by increasing the facility resistance to fire and 

reducing the production of secondary fragments. 

(a.) Trigger Inducing 

Trigger inducing is a characteristic which causes 

an attacking projectile to explode prior to sub- 

stantive impact. By triggering the fuse of an in- 

coming projectile at the proper distance from a 

facility, the full force of the attack is negated 

and defense becomes a matter of repelling, aix'L-s- 

ting or deflecting the fragments of the projectile. 

The effectiveness of the triggering device is measured 

by:  its ability to cause the projectile to burst, 

its distance from the target and the relative 

difficulty or ease, as the case may be, of incor- 

porating the triggering method or device into the 

facility. 

(b.) Ricochet Inducing 

Richchet inducing is the characteristic produced 

by configuring the facility so that there is a 

high probability that a hit will not occur at 

the critical angle. This parameter is measured 

by examining the shape of the facility and assessing 

the areas which encourage ricochet with respect to 

the total external area of the structure. 

... > 

r 
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(c.) High Degree of Penetration Resistance 

Penetration resistance is measured by the inverse 

of the distance a given projectile will enter a 

material. 

(d.) Resistance (Internal Pressure Gradients) 

Once a projectile with a delayed fuse obtains 

penetration into a structure, and the explosion 

occurs, differential pressures are involved. This 

feature is measured by examining how well the 

pressure is handled either through containment, 

venting or absorption. 

(e.) Resistance (External Pressure Gradients) 

An air burst of a weapon creates pressures on the 

outside of structures which tend to crush and/or 

topple the building. Structures designed for 

passive protection must resist this impulse. This 

parameter is measured by examining the provisions 

of the concept which mitigate against accepting 

damage from over-pressures. 

(f.) High Resistance to Fire 

Often fire follows the impact of a projectile or 

bomb on or near a facility. It is important to 

minimize this hazard; therefore, an assessment of 

how well fire resistant materials and equipment are 

incorporated into the concept is in order. 
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(g.) deduction of Secondary Fragment 

Once a missile has impacted on an element of a 

structure, its energy is transmitted Into the 

material. This energy transfer is often so strong 

that it produces fragments of its own which are 

damaging to the contents in the structure. In 

some cases the secondary fragments do more damage 

than the basic weapon. It is therefore desirable 

that the internal liner of the building be composed 

of a material which will not spall or which will 

negate the effects of secondary fragments from the 

succeeding course of protective material. This term 

is quantified by assessing the properties of the 

last two courses of protective material. 

r 

i 
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i 

(10) Materials 

Materials play a most important role in the performance 

of a structure in the protective construction arena. 

They must possess those properties that resist damage 

as discussed above. However, there may be materials 

with superior attributes that are not available at 

reasonable cost or are not available in sufficient 

quantity to be applied. Generally, materials of high 

density and strength are preferable when employed in 

the rejecting and deflecting modes. More pliable 

materials have good application in the arresting role. 
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Using certain materials in the proximity of electronic 

facilities may have a deleterious effect on the proper 

functioning of the electronic equipment. These types of 

things are examined and quantified under the general 

heading of "Materials." 

(a.) Hipft Decree of Availability 

Availability is measured by the lack of delay in 

obtaining material;i for manufacturing and subsequent 

incorporation into the structure at a reasonable cost. 

(b.) Density 

Density as used for evaluation of materials refers 

to areal density. 

(c.) Strength 

A high strength/weight ration is desirable from the 

standpoint of efficiency without consideration of 

damage. However, residual strength must be obtain- 

able in the structural materials through workability, 

redundancy or understressing. 

(d.) Electro-Magnetic Compatibility 

The structure should present minimum absorbtion to 

radiant energy and should have desirable reflecting 

characteristics. Interference with placement of 

antennas sho^ild be negligible. 
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(e.)    Low Cost 

Cost is the dollar value of the materials incorporated 

into the structure. 

(11) Good Foreign Relations Imp, ct 

The structures should be adaptable to the current policy of 

the governments involved. A permanent structure may be 

objectionable during a stated "temporary" occupation period. 

(12) Low Cost Per Square Foot 

(a.) Low cost per square foot is the total dollar cost of 

the structure divided by its usable area in square 

feet. 

Total cost (CT) is composed of the following: 

CT = CS + CD + CL + CC + CM05 
+ Si 

Where: 

'S 

^MOc 

Cost of Studies Relating to the Structure 

Cost of Design 

Cost of Real Estate (Land) 

Cost of Construction (includes Manufacturing, 
Fabrication and Erection) 

Cost of Maintenance and Operation of the Facility 
for 5 Years 

CL  = Cost of Repair of the Structure given a Single 
Direct Hit by a 122  mm Rocket 

(b.) In some cases it may be desirable to determine the 

annual cost of a facility when it is anticipated 
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that up-grading of the facility to keep pace with 

the threat is desirable.  In this case the following 

formula would be useful. 

C ■ CRFn /Ä+D+E1B^ni+ EpPWFni- (l-|)(lx or E2)PWF.n_7+M+(>t-K 

where: 

C 

CRF 

WF 

r 

n 

n. 

A 

I, 

X 

Complete Annual Cost 
r(l+r)n 

Capital Recovery Factor ■ ^'l+r)n-l 
1 

Present Worth Factor ■ (i+r)11! 

Interest Rate on Government Bonds 

= The analysis period (years 

= Estimated number of years or fraction of a year 

that upgrading of protection is to be performed 

(n^ will have different values in the same analysis 

depending on whether it is used with E, or Ep) 

= Total cost of construction of basic core 

= Cost of first escalation 

■ Cost of second escalation 

= Time (fraction of years between last escalation 

and end of analysis period 

■ Estimated service life of facility in last 

escalation 

M  ■ Annual maintenance cost per year 

K  = Annual administration and overhead 

D  = Design cost 
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EXAMPLE 

ELEMENTS 

Analysis period, n 

Interest rate, r 

Initial cost, A 

Cost of first escalation, E 

Estimated service life of last escalation 
increment 

Capital recovery factor, CRFn - h  yeai-s 

Present worth factor, FWFn - h  years 

Present worth factor, PWFn - 2 years 

Annual maintenance cost, M 

Time between last upgrading and end of 
analysis period, Y 

VALUE 

k years 

6 per cent (assumed) 

$70,710 

$11,705 

2 years 

r 
(1+r 

(l+r)n       ..06(1-K.0^ .0756 
TPptl    =    (l+.06r-l = (l.26)-l = 29 

1 1  ,J. 1 

XTTFT1 = Tirö^ ■ T^ = .00781+ 

 L.^ 1      _       J_ 
(1+r) ! =  (1+.06)2 = 1.12 =  .00893 

$190 

2 years 

C = aRFn /~A + D + E1 R^7      + E2 R^n -  (l - f){*i or ^9) ™?nJ + M + 0 + 

C -  .29 /70,710 + (11,705)(.00893) +0-07+190 

C =  .29 /JO,710 + IOU.527 + 190 

K 

1 

1. 

C =  $19,896 ^  ANNUAL COST 

L 
I I    I in» - ■■■!■■!!   iVl ■< 
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1+.  THE APPLICATION OF COUNTERS TO 'HIE THREAT TO PASSIVE PROTECTION 
CONCEPTS 

In Paragraph 3, above, the effect of target size, obliquity of 

facility surfaces, the strength and functions of materials, the 

terrestrial environments, degree of acceptable risk and the 

functions desired in concepts were exposed. The purpose of this 

section is to describe how the above parameters are used to 

formulate concepts for passive protection. They will be dis- 

cussed in the same order as they appeared in Paragraph 3. 

a.  Size and Shape 

The sizes of the shelters were founded on the dimensions 

used for the modules in the "Bare Base" Studies. (Figure 32, 

"Sizes of Bare Base Structures"). These sizes were validated 

by comparing them with the space envelopes required for 

aircraft, supplies and equipment being considered for the 

Air Force inventory by 1973. 

The size designated in the bare base package (58' x Ö01) 

for aircraft was found adequate, but the clearances for wing 

span are somewhat tight.  It is interesting to note that the 

kö  foot diameter semi-circular aircraft shelter now being 

procured (1968) will not accommodate the future F-X. More- 

over, to accept the F-X, the wings must be "swung" to the 

high speed cruise configuration. The size of the shelter 

for aircraft in this report have been made slightly larger 

than the bare base module to provide safe wing-tip clearance. 

U-l 
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The sizes of other bare base modules were used directly 

because adequate clearances are provided. Therefore, 

the sizes of shelters used in this effort vill accommo- 

date the bare base modules (BBM) if it is decided to 

deploy them in areas where passive protection is needed. 

The sizes of shelters are: 

Type 

General Purpose 
Equipment 
Personnel 
Aircraft 
Unspecified 

BEM 

1+0' x 30' x "H" 
13' x 9' x 8' 
27* x 13' x Ö1 

80' x 58' x "H" 
35' x 16' x 10' 

Inside Di- 
mensions of 
Shelter 

43' x 33' x "H*' + 2' 
16' x 12' x 12' 
30' x 16' x 12' 
86' x 6V x 25' 
38' x 19* x 12' 

' 

( ) 

(l) Alternative Configurations for Facilities 

The facilities for Personnel, Aircraft Shelters, POL 

and Command, Control and Communications (C^) can take 

many forms and shapes. With the exception of POL 

facilities, many of the shapes can be used for all 

facilities with only their dimensions changed to suit 

the function assigned. The materials applicable to 

all shapes are discussed in Paragraph kc  "Materials 

for Application to Concepts". The terrestrial 

environment in which the facilities could be placed 

were described in Paragraph 3d "Terrestrial Environ- 

ments of Structures". To identify the alternative 

configurations, the form of the sides, top and the plan 

of structures were identified. Each form, in turn, was 

J 
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divided into soverai options as follows.  (See 

Figure 33 "Alternatives for Plan, Sides and Top") 

Form Numb».: jf Options 

• The Plan 
• The Sides (Walls) 
• The Top (Roof) 

Seven (?) Options 
Seven (7) Options 
Seven (?) Options 

By combining these options, 3^3 different configurations 

evolved. (See Figure 3k  "Combinations of Sides and 

Top"). To bound the problem, however, only those 

configurations which exhibited the outstanding charact- 

eristics alluded to in Paragraph 3 above were considered. 

In arriving at the "candidate" configurations, the 

options within each form were examined, the best options 

were then combined to make the concept candidates for 

further consideration. 

(a) The Plan 

The options are: 

• Circular 
• Square 
• Rectangular 
• Triangular 
• Elliptical 

- Hexagonal 
- Combination - Rectangle and Triangle 

Selection of the desired plan form for the facility 

involved the consideration of seven factors with 

their attendant "importance weights". (The 

higher the weighting number, the more important 

the factor.) 

M 

MM 
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Importance 
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k 
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I£GEND 

Factor 

• Flexibility for adaptat- 
ion to all functions. 

• Economy of manufacture, 
fabrication and erection. 

• Ease and rapidity of erection 
by field forces. 

• Encouragement of ricochet. 
• Simple design. 
• Adaptable to a variety of 

materials. 
1 • Provides most area for mini- 

mum parameter. 

The following table shows the evaluation of the 

options with respect to the above factors. The 

numbers used in this and subsequent evaluations 

are based on value judgments, experience and the 

application of quantified data relating to the 

option and the evaluation parameter. 

FACTOR & WEIGHT IMPORTANCE 

k-S 
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On the basis of the above evaluation, the rectan- 

gular, the hexagon and the rcctaiicuiar/triangular 

plan Torms are selected for applying the best 

side and top options. 

(b) The Sides (Walls) 

Thu options for this feature aro:  (See Figure 33, 

"Alternatives for Plan, BiAti  and Tops"). 

Straight with no slope 
Sloping Inward (straight) 
Sloping Outward (straight) 
Crossed (one wall sloping out and one in) 
Inverted "V" 
Curved 

Using approximately the sane criteria as delineated 

for "The Plan", Paragraph 4(1)(a) above, th.; follow- 

ing analysis is presented: 

FACTOR Aim  HEIGHT 

4-7 
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Based on the above evaluation, 5 wall options will 

be considered for application to the plan forms 

previously selected. The wall options are: 

• Straight 
• Sloping Outvard 
• Sloping Inward 
• Curved 
• Inverted "V" 

(c) The Top (Roof) 

The following are options for the roof of the 

structure: 

• Curved (Convex) 
• Flat 
• Hip 
• Inverted Hip 
• Curved (Concave) 
• Point (No roof-walls to meet to form the shelter) 

The table, below, indicates the relative values 

placed on each option so that the choice of the 

best configuration for the top of the shelter cam 

be made. 

^VALUATION FACTORS AND WEIGHTS • 

OPTION /44/^M /^r /WEIGHT 

Convex (Arch) ,/ y> y/ ̂ r i^ \S A n 
• A*s ni 

'* ^ *^ "15 y ' u ^ y Flat ^x ZyS 2^^ 1/ 2/^ l/ 70 sS* . ̂ 6 '*> S *n ^ 10 V ' 6  J <\S Hip i^ \S 2^ XyS \^y lyr r 3> y* J Si  . '*   s 
7      J 5 > ** s •> Inverted Hip iV \y^ 2  / \y^ 1/^ 2/ \yS 31 

Concave (Cable) <y 2^ >y ;v <y 72 
^18 /*> A-2 j AS    i ^ß s\ >s 

Point (Line) N/R«^ N/R^ if JK N/R/ H/R/ N/R,/ N/R 

* N/R ■ not rated 
l*-9 1 
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From the above evaluation, three forms for the rocf 

of the structure should be considered for further 

analysis. They are: «the curve convex • the flat and 

• the curved concave. 

1 
1 

I 

(d) First Configurations 

The preliminary investigations just conducted 

reduced the 3^3 original configurations to 36 or 

derivitives thereof. These 36 are the product of 

the following: 

PLAN 

• Rectangular 

• Hexagon 

• Rectangular/ 
Triangular 

SIDES TOP 

• Straight       • Curved 
Perpendicular     Convex 

• Sloping Outward  • Flat 
• Sloping Inward   • Curved 

Concave 
• Curved 

Seme of the above combinations proved to be impract- 

ical or duplicative to some degree.    These were 

eliminated a-prlori. 

Ten successful candidate shelter configurations 

finally evolved.    They were examined,  as one para- 

meter of many,  for the area each presents to incom- 

ing projectiles.    The probability of a single shot 

hit on the various configurations was determined. 

Figure 35 through 37   "Trade-off Data on Size and 

^ape" display the sketches of each candidate and 
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EQUIVALENT HORIZONTAL  AREA 
FOR A SLOPING TARGET 

*fc/A 
I.S-> 

l.4-=l 
■ 
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I.3H < 
■ 

* 
« 

I.H 

^^LINE OF APFROACH 

\    Ah«»jn/ ton a cot^ + cot/ 

\Wi 
n 

IMPACT ANGLE 

LINE OF 
APPROACH ON 

L6R0UND / 

APPROACH 
ANGLE 
AXIS OF SLOPE 

TARGET AREA 

ANGLE 
OF 

SLOPE 

90*- 
EOUIV. HORIZ. AREA 

B fi 
^I180*«      APPROACH ANGLE 

^«165     (down tlopt approach) 
^•150* 

OS-i 

0.8-: 

\40» 
ANGLE OF SLOPE \45# 

0.7-i 

0.6-1 

0.5-i 

0.4- 

03-: 

0*2i 

O.H 

I 

o-2 

SO*  

75» 

90» 

THE NOMOGRAM GIVES THE RATIO OF THE EQUI- 
VALENT HORIZONTAL   AREA, Ah , TO THE ACTUAL 
TARGET  AREA   A,  IN TERMS OF THE  ANGLE OF 
IMPACT, a, THE ANGLE OF  APPROACH,^, AND 
THE SLOPE  OF THE TARGET, Y# 

1     I 

^•90* 

90# 

APPROACH ANGLE 
(down tlopt opprooch) 

NOTE:- 
HORIZONTAL LINES 
ARE GUIDE LINES 
ONLY 
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n 
give information relating to presented area« and 

probabilities of hit. Figur« 38 presents a tabular 

sunmary of size and shape parameters.  Figure 39 "Composite 

Aircraft" delineates the spac«- envelop required to icoom- 

roodate present and future aircraft.  Figure Uo, "Nomogram 

of Impact Angle" can be used for determining presented areas 

for targets with inclined walls and roofs. 

b.  Application of Obliquity Theory to Shelter Concepts 

Oblique surfaces presented to impacts of projectiles are advantageous 

to the defender because yaw and ricochet are introduced into the 

flight of the projectiles. The penetration capability of projectiles 

is reduced when breakup of the projectiles occurs since the resulting 

fragments have greater ratios of mass to impact area.  A successful 

penetration of an oblique surface must occur at higher velocities by 

the factor sec y where 6 is the angle of obliquity. Weight savings 

can also be achieved. 

(l) Introduction of Yaw 

Projectiles are usually stable in yaw but when they 

strike a target at an angle, yaw is introduced. (Figure U2, 

"Change in Direction during Perforation at Ballistic 

Limit Velocity"). The yaw is introduced because the 

projectile is spin stabilized, hence gyroscopic, and 

exhibits gyrating motion subsequent to the application 

of a force system where the resultant does not pass through 

the mass center of the projectile. During oblique 

perforation of a plate, the unbalanced force system 

»»-17 
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introduce.-? Puch motien. Even during normal perforation 

el' a material, yav of the projectile and stripping of 

its jacket can result in force imbalarccs and subsequent 

projectile gyration. At short ranges, before the projectile 

stabilizes from the imbaianced forces as it passes through 

the barrel of th^ weapon, t.hore is a high probability that 

the projectile will arriw at the target with some degree 

of obliquity. Building oblique surfaces into a structure 

will maintain or increase this probability at longer ranges. 

Figure U3, "Change in Direction of an Armor-Piercing 

Projectile During Plate Perforation" shows the yaw that Is 

introduced as a function of obliquities and striking 

velocities. Projectiles increase in yaw as they perforate 

successive layers of plate materials. Therefore, layers 

of materials should be employed in the construction of 

shelters. 

I 

These data reveal that a 30 caliber AP,  after perforating 

a 0.075 inch mild steel plate at low to moderate 

obliquities  (5° - 25°), will gyrate 20° for each foot of 

travel after exit from the plate.    At 60°, this rate will 

increase to 25° per foot.    Penetrations of a 0.25 inch 

mild steel plate, however, will result in 30° per foot if 

the plate is inclined at 15° to the flight path of the 

projectile.    Consequently,  In addition to "layering" of 

Li k-lS 
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protective materials, these same materials should also 

be inclined to the most probable final increment of 

trajectory of the projectile, 

(?)    Prediction of Break-Up 

(a) Break-up Model 

Normal penetration of an isotropic plate develops 

resisting pressures vhich act symmetrically and 

with the resultant force along the longitudinal 

axis of the projectile. Oblique impact produces 

assymetry and the resultant resisting force 

produces a moment about the centroid vhich induces 

bending stresses and acts to flatten the projectile 

against the plate. If the moment continues to act 

in this way, the projectile will ricochet. If the 

plate is thick and the surface is soft, or the 

projectile is moving at hij^i speed, the amount the 

projectile will turn before the centroid disappears 

below the surface is not great. As the centroid 

continues below the surface, the moment will decrease. 

If the plate is relatively thin, the pressure below 

the projectile will suddenly decrease as the release 

wave reflects fron the rear surface; thus the 

moment which was initially acting to flatten the 

projectile will reverse - acting to reorient it 

toward normal. Projectile cores break primarily as 

U-21 
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the result of bending stresses endured by moments of 

the type Just described. Figure kk,  "Break-up 

Prediction, Ricochet Model", gives the break-up angles 

for various projectiles at different obliquities. 

(b) Formula for Determining Break-up of Projectiles at 
Zero Yav 

If the projectile arrives at the target with zero yaw, 

the following formula can be used to determine the 

obliquity angle(s) at which projectiles will break up. 

Sin2© Cos© = 
(Cp)(Cbu)(Vi) 

where: 

(V5o)n 

Vl 

Cbu 

© 

where: 

r 
Mp 

(Vso) 
T 

50^n 

Normal Protection ballistic 
limit velocity, ft/sec 

Striking velocity 

Constant related to material 
properties and proportionality 
difference between the ricochet 
model and perforation behavior 
(to account for plate hardness 
and penetration) 

Angle of Obliquity at which 
projectiles will break up 

Tt* r3 ?"      = 2.65 x 105 for 
4- x   Aft? 

30 caliber, 50 cal. and 20 mm 

Length of projectile 

Tensile strength of the core 

Mass of projectile 

Radius of projectile 

Axial distance to centroid 
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If yaw is in the plane of obliquity, the bnak-up 

angle for 30 caUbt-r, 50 «.'uiiber and 20 ran projectiles 

is given by: 

(MA COS 9) . C^Kv, Hl.J(Sln 0^ _ (CB)(Cbu)(V]) 

vhere: 

t 
T. 

2 (V,.(V(C08 e) 

Angle of yav 

Thickness of plate 

^Vn 
T 

The foregoing equations are goofl for predicting the break- 

up angle of projectiles where the ratio of the thickness 

of the plate (Ts) to the diameter of the projectile (d) 

is less than Ts/d =1.5. At higher values of (V5Q)n which 

increase with greater thickness of plate (T ), the equa- 
s 

tions are not valid*.  Projectiles impacting relatively 

thick plates at high ballistic limit velocities enter 

the surface at high velocity, quickly escaping the effects 

of the impact obliquity on the bending moment and there- 

after tend to maintain a straight trajectory. However, 

break-up on the thicKer plates is caused by the penetra- 

tion process. This phenomena is illustrated by referring 

to Figure U5, "obliquity Angle Associated with Projectile 

Break-up at Army Ballistic Limit," where it can be seen 

that (even for materials of various quality) as fax as 

obliquity is concerned Ts/d values over 1.5 add little or 

no better ricochet performance than those where T8/d €  1.5. 

♦The equation is based on ricochet from a rigid surface and does not 
account for pla^e hardness or penetration which causes the break-up 
curve to reverse at values of T_/d of 1.5 or above. s 
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(c) Ricochet from Plates 

At low velocities, the component of impact velocity 

parallel to the surface undergoes little change, since 

sliding friction is the only force opposing the energy 

associated with this velocity. Rebound velocity normal 

to the surface is much smaller than the striking velocity 

normal to the surface because a greater proportion of 

the normal energy to the surface iß absorbed by the 

target material. Thus the resultant ricochet 

velocity is only slightly less than the parallel 

component of the initial velocity. As velocities 

increase, the rebound normal to the surface decreases 

as the impact becomes less elastic and the >roJectile, 

or its fragments, tends to slide along the surface of 

the target material. Also at higher velocities pene- 

tration begin* and the motion parallel to the surface 

is resisted by the target material. The projectile is 

forced to rise out of the cavity it has formed in the 

material (scooping action). As this happens, the ratio 

^o' of ricochet velocity (Vr) to impact velocity (V0) 

begins to decrease and the rebound normal to the surface 

begins to increase because of the "scooping action.** 

In general, curves of ricochet velocity V are linear 

functions until surface deformation is achieved. As the 

minimum perforation velocity (or ballistic limit velocity) 

ia approached in a plate, the curva deviates from linear 

relationship (Figur« U5, "Obliquity Angle Associated with 
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Projectile Break-up at V^o")- Curves of rebound 

obliquity measured from the normal to the plate, 

exhibit a maximum due to the conflicting contributions 

of increasing inelasticity and plate scooping; the 

rebound obliquity increases as the impact becomes less 

elastic until scooping is capable of reversing the 

trend. For example, Aluminum, being soft, yields to 

penetration at very low velocities. Projectiles 

inbed readily. Aluminum is an excellent energy absorber, 

the projectile enters the surface easily, loses energy 

and, for this reason, has a difficult time getting out. 

(d) Ricochet from Soils, Sand and Water 

As might be expected for soft materials, ricochet from 

soils, sand and water occur at much larger angles of 

obliquity than for amor plates. The resistance to 

penetration of soils is primarily a function of density 

while for hard materials such as steel and concrete it is 

a function of all mechanical strengths. For materials 

such as soft rock, both strength and density may be of 

comparable importance. For striking obliquities of 65 

degrees or more, measured from the normal to the surface, 

the underground trajectory of a projectile is likely to 

have a short underground length and the projectile is 

more likely to ricochet. Ricochet of artillery projectiles 

in soil is dependent on velocity and angle of impact. 

h-27 
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Figure 46, "Ricochet from Water, Soil and Concrcbe" 

shows these relationships quantitatively. In the 

velocity range of howitzers (700 to l800 fps) ricochet 

may be expected when the angle of fall of the projectile 

is less than 20 degrees at the lower part of this 

velocity range and less than 12 degrees at the higher 

portions. The condition of ricochet is favored vhen the 

projectile is fired with a propellant charge that is 

greater than that required to obtain the required range. 

At maxinrum range or near maximum range for a given 

charge for a projectile, ricochet is not a likely 

condition because the angle of fall will exceed the 

angles given above. 

Projectiles fired from large caliber guns have a higher 

velocity range (900 to 3,000). Ricochet may be expected 

with the same fall angles as for howitzers but will occur 

at greater ranges than howitzers because of the greater 

muzzle velocity. The capability of the artilleryman to 

adjust angle of fall by variation of the propellant charge 

for a given range is not as extensive with rockets. 

Therefore, it may be easier to slope the exterior sur- 

faces of a structure to obtain thr ricochet of rockets 

with a higher probability of success. Since the path of 

projectiles in soils curves upward as the velocity 

decreases, a hard surface beneath the soil such as concrete 

L 
U.26 
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or armor plate may achieve ricochet where the soil 

alone would not. 

(e) Kicochet from Concrete 

At striking velocities up to about 1,000 feet/second, 

a normal^ Incident projectile does not penetrate 

beyond the crater which it forms (the face spall) and 

the deepest point of nose p-n r.ration appears roughly 

as the apex of the sloping crater sides. At higher 

velocities a nondefoming projectile begins to form a 

cylindrical penetration hole beyond the crater, provided 

the target is "massive". A massive concrete target is 

one which is so thick that when struck by a single 

projectile scabbing does not occur. Thi.; is a condition- 

al thickness which is a function of the static and 

dynamic characteristics of a projectile and its impact. 

Ifce distinction is important because a less than massive 

target is subject to destruction by the effects of the 

pressure wave impingment on the back face of the target 

and its reflection as a rarefaction wave which breaks up 

the target ahead of the projectile penetration (Figure 

27).    Thickness of concrete which is sufficient to prevent 

this phenomena is more efficient in stopping projectiles 

for the amount of materials used. Beginning at the scab 

limit, penetration increases more rapidly with striking 

velocity in thin slabs than in massive concrete, the 

excess being largest just before perforation is attained. 
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Hence the perforation limit is found to be markedly 

lover tv in the velocity required to penetrate a 

distance equal to the slab thickness in massive concrete 

of the same characteristics. The pressure wave phenomena 

or Hugoniot characteristics may be related to the fact 

that the perforation thickness of 5»000 psi concrete 

for 50 caliber projectiles at 2,000 feet/second may be 

9 to 12 calibers and as high as 16 to 18 calibers for 

l6 inch projectiles.  (Reference kk).    Ricochet will occur 

for a given striking velocity when the obliquity becomes 

great enough. Figure k6,  "Ricochet from Water, Soil and 

Concrete", shows this relationship for massive concrete. 

Ricochet greatly handicaps a projectile with respect 

to the target and thereby enhances the protection afforded 

by the slab -while decreasing the relative effectiveness 

of the projectile. This applies particularly to explosive 

projectiles when the fuse setting is such that the 

detonation takes place -when the projectile is no longer 

in contact with the target. The lateral and turning 

forces exerted on the projectile during ricochet also 

pose difficult problems for a fuse designer. 

(3) Analysis of Wall and Roof Slopes 

Since small caliber projectiles break up at angles of 

obliquity of 20 degrees, then it appears that the slope of a 

building surface most likely to be attacked by small arms 

should be slanted at that angle from the most likely angle of 

Ml 
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of fall of the projectile at its effective range interval. 

If a wall is chosen as the most likely surface then a 

choice must be made as to whether it should slant tovard the 

attack or away from it. If the wall slants away from the 

attack, then the angle of obliquity will decrease as the 

range increases because the angle of fall also increases 

with range unless the propellant charge is increased. If 

the wall is slanted toward the attack at an angle of 20 

degrees, then sufficient obliquity for small caliber is 

presented at the minimum effective range. The obliquity 

presented to the attack will increase as the range and angle 

of fall increases. Thus, it appears that for defense 

against smaller caliber weapons that the walls should slant 

outward at least 20 degrees for this range of threat. An 

added advantage of this slope is that the ricochet will be 

directed toward the ground and close to the surface of the 

•wall.    Backfill placed near the base of the wall can absorb 

and capture the projectiles or fragments. 

The use of skirting plates may be an alternative to slanting 

the building walls toward an attack. Skirting plates are 

small lightweight movable plates which are deflected around 

their point of attachment by the impact of a projectile. 

As the plate edge canes in contact with the supporting surface, 

the plate resists the flight of the trajectory and tends to 

induce deflection breakup and ricochet. The disadvantages of 

D 
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this method as compared to a slanting vail are that the 

projectile may ricochet in any direction depending on its 

point of contact with the plate and its subsequent orient- 

ation. The projectile will also ricochet into the adjoining 

plates and may damage their function unless carefully 

designed. Additionally, the complexity of the arrangement 

j j with its associated increase in cost should be understood. 

Also skirting plates do not have the added advantage of 
I ) 

weather proofing vhich Is 'nherent in other wall formations. 

Slanting the wall toward the attack will result in a saving 

of material weight in the case of steel oven though the area 

of the wall is greater than if it were vertical. This occurs 

. | because the effect of obliquity is greater than the effect 

of increase of area.  (Paragraph l*a). By reference to 

T Figure 45, "Obliquity Angle Associated with Projectile Break- 

up of Army Ballistic Limit", it can be seen that the most 

favorable conditions for ricochet are achieved when the 

thickness of steel plate is O;^", 0.75" and 1.8" for 30 art 

50 caliber and 20 mm projectiles respectively. If oblique 

1 j striking can be assured, these thicknesses can be decreased 

accordingly. Striking velocities are at the ballistic limits 

(J of increasing plate thicknesses at 0° obliquity and thicknesses 

of mild s^eel required to defeat 30 and 50 caliber and 

20 sm at 100 yards are M  inches, l.lj inches, and 2.06 

inches respectively.   This correspoais to 2560, 2800 

and 3U6O ft/sec and these velocities fall within 

^33 
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the range of ballistic limrt velocities ßiven in Figure U5, 

"Obliquity Angle Associated with Projectile Break-up at 

Amy Ballistic Llait". By slanting the walls toward the 

attack a further reduction can be made in the wall thickness 

and reasonable assurance of ricochet will still be obtained. 

It does not appear practical to use steel thickness in e: ^ess 

of 2" for field erection for walls for passive protection. 

Other materials more adaptable to field handling should be 

utilized to increase the degree of protection if required. 

Concrete canbined with steel plate seems the best candidate 

for increased protection at the present time. This is 

primarily because of its cost, availability and logistic 

facility. Projectiles ricochet from concrete at 10 obliquity 

at strikii^ velocities of less than 500 ft/sec. As the 

velocities increase the obliquity angle at which the ricochet 

occurs increases. At 1000 ft/sec, the angle of obliquity 

for ricochet increases to 20°; at 1500 ft/sec and 2000 ft/sec 

the corresponding angles are approximately 27° and 33° respectively. 

Hose shape effects penetration of concrete and also effects 

ricochet. The angles given above are those where ricochet 

starts and cannot, therefore, be utilized as design criteria 

without some margin for individual projectile variation and 

difference in nose shape. 

L 
11 

(k)    Howitzers and Quns 

The angle of fall of howitzers varies from approximately 75° 

o 
to 20 depending on range. At ranges at which the weapon is 

used the most the angles of fall group around 30° (60° obliquity) 
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so that a horizontal roof of concrete should induce ricochet for 

these ranges. At ranges less than 8000 yards, -where the angle of 

fall becomes less than 2k0,  a horizontal roof should in all cases 

provide a good ricochet surface. Striking velocities at ranges 

in excess of 7000 yards of 90 mm weapons are less than 1300 ft/scc 

and even less for larger caliber shells at larger ranges (Reference 5). 

This velocity/obliquity profile falls well within the ricochet 

ranges of Figure 1+6, "Ricochet from Water, Soil and Concrete." 

At the maximum range of howitzers the angle of fall is greater.  For 

example, the 152 mm howitzer has an angle of fall of 73° at U+,960 

yards, and a striking velocity of 1100 ft/sec (Reference 5). This 

projectile will penetrate close to 1.8 inches of concrete prior to 

explosion (Reference 1+1+). Sand at this velocity range will reduce 

the velocity of the shell nearly 150 ft/sec per foot of sand. Three 

feet of sand would reduce the striking velocity to 650 ft/sec. The 

probability of ricochet would be high at this velocity when the 

projectile strikes the concrete. Results of using equation AA, on 

Page 1+-66, show that this projectile striking concrete at 0° 

obliquity at this velocity would penetrate 2.2 calibers prior to 

explosion.  Assuming the projectile approaching at 17° obliquity 

does not yaw in its penetration through the sand, it would still 

penetrate about 2.2 calibers, however, the shell would probably 

ricochet and explode some distance down from the crater which had 

been formed by its impact on the concrete and, therefore, against 

the full thickness of the concrete slab. This situation robs the 

projectile of the benefit of its prior penetration of the slab before 

explosion. The effect of the explosion as the shell lies against the 
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concrete should be examined. The explosive charge of a 

152 mm Howitzer approximates 15 lb. Investigations of 

explosions backed by earth placed in contact with concrete 

walls were conducted at the end of World War 11. It was 

found that the scabbing limit of reinforced concrete, or 

thickness at which scabbing barely occurs, in case of a 

contact earth backed explosion, is given by: 

T - l.kV1/3 

where: 

T = Thickness of concrete in feet, 

W = Weight of explosive charge in lb. 

Utilizing the 15 lb. charge in this formula, the results are 

T = 1.4 x 2.466 = 3.44 feet. Pressures on the face of the 

concrete roof derived from Table 4-1 from Reference 30 will 

fall in a range of 7,000 PSI to 3000 PSI assuming the shell, 

when it explodes, is 3" to 9" from the concrete respectively. 

Unfortunately, the layer of sand which was used to reduce the 

velocity of the shell will have the effect of confining the 

shell explosion and the pressures will be much higher (some- 

thing on the order of 15,000 to 25,000 P8l). It appears from 

this that it would be beneficial to construct two layers of 

sand. Ooe  of 12" lying on the concrete and one of two foot 

thickness separated from the first layer by an airspace nominally 

of one foot. The  benefit derived from this arrangement is that 

the total thickness would still affect the sane velocity reduc- 

tion but when the shell ricocheted it would have a tendency 

to slide up on the thin layer and explode close to the airspace 
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ii between the layers. Thus the explosion would be partially 

vented and the pressure effect on the roof would be 

considerably reduced as a result of the venting. Addition- 

ally any sand between the shell and roof would attenuate the 

pressure effect of the explosion. Attenuation of the blast 

is considerably improved if the sand density is below 85 lb/ 

3 
ft . This effect may be accomplished by mixing the sand with 

small pellets of expanded polystyene or similar material 

which would allow greater movement of the sand and, therefore, 

better blast absorption. 

A further reduction in the effects of the blast may be 

accomplished by incorporating a flexible beam design after 

tfco methods described in Reference 30 so that the impulse 

loading is transmitted throughout the structure. Such a 

design will reduce the compressive pressure on the concrete 

upper surface and will reduce spall!ng. It may be eliminated 

in some cases. This will also reduce the thickness of 

concrete required to minimize the scabbing on the opposite 

surface. 

(5) Rocketa 

The terminal velocities of rockets appear to vary inversely 

with range.    The angle of incidence increases as the rangt increases. 

at approximately 11,000 yards, the tenainal velocity of the 

IkO mn rocket is about 87c ft/sec and ite angle of obliquity, 38°. 

u 
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It is suggested that the rationale applied to the example 

of a 152 howitzer would be useful In the defeat of this 

■hall and the 122 nn rocket. All this, of course, falls 

In the area of theory until tested by actual firings. It 

is suggested that in this case, it would be worthwhile to 

do so. 

(6) Evaluation of Shapes for Desired Obliquities 

FrcD the foregoing discussion, it appears that roofs should 

be horizontal, walls should be slanted outward, or toward 

the attack, by about 20° to obtain the best ricochet 

probability from attack in any direction. Additional 

aatsrials or layers In various ccmbinations should be 

placeable on the structure when the conditions for ricochet 

are marginal. Easily penetratable materials should be 

placed at the base of walls to absorb ricochet fragments. 

Of the aides presented for obliquity analysis, they rank 

as follows:  (Refer to Figure 33, "Alternatives for Plans, 

Sides, and Tops") 8-5, Inverted "V"; 8-3, Slanted outward; 

and 8-7, Curved. Side-five (8-5) is attractive because of 

the possibility of making a thick outer wall which may be 

penetrated but introduce tumbling. Subsequently, as the 

projectile proceeds, a high probability of ricochet at 
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lower velocity against the inner wall would result. Side- 

five also has the best structural stability. The tops x-ank: 

T-2, Flat; T-l, Convex curved; T-5, Concave curved. These 

tops most closely approach the horizontal flat roof 

which appears best fVr ricochet. The most advantageous 

plan frcm the standpoint of obliquity is P-4, triangular, 

because of its angularity. Rectangles and squares such 

as P-2 and P-3 respectively appear to be second best and 

equal choices from an obliquity standpoint. Combinations 

of shapes employing triangles and rectangles may represent 

one of the better compromises between desirable characteristics 

of obliquity and practical consideration regarding functions. 

P-l round, will present a normal surface from any azimuth 

of attack. 1  J best combination of sides and tops are 

shown below (Refer to Figure 3h,  "Combinations of Sides 

and Tops): 

D 
D 

TOP SIDE 

Flat Inverted "V" 
Slanted outward 
Curved 

Convex Inverted "V" 
Curved Slanted outward 

Curved 

Concave Inverted "V" 
Curved Slanted outward 

Curved 

u ^-39 i 
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«• Materials for Application to Concepts 

The concept of a flexible response to escalation in the intensity 

of conflict (Paragraph 2a) necessitates that materials be 

identified that will form the basic core of the building. The 

basic core has several purposed! 

First, it will provide space in which to perform an operational 

function. In the illustrative example that will follow below, 

the dimensions of the structure will be slightly larger than 

those specified for "Bare Base' modules (See Figure 32, "Sizes 

of Bare Base Structures"). The structures are sized to accept 

Bare Base modules and/or their equipment with about one foot or 

two feet clearances on all sides. In seme cases, for example, 

aircraft shelters, space envelopes were used In sizing the facility. 

Second, the basic core will be used to counter the projectiles 

associated initially with the lower orders of conflict. In the 

case which will be illustrated, the first projectile which is 

to be defeated is the 30 caliber. Subsequent levels of protection 

are treated for defeating the 50 caliber, the 20 ram, mortars, 

rockets and howitzers. 

Third, the basic core will serve as an  infra-structure upon 

which other materials may be added or mounted to improve the 

protective qualities of the structure against progressive 

increases in the intensities of conflict as mentioned above. 

Therefore, essential structural components of the building 

must be planned to accommodate the larger loads which might 

MO 
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later be Imposed if It becones necessary to counter 

direct bits from projectiles of 100 OB or even larger. 

With the above background in mind, then, to counter the 

30 caliber projectile, the thickness of the first 

increment of the wall and roof will be a function of 

the material to be used and the slant of the walls and 

the roof with respect to the angle of attack of the 

projectile. The first step is to identify the materials 

to be used. The function of the material is to stop the 

projectile. The projectile can be stopped either by 

outright rejection, deflection, arrest or a combination 

of these features. The candidate materials for stopping 

the projectile at 0° obliquity are: 

208T/P0URD 

P0UHDS/8F 
REQJIRED FOR 

C08T/8F 
FOR 

MATERIAL                            | fOAINBT 30 
CAL AP {EST) 

PROTECTK» 
AOADBT 30 
CAL AP (MT) 

Steels 

Structural Steel 
Rolled homogeneous 
steel 
High hardeneu steel 
Face hardened steel 
Dual hardened steel 

0.10 

0.60 
0.25 
0.80 

30.5 lb. 

21.0 
18.0 
16.5 

13^5- 

12.50 

13.12 

Heat treated 
Ausformed 

1.50 
U.00 

11.5 
10.5 

17.25 
U2.00 

Aluminum 

Aluminum 7039 
Alumiman 5083 
Aluminum oxide 

0.75 
0.75 
1.26 

19.0 
19.0 
Ineffective 

IU.30 
17.*) 

• used alone 

Titanium    6Al-UV(ELl) H.50 15.8 71.10 

Fiberglass backed Materials 

Aluminium oxide 
Boron carbide 

U.50 
27.00 

8.5 
6.5 

38.35 
175.50 

U-kl 
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MATERIAL COBT/POÜM) 

PlexiglMt 1.50 
Laminated glass U.00 
Glass plaatic 
Laminate b-lO.OO 
Lexan U.70 

Other Manufactured 

1157 Doron Cloth 2.00 
Ballistic Nylon 
Unbonded l.2k 
Ballistic Nylon 
Booted 1.65 

POUNDS/SF 
REQUIRED FOR 
PROTECTION 
AGAINST 30 
CAL AP (FST) 

25.0 

9 

U.16 

^♦.75 

COST/SF 
FOR 
PROTECTION 
AGAINST 30 
CAL AP  (FST) 

27.0  lbs.      $U0.50 
No Data 

i7O.OO-25O.OO 
No Data 

18.00 

5.1^ 

7.83 

The following materials are computed in place, no supporting 

structures included. 

Concrete        $50 yd^    .011 $50 yd- 
Sandy (dry) jk   yd3 .0013 
Clay $2   yd? .OOO65 
Sandy Loam   $2   yd^ .00065 
i*** $2   yd3 .00065 

55 .61 
92 .12 

183 .12 
165 .11 
13^ .09 

All costs F.O.B. source except soils and concrete, 

I 
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The cost of the material is based on the cost at the place 

of manufacture, except for native materials and materials 

mixed in place.    Cost of transporting the material to the 

Job site and installing it on the structure is not 

included.    The amount (pounds per square foot) of material 

required to protect against the 30 caliber projectile was 

determined by referring to Figure U5,  "Obliquity Angle 

Associated with Projectile Breakup."    At an obliquity of 

20°, the ratio of the thickness of a mild steel plate 

(T ) to the caliber of the projectile (d)  is equal to 1.3 

T   would equal 0.U inches for a 30 caliber projectile.    In 

this portion of the analysis when the term "mild steel" 

la used,  it also refers to the equivalent of other materials 

to mild steel (Figure U?, "TMcknesa of Materials Required to 

Defeat Designated Projectiles").    Since the thlcknesaea of all 

materials considered (mild steel or Its equivalent) will counter 

the projectile with varying degrees of efficiency, the choice 

of the material to be used la made on the baa la of coat.    In 

this case, mild steel waa aelected and 0.U inches in thickness 

la required.    The actions taken to protect primarily against 

30 caliber project!lea carriea with it a bonus which also 

protects agalnat certain fra^enta from larger weapons such aa 

the mortars, rockets and howitzers.    Hence, it la neceaaary to 

inatall protective materials on the roof, not aa a coulter for 

the 30 caliber projectile, but aa a counter to fra^aents tram 

air tour at a of other weapona If auch weapona are employed by the 

Ü U-U3 
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THICKNESS OF PLASTIC TARGET 
MATERIALS vt AREAL 
DENSITY OF TARGET 

5 • • 12 
AREAL   DENSITY   OF   TARGET   (Ib/ft2) 

FIGURE 47C 
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enemy. For example, O.k  inches of mild steel (or the required 

thickness of another material) will protect against fragments 

frca the larger weapons whose weights are less than 90 grains 

and whose velocities on impact do not exceed 2,000  feet per 

second (See Figure UÖ, "Thickness of Mild Steel as a Function 

of Random Fragments'*). For cooiparative purposes by reference 

to Figure U9, "Thickness of Aluminum as a Function of Random 

Frafpents," it can be seen that approximately 0.72 inches of 

aluminum alloy are required to perform the tame function as 

O.U inches of mild steel. 

The advantage gained by slanting the wall Is also considered 

an important feature for countering the next higher caliber 

weapon contained in the threat (50 caliber). A combination 

of the 20 degree slant of the walls and the O.U inch thickness 

of mild steel (or equivalent of other material) is not sufficient 

to defeat the $0 caliber projectile. This is demonstrated by 

referring to Figure M», "Breakup Prediction, Ricochet Model, AP 

Projectile«." 

(l) The First Escalation 

The basic core with its covering of protective materials 

provided protection against 30 caliber and frapwnts from 

large weapons whose weight and velocity did not exceed 50 

grains and 2,000 feet per second respectively. The basic 

core did not quite protect against the 50 caliber threat. 

k-kl 
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A« can be seen fro« Figure kk, wBie«lcup Prediction, 

Ricochet Model, AP Projectllei,- if the obliquity angle 

cm be increased above the 20 degrees of the ilanted 

«•11, the MM thickne« of »aterlal that \iould ttop a 

30 caliber projectile at an obliquity of 20 degrees would 

also cause breakup of the 50 caliber projectile at about 

31 degrees. Therefore, action should be taken to design 

a aethod that would cause tuabling or rotation of the 50 

caliber projectile by at least 11 degrees.    Materials 

that deflect projectiles should be placed in front of basic 

core plate.    A screen so placed at the proper distance 

tnm the basic core structure would cause the projectile 

to t\«ble.    This ssw screen coula also be used to "trigger" 

projectiles equipped with instantaneous fuses and cause 

actiY«%tioo of projectiles with delayed fuses,    figure 50, 

"Penetraticn Beharior of 7.6 am AP versus Mild Steel" shows 

that a sobstantial change in projectile orientation 

(tabling) can be expected as a result of the installation 

of a "trigger" screen.    Even at an obliquity of sero 

degrees, 0.037 inches of aild steel will cause a 7.62 

m AP project!U to turtle.    Tests perfonsed at Aberdeen 

Proving Ground indicate that an expanded netal screen 

weighing 1.2 pounds per   square foot aal placed 10 feet 

in front of a target d »fended by U feet of sand bags 

were effective in defeating the Soviet RF0.2 and RIO-7 

v»apoos.    Without a trigger screen a substvitial increase 

t MO 
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in th^ thickness of sand is required to defend against 

these weapons. A trigger screen, therefore, is an 

inexpensive method of: 

1. Causing projectiles of 50 caliber to tumble 

2. Activating delayed fuses 

3. Detonating instantaneous fuses and 

h.    Degrading anti-tank weapons which are being 

used against stationary targets. 

The first modification to the basic core, then, should 

be the addition of a trigger screen, Figure 51a, "Structuring 

of the Concept." It can either be installed on rigging 

provided as part of the basic core or as a separate 

undertaking. If the "rigging" were provided as part of 

the basic core, it would generally be more economical and 

quicker to install the trigger screen when and if it is 

required. 

(2) The Second Escalation 

The 20 mm projectile is the next size projectile which is 

to be defeated. Following the same reasoning advanced for 

handling 50 caliber size projectiles, the 20 mm requires 

l.Oh  inches of mild steel to defeat it at an obliquity of 

20 degrees. (The trigger screen can be expected to cause 

some projectile rotation.) The options are to add another 

plate immediately against existing basic core or to add 

the required thickness of plate at some distance, either 

inside or outside, the basic core structure. 
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j—, Separating the plates gives the opportunity to add yet 

another level of protection by placing material such as 

sand, concrete, asphalt, soil, metal grits or combinations 

between the two plate surfaces without removing protective 

plates and starting anew. This configuration also affords 

the opportunity for the projectile or its fragments to 

be slowed down and to change orientation prior to impact- 

ing on the basic core plate by virtue of its passing through 

the trigger screen, V-e  aided plate and a dead space. This 

broaches the questions alluded to earlier, in Paragraph kb 

and on Figure 25, "Combination", on the value of layered 

materials for structures for protective defence. 

The concept of layering and/or using composite materials 

for protection was advanced by Major N. M. Hopkins in 1918, 

but little follow-through was done on his concepts.  In 196ht 

however, American industry developed protective materials 

using a combination of reinforced plastic and a ceramic. This 

combination ha« countered armor-piercing projectiles travel- 

ing 3,000 feet per second. Promising ceramic materials for 

use in this application are: Aluminum oxide, Silicon-carbide, 

and Boron-carbide. All of these materials possess outstanding 

hardness qualities. The least expensive of the three materials 

is Aluminum-oxide. The hardest and lightest is Bor on-carbide. 

Notwithstanding the exceptional characteriatlcs of these 

materials, structural steel is, by far, the material which 
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glre« the greatest protection per dollar, iowever, it has 

the disadvantage of being exceedingly heavy. The 

advantage of ceramics is that they exhibit high temperature 

real stance and hardness. They have ccmpresslve strengths 

of 150,000 psl in comparison with steel of 100,000 psi. 

However, the low resistance to impact and, therefore, 

fracture makes them of little value for penetration resist- 

ance when used alone. To overcome the generation of 

secondary fragments and to absorb the rarefaction shock 

wave resulting from the projectile impingement, a metal 

or plastic backing plate can be used. If, however, ductile 

behavior of the ceramic can be assumed Figure 28, "Computed 

Velocity-Penetration Curves for a Conical Projectile Assuming 

Ductile Behavior of Target Materials", shows the superior 

resistance of ceramic materials to penetration over other 

materials.  These specific curves are dedicated to the 

particular size and shape of the projectile considered, but 

the principle demonstrated holds.  Plastic composite structures 

for backing ceramics are mode of woven glass roving with 

polyester resin urethane or epoxy as the binder. Of three 

backing methods (metal, plastic or composite) the composite 

of glass roving with a resin has the best penetration 

resistance, is the most readily available and the least 

expensive.  The best performing and lightest combination of 

ceramic with plastic backing is Boron-Carbide and woven glass. 

•Rie poorest performer and the least expensive is Aluminum- 

oxide with woven glass backing. These combinations of 
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materials have application primarily to armor for personnel. 

Actual costs of producing armor for this application are 

approximately $19 per square foot for Aluminum-oxide, $56 

per square foot for Silicon-carbide ani $97 per square 

foot for Boron-carbide. By comparison, dual property steel 

and mild steel costs are extremely low for use in structures 

used in passive defense. 

Pron» the above  discussion, to counter the 20 ran projectile 

and at the same time preserve the option to upgrade the 

structure for more severe threats, it appears that the best 

course of action is to create a laminar structure. The 

arguments presented earlier regarding ricochet would also 

apply. As stated earlier, a total ot l.Oh  inches of mild 

steel in a single plate is needed to defeat the 20 ran 

projectile at an obliquity of 20 degrees. The basic core 

provided a wall of O.h  inches or the equivalent of mild steel 

at 20 degrees slanted outward.  If, however, another plate 

of 0.4 inch thickness and inclined 20 degrees in the opposite 

direction were installed in front of the basic core plate, 

the 20 mm projectile would be defeated, (see Figure 51b, 

"Structuring of the Concept"). The projectile would first 

be deflected by the trigger screen. Next, the projectile, 

in a "yawed" posture, would "see" the 0.I4 inch thick mild stoe] 

outer wall of the structure inclined 20 degrees upward. 

Depending on the amount of yaw, the 20 mm projectile wo\ 

perforate this layer of material only to "see" another plate 

.1 
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of the same thickness Inclined 20 degrees downward. During 

the penetrations of the trigger screen and initial steel 

plate, the projectile would lose energy and suffer disorientat- 

ion to such a degree that the final layer of steel would 

counter the weapon. 

Providing a second mild steel plate around the structure 

was primarily intended to counter the 20 mn projectile; 

however, the combined layers of material will defeat many of 

the fragments from larger weapons. Fragments whose size and 

velocity do not exceed 60 grains and 3,000 feet per second 

respectively will be defeated. This group of fragmentation 

is roughly the quivalent to fragments from the 122 am and 

the l60 mm projectiles and rockets. 

(3) Final Responses to Escalation 

The  basic core of the structure provided the structural system 

for the final configuration. It also gave protection against 

the 30 caliber projectile and fragments from the 82 mm mortar. 

The first escalation offthe facility provided a trigger screen. 

The combination of the trigger screen and the basic core 

countered the 50 caliber and fragments from the 60 mm mortar and 

RKr-2 and RPG-7 anti-tank weapons.  The second escalation 

added another layer of protective material to defeat the 20 mm 

projectile and fragments from 122 mm and l6ü ram projectiles. 

Voids now exist In two places. First, between the basic core 

wall and the outer wall, and second, between the outer wall 
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5) PROTECTION AGAINST  152MM 

TRIGGER/TUMBLE SCREEN 

•) BASIC CORE 

0.4" MILD   STEEL  INCLINED   20»  WILL   STOP 30 CALIBER 
8 90 GRAIN FRAGMENTS @    2000  fpt  (82mm mortar). 

1.2 ^/^ SCREEN WILL CAUSE  50 CALIBER TO YAW ll#. TRIGGERS 
FUSES. HELPS  TO COUNTER RPG  2,7 a 57mm MORTAR FRAGS. 

0.4" MILD STEEL  INCLINF.D 20°  WILL  SLOW a DISORIENT  THE 
20mm  TO   EXTENT   THAT IT WILL  BE   STOPPED  BY BASIC CORE. 

VOIDS 

fD)   FILL VOIDS WITH CONCRETE a SAND. LEAVE  VENTED SPACE FOR 
EXHAUST OF  EXPLOSION PRODUCTS a FORCES. THIS PROTECTS 
AGAINST THE 122 mm a 152mm- 2' SAND, VENTED VOID, l' SAND, 
18" CONCRETE. 

LI 
U FIGURE 51 A THRU D ^-157 
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•nd the trigger icree , (See Figure 51c, "Structuring of 

the Concept"). These voids are intended to be filled with 

either special or indigenous naterUls, «hich include but 

•re not liaited to, soil (sand, clay, aal silt used separately 

oar In ccabinations), soil-cement, concrete, graval, 

asphaltic concrete, native woods, specially prepared 

«■position materials such ac metal grit and asphalt, or 

combinations of these materials (see Figure 51d). The 

addition of these heavy and thick materials are intended to 

counter direct h.ts fron projectiles in the balance of the 

threat up to the l60 ran size. Figure 52, "Penetration of 

Bombs and Projectiles into Soil", gives the thickness of 

concrete or the various types of soil required to defeat 

conventional veapons of all oizes. For example, a sharp 

projectile vlth a striking velocity of 1,700 feet per second 

and weighing 60 pounds would require 12.5 feet of sandy loam 

to arrest it. The field conmanäer should make use of the 

various combinations of materials available to him and place 

them in the proper thicknesses in accordance with Figure 52. 

Anticipating the worst case, the structural system in the basic 

core has been sized to support the two 0.4 inch steel shields, 

the trigger screen, k  feet of sand and 2.2 feet of concrete. 

The 2.2 feet of concrete will defeat a 500 pound general purpose 

bomb having a 990 feet per second impact velocity and dropped 

from 20,000 feet. It is interesting to note that if this 

same bomb had an impact angle with respect to the horizontal 
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of 63 degrees, the bomb would ricochet. Figure k6t  "Ricochet 

fron Water, Soil and Concrete", yields the inrpact angles at 

which projectiles will ricochet given their striking 

velocities. 

d. Choices of Terrestrlax Enviruuments 

The provisions of Paragraph 3d "Terrestrial Environment of 

Structures", covered this subject. It is reconmended that: 

• Aircraft shelter be constructed on the surfaces and 

covered vlth protective materials, 

• Barracks and C facilities be placed initially in a 

partly buried environment and then covered with the 

earth excavated, 

• POL be totally buried. 

e. Structural Forms 

The structural forms considered for application to passive protec- 

tion measures were (Figure 53, "Structural Schemes"): 

o Arch 

o Truss 

o Cable 

o Plate Girder 

to Bridge Deck 

J 

D 

General Limitations 

Increases in span or loading causes structural economic problems 

with the plate girder as both shear buckling and bending insta- 

bility are concerned. The truss suffers from connection costs 

and depth of construction. The arch suffers from compression 

k-eo 
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buckling. The cable limitations are functions of dead weight, 

sag and anchorages. 

Typical Cross Sections and Costs 

Maximum clear spans for structures to be used for passive protec- 

tion are on the order of 70 feet. These spans are not considered 

to be exceptionally long. Therefore, those structural systems, 

which are most economical for long spans, while very promising, 

are not necessarily the most economical systems for application 

to this particular task. The general relationships among types 

of structural systems, their spans and costs are shown in Figure 5h, 

"Comparison of Costs of Structural Schemes as a Function of Span." 

It can be seen that the arch is the most cost effective system 

within the clear spans for the aircraft shelters under considera- 

tion in this study. Figure 55, "Comparison of Costs of Alternative 

Structural Schemes," summarizes the geometrical characteristics 

and unit costs for the various structural alternatives.  Notwith- 

standing this general conclusion, however, all structural schemes " 

were given the full consideration; and design, calculations and 

cost estimates were produced (See Section 5, "Preferred Concepts") 

which validate these conclusions. 
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f.  Penetration Analysis 

(1) Introduction 

An analytical study of th« penetration and/or perforation 

of various protective materials by projectiles would 

preferably be based on theoretically developed expressions 

whicb have been experimentally validated. Although efforts 

have been directed to the problem of developing a sound 

theory of penetration, there still remains a need for basic 

equations which consider all of the various dynamic 

phenomena associated with penetration.  Only meager and 

poorly correlated information is available on:  (l) the 

conditions of striking velocity, obliquity and target 

thickness under which projectiles will fail; (2) the predic- 

tion of the remaining velocity of a projectile as it 

penetrates successive layers of a composite protective 

material; and (3) the manner in which resisting forces of 

a material vary with depth, projectile shape, and velocity 

during penetration. 

As a result of the above conditions, this study was based on 

selected empirical formulae which have been developed from 

the test data during the past twenty-five years. 

In addition to providing the basis for development of 

conceptual protective structures, this study effort also 

produced computer programs which may be applied to penetration 

problems other than those addressed by this undertaking. 
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An empirically-based expression for predicting projectile 

penetration time through each layer of multilayered slabs 

.! soil and concrete, and the identification of a method 

of predicting penetration of other materials by using their 

dynamic properties was derived in this effort. 

The types of materials considered for use in the design of 

protective structures were:  (l) soils, such as sand, loam, 

and clay; (2) concrete; (3) metals; (k)  plastics; and (5) 

wood (Figure 56, "Identify Applicable Materials - Type"). 

Various combinations of the materials in different layer 

sequences were investigated, as well as single layers of 

the metals and plastics. 

(2) Penetration of Soils and Concrete 

(a) An expression which fits the curves shown in Figure 52, 

"Penetration of Bombs and Projectiles into Soil and 

Concrete," was used for predicting the penetration of 

soils and concrete by various caliber projectiles. 

Vx2 /APj L = W3 K Loge f{^f + l] 

where: 

L = Penetration (feet) 

W = Projectile weight (pounds) 

K = Curve fit constant (ft/lbY7 

C = Curve fit constant (fps) 

V » Striking velocity (fps) 
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Values of K and C developed by the Army Ballistic 

Research Laboratory are listed below: 

Soil 
Nose 
Shape 1 £ Limiting V 

Clay Blunt 
Average 
Sharp 

1.0650 
1.0246 
1.0339 

126.7^ 
137.71 
151.19 

l800 
2000 
l600 

Loam Blunt 
Average 
Sharp 

.9250 

.8833 

.8753 

188.18 
191.96 
201.25 

2000 
2000 
l800 

Sandy Loam Blunt 
Average or 
Sharp 

.8353 

.7932 

214.87 

212.61 

1900 

2000 

Sand All .7220 249.21 l800 

Reinforced 
Concrete 

All .2796 582.24 l800 

* 

/ . 

L 

(b) There are several limitations in the use of equation 

AA for penetration prediction. First, the expression 

applies only to normal impact, and the dependence of 

ricochet, splashing, spalling and perforation on obliquity 

mast be considered separately. Secondly, since the 

stress wave generated by the projectile produces spalling 

at the back face of a fiiite concrete slab, a correction 

must be made to determine the thickness at which per- 

foration results. Tests have shown that, within 10^, 

the thickness at which perforation results (T) can be 

expressed in terms of the depth of the penetration 

media (L) and the diameter of the projectile (d) by: 

T = 1.26 d + 1.13 L 

4-68 I 
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(c) There are three sources of errors in the values of L 

obtained.  They are: 

(1) The ranm in Figure 5? agree vith test measure- 

ments only to + 20 per cent. This is because 

of the variation in weapon performance. 

(2) The vertical penetration of a projectile is 10-30 

per rent less than L (the penetration path length 

for solid due to curving of the projectile towards 

the surface). 

(3) There is a curve fit error of approximately •- 5 per 

cent above striking velocities of 1/600-2090 fps. 

Finally, only one curve is shown (assuneu to be 

for average nose shape) for concrete,  (it should 

be noted that for a "worst case" condition, the 

limitation of zero obliquity is eliminated; i.e., 

the projectile can be assumed to strike successive 

layers of a composite material at normal Incidence 

for maximum penetration). 

(d) Equation AA can be rewritten for application to penetra- 

tion of multllayered soil and concrete as follows: 

ZäB7 
V = C iwkti - 1 

Consider penetration of a dual-layer material as shown 

below. 
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For specified values of t| and L?,  V    aad V    can be 
/ /     r / \ 

determined.     Note   that when      I - ■   —^- |      1.  V ^ 0. 
- \iv   ' <    j   ■ 

(interaction between layers is assumed to be insignificsnt 

Equation AB can be written as follows: 

-• - ^^ — ^v £ ^ 
where: 

v = Velocity at penetration x(fps) 

x ■ Partial penetration (ft) 

L - Total penetration (ft) 

Integrating with respect to time, 

r\ 

where: 

Letting 
(/ --=//(/ -^ 
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Ce) Since the time of penetration through each layer 

can be calculated, the point at whirh delayod fuses 

will detonate can be predicted. 

(3)  Penetration of Metals and Plast icr, 

(a)  An empiriral formula developed by the Denver Research 

Institute was used for predicting the thickness of 

metals and plastics required to prevent perforation. 

/CA7 
6  / n! 

where; 

C 
1 

\ 

L 

(V50)n 

JJ 

TT-iickness required to pr^v^nt perforation 

(with a .5 probability) 

Form factor related to projectile shape 

Projectile (core) mass 

Pro.iectile (core) length 

Normal ballistic limit velocity 

U-Yl 



1 iii*m*mmm*m*im*mwm~^*m*m*mmm*m*^*mim 

. 

a ^ff-^KJ?   sin 0 tan f * f 

K ■ Dynamic bulk modulus 

f ■  Material density 

0 = Projectile apex half-angle 

f -• Sliding coeffici-nt of friction 

b = ^TT^ tan 0 (tan 0 + f) log ? 7^ 

f 'x   -  I mamic compressive shear strength 

V   ÖY 
E ■ Young's modulus 

^y =-- Static tensile yield strength 

(Values of K, e, Tl and E for typical armor materials 

are in Table IV) 

Equation CA can be corrected for obliquity by using 

one of the following: 

>; 
i^'/, ^*> - -- x: 

1 Or / = A Äe'Ä .W 'V ^ fe^ 

where: 

V5C)      -  Ballistic limit velocity  (©) 

ö = Impact obliquity 

(Ts)        Effective Thickness  (8) 

M2 

——————— 

___ 
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(b) A limitation associated with the use of CA is that 

the equation has been validated using static rather 

than dynamic properties (K and rß) of metals. 

(However, predictions were reasonably close to experi- 

mental data.) 

(c) Although dynamic properties of armor materials are 

not directly available, a method of determining such 

values for use in equation CA as originally intended 

will be outlined. « 

The following equation can be used to determine the 

dynamic compressive shear strength of a particular 

material from data obtained at the Hugoniot elastic 

limit: 

Z&7 T-   /£<" / • S  i/   \ 
/ «• z V /- v' 

where: 

/  = Dynamic compressive shear strength 

^^ ,= Hugoniot yield strength 

,J ■ Poisson's ratio 

(Shear strength equals one-half yield strength under 

a condition of one-dimensional compression) 

(d) The dynamic bulk modulus of a material can be determined 

using the following equation: 

Ü U-73 
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where: 

K = Dynamic bulk modulus 

P ■ Impact pressure 

f  « Material density at P 

V « Instantaneous velocity 

Using a source of Hugoniot shock data such as described 
P 

in Reference U2, the ratio-p"corresponding to the 

pressure P at the Hugoniot elastic limit can be determined 

For metals, /^-^ /• 0*4 i ^L where experimental 

values of A, B and C are listed in Table V. For a 

given P, >Y can b* determined by means of a cubic 

root solution. Finally, using the formula f? =r ^(J / -j) 

the density corresponding to P can be calculated, 

and K can be detendned. 

(e) For plastics, /?=• y/fi?-/J XST^Jl   where values 

of A and K are listed in Table VI. For a given P, 

can be determined. Again, using the formula 

the density can be calculated, and the dynamic bulk 

modules K can be determined. 

(M Penetration of Metal Plates 

(a) Equation CA was developed primarily for use in predicting 

perforation of thick and moderately thick materials. 

u •»-75 i 
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TABLE V 

Values of constants.  (Pressure range in which fit was 
made is up to about 500 kilobars.) 

1 Metal A B C 

: ( 
Beryllium 1182 1382 0 

1 Cadmium U79 1087 2829 

Chromium 2070 2236 7029 

Cobalt 195^ 3889 1728 

1 Copper lU07 2871 2335 

Gold 1727 5267 0 

Lead kl7 1159 1010 

Magnesium 370 5^0 186 

Molybdenum 2686 U2U3 733 

D Nickel 1963 3750 0 

D 
Silver 1088 2687 2520 

Thorium 572 6U6 855 

D Tin U32 878 1935 

Titanium 990 1168 12U6 □ Zinc 662 1577 12U2 

G 
2k  ST aluminum 

Brass 

765 

1037 

1659 

2177 

i*28 

3275 

Indium 1496 1163 0 

Niobium 1658 2786 0 

Palladium nkk 3801 15230 

Platinum 2760 7260 0 

Rhodium 28^2 •  6U52 0 

Tantalum 1790 3023 0 

Thallium 317 938 1U85 

Zirconium 

Lucite 

93^» 

83 

720 

163 

0 

322 
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TABLE VI 

TABLE OF  CONSTANTS 

'Pressure 

Material A K 
range 
(kilobars) 

Chopped Nylon Phenolic 59.1 2.2U 39-274 

Series 12k  Resin 46.3 1.96 45-147 

Avcoat 56.1 2.29 14-150 

AVCO Phenolic Fiberglass 2,530 l.hk O-180 

Tape Wound Nylon Phenolic 1,020 3.88 20-86 

GE Phenolic Fiberglass 60,200 18.0 28-111 

Oblique Tape Wound Refrasil 822,000 94.6 20-84 

RAD 58B m -2.17 5-46 

Avcoite 33.6 1.40 34-118 

Pyrolytic Graphite i*0.8 lM 50-470 

Kel-F 170.2 2.65 32-97 

Polyethelene 11.9 1.73 2-65 

Nylon 15U 2.60 4-80 

Plexiglas 217 2.80 17-160 

Polystyrene 230 2.66 4-59 

Teflon 45.1 2.08 10-76 
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although it can be used with reasonable accuracy for 

thin plates when the impact velocity is much higher 

than the limit velocity. However, a perforation formula 

originated solely for metal plates by the National 

Physical Laboratory (England) was used in this 

analysis to supplement results obtained from CA. 

7- £*L 
T ^   AJ-'S-?-*' w     4 -& 

1 

where: 

d 

B 

(Vn 
W 

B^ 

Thickness required to prevent perforation 

Projectile caliber 

Brinell hardness number 

Normal ballistic limit velocity 

Projectile weight 

500 - 160 log10 71301» 

Equatior DA can be corrected for obliquity, on the 

basis oi data obtained by Aberdeen Proving Ground, 

as foil ws: 

/DB/ 
T 5 

m' ^/ 

<tj.<?y* 
- e*sf>0l J^- 

where: 

0 ■ Impact obliquity 

(b) As in the case of the previous penetration equations, 

several limitations pertain to equations DA and DB. 

L ^-78 
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They have been validated experimentally only for plate 

thickness between .5 and 2 calibers t *\  and a single 
d 

nose shape of l.U caliber radius.  Also, only steel 

plates with Prinell hardness numbers of P50 to ^50 

were tested. 

(c) The primary use of equation DA was in determining 

steel plate perforation thickness for projectiles 

larcer than 20 mm. The study considered much larger 

projectiles, and steel, of course, is one of the basic- 

armor materials considered in an investigation of 

composite protective materials. 

Finally, it is noted that VA  could probably be used 

for other materials such as aluminum, magnesium and 

titanium, since the only explicit plate variable is 

Brinell hardness number.  However, experimental valida- 

tion would be desirable in view of the uncertain 

sensitivity of the numerical constants to material 

properties. 

(5) Penetration of Wood 

(a) An empirical formula has been developed by the Ballistic 

Research Laboratory which can be used to predict either 

the residual or the ballistic limit velocity of fragments 

and small caliber projectiles against various types 

of wood. 

■ 
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where: 

Vr « Residual velocity (fpe) 

V - Striking velocity (fps) 

E - Miterlal areal density (p»f) (Figure 57) 

0 = Angle of obliquity 

m ■ Weight of projectile (grams) 

A « Area of projectile (function of ©) 

H = Hardness of wood (pounds) (Table VII) 

C7 - 0.3105 

(The values of a, C2, C3, C^, C5, and 06 are listed 

in Table DC for values of m and A.) 

/EB7 

The ballistic limit velocity is obtained from EA by 

setting V to zero. 
r 

#    • 

^•<^^^/vvv*r 

where: 

V  - Ballistic limit velocity (fps) 

c6 - 1.3162 

(The values of Cl, C2, C3, Ci*, and C5 are listed in 

Table X for values of m and A.) 
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(b) Note that the values in Tables IX and X correspond 

a hardness of 50 pounds. Since typical woods vary 

in hardness from 20 to 90 pounds, an estimate of Vr 

or VCQ for hardness other than 50 pounds may be required, 

(c) The following equation can be used for estimating, 

residual velocitv: 

llzj t'.r-/;(r-*"J 
where: 

Vr» = Residual velocity at H^ (other than 50 pounds) 

V  = Striking velocity 

f  - rV3105 

1 " ^50; 

V^.1 = Residual velocity at 50 pounds 

(Values of f- can be obtained from Figure 58) 

(d) A similar equation is used for ballistic limit velocity 

Ä7 K So 

where: 

/z   'SO 

U 
V » = Ballistic limit velocity at ^ (other than 50 pounds) 

50 
V * = Ballistic limit velocity at 50 pounds 

(Values of f« can be obtained from Figure 59) 

i*-8l 
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(e)    Petal Solution 

When the diameter of the penetrating projectile  (d) 

is  large with respect to the thickness of the plate 

(Ts) to be penetrated,  a petal solution in lieu of 

a plate perforation solution must be used.     The pvtaling 

will usually occur when the ratio of T /d =0.1 or 
s 

less.    For a discussion of this phenomenon,  refer 

to Paragraph (^)(g) below- 
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VARIATION OF f| WITH HARDNESS 

I-DRY BALSA     2-DRY PINE     3-WET  PINE     4-WET MARINE PLYWOOD  

5- WET BALSA     6-WET HICKORY    7- DRY MARINE PLYWOOD    8-WET MAPLE 
9- DRY HICKORY    10 - DRY  FIR  PLYWOOD     11-DRY  MAPLE     12-DRY GREEN OAK 

1  i 

II 
II 

30        40        50 60        70        80 
WOOD HARDNESS: H (lb) 

NOTE:- 
,     .11  ,.3105 
f'B(55-) 

90 

FIGURE 58 
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VARIATION OF Iz W,TH HARDNESS 

I-DRY BALSA     2-DRYPINE      S-WET PINE       4-WET MARINE  PLYWOOD 
9-WET BALSA    6-WET HICKORY    T-DRY MARINE PLYWOOD       B-WET MAPLE 
B-DRY HICKORY    K) - DRY FIR PLYWOOD    11 - DRY MAPLE     12 - DRY GREEN OAK 

KEY 

20 30 40 50        60        70 

WOOD HARDNESS: H (lb) 

NOTE:- 
,11    13162 

♦i'«5C-> 

FIGURE t» 
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g.  Application of Computer Techniques for Penetration Prediction 

During the conduct of this study, a ccmputer program was 

developed based on the theory described in paragraph hf and 

several of the mathmatical relationships which were derived 

from available empirical formulas. This was done in an attempt 

to expand the available methods applicable to the prediction 

of penetration and perforation of projectiles and/or their 

fragments into various materials. The program is capable 

of handling 15 projectiles and 100 materials. A detailed 

description of the program is contained in paragraph Uh. The 

results of the computation from the operation of this program 

may be utilized in the thickness design of materials for 

passive protection against weapon attacks. The computer code 

is designed to run in one of three modes, the analysis mode, 

a design mode in which the front layer is variable and a design 

mode in which the rear or last layer is variable. 

U 
u 

(1) Analysis Mode 

The analysis mode is used to predict the penetration/ 

perforation of either single or layered materials. The 

number of layers, the thickness of each and the sequence 

of layers is designated by the computer operator in response 

to questions made by the computer program. The operator 

also designates the projectile and its striking velocity 

upon query by the computar. The  output of this program 

u 4-89 
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is the residual velocity of the projectile as it leaves 

each layer and the depth and time of penetration. This 

information may be used to estimate the suitability of 

the existing or postulated design and to approximate the 

point of fuse detonation. An inctructive example of the 

analysis mode shows the results in penetrations of 

reversing the sequence of a projectile striking 

successive layers of clay, loam, sandy loam, and sand. 

Each layer was one foot thick. A one pound projectile 

with a striking velocity of 2,000 ft/second was used. 

These calculations result from operating equation [ÄA] 

described in paragraph Uf. 

Striking Velocity = 2,000 feet/second 

MATERIAL 

Clay 
Loam 
S. Loam 
Sand 

RESIDUAL (EXIT) 
VELOCITY 

12k6 
709 

0 

CUMULATIVE 
TIME 

0.0006 
0.0011 
0.0020 
0.0055 

CUMULATIVE 
IENETRATION 

1.0 
2.0 
3.0 
3.78 

This indicates the projectile was arrested after penetrating 

the sand 0.78 ft. Running the same materials backward 

yields the following: 

Sand 977 0.0007 1.0 
S. Loam 506 O.OOlU 2.0 
Loam 252 0.002Ö 3.0 
Clay 122 0.0056 U.O 

Here, the projectile perforates the four material layers and 

has a residual velocity of 122 feet per second. 

Ü U-90 
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It can be seen that mere knowledge of the proper aequence 

of material« can make the difference between perforation 

and arrest. Sequencing is important. 

TSiis relationship is also illustrated in Figure 60, "Example 

of Interaction of 2 Materials.•' It can be seen that for 

the projectile described on Figure 60, approximately 3 feet 

of concrete was required to reduce the velocity of the 

projectile to zero. However, 13.3 feet of sand (example 2) 

was required to accanplish the same result. In example  3, 

in Figure 60, a reduction in both sand the concrete was 

accomplished when a combination was used. This is not a 

surprising result. Since from Example 1 and 2 it can be derived 

that U.36 feet of sand is equivalent to one foot of concrete. 

However, in Example 3 this ratio is not maintained. The 

reduction of concrete by 1.Ö5 feet required the addition of 

9.Ö feet of sand to stop the prolectile. Tfcis gives an 

equivalency of 5.3 f««t of sand for one foot of concrete. 

Ob"iou«ly, the materials are sensitive to velocity so that 

sequence of the materials becooes important in the design 

of protective shelters. Example U shows the savings in concrete 

that can be achieved by placing it last in the sequence. The 

thickness is reduced fron 1.2 feet when concrete coses first 

to 0.U7 

(2) Design Mode-Front Layer Variable 

The situation may be encountered in which it is desirable 

to increase the protection of a structure against an 

Ml 
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escalated threat. In most cases, it would seem easier 

to add layers to the outside. This mode is adaptable 

to this situation. The computer operator designates 

the projectile by code, its striking velocity and the 

sequence and code of materials in the layers in response 

to query from the computer. In this mode additional 

instructions by the operator must include the initial 

thickness of the first layer, which may be zero, the 

thickness of the succeeding layers, the number of iterations 

in the succeeding layers, and the thickness that the 

succeeding layers are to be increased for each iteration 

(or ccmputer solution). In each iteration, the computer 

will add sufficient material to the first layer to stop 

the projectile. Thus, if the succeeding layers are fixed, 

the proper values sure inserted into the computer and the 

computer will provide the required thickness of the first 

layer in one iteration. An alternate design method is 

available to the designer, or computer operator in this 

mode.  If the succeeding layers are not fixed, then material 

may be added to the succeeding layers by designated 

incremental steps and for each iteration of the computer, 

a combination of the thickness of materials is presented 

which will stop the projecti^. The first layer is reduced 

as the increments are added to the succeeding layers. 

Thus the designer may optimize a combination according to 

his desires. 
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Consider the results belov, with the same projectile as 

in the previous example, where there is one foot of sand 

on the inside with a foot of sandy loam, a foot of loam 

and an unspecified amount of clay on the front layer. 

The  computer results are: 

MATERIAL 
RESIDUAL (EXIT) 

VELOCITY 
CUMULATIVE 

TIME 
CUMULATIVE 

PENETRATION 

Clay 
Loam 
S.  Loam 
Sand 

Ml 
850 

0 

0.0009 
0.0017 
0.0061 

.63 
1.63 
2.63 
3.63 

I,. 

The 0.63 feet of clay added on the front face is enough to 

cause arrest of the projectile in the sand. 

A represented number of computer calculations were performed 

In this mode to illustrate the ability of the program to 

provide data for the construction of tables useful in the 

design of protective barriers. Reference Tables XHIa-XIIIo 

"Thickness of Materials in Combination Required to Defeat 

A (Projectile name)"  On these charts are tabulated a 

thickness of material "A" on the abscissa, a thickness of 

material "B" on the ordinate and for each value of A ♦■ B 

is tabulated a thickness of material "C" which is required 

to reduce the velocity of the projectile at the indicated 

velocity to zero. An almost infinite variety of charts 

may thus be constructed according to the desires of the 

designer. 
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(3) Design Mode - Rear Layer Variable 

This mode Is useful when It Is desirable to add protectlre 

materials to a rear layer which Is analogous to the 

addition of materials to the Inside of a protective 

structure which has already been constructed. The 

Computer operator must provide the number of layers, 

Clay I2k6 0.0006 1.0 
Loam 709.8 0.0011 2.0 
S.   Isyam *g 0.0020 3.0 
Saal 0.0 0.0055 3.7b 

In this mode the designer may choose a thickness of material 

which is too thin for a valid solution of equation jpAJ 

and (CAj (par. Uf) . This occurs when the plate thickness 

the thickness of the layers starting from the strike side, 

the projectile code and its striking velocity.  TSie 

computer will calculate the time of penetration, the 

residual velocity through each layer and the total 

penetration of the projectile. By  comparison of the 

penetration depth and the total thickness of all the 

materials a determination can be made as to whether the 

projectile would be stopped by the arrangement and where 

the projectile velocity would become zero. A computer 

I I 
result using this mode for a one pound projectile with 

a 2,000 fps striking velocity is as follows: 

RESIDUAL (EXIT) CUMULATIVE CIKULATIVE 
MATERIAL VELOCITY TIME FEHETRATIOi 

I 

U.95 
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to projectile diameter ratio is equal to or less than 0.1. 

When the penetrating projectile to plate ratio is at or 

less than this value, a "petal" solution is used in the 

computer program. This solution is from the work of Burton 

and Zaid (Equation 2k)  (195Ö), Reference 51. Thus, the 

velocity change is for normal incidence. 

I A v =f*»r yt R^ vg\ /0.2U9 (1) 2-6) 

Where:  y = Density of Plate 

W = Weight of Projectile 

Vg = Striking Velocity 

t = Plate Thickness 

R = Ogive Radius 

r = Caliber Radius 

CO Validation of Computer Calculations 

Data generated from the investigations of the National 

Defense Hesearch Comaittee carried on after World War II 

vere used to validate the results generated from the 

computer program for projectiles up to 75 nm. The  results 

of plotting the caaputer calculations arc shovn on Figuro 6l 

and 62,"Perforation of Mild Ste^l Armor by Uncapped AP 

Projectiles " for various Brinell Harndess steel plates. 

The result« ah<iv gojd agreement in the range shown by the 

chart. The computer calculations can be made for velocities 
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and thicknesses which are beyond the chart portrayal. 

Figure 6U (Pesidual Velocity Prediction) indicates the 

correlation of the relationship 

(1 
0 

— 

vr= V1^ - Vjo* 

which was obtained from reference ^ with experimental 

data. This relationship is used in the computer program 

to obtain residual velocity through each layer. 

The results of using equation CA (Paragraph Uf) in 

this computer program, which is adaptable for the insertion 

of dynamic material property values, have been plotted 

in Figures 6kt  65, 66, "Penetration of (30)(50)(20 on) 

Projectiles into Various Material«,, at various velocitiet. 

Correlation of the values has bc**n mad' and shows good arr*^- 

j j mcnt with result« of Figures'», 5 and 6 of Reference 35. Values 

of Cl  • 2.65 were used for all projectiles wherein the 

values used in Reference 35 were 2.62 and 2.69 lor the 0.50 

and 0.30 caliber respectively. Th».- weight and radius of 

the core were used in this computer program. TMs approach 

was based on the assumption that all cores were stripped 

fro« their Jackets upon impact with the plate. 
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h. Operation of the Computer Progrnm 

(l) General 

The computer program la deaigned to aaaiat the planner in pre- 

!l dieting the penetration of projectilea into m%teriala. The 

program ia equipped to handle 15 projectilea and 100 Mteriala. 

Ü 

I) 

Ü 

The program operatea in thre*» modea. The modes  are: 

Mode 1 - Analytical 

Mode 2  - Deaign of Front Layer of Khterial 

Mode 3 - Deaign of Back Layer of Iteterial 

The intent of each mode ia diacuaaed in the following paragrapha 

(a) Analytical - (Mode 1) 

The purpoae of the Analytical Mode ia to analyze the per- 

formance of an exiating or poatulated combination of 

materiala when they are aub.jected to attack by a aperlfied 

projectile. In other worda, the analytical mode predicta 

the penetration of a apecified projectile into a aingle 

or aet of materiala. When operated properly, the output 

ia the reaidual velocity (if any) upon exit from each layer 

of material, the depth of penetration through, or into, 

each material and the time of penetration. Paragraph (2> 

belofcr, entitled "How to Operate the Program," will give 

the reader a atep-by-atep procedure on the techniquea for 

employing the computer in all three operational modea. 

(b) Deaign of the Front Layer - (Mode 2) 

When operated in thia mode, the computer will yield the 

thickneea of the firat layer of material auch that the 
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projectile Is stopped in the last layer of material. In 

addition to calculating the required thickness of the first 

(front) material, the residual velocity through each material 

is calculated. As in the case of the Analytical Mode, 

penetration times through each layer will also be calculated 

in Mode 2. I 
(c) Design of the Back Layer - (Mode 3) 

In this mode the thicknesses of layers in front of the last 

layer are given. T*ie computer trill then calculate the 

thickness of the final layer of material so that the projec- 

tile will be arrested in it. This mode should also be 

used in designing the thickness of a single material required 

to counter a designated projectile. 

I 
(2) Hoy to Operate the Program 

TWo systems have been devised for utilizing the computer. The 

I 

u 

systems sre: 

The Time  Share System 

The lion-time Share System 

Only the procedure for the Time Share System will be described 

here. Punch cards and print-outs for both systems hsve been 

provided, however. Both systems sre written ir FORTRAN. 

(a) T^e Time Share Systsai 

This Is a very sls^le procedure. No special skills are 

required to operate it, and it can be employed at any place 

«♦-120 1 
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j j where there is a convenient telephone, «me system operates 

in a conversational manner; that is, following entrance, 

U it asks for the required inputs. After receiving the 

n inputs in coded form, the computer will confirm the inputs 

^ ' in the vernacular. Finally, the answers (output) will be 

[j given in a simple format. Repeating, there are four main 

steps in operating the Time Share System. They are: 

Entrance 

Input 

Confirmation 

Answers (Output) 

(b) Entrance 

To Munlo:k" the system, do the following: 

1. Dial the designated telephone number and confirm the 

"] required computer "tone" has been received. 

2. Place the telephone in the interconnect cradle. 

3. Turn on the "teletype" portion of the system. 

U. The teletype will immediately ask "User Code." It 

Q does this so that no one else can use this program 

and also so that the "time share" organization will 

know who to charge for the computer time. 

5. Type your Code Number and then press the Carriage 

Return Key. Always press this key after completing 

U-121 
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each input. 

f 6. The computer will validate the authenticity of both 

User Code and Password. If all is proper, the computer 

operator will issue special instructions peculiar to 

the facility status, etc. These instructions are 

usually of no consequence vis-a-vis the program. This 

action completes the Entrance phase and we are now 

hooked to the computer proper. 

(c) Input 

To activate the program for calculating the penetration 

D _^™. 

D 
D 
Ö 

D 

1. Using the teletype, command the computer to LOAD PONS. 

PONS is a nickname fc the program and is technically 

called the source code. PONo, incidentally, is shore 

for Poncelet. It was chosen because the Poncelet 

equations are used in some of the calculations for 

penetration of projectiles. After typing LOAD PONS, 

command the computer to RUN. This will suffice to 

completely start the program. To save compiling time 

everytime the system is used (LOAD and RUN), and thus 

to reduce costs, it is advantageous to use an "object 

code" instead of the source code. An object code would 

have PONS already compiled. So instead of using PONS, 

simply command the computer to execute the object code. 

The object code is P099' The command to execute P099 

is given by "EXE P099." Then "Return Carriage." . 

h-122 
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(Note: Prom thit point on, it would be beneficial 

for the reader to refer to Figure V on page XVI 

entitled "Method for Predicting Penetration of Material!.^ 

Reference to the "Work Sheet" on page U-129 will al»o 

be of assistance.) 

2. The computer will ask: 

TYPE THE NUM3ER OF LAYERS, THE PROJECTILE CODE, AND 

OPERATION MODE CODE  (See box C-2 on Figure 

3. To the nbovr  a.e replys would be: 

£UERY 

NUMBER OF LAYERS 

REPLY 

Type the exact number and follow 

it immediately with a comma. 

For example, 3» means that 3 

layers of materials are involved 

for either analysis or design. 

PROJECTILE CODE 

D 

All projectiles currently in 

the program have been codified 

as follows: 

To Desigi late Reply 

1 lb. Projectile 1 

30 Haliber 2 

50 Caliber 3 

?0 mm k 

Test Projectile 
(to be specified) 

(6,7&a) 

»»-123 
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To Designate R«PV* 

57 mm 9 

75 am 10 

76 mm 11 

90 mm 12 

105 mm 13 

155 mm Ik 

122 mm 15 

For example, if the 122 mm 

Rocket is the projectile trying 

to penetrate, the answer would 
I 

U be 15, 

OPERATION MODE CODE    If it is desired to analyze an 

existing or postulated naterial 

or combination of materials, 

the answer would be _1, to design 

the front layer, the answer 

would be 2, to design the back 

layer, the answer would be 3, 

(Sum-narizing, the reply to the query "TYPE THE NUMBER 

0?  LAYERS, THE PROJECTILE CODE AND OPERATION MODE CODE" 

would be: 

3, 15, 1 for 3 materials, the 122 mm rocket, and 

analysis of the 3 materials vis-a-vis the 122 mm. 

Return Carriage) 

k-Uk 
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U. The conputer needs additional information to perfor» 

the penetration calculation. Thii infomation pertain« 

to the type of materials and their thicknesses. 

Accordingly, the machine will ask, "TYPE LAYER THICKNESS 

(FT) IN SEQUENCE FROM STRIKE SIDE." 

5. The replies to the above qu^ry vould be: 

"ll 

11 

For Thicknesses in Inches of Reply in Feet 

1/8 inch .OlOi* 

1A M .0208 

1/2 
•1 .0417 

3,A It .0625 

1 II .0833 

2 II .1667 

3 
II .2500 

k II .3333 

5 II .Ul67 

6 II .5000 

7 II .5833 

8 II .666? 

9 
II .7500 

10 II .8333 

11 II .9167 

12 II 1.0000 • 

For thicknesses exceeding I'-O", simply add thj decimal 

equivalents to the number of feet. 
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The reply to "TYPE I.AYER THICKNESS (FT) IN SEQUENCE 

FROM STOIKE SIDE" would be ^.0, 1.5, .0Ul7. This 

would be the case only If the first layer were U'-O" 

thick, the second layer l'-ö" thick and the last 

layer 1/2 inch thick. 

6. The next input is concerned with the typ-j of material. 

The question will take the form of: "TYPE EACH LAYER 

CODE IN SEQUENCE FROM STRIKE SIDE." The input relative 

to this query will be: 

For 

0 
I 
r 
o 
i 

CLAY 

LOAM 

SANDY LOAM 

SAND 

ASPHALT (DATA TENTATIVE) 

REINFORCED CONCRETE 

SOFT «OOD 

MEDIUM HARD WOOD 

HARD WOOD 

RICH CLAY 

STEEL GRIT 

ASPHALT WITH STEEL GRIT 

(RESERVED FOR FUTURE 
MATERIALS) 

STEEL  (BHN 150) 

STEEL  (   "    250) 

Answer Formulas Ured 

1 

2 

3 

U 

5 

6 

mm^       Poncelet 
Equations Used 

(AA) 

7 

8 

9 

10 

11 

12 

(13-50) 

51 

52 

Empirical 
Formulas Used 

(DA) 

L 14-126 
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For 

STERL  (BHN 300) 

S7KEL  (  "    350) 

STSEI   (  "    U00) 

STFEI   (  M    500) 

STEEL (  "    350) 

TIT^IIW (6A1-4V) 

rAGMESTUII (13LI-6A1) 

MnSMM (5053; 

ATJMIirJM OXIDZ 

DO? OK 

PLEXIGLAS 

UKoa 

GLASS 

LEAD GLASS 

KUMtaCM (2024) 

rJ::5o:n)SD IIYLOW 

(?.U|RVB FOR FUTURE 
MTHäXALt) 

Answer 
■     i 

53 

55 

57 

53 

o3 

6k 

67 

0C 

^69-1X1 

formulas 'Ised 

Eaiplrica} 
Formulas Used 

Hugcnict 
Equation? Us^d 

If the materials under exsminstion were send, relnfor?ed 

concrete and steel 'BHN 15C', the reply to "TYPE EACH 

LAYER CCDE III SEQUENT FR^.: STPIKE SIDE" wculd be 

\t  6, 51. 

7. The final input pertains tc the velcsity cf the erec- 

tile.  The query is, "TYPE STRTKi:^ VEIiOCITY IK FEET/ 

SECOND." The answer is given -Jirectly without the 

«♦-12" 
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uae of code. For eleven hundred feet per second, typo 

1100.00. TMs completes the Input pnase. The computer 

will now start to confirm and to expand the Inputs 

you have ccenanded It to process. 

EXCEPTION EXCEPTION EXCEPTION EXCEPTION 

C 
[ 
D 
D 

8. Where the operation mode code Is 2 (Design of Front 

Layer), the computer needs additional data.  It will 

ask, "TYPE NO. ITERATIONS ON SECOND LAYER.  TYPE NO. 

ITERATIONS ON THIRD LAYER." If it is desired to have 

the number of Iterations on the second and third layer 

be 2 and 1 respectively, the reply would be 2,1.  The 

next query relates to the amount of material whi?h is 

to be added In Increments to the second and third layers. 

The query will be, "TYPE INCREMENT IN FEET TO SECOND 

LAYER. TYPE INCREMENT IN FEET TO THIRD LAYER." In 

replying to this query, use the same technique described 

in step 5 above. The reasons for having the computer 

operate in this fashion were covered in Section ^g(2), 

"Design Mode - Front Layer Variable," beginning on 

page 14-91. Before proceeding further, kg(2)  should 

be reviewed at f. is time. 

0 

(d)  Confirmation 

The commands to the computer are completed by following 

the procedure delineated under Section 4h(2)(c), "Input," 

above. To confirm that the inputs were correct before 

I*-128 
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WORK      SHEFT 

COOS 

. 

NUMBER 07 LAYERS 

PROJECTILE CODE 

NAME 

OPERATION MODE 

I ANALYSIS OF DESIGN 

2 DESIGN OF FRONT LAYER 

3 DESIGN OF PACK LAYER 

THICKNESS OF LAYER (FT) 

Ist LAYER 

2nd LAYER 

3rd LAYER 

MATERIAL OF EACH LAYER 

ist LAYER 

2nd LAYER 

3rd LAYER 

STRIKING VELOCITY 

FOR MODE 2 ONLY 
ITERATIONS ON 2nd LAYER 
ITERATIONS ON 3rd LAYER 
INCREMENT ON 2nd LAYER 
INCREMENT ON 3rd LAYER 

I 
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processing them, the computer will "pl.»y back" the data 

given to It In a conversational manner. The confirmation 

begins by giving relevant data such as: 

NUMBER OF MATERIAL LAYTS - 3 

CODE OF PROJECTILE = 15 

CODE OF OPERATION = 1 

SAND THICKNESS IS » U.00 FEET (CODE U) 

CONCRETE THICKNESS IS - 1.5 FEET (COPE 6) 

STEEL (BHN 150) THICKNESS IS = 0.0i*17 FEET (CODE 51) 

INITIAL VELOCITY = 1100.00 FEET/SECOND 

TYPE PROJECTILE 122 MM 

LENGTH OF CONE 17.09 INCHES 

DIAMETER ^.80 INCHES 

CONE Anai£ O.lU RADIANS 

WEIGHT k3.00  POUNDS 

NOSE TYPE 3 

CUBEKT OF WEIGHT 3-50 

If no mistakes are noticed in tho above confirmation, the 

computer will automatically process the data and do tho 

calculations with respect to the interaction between the 

designated projectile and the materials. 

(e) Answers or Output 

Having received the problem and confirmed the data, the 

computer will, for each material, now calculate and print 

out: 

»»•130 
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The Residual Velocity 

The Time of Penetration 

The Depth of Penetration 

The methods used for the calculations are shown in Section 

l4f of this document. Examples of the print-out for ea>'h 

operation mode are contained in the pages immediately 

following. 
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ft n COHNFT TIME SHARING 
FNTEK USER CODE* PLEASE-W634S 
AND YOUR PASSWORD 

I 

YOU HAVE   LINE   flU 
|g/n'6fl      41411   PM. 

EXECUTE  PON5 
RIMNIN6 

TYPE   THE   NIHBER  OF  LAYERS   »THE  PROJECTILE     CODE 
AND  OPERATION  NODE   CODE 

?3«I5«1« 
TYPE  LAYER   THICKNFS5(FT)   IN   SEPUENCE  FROM     STRIKE   SIDE 

?4*fl«l*S#0.04|7 
TYPE   EACH   t,AYER   CODE   IN   SEOUENCE   FROM     STRIKESIDE 

?4«6«5W 
TYPE   STRIKING   VELOCITY   IN   FEET/SECOND 

NIWBER   OF   MATERAL   LAYERS   «        3 
CODE  OF   PROJECTILE   ■      15 

CODE   OF   OPERATION   ■ I 

SAND        TH1CKNFSS   IS   ■ 

CONCRETE   THICKNESS   IS   • 

STFELBHNIS*   THICKNESS   IS   ■ 

4.0000 FEET (CODE ■ 4) 

1.5000 FEET (CODr s 6> 

0.0417 FEET (CODE s 51) 

INITIAL   VELOCITY   « 1100.00   FEET/SEC 

I 
TYPE   PROJECTILE 
LENGTH   OF   CONE 
DIAMETER 
CONE   ANGLE 
WEIGHT 
NOSE   TYPE 

12PMM 
17.09   INCHES 
4.R0   INCHES 
0. 14   RADIANS 

43.00   POUNDS 
3 

CUBERT   OF   WEIGHT      3.50 

SAND 

) J 

I. 

D 

RESIDUAL VELOCITY ' 446.7191 

TIME              « 0.0058 
PENETRATION       « 4.0000 

CONCRETE 

RESIDUAL VELOCITY s 0.0000 

TIME 3 0.002? 
PFNETRATION S 0.4534 

TOTAL TIME S 0.00R01 SECONDS 
* 

TOTAL PENETRATION S 4.45343 FEET 
k-isa 
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•JNTEK   t'SFW   CODF#   HLtASE-W«?45 
AND   YOUH   HASSVOKI) 

YOU HAVF   LINF   14« 
I?/I3/6R      5lP3   PM. 

EXECUTF  PON5 
KIWNINR 

TYPE   THE  NIHPEP   OF   LAYFKS   #THE   PROJECTILE     CODE 
AND  OPERATION   MODE   CODE 

?3*I5«P* 

TYPE   LAYEF-   THI CKNESS(FT)    IN   SFOHENCF   FKOM      STMKt    Mr)F 
?Pl.^.3.0#P(.47# 

7YHE   EACH   LAYEK   CODE   IM   SEOI'ENCE   FhOM      STKIKE^IDF 
7 3*4,6, 
TYPE   STRIKING   VELOCITY   IN   FFFr/SFCOUD 
?||W«I 

TYPE  NO.   ITERATION«-   ON   SECOND     LAYER 
TYPE   NO.    ITERATION«;   ON   THIRD   LAYER 

e TYPE INCKFMFNT IN FEET TO SECOND LAYFh 
IYPE INHKEMFNT IN FEET TO THIRD LAYF> 

CRP« I •MUM      CR3i '<. sunn 

D 
D 
D 

NIWHER   OF   MATEPAL   LAYFKS   = 3 
CODF   OF   PROJECTILE   =      15 

CODE   OF   OPERATION   =        ? 

SANDY   LOAM   THICKNESS   IS   = O.PIOOM FEFT 

SAND        THICKNESS   IS   = 3.Cvm FEET 

CONCRETE   THICKNESS   IS   = »««fM FEFT 

INITIAL   VELOCITY   = 11^0.Pipi   FEFT/SFC 

TYPE  PROJECTILE 
LENGTH   OF   CONE 
DIAMETER 
CONE  ANGLE 
HEIGHT 
NOSE   TYPE 

IPPMM 
1 .09 INCHES 
4.80 INCHES 
0.\A   RADIANS 

43.MO POPNDS 
3 

(CODE = 3) 

(CODE I 4) 

(CODE : 6) 

Cl'BERT   OF   WEIGHT      3. bO 

11 
I! 
B 

D 

1   PENETRATION   SOLI'TION 

LAYER        3 

CONCRETE 

STRIKING   VELOCITY   =      456.RR99 

TIME 
PENETRATION 

O.0PP? 
0.470fi 

LAYER P 

SAND 

STRIKING   VELOCITY   «      90R.1P0R 

TIME 
PFNETRATIGN 

COO 4 7 
3.0000 

TOTAL   TIME   « 
TOTAL   PENETRATION   « 

0.00f94      SECONDS 
3.47000 FEET 

ii 

LAYER | 

SANDY   LOAM 

STRIKING   VFLGUTY I lOM.t'OPW 

tm 



um 
TYPF   JHV   NI'.viHFW   OF   LAYFK^-   .THF   PPOJFrTILE      CODF 
ANU  OPF.KATION   MODE   COÜE 

TYPE   LAYFF    THICKNCS8CPT)    IN   SFOI'FNCE   FROH      STMKF    : I 1»^ 

TYPE   FACH   LAYEK   COUF   1 .M   SEOlCMCff   FKOM      ITMKtSIDF 

TYPE   BTRIKINfl   V/FLOCITY   IM   FFFT/SFCOND 

TYPE  NO.    ITffWATIOMt   ON   SFCt)ND     LAYFK 
1YPF   NO.    ITFKA-IION«;   HIN)   TPIM)   LAYFW 

TYPE   INCHFMfMT   IN   FhET   TO   SECOND   l-AYF 
IYPF   IWCRENrNT   IN   FEET   TO   IHIKI)   LAYF' 

RRpa i.iV'MO     CR3< '1. SOW1 

NIMREN  OF  MATENAL  LAYERS  =       3 
CODF    OF   PPO.JFCTILF   =       15 

HOPF    OF    UPH'ATIOM   =        ? 

^ANDY   LOAM   THICKNF''    18   = A»AAAA      FFFT ICOOI    ■        3) 

JAN!) fNICNNESI   15    ■ 3.f(/^M      FFFT (COLE    = 4) 

CONOFTE   THICKNESS   IS   = fUATM      FFFT CCODI   = ^> 

INITIAL   V/KLOCITY   « ll^P.OPl   FFFT/SEC 

TYPE   PhOJECTILF 
LENGTH   OF   CON F. 
DIAMETER 
CONE   ANGLE- 
WEIGHT 
NOSE   TYPE 

IPX'ilM 
17.09 INCHES 

4.R0 INCHES 
M.14 KADI ANS 

43.f10 POI'NDS 
3 

Cl'BEHT   OF   WEI GHT      3. bU 

1   PENETRATION   ^OLI,TION 

LAYER        3 

CONCRETE 

STRIKING   VELOCITY    = 

TIME 
PENETRATION = 

456.««99 

LAYER   P 

SAND 

STRIKING VELOCITY =  90«.1?^^ 

TIME 
PENETRATION 

0.(1047 
3.0000 

■ 

TOTAL   TIME   = 0.00694      SECONDS 
TOTAL   PENETRATION   = .1.47000 FEET 

LAYFF I 

SANDY   l.fiAM 

STRIKINf.   WFLOCITY   »    ||flA*flAAA 

TIME 
PENFTK/MION 

TOTAL   TIME    ■ 
TOTAL   i FN FT (-ATI ON   « 

0.0361 
1 .0190 

0.P43OI 
A. /»K«99 

SECOND4 

FEFT U-133 
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COvilMFT   TIMt    SHAKING 
KNTF^    IISFR   COPE*    PLKASF-Wf.345 
^ND   YOl'R   PASSWORD 

YOP   HAVE   LINF   04* 
l^/13/M   1?:06  PM. 

FXFCl'TF   PONS 
KPNNINfi 

t 

I 
I 
r 
i 

TYPF   THF   NIMHFP   OF   LAVF^S   »THF   PkOJFCTILF      ROD! 
AND   OMFkATION   MODF    COOF 

?.T* 1 b#3 
iYPF   L.AYFP   THICKNCSSffT)    IN   SFOI'FNCF   FROM      STPIKF   SI OF 

f|*0»3«fl«|l*fl 
TrPF    FACH   LAYFK   TODF    IN   SFOPENCF   FROM      STKIKFSIOF 

?3*4# A 
irPF    STKIKINfi   V/Fl.OCITY    IN   FFFT/SFCOND 
?11mi.on 

NCXPFK   OF   MATFFvAL   LAYFfS    = 3 
CODF   OF   PHO.JFCTILF   =      15 

CODF   OF   0PFRA7I0VJ   = 3 

SANDY   LOAM   THITKNFSS   IS   = I.PinOO      FFFT (conr = 3) 

I 

SAND THICKNFSS   IS   * 3.0000      FFFT 

C0NOF7F    THICKNFSS   IS   = n.MPlOO      FFFT 

INITIAL   V/FLOCITY   = 1100.00   FEFT/SFC 

'CODF   = 

(CODF   = 

4) 

ft) 

n 

TYPF   PKO.JFCTILE 
LFNRTH   OF   CONE 
DIAMF7FP 
CONF    ANGLE 
WFICHT 
NÜSF   TYPF 

IP^MM 
17.09 INCHES 
/I.RO INCHES 
0.14 KADI ANS 
43.00 POUNDS 

3 
CI'HERT   OF    Wf I OHT      3. SO 

1    PENETRATION   SOLPTION 

SANDY   LOAM 

RFSIDIAL    VELOCITY   =      9 11.399ft 

TIME 
PENETRATION 

P.00 10 
1 .pipioo 

.i 
SAND 

RFSIDliAL    VELOCITY   =       4S«.K797 

TIME 
PENETRATION 

P. 0047 
3.0000 

TOTAL   TIMF 
TOTAL   f'FNFT^ATION 

O.OObftR 
4.nOOOO 

SECONDS 
FFFT 

CONCRETE 

RESIDI'AL   V/FLOCITY   = 0 .OOfiPI 

    



n 
r 
r 

i 
i 

TYr^    THF   NIMHFk   OF   LAYF^S   ,THF   PKOJFCTILF     CODK 
AND   OPfffATION   MODF   CODF 

?3* lb» 3 
1YPF   LAYFK   THI rXNFS5(FT)    IN   SFOPFNCF    FROM      STKIKF   ^IDF 

? 1 . (i * 3. PI # P . f 1 
TYPF    FACH   LAYFh   CODF    IN   SFOPENCF   FKOM      |ttllKt9IOf 

?3#4#/ 

1YHF    STMKINfi   VFLOCITY    IN   FFFT/SFCOND 
? I 10(1. (^ 

NiMIIPR   OF   MATFRAL   LAYF^S   = 3 
CODF   OF   PKOJFCTILF   =      IS 

CODF   OF   OPFRATION   = 3 

r 

i 
i 

i 
E 

SANDY   LOAM   TMICKNFSS   IS   = 

SAND THICKNFSS   I S   = 

CONCRF7F    THICKNFSS   IS   = 

I.PiflPO      FFFT 

3.000PI      FFFT 

0.0000      FFFT 

INITIAL   VELOCITY   = 1100.00   FFFT/SFC 

TYPF   PRO.JFCTILF      1 ?PMM 
LENGTH   OF   CONF 17.09   INCHFS 
DIAMFTFR 
CONE   ANGLF 
WFIOHT 
NOSF   TYPF 

4.R0   INCHFS 
0.14   RADIANS 

43.00   PODNCS 
3 

CHRERT   OF    Wl I GHT      3.S0 

1    PFNFTRATION   SOLl'TION 

1 
SANDY   LOAM 

KFSIDIAL    VFLOCITY   = 9 1 1 .399^. 

1 TIMF 0.0010 
PFNETKATION                    = I.0000 

SAND 

RESIDUAL    VELOCITY    =      4S«.K797 

TIMF 
PFNFTRATION 

0.0047 
3.0000 

(CODE = 

(CODE = 

(CODE = 

3) 

4) 

Ä) 

I 

TOTAL TIMF 
TOTAL PFNFTRATION 

CONCRETE 

RFSIDI'AL    V/FLOCITY   = 

TIMF 
PFNFTRATION 

0.0056S 
4.00000 

0.0000 

0.00?? 
0.4 73 3 

SECONDS 
FEET 

lOTAL TIMF 
TOTAL PFNETKATION 

0.00793  SECONDS 
4.473?5     FFFT 

k-l3k 
t 

- 



  

5.  PREFERRED CONCEPTS 

a. General 

The derivation of a preferred concept fcr shelters for passive 

protection requires the consideration of many driving forces which 

conflict. Variation of the threat capabilities Is balanced by 

many options available to the defender. But a poor choice of options 

can result in too high risk or excessive cost if a predicted threat 

capability range does not materialise. When the number of rounds 

fired is low, size and shape which result in low probabilities of 

hit have greater importance than when large numbers of rounds aimed 

at a target are fired by the enemy. When large numbers of rounds 

can be fired, the structures must be constructed not only to defeat 

a hit, but must protect against multiple hits. Cost, then, becomes 

high and the structures become complex. The advantages of material 

and weight savings by the use of oblique surfaces to the impact of 

projectiles and fragments should almost always be utilized. However, 

obliquity loses its effectiveness as the velocities and masses 

encountered become higher. Reduction of velocity of projectiles, 

under these conditions, then becomes a prime consideration so that 

ricochet can be induced by an oblique surface in the path of the 

projectile as it proceeds into the material of the structure. The 

objective, here, is to disengage the projectile from the structure 

when explosion occurs because the effectiveness of the projectile 

can thereby be greatly reduced. If the projectile explodes within 

the defensive material of a structure, then provision should be 

made for attenuation of the blast by venting or by frangible or 
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crushable materials within the blast area to absorb the energy. 

This is probably a worthwhile consideration only when the number 

of events is low.  The use of revetments against small arms fire 

and fragments from explosive projectiles with short delay fuses 

appears to be a good option when impact angles are low. However, 

protective roofs are required to be sufficient to defeat AP projec- 

tiles equipped with delayed fuses when the angles of impact are 

30 degrees or above and the total number of cumulative rounds 

expected is on the order of ho.    The efficiency with which various 

materials stop the penetration o** projectiles especially in the 

lower caliber ranges has considerable variation. However, from 

the standpoint of cost effectiveness, structural steel, concrete, 

soils, and wood apnear to be the best materials for passive defense 

structures.  Consideration of these many factors has lead to the 

preferred concepts for specific applications discussed in the follow- 

itig paragraphs. 

b. Aircraft Shelters 

(l) Size 

Aircraft shelters for the future should be sized to accept 

aircraft now in the Concept Formulation Phase. Two such air- 

craft are the FX and the A-X. The desirability tc have a 

structure with a small presented area is recognized, but the 

function in the case of shelters for aircraft is overriding. 

The size and the shape of the shelter can also influence the 

presented area of the structure.  The possibility of proposing 

the structure with the smallest presented area by varying 
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its shape will be considered in the next paragraph. Suffice 

it to say, at this juncture, that the aircraft shelter should 

have a clear height of PP'-O" with I 5 foot clcarence on each 

side. The width at l'-ö" above tlM wing-tip should be such 

that it can accept aircraft with 55'-0" wing spans. Each wing- 

tip should have a horizontal clearance of at least S'-O". The 

overall width of the shelter, then, should be at least 61'-01'. 

The length of the shelter should accommodate an aircraft with 

an overall length of 72'-0". The nose of the aircraft should 

be 20*-0" from the front of the shelter and the tail of the 

airplane should be at least 8'-0" from the back of the struc- 

ture. The effective length of the structure should be about 

100'-0". However, where real-estate becomes a limiting consid- 

eration, shelters of an 84'-0" dimension could be utilized. 

In sunmary, with respect to size, the shelter should have a clear 

height of PP'-O".  Its width should be at least 61'-0" but 

preferably 6V-0". Its length should be between BU'-O" minimum 

and 100'-0" maximum. This size will accommodate all present 

fighter type aircraft, those now in concept formulation and their 

growth versions.  Provision should be made for a tunnel on the 

back of the shelter to exhaust the J«t gases.  This tunnel is 

not included in the effective length of the shelter. For general 

rationale on size and shape for structures, the reader is 

referred to pages 3-k  through 3-1^ and h~l  through U-17. 

(2) Shape 

The shape of the structure influences the area and the obiiquity 

presented to an attacking missile. The matter of obliquity 

is addressed in the next paragraph; therefore, this portion 

of the report will consider shape as a function of presented 
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area. The presented area of the strur-tbre, combined with 

the circular error probable (CEP) of the attacking weapon 

determines the probability of the structure being hit. It, 

therefore, is desirable to minimize the area that a shelter 

presents to the weapon. The structural form which presents 

the smallest area is a structure having a combination of straight 

walls 10'-0" high and an arched roof on top of the walls (see 

discussion and figures beginning on pap;e h-2).    This scherm , 

however, presents expensive roof framing problems and aircraft 

clearance difficulties. The same effect can be obtained by 

placing the bottom of the arch on ground level and then filling 

the "unusable" space between the arch and the wing-tip 

clearance line with protective materials. 

In summary with respect to shape, an arched type shelter with 

a radius of 3V-0" is desirable.  The center of the semi-circular 

arch is, however, about 9,-0" below the surface such that 

a chord measuring 66'-0" on the surface is subtended. Again, 

the reader is referred to sections 3 and k  (pages 3-^4 through 

3-lA and ^-1 through k-17  respectively) for the rationale 

covering the shape of aircraft shelters. 

(3) Obliquity 

As stated above, the shape of a structure influences the obli- 

quity that a target presents to an attacking weapon. A wall 

inclined 20 degrees toward the attacking weapon encourages 

ricochet. By the same taken, a roof that is flat and hori- 

zontal encourages ricochet.  It is necessary, however, when 
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considering attacks by large weapons (75 mm plus) that a Sfheme 

be devised to SJOW down the velocity öf the attacking missile 

so that It can  ricochet from properly configured structural 

surfaces.  Sand and/or other classifications of soil can be . 

ui;ed for this purpose. Obliquity for structural surfaces is 

covered in sections 3 and '4 on pages 3-1^4 through 3-l8 and 

l»-17 through '»-39, respectively. 

{k)    Strength 

The structure must resist blast, fragments and penetration 

from direct hits by projectiles. The structure derives its 

strength to protect against these phenomena from the materials 

and thr manner in which they are employed. The functions of 

the materials used for passive protection are coverou in Section 

3 (pages 3-17 through 3-^9). The apnlication of these mate-rials 

to concepts is discussed in Section h  (pages 4-140 through k-6o). 

On balance, the most cost effective materials are mild steel, 

concrete and earth. The reaction of these and of the other 

materials in the passive protection role are contained in the 

aforementioned pages and also in section k  under "Penetration 

Analysis" beginning on page 14-65. 

(5) Terrestrial Environment 

Because of the operational problems associated with partly 

buried or totally buried structures for aircraft shelters, the 

above ground environment was chosen for these stru-tures. The 

relative advantages and disadvantages of this approach are 

discussed and listed ci pages 3-35 and J-50 through 3-5I4. 
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■ (6)  StrucluraJ Forms for Aircraft She1te7-s 

r Protecticn aRainst small arms fire (»0 and jÖ  caliber) can 

be obtainod for aircraft by using e^rth revetments.  If it 

is anticipated thet escalation of ttM attack will require 

protection aßainst mortars and large caliber rocket fire, it 

wiil be nec«--ssa-T to add roof structures to provide tbe desired 

degree of protection. When a roof is necessary, it is cost 

effective to provide interior vertical walls for the enclosures 

as this needs only approximately two-thirds the roof area 

required when walls are inclined outward at 20 degrees in a 

single plane. The typical wall construction shown in Figure S? 

does not take advantage of a forced angle of obliquity as 

this will, as mentioned above, increase the required roof 

area.  It is possible to provide one vertical, l/k  inch thick 

steel plate for protection against 30 caliber small arms fire 

and the addition of a tumble or trigger screen will make this 

effective against 50 caliber projectiles.  The erection of a 

3/I4 inch plate wall will require supporting steel framework. 

The cost of this framework more than offsets the cost of earth 

fill between two V8 inch steel plates which have been tied 

together to resist the horizontal forces of the earth fill. 

Thus, the wall construction would consist of a vertical 3/8 

inch interior steel plate and an exterior 3/8 inch steel plate 

which has been sloped at approximately 20 degrees inward and 

with the two plates bM together with itMl bar ties. The 

sloped face of the exterior wall will provide an angle of 
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obliquity for most of the probable threats and provides suffi- 

cient stability to the wall so that it may be used for a roof 

support. 

The typical roof construction indicated in Figure 6? provides 

a 1 foot vented void to reduce the contained explosion effect 

of any projectiles which penetrate the roof earth fill and 

explode near the roof structure. The 1 foot dimension is a 

conceptual figure and should be validated for blast attenuation 

prior to actual design. The vent outlets should be "diffuser" 

shaped, and, if vertical, they should be covered with a burst 

diaphragm. The diaphragm is used for weather protection. 

An alternative typical wall and roof are shown in Figure 67 A. 

The alternptive wall features obliquity plates within the wall 

inclined toward the attack by 20 degrees. The segmented scheme 

for these plates incorporates the very desirable obliquity attri- 

bute without increasing the thickness of the wall or the dimen- 

sions of the roof. An alternative roof concept eliminates the 

wooden sills and joists from the basic concepts and replaces 

them with wide-flange structural members. This alternative frees 

the vented void space from all obstructions and allows the 

designer to increase the VOIUEJC of the void to more nearly match 

the explosive charge. The cost of this concept is not included 

in Figure 70, "Estimate of Cost." 

As stated in Section Ue, "Structural Forms," several supporting 

systems for the roof have been investigated. These include 

steel trusses (Figure 68), tapered girders (Figure 68), bridge 
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decks (using a composite design), and a cable suspension roof 

(Figure 69). Because of the sloped underside of the tapered 

girders and of the cable suspension system, it is-necessary 

to increase the height of the side walls to provide the same 

clear height given by the truss of the bridge deck design. 

Present protection for aircraft for some specific weapons has 

been provided by use of a corrugated steel building in the 

shape of a semi-circular arch covered with 18 inches of concrete 

and possibly additional earth fill. The arch type shelter 

proposed in this study is large«- than the present one being 

procured. The larger size will accommodate the next generation 

of combat aircraft. Their wingspans will approximate 55 feet 

unless the wings are either folded or "swung." Comparative 

cost estimates for these systems have been completed, and on 

the basis of these cost estimates (Figure 70, "Estimate of 

Cost"), as each of the systems will provide an equivalent degree 

of protection, it is recommended that the arched type shelter 

configured in this study be used for passive protection for 

aircraft. The presented area of the arch, and hence its prob- 

ability of being hit, is lower than for any other structural 

scheme. The low probability of hit is most valuable where the 

cumulated number of attacking rounds is low. The cross section 

of the arch more nearly fits the contour of an aircraft than 

any other structural scheme. The ratio of the volume of the 

aircraft to the volume of the structure is higher for the 

arched configuration than any other scheme. This indicates a 
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more effi-'ient utilization of »pace than is presented by other 

configurations.  Since the surface area of the arch is the 

lowest for the volume provided, this results in the lowest 

cost for protective materials. 

Barracks 

Facilities for housing personnel for protection should be pla •-d 

in a partially buried environme.it.  The earth removed to provide 

the inherent protection of a below ground facility can then be 

used to make revetments to protect the above ground portion of 

the facility or to cover the facility in the same manner as proposeJ 

for the protection of aircraft. 

Several configurations were considered. All configurations wer«-» 

rectangular in p1an. Cross sections considered were rectangular, 

semi-circular, circular segments and combinations. Dimensions 

were varied to arrive at the optimum configuration for each type. 

Since structures can be configured to give equal protection, the 

choice of the configuration becomes the one which provides the 

protection for the least cost per individual person protected. 

For the purpose of making this comparison, it is assumed that a 

kO  man barrack is required and that eaeh man is allocated Bo square 

feet of usable area. Usable area, as applied here, is defined 

as that floor area above which there is at least 5 feet of head 

room. Latrines and storage areas are also treated as usable ar^as. 

Stairways for two story barracks are also included as usable ar^as. 

Arched-type structures for barracks could be utilized, but the 

volumetric efficiency (i.e., usable volume vs. total space) for 
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■inglfl story barracks with a semi-circular or a circular segment 

cross section is lower than barracks with a rectangular cross 

section. The presented area to an attaching projectile by barracks 

with either semi-circular or circular segment cross sections is 

generally smaller than one with a rectangular cross section. Hem--. 

the probability of hitting the individual barracks of the same 

floor area is less for a serai-circular structure. As pointMl OOt 

earlier, however, the utilization of the  re'tangular structure 

for barracks, as opposed to aircraft, is greater thau the an-h 

type. It was found that ^0 man barracks with a rectangular cross 

section required 6U0 cubic feet per man while the various concepts 

of the semi-circular arched-type, for the same num1 :?r of men, 

varied between 915 cubic feet per man and Y^U cubic feet per mfin. 

The average for the arch type was 797 cubic feet per man. On the 

basis of volume, then, the barracks with the rectangular cross 

section uses all that is bought. 

On the basis of 80 square feet per man, the total surface of a 

rectangular hO  man barrack with a single floor varied between 51?0 

square feet and 6o80 square feet. The average was 5^51 square 

feet. For the arched type, a single floor barracks, the total 

average surfare was 5980 square feet. In this analysis, as the 

radius of the arch was increased, however, the possibility of using 

a second floor and decreasing the length of the barrack became 

warranted. Where a second floor was utilized in the arch type 

barracks, the total surface was reduced to a low of kSBl  square 

feet. This barrack, however, had a diameter of ^1 feet, and a 
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length of kS  feet. The excavation required to partially bury (l1? 

foet) the arch-typo, two-story barrack would be 2'/.600 cubic feet« 

This would provide enough material to cover the entire structure 

with soil to a thickness of aoout 9 fe^t. F^r a single story 

rectangular structure 30 feet wide and 106 feet lonp, partialiy 

buried (6 feet), the excavation required would be 19,0P0 cubic 

feet, enough to cover the entire structure to a depth of about i 

feet. 

The Air Force is presently using semi-circular arch type structures 

with a US'-O" diameter for aircraft shelters.  Because of this 

and because troops will have been trained in the handling and erec- 

tion of these structures, it was d^cid^d to examine the possible 

j-. use of a segment of the arch, whose chord is about 29'-0", for 

*"^ the roof of a barrack. Tn one conceptual version, the roof would 

rest on vertical walls which incorporate obliquity plates. Ikfo 

wall heights were examined, 5,-0" and o'-o" respectively. UM 

combination of the arched roof and the straight sides (with obliquity 

plates) may be warranted. This scheme gives the lowest probability 

of hit of either barracks with the rectangular or the arch cross 

sections. For comparative purposes, the structure employing a 

combination of the straight sides and the arch has a total turfl 

of 5330 square feet (less than the ?9,-0" wide rpctangulnr barracks). 

Its volume is 30,3^0 cubic feet. When partly buried, tliis struc- 

ture would present a low silhouette to the attacker. 

By using Figure 52 on page U-59. It can be seen that, about LI feel 

of earth (sandy loam) is required to stop a 152 mm projectile 

',-1 
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impacting at its normal striking velocity of 1,000 feet per second. 

It is emphasized that the projectile is stopped at 11 feet in earth 

and its explosion takes place at that point (approximately). Hence, 

additional earth or other materials must be made available and 

installed to totally protect personnel in all cases. A combina- 

tion of earth, concrete and steel in that order would provide 

excellent protection. 

In view of the fart that, for single story structures, the combined 

straight-wall/circular-segment cross section gives the same protec- 

tion for less total surface, and generally has less unused space; 

the "combination" building should be used for barracks and it should 

be partially buried (See Figure 7?, "Concept for Barracks"). Hnw-vrr, 

the arch-type barracks (partially buried) becomes more cost effec- 

tive when two story arch-type structures with diameters on the 

order of 36 feet are contemplated.  (See graph and table on figure 

71.) 

The dimensions for a kO  man rectangular or a combined cross-s»- stlOMd 

single story structure should have inside dimensions of ?9 feet 

vide by 110 feet long. The two story arch type should have a 

diameter of 3^ feet, and be 5B feet 10115. For the arch type build- 

ing, the usable area on the first floor would be 3^.5 feet by Jfl 

feet and the usable area on the second floor would be 21  feet by 

58 feet. 

d.  Com-nand, Control end Com-nuni cat ions (C^) Facilities 

The structural concepts and protective principles which have been 
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GEOMETRIC  DATA 
ON BARRACKS CONFIGURATIONS 

(3200 SQUARE FEET OF USABLE AREA FOR  40 PERSONNEL) 

DIAMETER 
22.2 ft 
27 
31 4 
36 
41* 

LENGTH 
160 ft. 
126 
77 
58 
46 

4R2i 
TOTAL SURFACE 

5964 
5996 

4570 
4295 
4281 

GROSS FLR AREA 
3552 
3456 

4343 
3538 
3551 

VOLUME 
30,950 
36,625 
29,799 
29,993 
30,360 

RECTANGLE 

WIDTH 
20 ft. 
25 
29 
30 
40 

LENGTH 
160 ft 
126 
110 
106 
80 

HEIGHT 
8  ft 
8 
8 
8 
8 

TOTAL 
SURFACE 
6080 
5648 
5414 
5356 
5120 

GROSS 
FLOOR AREA VOLUME 

3200 25,600 
3200 25,600 
3190 25,520 
3180 25,440 
3200 25,600 

COMBINATION ARCHED ROOF 8 STRAIGHT  SIDES 

29 ft. 110 ft 
•♦TWO FLOORS 

11 ft. Max. 5330 3190 30,360 

WIDTH OR ARCH DIAMETER OF 40 MAN BARRACKS VS TOTAL  SURFACE 
(3200   3F OF  USABLE   AREA) 

40 

0 35 

SECOND FLOOR 79 FT RECTANGLE 
2 FLOORS 

I 
\ 

ARCH TYPE 
2 FLOORS 

* 

Q 

30 

29 

S 90 
x 
•- 
o 

SECOND FLOOR 
BECOMES 
.   PRACTICAL y SECOND FLOOR 
_   FROM 5 TO S* a 

IS NOT APPLICABLE 

COMBINED 
ARCH WITH 
STRAIGHT WALLS 

1 I 
40 43 50 

TOTAL SURFACE 
(THOUSANDS OF SQUARE  F£ET) 

FIGURE 71 
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CONCEPT FOR BARRACKS OR C8 

ADDED STtUCT SUPPORT 
AS PEG. 

J'-I" COPPUGATCD STEEL 
(I CA) 

VEWTED 
VOID ^CASTELLATED—-^. 

LT. WT SAWD   ••C-..»c.r^»:.-.^',•■ .-.p 

COWCPETE    * 
CORP. STE 
STPUCT   SUPPORT ADDED 

(AS  PEOUIPEO) 

FOR PROTECTION AGAINST   I22MM  A 
152 MM 

FOR PROTECTION  AGAINST 
20. 50 CAL. ft FRAGMENTS     SECTION ^C 

(UNBUPIED VERSION) 

FIGURE 72 
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proposed for personnel protection in this report r»an be sized to 

the requirements for housing command nnd control facilities and 

equipment with the exception of antennas. Since the vulnerable 

area of command and control equipment is higher in relationship 

to its overall size than in the case of aircraft, a higher level 

of protection against the penetration of fragments and projectiles 

is probably worth serious consideration. Dorrs and other openings 

•a 
become a relatively simplified problem for C^ facilities because 

only the provision for daily entrance and egress of personnel and 

an occasional equipment item must be provided for. The structures 

do not pose any electromagnetic interference problems which result 

from their shape or the addition of protective materials. All 

the metal materials must be electrically bonded in accordance with 

normal praccice. Antenna constructed at some distance from the 

site should be cantilever construction rather than truss and guy- 

wire for better protection against damage by projectiles and 

fragments. The base of a cantilever antenna should be protected 

by a bulwark constructed of non-metallic materials. Retractable 

antenna are within the current state-of-the-art for many applications. 

For important communications hubs, retractable antenna should be 

provided to guard against sabotage and other hostile actions. 

L 

0 

e.  Petroleum, Oil and Lubricants (POL) 

Protection for POL can be obtained in the following ways: 

o Protective terrestrial environment 

o Above ground in a protective shelter or revetment 

o An integral protective system 

o Combinations of the above 

5-20 

m^mmtmm-yA -—fc_Ä__ 



•■■HHMBMMHBMHBHiHaMKWMKWiBHHBHiHHHMa^B^BBBB^Ba^aHHBBlMWVHaHiW.fa 

D 

Ü 

(l) Protectlvo Terrestrial Knvironment refers to the plMMMt 

of thp P^T, -nntHiners below ground. Thp d^pth of burial is 

a functi on of the threat to be countered. 

(a) Protection against pro.iectlles may require placing the 

P0T, ontainers anywhere between 3^ feet for a 75 mm 

dud and 11 feet for a ?U0  mm dud.  (Refer to Figure 13B 

on Page . -?3, "Projectile Penetration into Clay-Sand 

Soils.")  If these weapons are equipped with operable 

delayed fuses, the depths of burial would be '4.25 feet 

for the 75 mm and lU feet for the ^0 mm. Excavation 

to these depths may not be desirable, therefore, selected 

materials having penetrations and explosive resistant 

qualities could be positioned between the POL containers 

and tne projectile to attenuate the effects of weapons. 

A s -heme similar to that shown in Figure 26| "Sequen<p 

of Materials," on page 3-^8 is applicable.  By using 

the principles described in Paragraph 3c(l) on pages 

3-r7 through 3-29, a below ground POL storage area could 

be configured. Application of those principles against 

projectiles are described in k\i{h)  beginning on page ^-33, 

"Howitzers and Guns." A configuration for a buried POL 

tank is shown in Figure 73, "Typical Buried POL Container." 

The dimensions for this configuration would vary depenaing 

on the materials available and use^. Typical dimensions 

for countering various weapons not equipped with instan- 

"-< 

taneous fuses are shown below. 

',-.'1 
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TYPICAL BURIED POL CONTAINER 

]     ' 

i, 

c 

o 
L 

BURST 
OIAPHRAM 

DIFFUSER 

RIOOCHEI 
SURFACE 

(CONCRETE IS SHOWK 
BUT OTHER MATERIALS 
COULD BE USED) 

VOID 

#.•••.•» •^•- '•; ;.••.•'•.•"^•.i •'.'<' 
*  g *•* '/«' •*'*''.*■•,: .n: «-•4:..k..'« 

A 

B 

VARIES 

! 

L FIGURE 73 
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(1 

DELAYED FUSES AND/OR  DUDS 

Weapon and Typical Striking Velocity 

DIMENSION    20ITLTI (3000 fps)    T^trnn (910 fps)    IQ^mm (900 f ps)     122mm (1100 fps)    l^mm (1000 fps) 

A 36" W" 36" 36" 36" 

il B Not Required Not Required To be Designed To be Designed To be Designed 

r           ••             "            12"             12" 12" 

D N N j2« 12" 18" 

"]    E " M •     12n l2v 12" 

As noted in Figure 73, the materials shown may not be 

readily available and materials with equivalent prooectlle 

resistance characteristics may have to be substituted for 

those shown. For example, mild steel may be substituted 

for the concrete ricochet surface and wood-earth combina- 

tion could reduce the earth fill requirements. 

II 
n 

(2) Above Ground in a Protective Shelter amounts to simply placing 

the POL container in a shelter similar to the aircraft or 

personnel shelter. The dimensions of these protective struc- 

tures would vary depending on the size of the bladder or tank 

used for POL. 

(3) An Integral Protective System can be provided by: 

o Placing Reticulated Foam Baffling in the POL container, 

or 

o Structuring the container so that it will be self-sealing. 

5-23 
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(a) Placing Reticulated Foam Bafl'ling in the Tank provides 

fire and explosion suppressant qualities even when struck 

with incendiary projectiles.  The foam should have 10 

pores per cubic inch. It should be a thermally reticulated 

Polyurethane weighing 2 pounds per cubic foot and have 

excellent resistance to ,jet, aviation or automotive type 

fuels. 

Since the foam is used in the fuel system, its cleanness 

and freedom from contamination is a necessity. Fabrica- 

tion and packaging methods should be such that the limit 

of contamination is 1 milligram per gallon of fuel or 

less. 0 
o. 
0 
0 
D 

L 

The foam must be engineered to clear the tank internal 

plumbing such as pumps and gauges.  It should be supplied 

in a multi-piece kit form to permit easy installation 

through the largest available tank opening. 

The reticulated foam would displace approximately 3 per 

cent of the total capacity of the fuel tank, however, 

the fire and explosion suppressant resistance gained 

from use of the foam will compensate for the loss in 

fuel capacity under sufficiently high levels of attacV. 

(b) Structuring the Container so that ic will be self-sealing 

can be accomplished by: 

5-2l4 

I \ 

-r- 

■- -   - 



. - mm. u—wmm 

11 

Ü 

Ü 

Ü 

u 
D 

/I/ Employing fabric liner self-sealing constructions. 

These fabrics are known as US-l80 material against 

30 caliber weapons or US-182 material against ^0 

caliber weapons.  These two materials may be purchased 

"off-the-shelf" and configured into the desired 

sizes of tar... or bladders.  The US-l80 weighs 0.1*9 

pounds per square foot and the US-l82 weighs 0.86 

pounds per square foot.  These materials are rela- 

tively new.  They replace the heavy rubber liner 

which had b?en a standard material in the past.  It 

must be emphasized at this juncture that these materials 

are only effective against weapons and fragments 

equivalent in size and velocity to the SO caliber 

projectile. 

/pj    Other methods of self-sealing include the provision 

of double-walled vessels. The void between the 

double walls would be equipped with chemical sealants 

such as a polymer resin and a catalyst. These two 

chemicals would be automatically released by the 

penetrating action of an impacting object and brought 

into contact. An e;. .remely fast chemical reaction 

would ensue, resulting In a sealing plug that is 

rlg'.d, seml-rlgld or flexible depending on the nature 

of the resin. 

The two chemicals can be stored In flat plastic bags, 

or some form of micro-encapsulation car. be used. The 

advantages of using micro-encapsulation are: 

5-25 
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A SELF SEALING METHOD FOR TANKS 

© £: PROJECTILE OR FRAGMENT 

 rLgxiflLg 
POLYURETHANE 

FOAM 

FLEXIBLE 
POLYURETHANE 

OUTER SHELL OF 
CONTAINER 

ENCAPSULATED 
CATALYST IN 
FOAM  RESIN 

INNER WALL OF 
CONTAINER 

CONTAINER 

® 
PROJECTILE OR FRAGMENT 

OUTER  SHELL OF 
CONTAINER 

FOAM RESIN 8 
CATALYST 

INNER WALL 
CONTAINER 

OF 

CONTAINER 



o Simplification of the wall's chemical com- 

partment 

o Easier handling of the chemicals during wall 

assembly 

o A more highly localized chemical reaction, 

which makes it possible for a  single self- 

sealing cell to deal with several punctures 

in a relatively small area 

o Adequate mixing even when chemicals of high 

viscosity are used. 

Ü 

0 
D 
D 

Ü 

D 
0 
Ü 

0 
0 
Ü 

(^) Combinations of Terrestrial Protection, Shelters and Integral 

1 

: 

Encapsulation also has disadvantages or complications. 

They are: 

o Shelf stability must be outstanding 

o The material must be compatible with POL 

or other products stored in the container 

o The size and wall thickness of the capsules 

must be chosen so as to encourage mixing. 

Figure 7^, "A Self-Sealing Method for Tanks," sche- 

matically depicts the two methods of self-sealing 

just described. 

Protection 

The placing of a network (reticulated) of foam baffles inside 

the tank would suppress explosion and fire, but would not 

necessarily stop leakage and possible combustion of materials 

5-27 

i 

— 

 m. M 



*mmm 

r 
F 
r 
r 
i 

D 
C 
[ 

c 
c 
[ 
0 
0 
c 
c 
L 

outside the POL container. The Integral Wail in?thods mlpht 

stop the leakage but would not stop explosion and fire inside 

the vessel.  It would appear desirable to have both of thpsp 

capabilities. Therefore, a POL tank configured aci-ordin^ 

to the methods described in the foregoing paragraphs would 

incorporate the network of foam baffles, and self-sealinp; 

integral wall or be composed of fabric liner self-sealing 

construction materials of the US-l80 or US-182 type.  These 

would be effective against weapons and fragments whose sizes 

and velocities are the equivalent of 50 caliber. When it is 

desired to protect against projectiles larger than the 50 

caliber and still have a reasonable chance to survive, it 

will be necessary to place the POL container in a shelter or 

underground. Of the two, the underground environment provides 

the better protection at the least cost. Figure 73 and several 

of the methods denoted in Reference 35 depict underground 

storage configurations. 

(5) Inert Gas Infection 

For years the Air Force used a water system in conjunction 

with POL storage and handling. This system insured that the 

tanks were full of gas, water or a combination of gas and water. 

The danger of explosion was thereby lessened because no space 

was available for fumes to ignite. Where a water system is 

not employed, it is suggested that consideration be given to 

the injection of inert gases into the tank so that if Intrusion 

of the projectile does occur, the probability of explosion will 

V28 
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be low. The inert gas system is not, intended to replace any 

of the passive protection measures delineated above, but rather, 

it is intended that it be used as a supplement thereto. 
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2^4 December 19^8 

PROTECTIVE CONSTRUCTION CONCEPTS 

Supplemental Note Kurier 1 

SUBJECT: , Supplemental Notes 

• 

1. General 

From time to time it may be desirable to issue clarification or additional 

information relating to passive protection and associated subjects.  Accordingly, 

a system of Supplemental Notes will be issued as the need arises. The Supple- 

mental Notes will serve as a media for updating the "Protective Construction 

Concepts" document. 

2. Methodology 

a. Whenever HQUSAF decides that a subject is of sufficient importance, Supple- 

mental Notes will be prepared and issued. All "notes" will follow the same 

format as used in this paper, fliat is, the note will be given a number 

and it will contain a Subject, a General discussion, a Methodology, and an 

Example.  Supplemental Notes will normally not exceed two pages. 

b. Holders of the "Passive Protection Concepts" document can request the issuance 

of Supplemental Notes. They can also prepare notes for issuance to all 

other interested personnel. Por control purposes, however, all requests 

for Supplemental Notes will be forwarded to HQUSAF (AFOCE-K) for processing. 

Where a Supplementul Note Is prepared by an organization outside HQUSAF, 

the draft of the note will be forwarded to HQUSAF (AFOCE-K) for finalizatlon, 

numbering and distribution. 

T 

Jl 
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3. Example 

Additional data is desired by an organization on "Variation of Penetration of 

Concrete by Projectiles with Respect to the Compressive Strength of Concrete." 

. '  A letter requesting that a note be issued will be addressed to AFOCE-K. Ihe 

letter should stress (justify) the need for the additional data. . 

I 
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PROTECTIVE CONSTRUCTION CONCEPTS 

Supplemental Note Number 2 

•mm mmmmmmmm 

2h  December 1968 

"SUBJECT: Variation of Penetration of Concrete by Projectiles with Respect to the 
Corapressive Strength of Concrete 

L. General 

a. There is a definite relationship between the penetration of concrete by 

projectiles and the compressive strength of the concrete. This relationship 

is not as simple as is indicated in the generalized "rule of thumb" which 

is discussed under paragraph 2 below. The size of the aggregate has a small 

but definite effect on penetration. Increases, within limits, in size and 

amount of aggregate tends to decrease penetrations. 

b. The rough rule delineated in paragraph 2 below seems to hold whenever the 

hind, amount, and size distribution of the aggregate component remains 

unchanged, and the increase in compressive strength is obtained by increase 

in tne cement content of the mix. An exception to the above has been identi- 

fied. It is the manner in which the concrete is cured. Dry-cured concrete, 

when compared with moist-cured concrete, showed up to 20 per cent increase 

in the resistance to penetration. This phenomena took place even though the 

compressive strength of companion concrete samples decreased ^0. to 50 per 

cent because of the dry-curing process. Confirmation by test is suggested. 

2. Mathodology for Assessing the Effect of Compressive Strength of Concrete on 

Penetration by Projectiles 

a. For a given projectile and striking velocity, the normal depth of penetration 

is inversely proportional to the square root of the compressive strength 

-*•••■■ —— 
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of the concrete. Fo" example, an increase in 10 per cent in compressive strength 

will reduce penetrations by 5 per cent under otherwise sLnilar circumstances. 

3. Example 

a. Given 

A projectile penetrates concrete that has a compressive strength of 3,000 

psi. The depth of penetration is 2.8 feet. 

Find 

How far will the same projectile with the same striking velocity penetrate 

concrete whose compressive strength is 6,000 psi. 

Solution 

Depth of Penetration into 3,000 psi (P Q-Q) m>J  6,000 

Depth of Penetration into 6,000 psi (P5 ooo^  / ^ roo 

2.8' 

6,000 

77 
55 

P6,000   -     IfegM»]   "   & 1        77      77 

6,000 2.0 Feet 

b. Given 

U,000 pai compressi/e strength concrete. Two aggregate mixes arc available. 

One has a fineness modulus of 3.0, l/6" maximum size, 65 per cent by volume. 

The other has a fineness modulus of 5*0, 1" maximum sir.c, 75 per cent by 

volume. 

Find 

Which aggregate to use to minimize penetration. 



k   Solution 

From statistical and test evidence, the aggregate with the 5.0 fineness 

modulus should be used and penetrations should decrease by about 20 per 

cent. No quantitative method has been devised which gives a definite way 

to calculate the specific aggregate parameters vs. penetration. As a general 

rule, as it pertains to projectile penetration only, it is advantageous to 

use as large a fineness modulus and as large a proportionate volume of aggre- 

gate as possible in the concrete. The maximum size of aggregate will be 

limited in the usual way by the availability of a reasonably good gradiation 

below the maximum. 

^     t       ' —~——^-—  ■ ■ I I     I   ■  ■       - III       ■ I l»i     I   ■!     I . . 
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PROTECTIVE CONSTRUCTION CONCEPTS 

Supplemental Note Number 3 

SUBJECT:    Relationship between Penetration Perforation and Scabbing (Spalling) of 
Concrete 

1.  General 

a. 

2. 

When a projectile strikes a concrete surface, penetration starts. The 

penetration continues until the projectile either ricochets, stops in the 

target material (is arrested), perforates the slab or causes scabbing 

(spalling) on the back of the slab. 

b. Penetration is quantified by measuring the distance a projectile travels 

into massive concrete. Massive concrete is defined as that thickness of 

concrete at which scabbing will not occur. When a projectile is said to 

penetrate concrete to a depth of 18 inches, it means that the projectile 

penetrated concrete of infinite thickness to a depth of 18". Knowledge 

of the depth of penetration is prerequisite to calculating perforation and 

scabbing (spalling) of slabs of finite thickness. . 

Methodqlorry_for Detaining Penetration, Perforation and Scabbing (Spalling) 

a.  Penetration 

The depth of penetration (x) of concrete should be obtained by the procedures 

delineated on Figure v, "Method for Predicting Penetration of Materials." 

Where computer services are not available, the mathematical and/or graphical 

methods can be employed. For quick approximations, Figure 52, "Penetration 

of Bombs and Projectiles into Soil and Concrete," can be utilized. Figure 52 



T" 

•P*" 

is for use with concrete having a compref.sive strength of ^4,000 psi. For 

compressive strengths other than 4,000 psi, imploy the methodology described 

in Supplemental Note Number 2, Subject: "Variation of Pewetration of 

Concrete by Projectiles with Respect to the Compressive Strength of Concrete." 

Where it is desired to make a direct calculation without using the formula 

beginning on page 466, the following expression may be employed: 

(Equation l) :i 
x _ Tl + 282S ^ MO-215 / V VT* ,„, 

Where 

x - = Penetration in inches 

d   = Diameter of the Projectile (inches) 

S   ii Compressive Strength of Cement (psi) 

V   = Striking velocity (fps) 

. 0 (d)= Function of obliquity 

Values of 0 (9) 

0       0°   5°    10°   15°   20°   25°   30°   35° 

0 (0)    1.00  0.95  O.89  0.82  0.75  0.6?  O.58  0.47 

b. Perforation 

If the concrete is not thick enough to fully absorb the effects of penetra- 

tion, the target material will either perforate or scab (spall). Perfora- 

tion can occur even if the thickness of the slab is greater than the depth 

of penetration. This is caused by the interaction of incident and rare- 

faction waves generated in the concrete which tend to break up the concrete 

ahead of the projectile. See the explanation for this phenomena beginning 

—" 
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on page 3-29 of the report. Figure 29, "Generation of Waves from Impact," 

on page 3-3h  graphically portrays the interaction of the waves. Perforation 

will occur when the thickness (e) of the concrete is less than the value 

given by: 

(Equation 2) 

Where: 

1 ■ 1.23 + 1.0? ^ 
d d 

e = Thickness of Concrete (inches 

x = Depth of Penetration (inches) (From Equation l) 

d = Diameter of Projectile (inches) 

c Scabbing or Spallin^ 

When the concrete is too thick for full penetration (perforation), scabbing 

takes place. The thickness(cs) at which scabbing barely stops can be 

obtained by applying the following formula: 

(Equation 3) 
| = 2.28 +:1.13 5 

3« Example 

Given 

A 122 mm rocket, where the projectile including propellant casing engages a 

concrete slab. The portion of the rocket striking the slab weighs 8l pounds, 

is k.B  inches in diameter (122 mm), and the striking velocity is 1,100 feet 

per second. The compressive strength of the concrete is 3,500 psi. 

Find * . 

The depth of penetration, the thickness of concrete at which perforation will 

stop and the thickness at which no scabbing will occur. 

-f 
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Solution - Penetration 

Figure 52 gives a penetration of  22 inches. This Id for U,000 psi concrete. 

Because the concrete-penetrated in this problem is 3»500 psi, the penetration 

will be about 25 inches (see Supplemental Note Number 2). Notwithstanding the 

graphical solution, the results will be checked against the formulas discussed 

in paragraph 2 above. 

Using Equation 1 (Penetration) 

x 
C\ * (282)(3500)^(I^)(i..8)

0-215(^J 1 

x 
[\ ♦ (282)(.0168)(.73)(1.03)(1.15)7 1 

x 
¥7^ 

0.50 + U.09 = 4.59 

22.03 \— This means that the 122 mm rocket will penetrate 
22.03 inches into 3>500 psi massive concrete. 

Solution - Perforation 

Using Equation 2 (Perforation) 

^.    = 1.23 + 1.07 (^.59) 

e 
TTB 

- 1.23 + Ml ■ 6.1U 

29.5 inches — A concrete slab whose thickness is greater 
than 29.5 inches should not perforate 

Solution - Scabbing 

Using Equation 3 (Scabbing) 

•^w 
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^ = 2.28 ♦ 1.13 (V.59J 

s  = 2.23 + 5.19 = 7.^7 
I1T8 

s  =35.9 inches — Slabs thicker than 35-9 inches should not 
spall. 

k. Additional Data 

To assist the designer in making a quick determination of the penetration of 

projectiles and bombs into reinforced concrete, a nomogram which considers 

the cogent parameters of the projectile and the concrete, is attached. Perfora- 

tion and scabbing can then be calculated by using the formulas delineated above. 

* 

'^ 



mmmmmmm 

PENETRATION OF REINFORCED CONCRETE 
BY AP PROJECTILES AND AP AND SAP BOMBS 

^ROJfCTILC 
DIAMETER WEIGHT 
iMtttt' mm. fovnit 

ÄP AWikP. AP AN9 SAP 
ROJECTILE        tO MB 

9 
: 

v 
STRIKING 

VEUOCITY 
fMl/Mcontf 

^      IOOO- 

OtPTM    or 
PiKETRATiON 

Cilli.fi 

STftlKINC 
OBLIQUITY 
<•;'••! frtM 

••rpitl 

OtrtH   or 
PENCTRATION 

l"CMi ! lul  . 

•»at 

^ROJf.TlLC 
DUMETUI 

MChtt 

 »-- 

o--^ 

► . 

»•   •» 

:MMH.« i :   )t| I    li 



PROTECTIVE CONSTRUCTION CONCEPTS 

Supplemental Note Number U 

A 
January lht  1969 

SUBJECT:  Perforation of Nylon by Fragments from the 122 mm Rocket 

1. General 

Fragments from rockets, projectiles and bombs obtain initial velocities accord- 

ing to the ratio of the mass of the explosive (r^) to the mass of the shell 

(m ). The velocities decay with distance and their area to mass ratio (-). 

Therefore, the fragments traveling the same distance will strike surfaces at 

various velocities according to their g ratio. 

2. Methodology 

The methodology used for determining the behavior o^ fragments is delineated 

on pages 2-12 and 2-13 of "Protective Construction Concepts." A flow diagram, 

Figure iii, showing the steps required to implement the method is located on 

page xiv. 

3- Example (Figures referred to in this example are attached for ready reference) 

Given: A 122 ran rocket explodes 30'-0" in front of a 108 ply nylon curtain. 

Find:  The size and the striking velocity of fragments that will penetrate 

the nylon curtain. 

Solution: 

a. Determine the characteristic« of the weapon. 

1) Weight of Warhead  ■ ^l pound« 

2) Weight of Explosive »1*4.5 pound« (n^) 

3) Weight of Shell    - 26.5 pound« (mj 



=r^r=r 

b. Calculate the ratio of the weight of the explosive (m ) to the weight of 
^ X 

shell (in1). 

\c  UJ lbs^a 0#55 lbs# 
«a  26.5 lbs. 

c. From Figure 8, "Initial Velocity of Fragments as a Function of Ratio m /ir. x' s 

on page 2-13, determine the initial velocity of fragments. 

1) For a ^f = 0.55, the initial velocity of the fragments is found to be 
»s 

approximately 5>100 feet per second. 

d. As a baseline, determine the weight of the smallest fragment of interest. 

l) In this case 10 grains is assumed. 

c. From Figure 9, "Ratio of Area to Grains as a Function of Grain Weight for 

Random Steel Fragments," on page 2-lU, determine the - ratio for 10 grain 

and larger size fragments. 
\ 

l) In this case the following were obtained from Figure 9: 

A 
Size Fragment m 

10 
20 
50 
70 
80 

0.27 
0.20 
0.l6 
0.1*» 
0.13 

f. Since the velocity of fragments decays with distance, the striking velocity 

is obtained by using ^ t L 10, "Ratio of V/V0 as a Function of Distance 

Traveled by Fragments," on page 2-15. A distance of 30*-0" was given. 

'She  Initial velocity of fragaents (5,100 fps), obtained in step "c", is 

used to cnlrulntc the otrikinr. vrlorlty. The following resulted: 

\  . 
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A 
• Size Frajp! icnt ■ v/vn 

'\ 10 O.57 
—'—Q 

0.81 
20 0.20 0.85 
50 0.l6 0.88 
8o 0.13 O.89 

Striking Velocity (V) 

^,131 fps 
^,386 fps 
M88 fps 
^,589 fps 

g. Using the charts prepared for unbonded nylon as shovra in reference ^1, plot 

the thickness of nylon and the data from paragraph f above on the chart. 

1) 108 plys of unbonded nylon measures 2.1+8 inches thick. 

2) It can be seen that the "velocity of fragments at 30 feet" curve 

intercepts the thickness line at about 22 grains and 4,500 fps. Therefore, 

the 108 plys of nylon should defeat all fragments smaller than 22 grains. 

It is interesting to note that the nylon curtain should defeat all 

fragments from 10 grains to kOO  grains if their velocities are 4,800 fps 

and 3,500 fps or less respectively. 

1 

4. Additional Information \ 

« 

The final chart, attached, displays the number of f-tgments in the 120 n 

mortar. Assuming that approximately the same number of fragments will be Issued 

from the 122 mm rocket, it can be seen, from the chart, that 38,725 fragments 

of the 40,790 total (95 per cent) should be arrested by the 108 plys of unbonded' 

nylon. 

i 
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January 23, 19^9 

PROTECTIVE CONSTOUCTION CONCEPTS 

Supplemental Note Number 5 

SUBJECT:  1,000 Pound General Purpose Bomb vs the Concrete Covered Aircraft Shelter 

1. General 

The arch type serai-circular aircraft shelter is to be covered with a minimum 

of l8 inches of concrete. Because this type of aircraft shelter may be placed 

in general service, it is desirable to conduct a series of tests to ascertain 

the performance of the shelter in the hostile environment. The purpose of this 

Supplemental Note is to illuminate the problem by identifying the probable 

response of the shelter to the 1,000 pound, TNT filled. General Purpose Bomb. 

2. Methodology 

Thn methods used for obtaining data concerning penetration and blast are contained 

in "Protective Construction Concepts" Figures v and iv respectively. Other 

methods are also described in the development of the "Example" given in paragraph 

3 below. 

3. Example - Effects of 1,000 Pound General Purpose Bomb 

a. Bomb Characteristics 

= 990 pounds 

■ 558 pounds of TNT 
< 

■ 8.2 

Total Weight (w) 

Charge Weight (n^) 

Cube Root of in 

Churge Weight Rttio ■ 3 ■ |6 

^— 

—- 



T- ■m 

Net Weißht of Shell (m0) = W - mv = ^2 pounds 

Ratio ^ -M-IS9 ms 1^32 

Impact Velocity «= 1,2CX) feet per second 

Outside Diameter of Shell = l8.8 inches 

Thickness of Shell      * 0.5 inches 

b. Weapons Effects 

(l) Direct Hit (For methodology see Figure v of "Protective Construction 

Concepts") 

(a) Using Figure 52, "Penetration of Bombs and Projectiles into Soil," 

on page U-59 of "Protective Construction Concepts," gives a 

penetration of about U.2 feet of U,000 psi concrete for a 1,000 

pound General Purpose Bomb striking at 1,200 feet per second. 

The reader can also use the chart in Supplemental Note 3, "Rela- 

tionships between Penetration, Perforation and Scabbing (Spalling) 

of Concrete," to estimate the penetration. 
» 

(b) Since the maximum thickness of the concrete covering the arch- 

type aircraft shelter is 32 inches (l8 inches at top of corrugation 

and corrugations are I** inches deep) and the depth of penetration 

into massive concrete is about 50 inches, perforation will occur. 

Using the formula for perforation of concrete described in Supple- 

mental Note Number 3, "Relationship between Penetration, Perfora- 

tion and Scabbing of Concrete," a 1,000 pound General Purpose 

Bomb striking at 1,200 feet per second would perforate approximately 

77 inches of U,000 psi concrete. Hie »etal liner under the concrete 

would "petal.^ 

- - 
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(c) If the bomb was rot instantaneously fused and had a delayed fuse 

which survived the penetration and perforation processes, then 

explosion would occur Inside the structure. This would be a 

confined blast. 

(2) Blast 

(a) Inside the Shelter (For methodology see Figure iv of "Protective 

Construction Concepts") 

/I/ The bomb is assumed to have penetrated the shelter unharmed 

and has come to rest on the ground in the geometric center of the 

floor of the structure. Upon detonation, the initial shock wave 

is identical with that obtained in the open. However, when the 

shock wsve strikes tLe interior surfaces of the structure, it is 

reflected from all surfaces.  The waves continually bounce from 

the su-Zaces ("multiple-punch") until the energy is converted to 

heat or until the structure is destroyed. As a result of the 

heat generated by wave interaction, the pressure rises in the 

enclosed structure. The pressure rise due to heat (Ap) can be 

obtained from the following formula: 

*   8.8 H 

where: 

H is the total heat of combustion in Kilocaloriet 

V is the volume of the shelter (enclosure) 

TNT has a heat of combustion of 1.6 Kilocalorles per Rra». T1»ere 

•re ^53.6 grams in one pound. A 1,000 pound General Purpose Bosto 

contains 5^8 pounds of TNT. The aircraft shelter it ^bout 100 feet 

- 



long and has a 25'-0" radium.  Therefore, its volume approximates 

98,175 cuhic feet. Substituting these data In the above forn.ula 

yields a pressure rise (^p) of: 

Ap . (8.8)(3.6)(^3.6)(^8) . 8,018^0 a 8l#68 p8l 
98,175        98,175 

This pressure rise assumes that the explosion took place in a 

volume where the walls were perfectly rigid, non-conductors of 

heat, without windows or other vents, and that all of the available 

energy of the explosive is realized in the initial detonation 

and subsequent after-burning. 

The aircraft shelter, however, is partly vented (by virtue of 

the jet exhaust system and the ballistic nylon curlain closure). 

Therefore, the explosion will result in peak pressures of relatively 

lon^ duration because of the limited venting. No data is avail- 

able on the exact duration of these pressures. For analyzing 

the response of the arch shelter to the 1,000 pound General Purpose 

Bomb explosion, the total impulse should be used. This consists 

of the incident wave, its reflections and the pressures due to 

the heat of combustion. 

Therefore, for the purpocc of analysis, the peak mean pressure 

should be assumed to be of constant magnitude and relatively long 

duration. The equation for obtaining the peak mean pressure 

(P^o) i«: 

■•-• 



where: 

W » Weight of the explosive charge 

V = Volume of the structure 

p c 21410 ( jgg f'l*  . 21*10 (.00568)0-72- 2kl0 {.02k) 
■o 

58 psi 

To survive, the arch type shelter should be able to withstand 

58 psi internal pressure. The contents of the shelter (aircraft), 

however, could not survive the blast and the attendant bomb 

fragments. Therefore, a direct hit by a 1,000 pound General 

Purpose Bomb on an aircraft shelter with a semi-circular cross 

section, of the type considered, would defeat the purpose for 

which the shelter is intended. 

(b) Outside the Shelter (Kor methodology sec Figure iv of "Protective 

Construction Concepts") 

flj    Burst Near or On the Surface s 

[*]   The positive impulse in air due to detonation of an explosive 

charge in free air (spherical) is given by: 

I - E e8 &*) 

where: 

1 ■ Positive impulse, psi-ms 

m « Weight of explosive 

r ■ Distance from explosion 

F. ^ Explosive Factor (TNT - 29) 

• ■ Equivalent cylinder charge/weight ratio 

e ■ 2.7l0 (base of natural log) 

J 
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Applying the above formula to the 1,000 pound general purpose 

bomb, the following positive impulses result. 

DISTANCE 
(r) (feet) 

10 

SCALKD DISTANCE 
irMh 

SCALED IMPULSE 
(psi-msy^'^) 

17.0 

ABSOLUTE 
IMPULSE 

^9   '"\~z 1.22 1^0 pF 

20 2,kk 16.0 131 

30 3.66 13.8 113 

to kM 11.2 92 

50 6.09 9.2 75 

60 7.31 8.0 65 

70 8.53 6.9 56 

80 9.76 5.9 U8 

90 IO.90 5.0 k\ 

100 12.19 k.2 3U 

200 2k.U 2.8 23 

300 36.6 1.8 15 

«100 U8.8 1.5 12 

A7 It ha« been found, through extensive testing, that the posi- 

tive impulses in air due to detonation of an explosive charge 

resting on the ground (hemispherical) are higher than those 

given for a free air (spherical) burst by a factor of tiro (2). 

The positive inpulset associated vith the hemispherical TNT 

surface explosion are: 



»^w^"«p^"t 

r 

ABSOLUTE 
IMPULSE 

l80 psi-nis 

l6h 

152 

131 

113 

98 

86 

80 

72 

63 

3^ 

c. Reaction of the Structure 

To assess the damage to the structure as a result of the impulses issued 

by the 1,000 pound General Purpose Bomb, three levels of damage are established. 

They are: 

(1) Destroyed 

(2) Irrepairable (25^ Destroyed) 

(3) Repairable 

The impulses associated with these levels of damage arc: 

LEVEL IMPULSE TO ACHIEVE DISTMCB 

DISTANCE 
(r) (feet) 

SCALED DISTANCE 
(r/w^) 

SCAL 

(P 

ED IMPULSE 
si-ms/w'^) 

10 1.22 22 

20 2.hh 20 

30 3.66 l8.5 

ko 4.88 16 

50 6.09 Ik 

6° 7.31 12 

70 8.53 10.5 

80 9.76 9.8 

90 10.90 8.8 

100 12.19 7.7 

200 2h.h k.2 

Destroyed 

Irrepairable 

Repairable 

90 to 120 psi-ms 

55 to 75 psi-ms 

30 to kO psi-ms 

m 27 feet 

*• 60 feet 

'vlOO feet ■ 

1 
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In terms of damage to the concrete of the structure, assuming that the shelter 

has a uniform concrete thickness of 2'-0", the deflections that can be 

expected are: 

DISTANCE FROM STRUCTURE 

Y.2 feet 

yjk  feet 

3.0 feet 

. DEFLECTIONS OF 2,-0" 
THICK PANEL OF R/O 

0.1 inches per foot of span 

0.5 inches per foot of span 

1.2 iAohes per foot of span 

The theoretical positive impulse values delineated in paragraph 3h, ahove, 

are conservative. Tests to validate the reaction of the shelter to 1,000 

pound. General Purpose, TNT-filled "bombs should be made by exploding a series 

of bombs at various distances from the shelter. The first test should be 

made so that detonation takes place at a distance (70 to 80 feet) which 

vill not theoretically make the shelter irrepairable. 

'*■» 
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