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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be con-

verted to metric (SI) units as follows:

Multiply By To Obtain
inches 2.54 centimetres
feet 0.3048 metres
pounds (mass) 0.4535924 kilograms
pounds (mass) per 16.018L46 kilograms per cubic metre
cubic foot
slugs per cubic foot 515.3788 kilograms per cubic metre
pounds (force) per 689L.757 pascals
square inch
kips (force) per 6894.757 kilopascals

square inch

feet per second 0.3048 metres per second



ANALYSIS OF PROJECTILE PENETRATION INTO
CONCRETE AND ROCK TARGETS

CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

The problem of predicting the penetration of an object with known
geometry, mass, and velocity into materials such as soil, rock, and con-
crete has been of interest for many years. A number of techniques have
been developed over the past 200 years for making such predictions.

The prediction techniques can be divided generally into four categories:
(a) empirical approach, (b) assumed force law approach, (c) analytical
approach, and (d) numerical approach (hydro codes). Summaries of vari-
ous empirical and force law equations are documented in References 1l-k.
These equations contain several empirical parameters that are not de-
fined explicitly in terms of the constitutive properties of the target
materia} and the characteristics of the projectile. The numerical values
of these parameters must be determined directly from penetration experi-
ments. The reliability of the penetration equations is, therefore,
limited to the range of test conditions for which the empirical param-
eters have been evaluated.

In the analytical approach, a simple constitutive law which approx-
imates the gross physical behavior of the target material is first
postulated. Once a useful constitutive law has been established it
is possible to formulate a geometrically simple boundary-value problem
and derive an expression for the force on part of the boundary which is
consistent with a simple field of motion. This force is then assumed
to be the resisting force on the projectile during the penetration
event. The simple boundary-value problem which has been adapted to the
penetration process with most success is that for dynamic spherical
cavity expansion in an elastic-plastic, strain-hardening compressible

medium (References 5-7). Unlike the empirical and assumed force law



equations, the penetration equations generated by the analytical ap-
proach do not contain empirical parameters that must be evaluated from
penetration experiments. The parameters appearing in the penetration
equations are defined explicitly in terms of the physical properties of
the target material (which can be determined independently rather than
from a penetration test) and the characteristics of the projectile (such
as its weight, diameter, and nose shape). Accordingly, these equations
can be used for predicting penetration for a variety of projectiles for
any target material that can be approximated within the framework of the
constifutive law adopted for the theoretical analysis. The accuracy and
range of application must be determined from actual penetration experi-
ments and obviously depend upon the degree of relevance of the simple
boundary-value problem as an approximation to the postulated penetra-
tion event. It should be noted that the penetration equations resulting
from the analytical apprq&ch are often relatively simple mathematical
expressions which can be solved quickly and inexpensively. The cavity
expansion-based penetration equations reported in References 5-8 repre-
sent the outcome of the analytical approach.

The most comprehensive approach to projectile penetration problems
is the numerical approach using two-dimensional axisymmetric finite-
difference computer codes (References 9-11). Such codes are frequently
referred to as hydro codes. Most of them were originally developed in
conjunction with armor penetration research but they are also applicable
to other target materials. An application of two-dimensional finite-
difference computer codes to rock penetration is given in Reference 12.
A unique feature of the hydro codes is their capability for treating
the projectile -as -a -deformable elastic-plastic body. Such a treatment
is necessary in order to determine the loading environment within a pro-
Jectile, both at impact and during the penetration event, for use in
structural analysis of the projectile and in the design of its internal
components.

The above-mentioned four procedures comprise the available tools
for analysis of projectile penetration into any target material. None

of these procedures can fully describe all the phenomena associated



with projectile penetration and impact. Nevertheless, they provide real-
istic engineering solutions to the majority of projectile penetration
problems of interest. Each approach has its pros and cons and each has
some application, depending on the nature of the penetration problem at

hand.

1.2 PURPOSE

The purpose of this paper is to briefly present the results of
some of the projectile penetration studies conducted by the U. S. Army
Engineer Waterways Experiment Station (WES) for the Defense Nuclear
Agency (DNA). These studies involved penetration calculations for large
projectiles impacting concrete and rock targets. The results from the
concrete penetration studies are given in Chapter 2. The results from

the rock penetration studies are given in Chapter 3.



CHAPTER 2

PENETRATION INTO CONCRETE

Figure 2.1 depicts the physical characteristics of two projectiles
(A and B) which were simulated in calculation studies of penetration in-
to a concrete target (References 13 and 14). The projectiles were as-
sumed to be rigid. The nose shape for both projectiles was defined as
a l.5-caliber ogive. The pressure-density relation for the concrete
target is shown in Figure 2.2; the initial density of the concrete was
assumed to be L4.66 slugs/ft3.l Figures 2.3 and 2.4 illustrate the re-
sults of the penetration calculations for projectiles A and B, respec-
tively. The calculation results are given for a 5000-psi concrete
target of infinite thickness in terms of the depth of penetration versus
impact velocity relation for a velocity range of 500 to 1500 ft/sec.
These calculations were performed with a computer code developed at
WES for predicting the depths to which normally impacting rigid projec-
tiles will penetrate into layered targets. The code is based on dynamic
spherical cavity expansion theory applied to problems involving projec-
tile impact with elastic-plastic, strain-hardening, compressible ma-
terials (Reference 7). 1In addition to the WES calculations, each fig-
ure also contains the results of penetration calculations which employed
the British and T 5-855-1 equations. The British and ™ 5-855-1 equa-
tions (References 15 and 16, respectively) are two of the more commonly
used empirical equations for predicting projectile penetration into
concrete targets. Both equations were derived from broad experimental
data bases.

The TM 5=855-1 equation has a reported accuracy of +15 percent.
Input values required for this equation are the projectile's weight,
diameter, and impact velocity, and the static compressive strength of
the concrete target; the equation does not account for variations in

projectile nose shape or the concrete's density and compressibility.

1 A table of factors for converting U. S. customary units of measurement

to metric (SI) units is presented on page 4.



The British equation has a reported accuracy range of 126 percent. In-
put values to be specified are all of those required for the TM 5-855-1
equation plus a maximum aggregate size for the concrete target (a maxi-
mum aggregate size of 3/4 inch was used in the calculations for this
study). It is observed from Figures 2.3 and 2.4 that the results of the
WES theoretical calculations compare very favorably with the results ob-
tained using the empirical equations.

Figure 2.5 depicts the results for the 2000-pound British AP bomb
(projectile A) penetrating into a three-layer target composed of a well
compacted soil backfill sandwiched between a concrete detonation slab
and the concrete roof of an underground structure. The calculations
were performed with the cavity expansion-based penetration code for im-
pact velocities of 1300 and 1500 ft/sec. Both the detonation slab and
the roof slab were assumed to be constructed of 5000-psi structural con-
crete. As depicted in Figure 2.5, the AP bomb at 1300 ft/sec perforates
the detonation slab and comes to rest in the backfill within 6-1/2 inches
of the structure roof. The roof is "sensed" by the projectile, causing
it to decelerate abruptly Just before contacting it. Thus, even at
1500 ft/sec, the AP bomb does not penetrate the concrete roof.

In order to determine the role of target compressibility in
penetration into concrete, a series of parameter studies was conducted
in which the compressibility of the target was varied. The results of
these calculations are shown in Figure 2.6 for the case of projectile A
and a 5000-psi concrete target. During each calculation the compressi-
" bility of the target was held constant. Zero percent compressibility
corresponds to an incompressible target and provides the lower bound
to penetration depths. Five percent compressibility corresponds to
a fairly compressible concrete. From Figure 2.6 it is observed that
the compressibility of the target material does indeed influence the
Penetration results. Also shown in Figure 2.6 ére the British and
TM 5-855-1 penetration curves with their corresponding limits of ac-
curacy. It is interesting to note that the accuracy limits established
for both the British and the ™ 5-855-1 equations define bounds for
their predicted penetration depths that are approximately the same as



those calculated to depict effects due to compressibility variations.
Figure 2.7 depicts the results of a set of calculations performed
to study the effects of the compressive strength of the concrete on the
depth of penetration for projectile A. Concrete compressive strengths
of 3750, 4150, and 5000 psi were used for the calculations. It is ob-
served from Figure 2.7 that, within the range of strengths studied, the

penetration depth is only mildly dependent on compressive strength.
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CHAPTER 3

PENETRATION INTO ROCK

Efforts are presently under way at WES to study the penetration of
large projectiles into rock targets. The investigation includes a com-
parative study with the results of rock penetration tests conducted by
Sandia Laboratories (Reference 17). Figure 3.1 shows the results from
one of the rock penetration calculations for a 9.25-caliber ogive,
8-inch-diameter, 675-pound projectile impacting into limestone at
5T0 ft/sec. The limestone target has an unconfined compressive strength
of 13,690 psi and a density of 168 1b/ft3. Figure 3.2 presents the re-
sults of a rock penetration calculation for a 6-caliber ogive, 9-inch-

. diameter, 1000-pound projectile impacting into welded tuff at 695 ft/sec.
The tuff target has an unconfined.compressive strength of 5510 psi and a
density of 115 lb/ft3. Also shown in Figures 3.1 and 3.2 are the re-
sults from finite-difference calculations conducted by Sandia Labora-
tories (Reference 12).

It is observed from Figures 3.1 and 3.2 that the agreement between
the two sets of calculations is very favorable for the depth and veloc-
ity versus time histories. The deceleration-time histories from the
finite-difference calculations, where the projectile is treated as a
deformable body, are oscillatory in nature while the WES deceleration-
time histories, which éorrespond to rigid body deceleration of the pro-
Jectile, are not. The oscillations in the deformable body calculations
represent particle motion due to stress wave propagation within the pro-
Jectile. Figure 3.3 shows the comparison of the WES rigid body deceler-
ation with the corresponding deformable body calculation results for a
point located on the nose tip of the projectile. Again it is observed
that the deformable body deceleration curve oscillates. The oscilla-
tions are more pronounced than those shown in the previous figure
(Figure 3.2) because in that case the particle was located on the center-
line of the projectile one nose length from the nose tip. Particle de-
celeration calculations are, of course, significant for design of the

internal components of the projectile. It is important to understand
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both the so-called rigid body and the wave propagation contributions to
the total response.

In order to determine the reliability of the cavity expansion-based
penetration model for rock penetration prediction, five field tests were
selected from ﬁeference 17 for correlation with the model. The test in-
formation is summarized in Table 3.1l. A description of the rock targets
is given in Reference 18. The rock is classified according to the scheme
presented in Table 3.2. The test information from Table 3.1 was used in
conjunction with the rock descriptions in Table 3.2 to obtain upper and
lower 1limit penetration predictions for each test. The predicted depths
are plotted versus measured depth of penetration in Figure 3.4 (the per-
fect correlation line is shown for reference). The upper and lower
limits of penetration for each test were calculated using the lower and
upper limits, respectively, of the compressive strength for a given in-
tact rock classification as given in Table 3.2 (i.e., a factor of two
variation in strength). Since no compressibility data were available
for the rock targets, it was assumed that the lower and upper limits of
compressive strength correspond to 20 and 1 percent compressibility,
respectively. Other reasonable combinations of compressive strength and
compressibility will result in predicted penetration depths which fall
within the upper and lower limits shown in Figure 3.4. It is observed
from Figure 3.4 that the use of extreme ranges of properties still pro-
duces ranges of predicted penetration depths which are acceptable for
many engineering applications.

Figures 3.5 through 3.7 depict the results of a parameter study of
Sandia Test No. 120-106. The purpose of this study was to determine the
sensitivity of penetration depth predictions to properties of the .target
and projectile impact velocity; projectile size and shape parameters
were not varied. Figure 3.5 illustrates the effect of the target yield
strength Y , within the range of 4000 to 8000 psi, on the predicted
Penetration versus impact velocity relations. The target elastic mod-
ulus E , the initial density po » and the compressibility pp/p0
were held constant during the calculations. It is observed from Fig-
ure 3.5 that for the impaét velocity range of 500 to 1900 ft/sec, a

17



factor of two variation in Y produces about a 4O percent change in the
predicted depth of penetration. Figure 3.6 depicts the effect of E on
the predicted penetration versus impact velocity relations. In Fig-

ure 3.6, E is varied by a factor of 20 and the effect on the predicted
penetration depth is seen to be less than 5 percent over the entire im-
pact velocity range. The effect of target compressibility pp/po on
the predicted penetration depth is investigated in Figure 3.7. As

shown in Figure 3.7, a variation of approximately 20 percent in pp/po
affects the predicted depth of penetration on the order of 20 percent in
the upper range of compressibility (say 1.11 ipp/pO < 1.35). For the
relatively incompressible range (say 1.00 f_pp/po < 1.01), on the other
hand, a variation of only 1 percent affects the predicted depth of pene-
tration on the order of 15 percent. Within the impact velocity range of
500 to 1900 ft/sec, however, the value of pp/pO should be in the range
of 1.01 j_pp/po < 1.20 for most rocks. The results of this study in-
dicate that a reasonable range of variation in Y has a more signifi-
cant influence on the predicted debth of penetration than a reasonable
range of variation of any other parameter in the penetration theory.

The cavity expansion-based penetration model was also used to
parametrically investigate the effects of projectile nose shape (ogive
geometry, CRH) and weight-to-area ratio (sectional pressure, W/A) on
the predicted depth of penetration into three types of rock for impact
velocities of 1000, 2000, and 3000 ft/sec. The details of this study
are documented in Reference 20. The rock targets are classified as low
strength (6000-psi compressive strength and 20 percent compressibility),
medium strength (12,000-psi compressive strength and 13 percent compres-
.sibility)., -and high strength (2L4,000-psi compressive strength and
11 percent compressibility). The results of the parameter study are
shown in Figures 3.8-3.12. Figures 3.8 and 3.9 illustrate the effect
of nose caliber CRH on the predicted depth of penetration for the low-
and medium-strength rock targets, respectively. Within the range of
CRH studied, the nose caliber is seen to have little effect on depth of
penetration for a given impact velocity and rock strength; the effect

of CRH is greatest for high impact velocity and low-strength rock. The

18



effect of W/A on the predicted depth of penetration is shown in Fig-
ures 3.10-3.12 for the low-, medium-, and high-strength rocks, respec-
tively; W/A varies from 10 to 15 psi. The sensitivity of depth of
penetration to W/A is seen to increase with increase in impact velocity
and/or decrease in rock strength.

Further application of the cavity expansion-based penetration model
to rock penetration problems is demonstrated in Figures 3.13 and 3.1k.
Figures 3.13 and 3.14 depict motion-time histories for a 9.25-caliber
ogive, 6.5-inch diameter, 400-pound projectile impacted into Nevada Test
Site' (NTS) granite and NTS tuff, respectively, at 1500-ft/sec velocity.
The unconfined compressive strengths for the NTS granite and NTS tuff
are 13,500 and 5,800 psi, respectively. The initial densities of the
granite and tuff targets are 165 and 109 lb/ft3, respectively. From Fig-
ures 3.13 and 3.14 it is seen that the penetration into the tuff target
is about 2.3 times the penetration info'the granite target.

19



TABLE 3.1 SANDIA ROCK PENETRATION TEST DATA (REFERENCE 17)

Sandia Test Number Projectile Description Rock Typed
120-TT7 W= 859 1b TTR welded agglomerate
Diam = 9 in D
CRH = 9.25
v, = 1065 ft/sec RQD = 60%
- 120-106 W= 613 1b Weathered granite
Diam = 8 in DH
CRH = 9.25
v, = 860 ft/sec RQD = 32%
120-127 W= 674 1b Madera limestone
Diam = 8 in CH
CRH = 9.25
Vi = 950 ft/sec RQD not determined
120-112 W = 1148 1b Sandstone
: Diam = 10.188 in DH
CRH = 9.25
Vi = 825 ft/sec RQD = 37%
339-16 W = 1018 1b TTR welded tuff
Diam = 9 in DL
CRH = 6.0
vV, =

650 ft/sec RQD = 80%

1

a See Table 3.2 for classification definitionms.
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TABLE 3.2 ENGINEERING CLASSIFICATION FOR INTACT ROCK
(After Deere and Miller, Reference 19)

I. On Basis of Strength

Uniaexial Compressive Strength

Class Description psi

A Very high strength Over 32,000
B High strength 16,000 to 32,000
C Medium strength 8,000 to 16,000
D Low strength 4,000 to 8,000
E Very low strength Less than 4,000

IT. On Basis of Modulus Ratio

Class Description Modulus Ratio®
H High modulus ratio Over 500
M Average modulus ratio 200 to 500
L Low modulus ratio : Less than 200

Classify rock as BH, BM, BL, etc.

III. On Basis of Rock Quality Designation (RQD)

Rock Quality Designation, % Description of Rock Quality
0 to 25 Very poor
25 to 50 Poor
50 to T5 Fair
75 to 90 Good
90 to 100 Excellent

® Modulus ratio = Et/oa (ultimate)

where
Et = tangent modulus at 50 percent ultimate strength;
O = uniaxial compressive strength.
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Figure 3.1 WES rigid body motion-time histories superimposed
on finite-difference deformable body calculations for pene-
tration of a 9.25-caliber ogive, 8-inch-diameter, 675-pound
projectile into limestone.
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Figure 3.2 WES rigid body motion-time histories superimposed
on finite-difference deformable body calculations for pene-
tration of a 6-caliber ogive, 9-inch-diameter, 1000-pound
projectile into tuff.

23

DECELERATION, g's



4000 =

|

2000

o
o
o
T

T~

AN

DECELERATION, g's
.

L
1000 - EGEND
FINITE-DIFFERENCE DEFORMABLE BODY CALCULATIONS FOR
A PARTICLE LOCATED ON NOSE TIP (REFERENCE 12)
—— e  WES CALCULATIONS (RIGID BODY ASSUMPTION)

~2000 - M

=3000 i I ) |

o 2 4 6 8 10 12 14
TIME, MSEC
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finite-difference deformable body calculations for penetration of a
6-caliber ogive, 9-inch-diameter, 1000-pound projectile into tuff.
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Figure 3.4 Measured versus predicted depth of penetration
into rock targets.
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Figure 3.6 Effect of varying modulus of elasticity E on penetration
versus impact velocity relations.
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Figure 3.7 Effect of varying compressibility p /p on penetration
versus impact velocity relations.

27



SOOF

W =500 LB
W/A = 11.32 PSI
DIAM= 7.5 IN
Vo = IMPACT VELOCITY

400}
a Vo = 3000 FT/SEC
I .
8) //—-
Z 300}
> Vo = 2000 FT/ SEC
o
[ /
<
£ 200
W
p4
& Vo = 1000 FT/SEC

100} -

0 1 | | 1 | i |
2 4 3 8 10 T2

Figure 3.8 Effect of nose caliber CRH on predicted penetration
into low-strength rock.
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Figure 3.9 Effect of nose caliber CRH on predicted penetration
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Figure 3.10 Effect of weight-to-~area ratio W/A on predicted
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Figure 3.11 Effect of weight-to-area ratio W/A on predicted
penetration into medium-strength rock, CRH 6.
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Figure 3.12 Effect of weight-to-area ratio W/h on predicted
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Figure 3.13 Calculated motion versus time histories for normal pene-
tration into NTS granite ( W = 40O pounds, D = 6.5 inches, CRH = 9.25).
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Figure 3.14 Calculated motion versus time histories for normal pene-
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CHAPTER L4

SUMMARY

Several examples of penetration calculations for concrete and rock
targets are presented. The calculations were performed with a computer
code which is based on the theory of dynamic cavity expansion in an
elastic-plastic, strain-hardening, compressible continuum. The results
of the penetration calculations compare favorably with available data
from field experiments and with the results from published finite-
difference code calculations. The influence of various target material
parameters, different initial impact velocities, and projectile size
and shape changes on concrete and rock penetration was also assessed.
The accuracy and range of application of the penetration model, however,
must still be determined experimentally under more diverse impact

conditions.

31



REFERENCES

1. Classified Reference.l
2. Classified Reference.

3. R. H. McNeill; "Rapid Penetration of Terrestrial Materials";
Proceedings, Conference on Rapid Penetration of Terrestrial Materials,
J. L. Colp, Editor, February 1972; Texas A&M University, College Station,
Texas.

4. B. Rohani; "Fragment and Projectile Penetration Resistance of
Soils; High-Velocity Fragment Penetration into Laboratory-Prepared Soil
Targets'"; Miscellaneous Paper S-T1-12, Report 2, June 1973; U. S. Army
Engineer Waterways Experiment Station, CE, Vicksburg, Mississippi.

5. J. N. Goodier; "On the Mechanics of Indentation and Cratering
in Solid Targets of Strain-Hardening Metal by Impact of Hard and Soft
Spheres'"; Technical Report 002-64, July 196L4; Stanford Research Insti-
tute, Poulter Laboratories, Menlo Park, California.

6. S. Hanagud and B. Ross; "Large Deformation, Deep Penetration
Theory for a Compressible Strain-Hardening Target Material"; Journal,
American Institute of Aeronautics and Astronautics, May 1971, Vol. 9,
No. 5.

7. R. S. Bernard and S. V. Hanagud; "Development of a Projectile
Penetration Theory; Penetration Theory for Shallow to Moderate Depths';
Technical Report S-75-9, Report 1, June 1975; U. S. Army Engineer Water-
ways Experiment Station, CE, Vicksburg, Mississippi.

8. F. R. Norwood; "Cylindrical Cavity Expansion in a Locking
Soil"; Report SLA-TWL-0201, July 19T74; Sandia Laboratories, Albuquerque,
New Mexico.

9. R. T. Sedgwick; "Theoretical Terminal Ballistic Investigation
and Studies of Impact at Low and Very High Velocities"; Technical Re-
port AFATL-TR-68-61, 1968; Space Sciences Laboratory, General Electric
Company, King of Prussia, Pennsylvania.

10. M. H. Wagner; "Analytical Study of Penetration Mechanics";
Report 3030-2020FR, 1969; Shock Hydrodynamics, Inc., Sherman Oaks,
California.

11. L. J. Hageman and J. M. Walsh; "HELP--A Multi-Material
"Fulerian Program for Compressible Fluid and Elastic-Plastic Flows in
Two Space Dimensions and Time"; 3SIR-350, Vol. 1, 1970; Systems, Science
and Software, La Jolla, California.

12. L. Thigpen; "Penetration of Projectiles into Continuous Earth
Media"; Research Report SC-RR-72-0204, May 1972; Sandia Laboratories,
Albuquerque, New Mexico.

1 Bibliographical material for the classified reference(s) will be
furnished to qualified agencies upon request.

32



13. B. Rohani, P. F. Hadala, and J. G. Jackson, Jr.; "Penetration
of SAP and AP Bombs into a Concrete Target"; Letter Report to Defense
Nuclear Agency, Subtask SB211, Work Unit O4, January 19TL4; U. S. Army
Engineer Waterways Experiment Station, CE, Vicksburg, Mississippi.

14. WES (WESSD) letter to DNA (SPSS) dated 4 June 19T4; Subject:
Penetration of Bombs into Structural Concrete and Soil Backfill Targets;
Calculation Results for DNA Project 85.

15. Classified Reference.

16. Department of the Army; "Fundamentals of Protective Design
(Non-Nuclear)"; Technical Manual 5-855-1 (reprint of former EM 1110-345-
405, 1946), July 1965; Washington, D. C.

17. W. J. Patterson; "Projectile Penetration of In Situ Rock";
Report SLA-73-0831, November 1973; Sandia Laboratories, Albuquerque, ~
New Mexico.

18. W. J. Patterson; "Physical Properties and Classification of
Seven Types of Rock Targets"; Report SC-TM-68-621, September 1968;
Sandia Laboratories, Albuquerque, New Mexico.

19. D. U. Deere and R. P. Miller; "Engineering Classification and
Index Properties for Intact Rock"; Technical Report No. AFWL-TR-65-116,
December 1966; Air Force Weapons Laboratory, Albuquerque, New Mexico.

20. D. K. Butler; "An Analytical Study of Projectile Penetration
into Rock", Technical Report S-75-7, June 1975; U. S. Army Engineer
Waterways Experiment Station, CE, Vicksburg, Mississippi.

33



DISTRIBUTION LIST

No. of
Address Copies

DOD

Assistant to the Secretary of Defense, Atomic Energy,
Washington, D. C. 20301
ATTN: Donald R. Cotter 1

Director, Defense Advanced Research Projects Agency,
Architect Building, 1400 Wilson Blvd., Arlington,
Virginia 22209

ATTN: Technical Library

Eric H. Willis

COL B. Pafe

Paul C. McMonigal

CDR J. Beatty ’ .
LTC M. Franklin

S. Lukasik

NMRO

PMO

STO

PFHRRHERRRPRPP

Director, Defense Civil Preparedness Agency, Washington,
D. C. 20301
ATTN: Technical Library 1

Defense Documentation Center, Cameron Station, Alexandria,
Virginia 22314
ATTN: TC/Myer B. Kahn 12

Director, Defense Intelligence Agency, Washington,
D. C. 20301 '
ATTN: DT-2, Weapons & Systems Division
DI-7D, Phys. Vul. Div., Edward O'Farrell
DI-TE
Technical Library

e

Defense Mapping Agency,‘Washington, D. C. 20305
ATTN: H. Lindsey

[

Director, Defense Nuclear Agency, Washington, D. C. 20305
ATTN: STTL (Technical Library)
STSI (Archives)
DDST
SPSS 1

VD

3k



Address

No. of
Copies

DOD (Continued)

Director of Defense Research and Engineering, Washington,
D. C. 20301
ATTN: Deputy Director, Tactical Warfare
Deputy Director, Strategic Systems
Assistant Director, Strategic Weapons
M. J. Minneman
George Barse
Craig W. Hartsell
R. Thorkildsen

Commander, Field Command, Defense Nuclear Agency, Kirtland
Air Force Base, New Mexico 87115
ATTN: FCTA
FCTA-D

Interservice Nuclear Weapons School, Kirtland Air Force Base,
New Mexico 87115
ATTN: Technical Library

Director, Joint Strategic Target Planning Staff, JCS, Offutt
Air Force Base, Nebraska 68113
ATTN: Science and Technology Info Library

Director, Weapons Systems Evaluation Group, 400 Army-Navy
Drive, Arlington, Virginia 22202
ATTN: Technical Library

Army

Assistant Chief of Staff for Force Development, Department of
the Army, Washington, D. C. 20310
ATTN: Director of Chem & Nuc Ops
Technical Library

* Director, U. S. Army Ballistic Missile Defense Advanced
Technology Center, P. O. Box 1500, Huntsville,
Alabama 35807

ATTN: BMDATC-X

CRDABH-S

Ballistic Missile Defense Program Manager, U. S. Army Ballistic
Missile Defense Program Office, Commonwealth Building,
1300 Wilson Boulevard, Arlington, Virginia 22209

ATTN: DACS-BMT/Dr. John Shea

35

HHP R

-



No. of
Address Copies

Army (Continued)

Headquarters, Central Army Group, APO New York 09099
ATTN: CENEN LTC J. L. Spruill 1

Office, Chief of Engineers, Department of the Army,
Washington, D. C. 2031k
ATTN: DAEN-RDL
DAEN-MCE-D

n H

Office, Chief of Research, Development, and Acquisition,
Department of the Army, Washington, D. C. 20310
ATTN: DAMA-CSM/LTC Edward V. DeBoesser, Jr. ‘ 1
Technical Library 1

Commander, Frankford Arsenal, Bridge and Tacony Streets,
Philadelphia, Pennsylvania 19137
ATTN: L. Baldini 1

Commander, Harry Diamond Laboratories, Connecticut Avenue and
Van Ness St., N.W., Washington, D. C. 20438
ATTN: F. Vrateric
A. Holmes
AMXDO-NP
AMXDO-RBH/J. Gwaltney

CTHHRE

Project Manager, Remotely Monitored Battlefield Sensor
System, AMC, Fort Monmouth, New Jersey 07703
ATTN: Chuck Higgins _ 1

Commanding Officer, Picatinny Arsenal, Dover,
New Jersey 07801

ATTN: Paul Harris
Technical Library
P. Angelloti
SMUPA-ND-S/E. Zimpo
William Meyer
‘Ray ‘Goldstein
Ray Moessner
Marty Margolin
Jerry Pental
SUMPA-AD-D-A-T
SUMPA-AD-D-A
SUMPA-AD-D-M

HHFHRHHEHEEFEHPEF

36



No. of

Address Copies
Army (Continued)
Director, U. S. Army Ballistic Research Laboratories,
Aberdeen Proving Ground, Maryland 21005
ATTN: W. J. Taylor 1
AMXBR-X/J. J. Meszaros 1
AMXBR-TB/J. T. Frasier 1
Norris J. Huffington, Jr. 1
D. Dunn 1
J. Keefer 1
G. Grabarek 1
B. Reiter 1
G. Roecker 1
Technical Library/Edward Baicy 2
J. W. Apgar 1
Commander/Director, U. S. Army Cold Regions Research and
Engineering Laboratory, P. 0. Box 282, Hanover,
New Hampshire 03755
ATTN: G. Swinzow 1
Commander, U. S. Army Strategic Communications Command,
Fort Huachuca, Arizona 85613
ATTN: Technical Library 1l
Division Engineer, U. S. Army Engineer Division, Huntsville,
P. 0. Box 1600, West Station, Huntsville, Alabama 35807
ATTN: HNDED-CS/Michael M. Dembo 1
Division Engineer, U. S. Army Engineer Division, Ohio River,
P. 0. Box 1159, Cincinnati, Ohio 45201
ATTN: ORDAS-L/Technical Library 1
Director, U. S. Army Engineer Waterways Experiment Station,
P. 0. Box 631, Vicksburg, Mississippi 39180
ATTN: Mr. John Strange 1
Mr. L. F. Ingram 1
Library 3
Mr. William J. Flathau 1
Dr. Guwy Jackson 1
Mr. L. K. Davis 1
Dr. Behzad Rohani 1
Mr. Allen D. Rooke 1
Mr. D. K. Butler 1
Dr. Paul Hadala 1

37



Address

No. of
Copies

Army (Continued)

Commander, U. S. Army Materials and Mechanics Research Center,
Watertown, Massachusetts 02172
ATTN: John Mescall
Richard Shea
Technical Library

Director, U. S. Army Material Systems Analysis Agency,
U. S. Army Aberdeen R&D Center, Aberdeen Proving Ground,
Maryland 21005
ATTN: M. Reches
J. Sperazza

Commander, U. S. Army Mobility Equipment R&D Center,
Fort Belvoir, Virginia 22060
ATTN: Technical Library
STSFB-MW
STSFB-XS

Commander, U. S. Army Engineer Center, Fort Belvoir,
Virginia 22060
ATTN: ATSEN-SY-L

Commandant, U. S. Army Engineer School, Fort Belvoir,
Virginia 22060
ATTN: §S. Grazier

Commander, U. S. Army Materiel Command, 5001 Eisenhower Avenue,
Alexandria, Virginia 22333
ATTN: Technical Library
AMCRD-WN
AMCRD-BN

Commander, U. S. Army Materiel Command, Foreign and Scientific
Technical Center, 220 Tth St., N.E., Charlottesville,
Virginia 22901

ATTN: Research and Concepts Branch

Commander, U. S. Army Missile Command, Redstone Arsenal,
Alasbama 35809 _
ATTN: Technical Library
F. Fleming
W. Jann

38

Ty

e



No. of

Address Copies
Army (Continued)
Commander, U. S. Army Nuclear Agency, Fort Bliss, Texas 79916
ATTN: MAJ F. P. Weichel 1
COL Quinn 1
Technical Library 1
Document Control 1
Commander, U. S. Army Armament Command, Rock Island Arsenal,
Rock Island, Illinois 61201
COL C. Treat 1
Technical Library 1
Division Engineer, U. S. Army Engineer Division, Missouri
River, P. 0. Box 103, Downtown Station, Omaha,
Nebraska 68101
ATTN: Library 1
Navy
Chief of Naval Research, Department of the Navy, Arlington,
Virginia 22217
ATTN: Technical Library 1
Officer in Charge, Civil Engineering Laboratory, Naval
Construction Battalion Center, Port Hueneme,
California 93041
ATTN: R. J. Odello 1
Technical Library 1
Commander, Naval Electronics Systems Command, Headquarters, .
Washington, D. C. 20360
ATTN: PME-11T7-21A 1
Commander, Naval Facilities Engineering Command, Hoffman
Building, 200 Stovall Street, Alexandria, Virginia 22332
ATTN: Technical Librsry, Code 0911C: 1
Superintendent, U. S. Naval Postgraduate School, Monterey,
California 93940
ATTN: Library, Code 2124 1

39



No. of
Address Copies

Navy (Continued)

Director, Naval Research Laboratory, Washington,
D. C. 20375
ATTN: Code 2027/Tech Library 1

Commander, Naval Surface Weapons Center, White Oak, Silver
Spring, Maryland 20910

ATTN: Mr. Kasdorf 1
Jules Enig 1
Technical Library, Code T30 1
Code 1224 Navy Nuc Prgms Off 1
Mary P. King 1
Robert D. Heidenreich 1
G. Briggs 1
L. Roslund 1

Commander, Naval Surface Weapons Center, Dahlgren Laboratory,

Dahlgren, Virginia 22448

ATTN: William Wisherd 1
Ted Williams 1
Technical Library 1
M. Weiland 1

Commander, Naval Weapons Center, China Lake,

California 93555

ATTN: Code 603, Dr. Carl Austin 1
P. Cordle 1
Code 533, Technical Library 1

Commander, Naval Weapons Evaluation Facility,

Kirtland AFB, Albuquerque, New Mexico 87117
ATTN: Technical Library 1
Director, Strategic Systems Project Office, Navy Department,
Washington, D. C. 20376
ATTN: NSP-43, Technical Library 2
Air Force

Air Force Armament Laboratory (AFSC), Eglin AFB, Florida 32542

ATTN: Technical Library 1
Mr. William Cramer 1
Dr. Kulp 1
Mr. Masey Valentine 1

Lo



No. of
Address Copies

Air Force (Continued)

Air Force Armament Laboratory (AFSC), Eglin AFB, Florida (Cont.)

ATTN: MAJ Thomas Tomasetti 1
Mr. John Collins 1
Mr. Leonard Wilson 1

Air Force Institute of Technology, AFIT Bldg 640, Area B,
Wright-Patterson AFB, Ohio L5433
ATTN: Technical Library 1

Commander, Air Force Weapons Laboratory (AFSC), Kirtland Air
Force Base, New Mexico 87117

ATTN: SUL, Technical Library 1
DEV-S/Dr. M. A. Plamondon 1
DEV, Mr. R. J. Port 1

Headquafters, Air Force Systems Command, Andrews AFB,
Washington, D. C. 20331
ATTN: Technical Library 1

Project Manager, Gator Mine Program, Eglin Air Force Base,
Florida 325k2
ATIN: E. J. Lindsey 1

Oklahoma State University, Field Office for Weapons

Effectiveness, P. 0. Box 1925, Eglin Air Force Base,

Florida 32542 A
ATTN: EQ4 Jackett . 1

Air Force Office of Scientific Research, 1400 Wilson Boulevard,
Arlington, Virginia 22209 .
ATTN: LTC L. P. Mosteller, Jr. 1

Commander, Rome Air Development Center (AFSC), Griffiss Air
Force Base, New York 13440
ATTN: EMTLD, Documents Library 1

Commander, Armament Development and Test Center, Eglin Air
Force Base, Florida 32542
ATTN: Technical Library 1

Commander, Foreign Technology Division (AFSC),

Wright-Patterson AFB, Ohio L5433
ATTN: Technical Library 1

b1



Address

No. of
Copies

Air Force (Continued)

HQ USAF/IN, Washington, D. C. 20330
ATTN: INATA

HQ USAF/RD, Washington, D. C. 20330
ATTN:  RDMP, COL J. E. McCormick

Space and Missile Systems Organization, Norton Air Force Base,

California 92409
ATTN: DEB

U. S. Energy Research and Development Administration

U. S. Energy Research and Development Administration,
Division of Military Application, Washington, D. C. 20545
ATTN: Doc Control for Test Office

U. S. Energy Research & Development Administration,
Albuquerque Operations Office, P. 0. Box 5400, Albuquerque,
New Mexico 87115

ATTN: Technical Library

U. S. Energy Research and Development Administration,
Division of Headquarters Services, Library Branch G-043,
Washington, D. C. 20545

ATTN: Doc Control for Class Tech Lib

U. S. Energy Research and Development Administration, Nevada
Operations Office, P. 0. Box 14100, Las Vegas, Nevada 8911k
ATTN: Technical Library

Los Alamos Scientific Laboratory, P. 0. Box 1663, Los Alamos,
New Mexico 8754k
ATTN: Doc Control for Tom Dowler
Report Librarian
Doc -Contrel for -C. Cremer
Doc Control for G. Dials

Sandia Laboratories, Livermore Laboratory, P. 0. Box 969,
Livermore, California 94550
ATTN: Doc Control for T. Gold
Technical Library

L2

RSN SRS



No. of
Address Copies

ER&DA (Continued)

Sandia Laboratories, P. 0. Box 5800, Albuquerque,
New Mexico 87115

ATTN: Doc Control for John Colp 1
Dr. Walter Herrmann 1
Doc Control for John Keizur 1
Doc Control for William Patterson 1
Doc Control for William Caudle 1
Doc Control for 3141 Sandia Rpt Coll 1
Doc Control for W. Altsheimer 1

Director, Lawrence Livermore Laboratory,

P. 0. Box 808, Livermore, California 94550

ATTN: Doc Control for W. Scanlin 1
Doc Control for R. L. Walker 1
Larry Woodruff, L-125 1
Frank Walker 1
Technical Information Division, Technical Library 1
Mark Wilkins 1

Other Government Agencies
Bureau of Mines, Twin Cities Research Center, P. 0. Box 1660,
Minneapolis, Minnesota 55111
ATTN: R. E. Thill 1
DOD Contractors
Aerospace Corporation, P. O. Box 92957, Los Angeles,
California 90009 ’

ATTN: R. Strickler 1
George Young 1
Technical Information Services 1

Agbabian Associates, 250 North Nash Street, El Segundo,

California 90245
ATTN: Dr. M. S. Agbabian 1
Applied Theory Incorporated, 1010 Westwood Boulevard,

Los Angeles, California 90024
ATTN: Dr. John G. Trulio 2

43



Address

No. of
Copies

DOD Contractors (Continued)

AVCO, Government Products Group, 201 Lowell Street,
Wilmington, Massachusetts 01887
ATTN: David Henderson
Frank Lasher
John Atanasoff
Research Library A830, Room 7201

Battelle Columbus Laboratories, 505 King Avenue, Columbus,
Ohio 43201
ATTN: Technical Library

Bell Telephone Laboratories, Inc., Mountain Avenue, Murray
Hill, New Jersey OT9T4
ATTN: Technical Library

Boeing Company, Aerospace Group, Missile and Information
Systems Division, P. O. Box 3707, Seattle,
Washington 98124
ATTN: Aerospace Library
Reynold Atlas

California Research and Technology, Inc., 6269 Variel Avenue,
Woodland Hills, California 91364
ATTN: Technical Library
Dr. K. N. Kreyenhagen

Civil/Nuclear Systems Corporation, 1200 University N.E.,
Albuquerque, New Mexico 87102
ATTN: Robert Crawford

EG&G, Inc., Albuquerque Division, P. 0. Box 10218,
Albuquerque, New Mexico 8711k
ATTN: Technical Library

General Dynamics Corporation, Pomona Operation, P. 0. Box 2507,

Pomona, California 91766
ATTN: Keith Anderson

General Electric Company, TEMPO-Center for Advanced Studies,

816 State Street, Santa Barbara, California 93102
ATTN: DASIAC

IIT Research Institute, 10 West 35th Street, Chicago,
Illinois 60616
ATTN: Technical Library

Ly

TN



Address

No. of
Copies

DOD Contractors (Continued)

Institute for Defense Analyses, 400 Army-Navy Drive,
Arlington, Virginia 22202
ATTN: Ruth S. Smith, Librarian

Consulting and Special Engineering Services, Inc.,
P. 0. Box 1206, Redlands, California 92373
ATTN: Dr. J. L. Merritt
Technical Library

Kaman Avidyne, Division of Kaman Sciences Corp.,
83 Second Avenue, Northwest Industrial Park, Burlington,
Maryland 01803 '
ATTN: E. S. Crisicone
Technical Library
N. P. Hobbs

Kaman Sciences Corporation, P. O. Box T463, Colorado Springs,
Colorado 80933
ATTN: Technical Library

Lockheed Missiles and Space Company, 3251 Hanover Street,
Palo Alto, California 94304
ATTN: Téch Info Center D/Coll

Lockheed Missiles and Space Company, Inc., P. O. Box 50k,
Sunnyvale, California 94088
ATTN: Technical Library

Martin Marietta Aerospace, Orlando Division, P. 0. Box 5837,
Orlando, Florida 32805
ATTN: M. Anthony
Al Cowan

University of Illinois, 1211 Civil Engineering Building,
Urbana, Illinois 61801
ATTN: Dr. Nsthan M. Newmark

University of New Mexico, Dept of Campus Security and Police,
1821 Roma N.E., Albuguerque, New Mexico 87106
ATTN: G. E. Triandafalidis
H. D. Southward

Physics International Company, 2700 Merced Street, San Leandro,

California 94577
ATTN: Mr. Fred M. Sauer

L5

e



No. of

Address Copies
DOD Contractors (Continued)
Physics International Company, 2700 Merced Street, San Leandro,
California (Cont.)
ATTN: Dr. Charles Godfrey 1
Dr. Robert Swift 1
Mr. Dennis Orphal 1
Mr. Larry Behrman 1
Technical Library 1
R&D Associates, P. 0. Box 3580, Santa Monica, California 90403
ATTN: Technical Library 1
Mr. J. G. Lewis 1
Dr. H. F. Cooper, Jr. 1
Dr. Harold L. Brode 1
Mr. William B. Wright 1
Dr. C. P. Knowles 1
Science Applications, Inc., 7850 Edgewater Drive, Oakland,
California 94621
ATTN: Mr. David Bernstein 1
Dr. D. E. Maxwell 1
Science Applications, Inc., P. 0. Box 2351, La Jolla,
California 92037
ATTN: C. Hudson 1
Technical Library 1
Science Applications, Inc., 1911 North Ft. Myer Drive,
Suite 808, Arlington, Virginia 22209
ATTN: Dr. W. M. Layson 1l
Stanford Research Institute, 333 Ravenswood Avenue,
Menlo Park, California 94025
ATTN: Mr. Lynn Seamans 1
Dr. G. Abrahamson 1
Dr. Carl Peterson 1
SRI Library Room G021 1
Systems, Science and Software, P. O. Box 1620, La Jolla,
California 92037
ATTN: Technical Library 1
Dr. Donald R. Grine 1
Dr. E. W. Gaffney 1

L6



Address

No. of
Copies

DOD Contractors (Continued)

Terra Tek, Inc., University Research Park, 420 Wakara Way,
Salt Lake City, Utah 84108
ATTN: Dr. A. H. Jones
Mr. S. J. Green
Technical Library

Texas A&M University, c/o Texas A&M Research Foundatlon,
P. 0. Box 3222, Bryan, Texas TT801
ATTN: Harry Coyle

Texas A&M University, Department of Civil Engineering,
College Station, Texas 77843
ATTN: Prof L. J. Thompson

Braddock, Dunn, & McDonald, Inc., 1920 Aline Ave., Vienna,
Virginia 22180
ATTN: Technical Library

TRW Systems Group, One Space Park, Redondo Beach,
California 90278
ATTN: Tech Info Center/S-1930

Weidlinger Associates, Consulting Engineers,
110 East 59th Street, New York, New York 10022
ATTN: Mr. J. W. Wright
Dr. Melvin L. Baron

Weidlinger Associates, Consulting Engineers,
2710 Sand Hill Road, Suite 230, Menlo Park,
California 99025

ATTN: Dr. J. Isenberg

Lowell Technical Institute, Department of Civil Engineering,

Lowell, Massachusetts 01854
ATTN: L. W. Thigpen

Georgia Institute of Technology, Department of Aerospace
Engineering, Atlanta, Georgia 30332
ATTN: S. V. Hanagud
L. N. Rehfield

Engineering Societies Library, 345 East 47th Street, New York,

New York 10017
ATTN: Miss Anne Mott, Acquisitions Librarian

L7

e



No. of
Address Copies

DOD Contractors (Continued)

Pacifica Technology, Inc., P. O. Box 148, Del Mar,
California 92014
ATTN: Mr. G. I. Kent 1
Dr. R. L. Bjork 1

Shock Hydrodynamics, Incorporated, 15010 Ventura Boulevard,

Sherman Oaks, California 91403
ATTN: Dr. L. Zernow 1

Foreign Exchanges

Federal Bureau for Highway Englneerlng, Cologne, 1
West Germany (ENG-366)

Department of Physical Geography, Uppsala University, 1
Box 554, S-75122, Uppsala, Sweden (ENG-3TL)

Prof. Leopold Muller, Abteilung Felsmechanik, Institut 1

fur Bodenmechanik und Felsmechanik, Universitat Karlsruhe,
75 Karlsruhe, Germany (ENG-383)

Domestic Exchange

Manager, Engineering Design and Construction, Tennessee 2
Valley Authority, 600 Union Building, Knoxville,
Tennessee 37902

L8



