
FIGHTING VEHICLE ARMOR AND ANTIARMOR MUNITIONS Graham F. Silsby and Dr. Andrew Dietrich 
DSIAC Monograph 2021-1340 Distribution A:  Approved for public release; distribution is unlimited. 

Report Documentation Page //   ii 

REPORT DOCUMENTATION PAGE  
Form Approved 
OMB No. 0704-0188 

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, 
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing this collection of information.  Send 
comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden to 
Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis 
Highway, Suite 1204, Arlington, VA  22202-4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be 
subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number.   

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 

1. REPORT DATE (DD-MM-YYYY) 
February 2021 

2. REPORT TYPE 
Technical Monograph 

3. DATES COVERED (From - To) 
  

4. TITLE AND SUBTITLE 

Fighting Vehicle Armor and Antiarmor Munitions 

 

 
 
 
 
 
 
 
 

5a. CONTRACT NUMBER 
FA8075-14-D-0001 

5b. GRANT NUMBER 
 

5c. PROGRAM ELEMENT NUMBER 
 

6. AUTHOR(S) 

Graham Silsby and Dr. Andrew Dietrich 

 

 

 

 

 

 

 

 

 

5d. PROJECT NUMBER 
 

5e. TASK NUMBER 
 

5f. WORK UNIT NUMBER 
 
 7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) AND ADDRESS(ES) 

Defense Systems Information Analysis Center (DSIAC) 
SURVICE Engineering Company 
4695 Millennium Drive 
Belcamp, MD 21017-1505 
 

8. PERFORMING ORGANIZATION REPORT   
    NUMBER 

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 
Defense Technical Information Center (DTIC) 
8725 John J. Kingman Rd. 
Ft. Belvoir, VA 22060-6218 

 
 

 

12. DISTRIBUTION / AVAILABILITY STATEMENT 
Distribution A: Approved for public release; distribution is unlimited. 
 13. SUPPLEMENTARY NOTES 
 

14. ABSTRACT 
This monograph examines the mechanics and physics behind current vehicular armor technologies and the threat munitions they face, to the extent 
that the technology is unclassified and widely disseminated.  The discussion begins with fundamentals and then delves more deeply into details.  In the 
early days of antiarmor munitions, the kinetic energy of hardened metal projectiles caused them to push through tough steel armor plate.  The first 
advancement was the higher-velocity, subcaliber penetrator in the so-called hypervelocity armor-piercing shot design.  Its decreased-diameter, higher-
density penetrator core and higher striking velocity resulted in higher impact pressures and evolved into the long rod penetrator.  Increased striking 
velocities increased their depth of penetration and, as in the shaped-charge jet, erosion of the penetrator became the norm.  At the same time, weight-
efficient spaced armors and then reactive armors were developed.  Separately, the highly lethal shaped charge and other lined-cavity charge warhead 
designs evolved, particularly the explosively formed penetrator and the hemispherical liner geometry.  These advances were made easier by the 
development of the Gurney and the Taylor models of metal-explosive sandwich behavior, which also drove advances in fragmenting warhead design. 
The important safety issues involved with working with energetic materials are also discussed as are the recommended qualifications of personnel who 
work with these materials.  Finally, a historical overview of fighting vehicle armor and antiarmor technology is included as an appendix. 

15. SUBJECT TERMS 
armor, antiarmor munition, kinetic energy penetration, KE penetration, shaped charge, armor obliquity, vehicle armor, log rod penetrator, armor 
material, fragmenting warhead, yaw  

16. SECURITY CLASSIFICATION OF:  U 

 

17. LIMITATION  
OF ABSTRACT 
U 

18. NUMBER 
OF PAGES 
160 

 

19a. NAME OF RESPONSIBLE PERSON 
Ted Welsh, DSIAC Director 

a. REPORT 
U 

b. ABSTRACT 
U 

c. THIS PAGE 
U 

19b. TELEPHONE NUMBER (include area code) 
443-360-4600 

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std. Z39.18 

ON THE COVER 
A M2 Bradley Fighting Vehicle (U.S. Army photo by Spc. Zachary Bouvier) 



FIGHTING VEHICLE ARMOR AND ANTIARMOR MUNITIONS Graham F. Silsby and Dr. Andrew Dietrich 
DSIAC Monograph 2021-1340 Distribution A:  Approved for public release; distribution is unlimited. 

Abstract  //   iii 

ABSTRACT 

This monograph examines the mechanics and physics 

behind current vehicular armor technologies and the 

threat munitions they face, to the extent that the 

technology is unclassified and widely disseminated.  The 

subject is examined from a number of perspectives.  It 

begins with fundamentals and then delves more deeply 

into details.   

In the early days of antiarmor munitions, the kinetic 

energy of hardened metal projectiles caused them to 

push through tough steel armor plate.  The first 

advancement was the higher-velocity, subcaliber 

penetrator in the so-called hypervelocity armor-piercing 

shot design.  Its decreased-diameter, higher-density 

penetrator core and higher striking velocity resulted in 

higher impact pressures and evolved into the long rod 

penetrator.  Increased striking velocities increased their 

depth of penetration and, as in the shaped-charge jet, 

erosion of the penetrator became the norm.  At the same 

time, weight-efficient spaced armors and then reactive 

armors were developed.   

Separately, the highly lethal shaped charge and other 

lined-cavity charge warhead designs evolved, 

particularly the explosively formed penetrator and the 

hemispherical liner geometry.  These advances were 

made easier by the development of the Gurney and the 

Taylor models of metal-explosive sandwich behavior, 

which also drove advances in fragmenting warhead 

design.  

The important safety issues involved with working with 

energetic materials are also discussed as are the 

recommended qualifications of personnel who work 

with these materials.  Finally, a historical overview of 

fighting vehicle armor and antiarmor technology is 

included as an appendix. 
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FOREWORD 

When I started my career as an eager, young engineer at 

the U.S. Army Ballistic Research Laboratory (BRL) in 1985, 

I did not arrive with a background in penetration 

mechanics and terminal ballistics from my college 

coursework.  I therefore relied heavily on the advice and 

guidance of the folks who were already experienced in 

the ballistics field. 

Graham Silsby and Drew Dietrich were already well-

established fixtures at BRL when I arrived.  Their careers 

began in the 1960s during the Vietnam War and 

extended through the first Gulf War and into the early 

21st century.  These were times of rapid evolution and 

innovation in armor and antiarmor technology, and both 

of these men were at the forefront of these changes.  

New and improved armor materials were becoming 

available in conjunction with increased understanding of 

mechanisms and advancements in modeling and 

simulation. 

Drew Dietrich was the respected chief of the Impact 

Physics Branch and had an extensive background in 

chemical energy munitions (shaped charges and 

explosively formed penetrators).  In this role, he guided 

much of the evolution of these technologies at the BRL.  

Despite his leadership duties, Drew would always make 

time to help a ballistics neophyte with questions and 

who did.  His attitude percolated down to all of his 

employees in that branch, which made collaborative 

work a pleasure. 

Graham Silsby was an accomplished terminal ballistician 

in the Penetration Mechanics Branch when I met him.  

While I was approaching a technical issue from the armor 

side, he was approaching it from the antiarmor side, and 

this different perspective was often very instructive.  He 

was always willing to answer questions, provide advice, 

and take the time to thoroughly discuss any issue with a 

new employee.  In the early 1990s, I had the privilege of 

working with him in developing a smoothbore, high-

velocity, 40mm laboratory gun system, which is still in 

use at several experimental facilities at the BRL and at 

sister labs. 

Over the years, as BRL morphed into the U.S. Army 

Research Laboratory, Drew and Graham were always 

there to lend an ear and provide useful advice to me, 

other researchers, and Army leadership.  This monograph 

captures a great deal of their sage instruction in a handy, 

printed reference.  This collection of fundamental 

concepts (along with citations and bibliography) 

provides a good, single introductory source to assist the 

next generation of ballistics researchers in learning their 

trade. 

Matthew Burkins 

Leader of the Tactical Systems Protection Team 

Armor Branch, Terminal Effects Division 

Weapons and Materials Research Directorate 

U.S. Army Research Laboratory 

(Retired January 2018) 
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PREFACE 

This monograph is published under the auspices of the 

Defense Systems Information Analysis Center (DSIAC).  

DSIAC is a Department of Defense (DoD) Information 

Analysis Center (IAC) operated by the SURVICE 

Engineering Company and a team of subcontractors 

under Contract FA8075-D-14-001.  The center was 

established on 1 January 2014 and is the consolidation of 

six legacy DoD IACs:  AMMTIAC, CPIAC, RIAC, SENSIAC, 

SURVIAC, and WSTIAC.  The DoD IAC Enterprise is a 

component of the DoDs Scientific and Technical 

Information Program (STIP) prescribed by DoD Manual 

3200.14.  Government oversight of DSIAC is provided by 

the IAC Program Management Office, DTIC-I, 8725 John J. 

Kingman Road, Suite 0944, Fort Belvoir, VA, 22060-6218, 

and an appointed Contracting Officers Representative 

(COR) and 

(ACOR).  All questions and comments regarding the 

content of this monograph may be directed to the 

following: 

SURVICE Engineering Company 

Aberdeen Area Operation 

ATTN:  Mr. Brian Benesch 

4695 Millennium Drive 

Belcamp, MD 21017-1505 

410-273-7722 

brian.benesch@survice.com  

A Technical Monograph is a one-volume work of 

research or literature on a single subject that is intended 

to capture unique (and potentially perishable) technical 

information, insights, and experiences from senior-level 

personnel and make them available to other community 

practitioners for personnel/community development, 

technical training, and/or information archiving.  As such, 

Technical Monographs are often broader in scope and 

applicability, more detailed in content, and/or more 

closely reviewed/refereed than typical technical reports. 

ABOUT THIS MONOGRAPH 

This monograph presents the physics of the interaction 

of antiarmor munitions and their target, fighting vehicle 

armor.  The first armor was intended to protect against 

small-arms bullets, and of necessity, antiarmor munitions 

were then introduced.  Both armor and antiarmor 

munitions continue to evolve apace.  There are two types 

of antiarmor munitions:  kinetic-energy (KE) penetrators, 

intended to push through armor by virtue of their KE, 

and explosive warheads, the most significant of which in 

terms of heavy fighting vehicle armor is the shaped-

charge warhead. 

This work is necessarily based on the authors 

perspectives, both life-long researchers in their 

respective areas of KE and shaped-charge penetration 

and the respective heavy armors.  It starts aimed at the 

beginner and ends at the journeymans level.   

In this material, you will not learn about the performance 

of specific ammunition but rather the process of armor 

penetration, so as to be able to improve your ability to 

design and to analyze the performance of antiarmor 

munitions and to understand how vehicles are armored 

against them.  The material presented here is primarily 

from observation rather than theory, and practical and 

factual rather than speculative, so it should complement 

whatever background you have.  After reading this 

material, a technician involved in testing should be able 

to tell if the shot went as expected.  The engineer should 

be able to predict gross results in advance and draw 

reasonably sound inferences from the signature that a 

penetrator leaves on a target.  Using penetration versus 

velocity data gleaned from the literature or developed 

in-house and the simple assumptions discussed, the 

analyst or program manager should be able to tell if 

particular performance claims are realistic.  To avoid 

confusing the reader, where possible, figures are shown 

such that the motion of the projectile is from left to right, 

a commonly accepted convention in ballistics. 

mailto:brian.benesch@survice.com
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This monograph will not address weapons of mass 

destruction on the mega scale or the terminal ballistics of 

small-arms projectiles on the mini scale.  The 

performance of the latter seems to be closely linked to 

the exact design of each model of ammunition, as well as 

the gun from which it is fired, the target impacted, and 

other complicating factors.  In particular, the very 

complex topics of wound ballistics and protection 

against small arms will not be addressed. 

The KE penetrator material in this monograph expands 

on three editions of Mr. Silsby self-published 

monograph, Penetration Mechanics of Anti-Armor Kinetic 

Energy Penetrators, © 1987, 2004, and 2010 [1] used as a 

hand-out in lectures on the subject, primarily for Baldini 

Resource Associates, and on material prepared as 

handouts for a course on armored fighting vehicles 

presented in 2007.  The material on KE penetration was 

derived from extensive experience in the field.  The 

shaped-charge discussion 

Resource Associates lecture material [2], presented over 

roughly the same time span on 

the effects of jets from lined-cavity charges, the design of 

shaped-charge warheads, and on survivability and 

lethality modeling.  

DEVELOPMENT OF ANTIARMOR MUNITIONS 

Scientific American (2015) is telling. 

Of all the human species that have lived on 

earth, only Homo sapiens managed to 

colonize the entire globe.  Scientists have 

long puzzled over how our species alone 

managed to disperse so far and wide.  A 

new hypothesis holds that two innovations 

unique to H. sapiens primed it for world 

domination:  a genetically determined 

propensity for cooperation with unrelated 

individuals and advanced projectile 

weapons [3]. 

This monograph addresses a subclass of the latter 

subject.   

It is a sad state of affairs that in the approximately 

300,000 years since H. sapiens diverged from earlier 

ancestors (already adept at hafting a worked stone point 

to a wooden spear shaft) [4], we are now capable of the 

complete destruction of our species.  Regardless of how 

peace-loving a people may be, faced with a seemingly 

uninterrupted chain of adversaries intent on dominating 

others by force, it is necessary to study war.  We use the 

scientific method to uncover more and more knowledge, 

and then apply it to build automatic weapons, mount 

multiple, independently targeted thermonuclear 

warheads on a single ballistic missile, produce 70-ton 

tanks with a succeeding design under contemplation, 

and design hand-held, tank-destroying weapons that can 

be made with simple tools. 

Over the recent decades, the nature of the threat to the 

United States has evolved from a global war against 

determined conventional forces to a prolonged series of 

wars against a number of loosely affiliated insurgents.  

The M1 main battle tank as a shock weapon had proven 

quite superior to the opposing tank forces which we 

encountered through the Korean War but is useless per 

se in taking and holding ground against insurgent forces.  

The focus on armored vehicle design has shifted to 

protection against ambush with antiarmor, 

rocket-propelled grenades and improvised explosive 

devices employed as buried and off-road mines.  The last 

of the individuals involved in the introduction of the M1 

tank and its ammunition and their subsequent 

improvements, including the authors, are retiring, often 

for the second or third time, hence this monograph. 
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Most antiarmor munitions defeat the target by 

perforation, so much of this work involves penetration 

mechanics.  However, the mechanics of moving metal 

with high explosives is also important to understanding 

how fragments are thrown from a high-explosive 

warhead, how the shaped-charges liner is collapsed and 

spit out as a very high-velocity coherent jet, and how to 

increase the effectiveness of individual armor plates by 

throwing them with explosives in explosive reactive 

armor. 

There is no magic material just waiting to be discovered 

that will bust through anything.   Unlike exterior 

ballistics, terminal ballistics is a very messy discipline.  

The three approaches to advancing the understanding of 

terminal ballistics are analytical modeling, computational 

modeling, and experimentation.  The subject of terminal 

ballistics is sorely lacking in physics-based models with 

simple equations that can be used to predict behavior.  

The few existing models will be discussed.  

Computational modeling is now quite sophisticated and 

provides solid insights into behavior.  Unfortunately, we 

are not in a position to provide useful insight into current 

computational abilities in ballistics.  This would be a very 

good subject for a review article or a monograph by 

someone skilled in that art.  Still, experimentation is 

always needed to verify computational results and to 

surface unexpected behaviors. 

The knowledge that allows understanding and 

exploitation of a new technology comes in three stages, 

which is a process that is often continued in a design 

spiral.  First, the effect is observed or inferred from 

current knowledge.  Second, a period of detailed analysis 

and experimentation then leads to understanding the 

physics and mechanics involved.  Third, this knowledge is 

then exploited in sophisticated designs that maximize 

the performance of the hardware.  In this phase, a good 

grasp of solid mechanics becomes necessary. 

An example of this knowledge development is shaped-

charge technology, as related by Walters in 1991 [5].  Von 

Forester in Germany in 1883 and Munroe in the U.S. in 

1888 observed that when an explosive charge was 

detonated in contact with a heavy metal plate, a cavity in 

that charge produced a distinct additional depth of the 

depression made on the target material.  Once this 

phenomenon was discovered, the study of it spread, 

people wondered what the cause was, and in the process 

discovered that an inert liner on the hollow cavity greatly 

enhanced the effect.  This effect was used to defeat 

armor in WWII even without a clear understanding of the 

physics.  Improvements in instrumentation in the form of 

flash x-rays (flash radiography), more precise 

instrumentation, clever experimental design, and 

computational modeling resulted in great advances in 

understanding, and finally, various people worked out 

the physics.  The resulting mathematical models were 

then exploited to gain significant increases in 

performance from existing launch platforms. 

In interpreting the results of both computational and 

experimental work, keep in mind that everything is 

constrained by physical law, particularly conservation of 

mass, momentum, and energy; Newton s laws of motion; 

and the complex relationship between stress and strain 

in elastic and plastic deformation and fracture.  

Mechanical deformation processes such as those found 

in forging, metal forming, and machining can be 

observed.  Results vary in smooth and continuous ways 

with changes in striking conditions.  While sometimes a 

sudden change in behavior is noted, it is usually a result 

of changes to a variable unknown to the experimenter, 

or of changes to the process crossing from one regime 

into another.  Typical of the latter would be rod 

deceleration during penetration halting erosion under 

some conditions, but not under others.  Even fracture-

related phenomena are remarkably repeatable. 

Ultimately, the terminal ballistician will need to be well-

versed in a number of topics.  I highly recommend 
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reading a current textbook on materials and 

manufacturing practices, getting as much hands-on 

experience as possible with machining and machine 

tools, and keeping up with advances in materials and 

fabrication.  Take the ASM International short course 

titled Elements of Metallurgy or Metallurgy for the Non-

Metallurgist  (Trademark, ASM International  The 

Materials Information Society).  This is a serious, week-

long, short course with exams and a certificate at the end 

that you can be proud of.  It is also offered as an on-line 

course and a self-paced course.  If you are a mechanical 

engineer and did not take a course in solid mechanics, 

consider taking one as part of your continuing education.  

Also, the civil engineering courses of structural analysis 

and structural design provide a deep understanding of 

stress and strain, while the portions on reinforced 

concrete are applicable to any composite design.  A 

course on fatigue and fracture mechanics is also highly 

recommended.  Understand the difference between 

commercial and specialty materials and how 

specifications and standards are written and interpreted. 
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THE AUTHORS 

After long careers there, Mr. Graham Silsby and Dr. 

Andrew Dietrich both retired from the U.S. Army 

Research Laboratorys (ARL) Weapons and Materials 

Research Directorate (WMRD), the successor in business 

to the U.S. Army Ballistic Research Laboratory (BRL), at 

Aberdeen Proving Ground (APG), Maryland. 

Mr. Silsby, the primary author, has both a BSME 

specializing in engineering science and a BSCE 

specializing in structures.  He retired from ARL in 2005 as 

a senior research mechanical engineer.  He was then 

employed part time in a similar capacity at SURVICE 

Engineering Company, Belcamp, MD, retiring again in 

December of 2017.  SURVICE was founded in 1981 to 

provide expertise in survivability and lethality modeling 

and assessment and has expanded to provide a broad 

range of engineering services to both the military and 

civilian sectors. 

Mr. Silsby has over 40 years experience in research and 

development engineering, the last 35 of which were 

spent in penetration mechanics work first in the ARLs 

Armor Branch and then ARLs Lethal Mechanisms Branch, 

Terminal Ballistics Division.  One of the main focuses of 

the work over that time span was the development and 

improvement of the armor on the M1 tank and the 

Bradley fighting vehicle, as well as improvement of their 

antiarmor ammunition.  Mr. Silsby has an experimental 

rather than theoretical inclination and enjoys design and 

development of unique items. 

He has extensive firing-range experience, both at large-

caliber and at reduced scale.  Most of his experimental 

firings have been done using smoothbore laboratory 

powder guns for ordnance velocity work (12 km/s or 

3,000 6,000 ft/s).  The reduced-scale work was primarily 

phenomenological, while the large-caliber work was 

primarily developmental.  He has worked extensively 

with a 50mm high-pressure powder gun, which was 

designed many years ago for BRL by associates of Hal 

Swift at the University of Dayton Research Institute.  It 

can deliver useful masses up to about 2.5 km/s.  He has 

overseen high-velocity KE penetrator shots using two-

stage light gas guns at other installations, at striking 

velocities up to 4.5 km/s with typical  

100 200-gm laboratory long-rod penetrators. 

Dr. Dietrich, recently deceased, received his bachelors 

(1965), masters, and Ph.D. degrees (1968) in physics from 

the Johns Hopkins Universitys Department of 

Mechanics.  His graduate research involved modeling 

penetration in hypervelocity impact for BRL under the 

well-respected Robert B. Robby  Pond and Coy Glass.  

He began his career at BRL in 1968 as a research 

physicist, working there in increasingly responsible 

positions primarily involving research and development 

of shaped-charge warheads and armor.  He also received 

a second masters degree from the Armed Forces 

Industrial College.  

Physics Branch in WMRD in 2002.  Upon retiring, he 

returned to ARL as a civilian contractor, retiring again in 

2007, for a total of over 40 years experience.  
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1. TERMINAL 
BALLISTICS 

The study of fighting vehicle armor and antiarmor 

munitions is driven by the terminal ballistics of the 

impact of the projectile on the target.  The munition 

designer hopes to defeat the armor and kill the vehicle 

and its weapon system.  The armor designer seeks to 

thwart such intentions. 

The effects of impact can range from no effect, to 

extreme knocking and shaking of an impacted object, to 

deeply penetrating and even perforating the target.  The 

study of penetration mechanics examines penetrating 

impacts, which are of particular interest to the military.  A 

subclass of penetration mechanics is the study of the 

penetration by nonenergetic projectiles (kinetic energy 

[KE] penetrators) as opposed to those projected by an 

energetic warhead, such as a shaped-charge (SC) jet.  

This monograph is focused on the details of KE 

penetration in general. 

There are also nonperforating munitions, such as the 

high-explosive (HE) plastic (HEP) round, discussed in 

detail in Appendix A, Section A.3.  It is a spin-stabilized, 

full-bore, bullet-shaped projectile with a thin, ductile 

casing filled with plasticized HE.  It has a base detonating 

fuze with a slight delay, which allows the explosive to 

squash out when it contacts the face of the armor before 

it explodes.  The shock wave reflecting off the rear 

surface of monolithic hull armor throws a spall off the 

back about the size and shape of a very large, free-form, 

table-top ashtray.  While making no through hole, the 

massive chunk of metal and a lot of smaller debris 

bounce around the fighting compartment, seriously 

endangering the crew.  For various reasons, the HEP 

round is no longer considered a significant threat against 

modern tanks. 

Among other nonperforating defeat mechanisms is 

shock.  While the HEP round certainly delivers the 

ultimate shock, the formation of the spall is the armor-

defeat mechanism.  Most antiarmor munitions that do 

not perforate do not generate a spall, but they do slam a 

vehicle very hard, which can break one or more critical 

components. 

Mine-throw is another defeat mechanism, in which a 

large explosive charge imparts motion to portions of, or 

the entire vehicle, again severely damaging critical 

components, often the occupants.  And sometimes, an 

HE round will break a critical exterior component such as 

a wheel or track, rendering the vehicle next to useless.  

We will concentrate on penetrating munitions in this 

work. 

1.1  KE PENETRATION 

A KE penetrator uses the energy of its motion to push 

into and hopefully through, a protective barrier.  Figure 

1-1 visualizes a number of processes operating during 

the penetration of an armor plate target (rolled 

homogeneous armor [RHA]) by a modern, large-caliber, 

long-rod penetrator.  With the rod striking the target at 

sufficiently high velocity, the stress (the force per unit 

area) in both the rod and target exceed that necessary to 

cause their respective materials to flow. 

The figure is a cross-section of a rod penetrating a thick 

target plate.  The rod is eroding, with the spent material 

lying along the cavity wall and being ejected up range as 

fine debris.  The target material is pushed aside laterally, 

as well as up and down range.  Entrance lips have formed 

asymmetrically due to the obliquity of the target.  The 

penetrator-target interface is close to the rear of the 

target, and a predictable pattern of cracking of the 

material (indicated by the interior lines) has formed as a 

result of the target deformation.  If there were no more 

penetrator left, or if the existing penetrator were to slow 
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to a stop at this point, a partial penetration would result.  

In the case illustrated, a bulge has been produced.  If the 

rod overmatches the target, the target is completely 

perforated.  The remaining tail of the rod (called the 

residual penetrator), smaller rod fragments, a rear surface 

scab (improperly called spall), larger target fragments 

from the breakup of the scab, and smaller target 

fragments from the penetration channel are projected 

off of the targets rear surface.  Computational results 

from the early hydrodynamic elastic-plastic (HELP) Code 

are quite close to an actual radiograph of the penetration 

(Figure 1-2) [4]. 

An actual shot is quite violent, is over in an instant, and 

much of the penetrator material is usually reduced to 

highly deformed and hence very hot chips, which may or 

may not burn up quickly.  High-speed cameras and flash 

radiographic shadowgraphs typical in a terminal ballistic 

range cannot show what is occurring inside the target.  

An experimenter must pay attention to detail, exercise 

good housekeeping during the conduct of a test series, 

and be observant.  When the experimenter carefully 

marks the test articles before the shot and cleans up after 

each shot to recover as much residual material as 

possible clearly related to that specific shot, the 

consistent set of signatures on the penetrator and target 

residue that can be related to individual shots will slowly 

reveal details of the processes involved.  Mating surfaces 

from fracture, markings from flow, and other clues 

permit reassembling many of the major fragments to see 

how the target and penetrator failed (ruptured).  With 

enough test firings, and hence observations, the entire 

process becomes apparent. 

If sufficient funding is available, current computer 

modeling of penetration mechanics provides a plausible, 

detailed, time-resolved picture of the flow processes.  In 

addition, you can set up a reduced-scale firing point and 

take a single, penetrating flash radiograph per shot 

through 4 6 in. of steel at the Los Alamos National 

Laboratorys (LANL) Pulsed High-Energy Radiographic 

Machine Emitting X-rays (PHERMEX) flash radiography 

facility, which is primarily used to image the implosions 

of nuclear warhead designs.  (The PHERMEX radiograph 

and computational run at the corresponding time in 

Figure 1-2 are in a slightly rearranged form from that of 

Jonas and Zukas 1979 [6]). 

1.2  ACCURATE PENETRATION MEASUREMENT 

Figure 1-3 shows various ways of measuring the depth of 

penetration channels.  However, view c shows the true 

penetration depth. 

Figure 1-1.  Generic KE Penetration (Source:  Silsby [1]).  Figure 1-2.  Computation from HELP Code and Radiograph 
(Source:  Jonas and Zukas [6]). 
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If penetration is defined as the path length of the 

penetrator-target interface, in view a, that length would 

be from the undisturbed face of the target where struck 

to the bottom of the channel where the penetrator-

target interface was when penetration stopped.  The top 

left measurement starts at the top of the entrance lips, 

material that was pushed up-range after initial 

touchdown, so the actual penetration depth is not 

shown.  In view b, some legitimate penetration is 

ignored because it is measured to the back of the 

uneroded rod.  View c shows the true penetration depth 

as is sometimes seen in practice, because the target 

material is pushed down-range ahead of the penetrator, 

so that the penetrator must push its way through more 

than the initial thickness of the target plate to perforate. 

Figure 1-4 shows penetration measurement in a stack of 

targets.  Frequently it is necessary to lay up a number of 

plates (a laminated target) to achieve adequate thickness 

to stop a long-rod penetrator (LRP).  The penetration 

measurement method shown in Figure 1-4 is correct 

(more or less) because the penetrator-target interface 

must push its way through each plate, for which bulging 

is suppressed by the stemming effect of the plates 

behind, then penetrate the final target plate as if it were 

the only plate in the stack.  In reality, this would be true 

only if the stack of plates shown were backed by a lot 

more plates.  Otherwise, at some point in the penetration 

process, free surface effects would result in some of the 

rear plates separating, so that the penetrator would have 

to transit some bulged material. 

1.3  ARMOR 

Armor is anything used to protect something and has 

ranged from a sheeps fleece (aegis) to wooden shields to 

extremely hard metals.  Circumstances sometimes 

severely constrain the choices available, as with armored 

transparencies (windows).  There are many drivers to 

armor design, usually cost and performance.  The 

measure of performance is usually the weight needed to 

stop a threat of some given penetration capability. 

A good, low-alloy steel of intermediate strength and 

rather high elongation to rupture is almost universally 

used where cost is the only driver, and each nation has 

its own recipe.  The U.S. uses RHA, a low-alloy, 

deep-hardening steel similar to American Iron and Steel 

Institute (AISI) 4340 but with lower carbon content to 

reduce the number of fragments generated in the event 

of a perforation.  It through-hardens to the desired value 

in very thick sections and, being cross-rolled, its 

properties are nearly isotropic. 

Where weight becomes important, as on ship 

superstructures, a high-hard steel alloy typical of that 

used to make saw blades is used, or aluminum is 

Figure 1-3.  Measuring Penetration Depth (Source:  Silsby [1]). 
Figure 1-4.  Measuring Penetration in a Laminated Target 
(Source:  Silsby [1]). 
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substituted.  In weight-critical applications such as in 

aircraft and body armor, more expensive materials are 

used such as titanium or magnesium, ceramics, 

composites, and/or fabrics of strong, tough fiber.  Often, 

layers of various materials can be more effective against 

a given threat than can a monolithic slab of one material.  

Armor can be applied to an existing design, but weight is 

almost always reduced by incorporating the armor into 

the structure and supporting features as much as 

possible, while at the same time using necessary 

components such as the engine to protect the more 

valuable and irreplaceable crew members. 

1.4  PENETRATOR MATERIALS 

As with armor, the choice of penetrator materials is 

driven by the application.  Density, strength, and 

toughness are important for KE penetrators.  Iron (as 

steel) is relatively inexpensive, as are uranium and 

tungsten.  For explosively driven applications, other 

properties can be more important than cost, and copper, 

aluminum, molybdenum, and uranium liners in explosive 

warheads form them into high-velocity, lethal 

penetrators.  U.S. antiarmor KE penetrators used in 

combat are almost always made from a uranium alloy, 

because the material does not mushroom as much in 

penetration, and therefore, more of its KE is used to 

increase the depth of penetration than is the case with 

tungsten.  In addition, uranium is essentially free because 

it is a by-product of producing enriched uranium for 

power production and nuclear weapons.  However, it s 

mildly radioactive, but the practice ammunition is 

universally uranium-free.
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2.  EVOLUTION OF 
CURRENT ANTIARMOR 
THREATS 

2.1  KE PENETRATORS 

With the introduction of the tank, armored with a layer of 

very competent, tough, and strong steel, antiarmor KE 

ammunition began as full-bore, hardened-steel solid 

shot, with some variations in the design details.  

Improvements in performance were gained at the 

expense of increasingly larger guns, which became 

increasingly costly and unwieldy.  However, increased 

awareness of the basics of penetration mechanics 

permitted improved performance while retaining the 

existing gun systems longer, resulting in a tremendous 

cost savings.  Figure 2-1 shows the evolution of KE 

penetration, leading to an early LRP round that would be 

shot out of a large-caliber tank main gun, scaled as 

though all were fired from the same service weapon. 

Externally, a modern LRP round would not look much 

different from an early one, as the extended length of the 

modern rod is buried in the propellant bed within the 

case.  At some point, designers realized that with an 

appropriate profile of the sabot body, sufficient friction 

forces could be generated with smooth mating surfaces, 

as the friction chuck in a lathe can adequately grip 

cylindrical bar stock.  A short section of driving lands is 

used to prevent axial slip at the beginning of the powder 

burn. 

Figure 2-1.  Evolution of Antitank KE Penetrators (Source:  U.S. Department of the Army [7, 8]). 

Grooves in the sabot engage driving lands on the penetrator to transfer accelerating forces from sabot to penetrator. 
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The round1 in view a in Figure 2-1 is called armor-

piercing (AP) shot.  A very tough, reasonably hard, full-

bore, solid tool steel projectile2 is fired at what would be 

an extremely low velocity by modern standards.  AP shot 

strikes at such a low velocity that it does not erode in 

penetrating most materials, but opens a hole, through 

which it advances, akin to the manufacturing process of 

piercing or punching.  A punch can sink into a thick solid 

geometry.  For a flat-nosed cylindrical punch and a thick 

plate, the punch must be at least about three times as 

strong as the material being pierced).  The force opening 

the armor material, working over a distance, expends 

projectile energy.  This action slows the penetrator,3 and 

if the armor is thick enough, stops it. 

By reducing in-bore mass from that of the AP shot, more 

energy from the propellant can be imparted to the 

projectile.  This concept was exploited in the 

hypervelocity AP (HVAP) round, view b, for the 90mm 

tank cannon introduced at the end of World War II 

(WWII).  A lightweight aluminum carrier surrounds a 

smaller penetrator of a dense material such as tungsten 

carbide.  The flight body itself has the same presented 

area and drag coefficient, but lower overall mass, and 

hence will slow more with distance downrange, but by 

launching at a higher muzzle velocity, the round should 

have a higher striking velocity except at extreme range.  

The higher density of the penetrator results in a higher 

impact pressure for the same velocity, and hence deeper 

penetration. 

An evolutionary improvement on the HVAP round was 

the HVAP discarding sabot (HVAPDS) round for the 

105mm cannon (view b) in which the core and cap were 

carried in a smaller flight body, which was in turn pulled 

up the gun bore by grooves in the lightweight carrier 

 
1 Round:  The complete piece of ammunition, or alternately, a projectile in flight. 
2 Projectile:  The entire entity projected by the gun, either in the gun bore, or alternately, flying through the air after the sabot has been discarded. 
3 Penetrator:  That part of the projectile intended to penetrate the target.  Other parts, e.g., fins, are just parasitic mass as far as the penetrator is concerned.   

called a sabot mating with outstanding driving lands on 

the penetrator.  The sabot (French for boot ) is shed 

away, or discarded, from the projectile on exiting the gun 

muzzle.  The AP shot and the HVAP are spin-stabilized, 

requiring a rifled gun tube for accuracy, while the 

HVAPDS projectile is unstable at typical spin rates for 

solid shot.  Rather, they are fin stabilized like an arrow 

and must be fired from a smooth bore tube or be despun 

by use of special driving band designs if shot from a 

rifled tube.  However, they are generally rolled at about 

100 revolutions per second to cancel out the effect of 

small disturbances in flight caused by variations from 

perfection in actual rounds. 

In the modern AP fin-stabilized, discarding-sabot 

(APFSDS) round (view c), the payload mass was kept 

about the same as the HVAPDS by further reducing the 

diameter and stretching the length of the penetrator.  

Ballistic-quality, high-density engineering materials such 

as sintered tungsten alloy (WA) powder metallurgy 

products and depleted uranium (DU) alloys were 

developed concurrently with other aspects of the LRP 

ammunition design.  Being fin-stabilized, the APFSDS 

round can be fired from a smoothbore gun.  The smaller 

presented area of the flight body results in a lower loss of 

velocity to drag.  The resultant higher striking velocities 

result in the rod eroding as it pushes through the target 

material.  Thus, the longer the rod, the thicker the armor 

it can perforate.  As rod lengths increased, so did sabot 

parasitic mass.  Advances in sabot design and materials 

and in interior ballistics have actually resulted in ever-

increasing muzzle velocities for longer and longer and 

hence more and more lethal LRPs. 
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2.2  LETHAL MECHANISM OF KE PENETRATION IN 

CHEMICAL ENERGY (CE) WARHEADS 

Most practical CE warheads produce one or more KE 

penetrators intended to defeat a target by perforation.  

This section discusses KE penetration as a major element 

of the terminal effectiveness of such weapons. 

Historically, the first CE warhead was the HE fragmenting 

munition, typically artillery rounds, bombs, and 

grenades.  While the blast from a bare explosive charge is 

effective and can make a major dent in thick armor plate, 

it is the fragment cloud from the metal or other casing 

that is most lethal.  A rule of thumb in warhead test 

facilities is that a well-designed containment facility that 

can reliably contain all possible fragments repeatedly will 

also withstand the blast.  A typical fragmenting munition 

ane or an 

HE shell fired from a gun.  According to the Federation of 

Department of Defense (DoD) 101 web site [9], a U.S. 

Mark 82 500-lb dumb bomb has a bit over 200 lb of HE in 

a casing weighing roughly 300 lb. 

The velocity of HE-thrown fragments is about as fast as or 

faster than the fastest projectile from the highest-

performance, single-stage powder gun,  

1,500 2,500 m/s.  Fragment velocities are computed 

using the Gurney equations [10].  These equations are 

physics-based models originally developed by R. W. 

Gurney of the U.S. Army Ballistic Research Laboratory 

(BRL) in the early 1940s for plates on sheets of explosives, 

and they were expanded by others to encompass all 

conceivable geometries.  They predict the throw-off 

velocity of an inert plate or shell contacting a layer of 

explosive, with or without tamper, using an 

experimentally derived constant for the energy of the 

specific explosive in question.  The expansion and 

rupture of the casing into fragments use up some of the 

energy initially imparted to the metal sheet, and air drag 

slows the resultant fragments rapidly as they approach 

the intended target. 

The size of a fragment from a monolithic shell containing 

a simple explosive fill depends on the explosive loading 

conditions, the metallurgy of the case, and the case wall 

thickness.  For example, the slivers from a particular 

155mm howitzer HE round are about the size of a little 

finger, and many can perforate more than ¼ in. of armor 

steel at close range.  The actual design of fragmenting 

warheads is usually much more sophisticated than just a 

shell filled with HE. 

A range of technologies is available to optimize the 

fragment mass distribution.  Modern warheads can be a 

simple shell of nonballistic material over an array of 

preformed fragments.  As the detonation wave passes, 

these fragments are compressed radially.  Metals are very 

stiff (nearly incompressible) and, for stresses not too far 

above the yield stress, are modeled as undergoing elastic 

expansion or contraction to the yield point and are 

considered incompressible in the plastic regime.  (Under 

conditions of explosive loading, however, metals can be 

significantly compressed, but this is generally ignored in 

warhead design.)  Under this assumption, compression in 

a direction of one of the three mutually perpendicular 

axes (e.g., radial [perpendicular to the axis of revolution]) 

is accompanied by the extension of the individual 

fragments in the other two axes (e.g., axial [parallel to the 

axis of rotation] and circumferential [tangent to the 

circumference]).  Any conditions of confinement will 

affect the partitioning of the expansion, but not the total 

expansion.  (An example of this is the continuous, 

welded railroad rail.  Unable to extend along the 

direction of travel when heated or cooled, it simply 

expands in the directions normal to the direction of 

travel.)  As the shock wave encounters free surfaces on 

the fragments to be accelerated, some of the material in 

each fragment may be thrown off, so final striking mass 

may be less than intended.  There are a number of ways 
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to optimize fragment mass and direction and maximize 

velocity. 

The penetration ability of individual fragments depends 

on their material, their striking geometry (attitude), and 

the vector velocity of impact relative to the intended 

target.  The velocity of the fragments depends on their 

mass, and hence density, so a tradeoff is made to 

optimize terminal effects.  For example, against aircraft 

targets, aluminum may be used for the fragments to gain 

maximum velocity and hence maximum hole size. 

2.3  THE SC WARHEAD 

The next CE warhead to be developed following HE 

fragmenting munitions was the SC or lined-cavity charge.  

It uses a metal-lined conical or similar cavity in the front 

of a cylindrical or, as shown in Figure 2-2, a truncated, 

conical-cylindrical explosive charge to produce a very 

high-velocity, thin, stretching jet on detonation (similar 

to a coat-hanger wire).  Because it is primarily an antitank 

(AT) weapon, it is referred to as a high-explosive antitank 

(HEAT) round.  An early, typical SC round, the M830, is 

compared to an early, typical LRP round, the M829, in 

Figure 2-3.  A small, long, cylindrical spike on the SC 

warhead mounts the impact fuze well forward of the SC 

body to give time  for the jet to form and stretch to its 

intended length.  Both the M830 and M829 are designed 

for the Rheinmetall-designed 120mm smoothbore 

cannon on the M1 tank. 

After initiation, a detonation wave sweeps through the 

explosive charge forward over the liner much faster than 

the forward velocity of the warhead, throwing the liner 

progressively forward and inward onto itself on axis.  The 

intense stagnation pressure at the center of the material 

sends a thin jet of high-velocity material forward and 

leaves a low-velocity slug, which does not contribute to 

lethality except that it is necessary to the formation of 

the highly lethal jet (Figure 2-4). 

The jet stretches as a result of a velocity gradient 

resulting from the exact design of the warhead.  The 

farther from the target that the warhead is detonated 

(the standoff), the longer is the jet striking the target and 

the thicker the armor it can perforate.  Typically, the jet 

tip can be moving at over 10 km/s, while the last 

effective portion of the jet might be traveling at 2 km/s. 

Engineers selecting metals for military applications 

typically consider ductility, a measure of how much a 

material stretches in tension before breaking.  Most 

materials that are ductile are also malleable, that is, they 

can be severely deformed in compression before 

breaking up, although the correlation between 

malleability and ductility is not universal.  The SC liner is 

typically made of a very malleable material, usually 

copper or a higher-density material such as tantalum.  In 

military applications, the jet material is solid metal, well 

below its melting point, and where the slug goes is 

unimportant.  In their primary civilian use, to perforate oil 

Figure 2-3.  Typical SC (top) and LRP Rounds for the 120mm 
M256 Tank Cannon (Source:  Silsby [1]). 

Figure 2-2.  Cross-Section of an Earlier SC Warhead (Source:  
Dietrich [2]). 
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well casings, liners will often be powdered metal in a 

frangible binder.  The jet they throw will perforate the 

well casing and penetrate the strata but not plug the 

hole, as would a solid slug, thus allowing the oil to flow 

back into the well. 

For the military SC, at some elongation, the jet will break 

up (particulate) and will gain no further penetration 

capability with time (and distance down range).  Rather, 

as the particles move off axis and tumble, performance 

declines.  Figure 2-5 shows a typical penetration-standoff 

curve for a post-WWII era military SC warhead.  Current 

SC design technology is very mature and so is not 

discussed in detail in this monograph. 

The jet from a SC warhead penetrates hydro-dynamically, 

i.e., the impact pressure is so high relative to the 

penetrator and target material strengths that they 

appear to be strengthless fluids.  SC penetration is 

essentially independent of velocity, depends on relative 

densities, and for a given combination, length alone is 

the determinant of depth of penetration under ideal 

conditions. 

In a real warhead, the jet does not have a lot of standoff, 

so elongation is limited, but the jet creates a deep 

tunnel, which allows the rear portion of the jet to 

elongate more than expected from the standoff alone.  

Figure 2-6 illustrates SC penetration.  Many warheads 

throw a nearly radial spray of very high-speed debris that 

leaves a characteristic splash signature around the 

primary penetration. 

Some tank main gun systems use a round in which the 

casing on a SC warhead has been designed for 

fragmentation, so one round serves as both an AT and an 

Figure 2-4.  SC Jet Formation (Source:  Dietrich [2]). 

Figure 2-5.  Typical Penetration-Standoff Curve (Source:  Silsby [1]). 
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effectiveness to some extent relative to that from a 

nearly full-bore liner, as performance scales with linear 

dimension.  However, using a more sophisticated liner 

geometry ensures adequate jet penetration 

performance.  There are many practical advantages of 

not having to choose between loading an HE or a HEAT 

round.  From personal observation of the effects on 

range impact area infrastructure of one such round, 

about half of the fragments can perforate ¼-in. structural 

steel at close range. 

 

2.4  OTHER LINED-CAVITY CHARGES 

Nonjetting variants of the lined-cavity charge evolved 

contemporaneously with the SC.  One example is the 

hemispherical liner warhead.  The interaction of the 

advancing detonation front with the hollow 

hemispherical liner first accelerates its central element 

forward at high speed, while with time the material is 

thrown increasingly on axis on top of the earlier material 

until the detonation front has swept the warhead.  The 

impact forces elongate the building penetrator, which, 

like the SC jet, elongates in flight and ultimately breaks 

up, but at much greater range than the SC jet.  The result 

is a relatively short, LRP-like projectile that is lethal at 

very long standoffs (Figure 2-7).  Note that while the liner 

material piles on itself and elongates as in the SC 

warhead, it does not form a jet and slug, so that all of the 

liner mass is effective. 

Another lined-cavity charge is the explosively formed 

penetrator (EFP) (Figure 2-8).  A carefully designed liner, 

usually mildly curved and often of variable thickness like 

a lens, lines the forward end of a puck-like explosive disc, 

also usually having a very carefully engineered shape.  

Central detonation from the rear throws either the center 

(rearward folder) or the periphery (forward folder) 

forward relative to the rest of the metal and produces a 

Figure 2-7.  Penetrator from SC with Hemispherical Liner (Source:  Dietrich [2]). 

Figure 2-6.  Typical SC Penetration of Armor Plate (Source:  Silsby [1]). 

Phantom line shows original casing. 
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shorter slug, again incorporating most of the liner mass.  

Unlike the SC, which forms a jet that springs off a slug, 

and the hemispherical liner, which forges itself into a 

stretching slug, the EFP merely forges a nearly cylindrical, 

thin metal disk into a nonstretching slug with little or no 

mass loss.  Slugs from both the hemispherical liner and 

from the EFP warheads travel at about 2,500 m/s. 

Figure 2-8 view a shows the two classes of EFP warhead 

design.  The results on a target are about the same.  In 

view b, a submunition dispensed from an artillery or 

rocket round falls over the target area.  It is suspended 

from a special parachute such that its sensor scans an 

ever-decreasing spiral on the ground.  It is initiated at the 

appropriate time after a target is detected, attacking the 

relatively thinner roof armor of the tank.  In view c, an 

artillery round scans for a target as it flies over the 

battlefield.  At the appropriate time after target 

detection, the warhead initiates.  There would be more 

than one liner to provide adequate ground coverage.   

View d illustrates an EFP AT mine.  When the sensor 

detects a tank above it, the fuzing initiates a 

programmed sequence that first blows off the 

overburden and sensor hardware with a black powder 

charge, revealing the liner, then detonates the explosive 

to form the slug that perforates the relatively thinner 

armor on the bottom of the tank. 

2.5  THE IMPORTANCE OF INCREASED KE PROJECTILE 

STRIKING VELOCITY 

The history of the evolution of the KE projectile has been 

a series of increases in velocity and in length.  Velocity 

increase is extremely important at ordnance velocities 

because impact pressure rises with the square of the 

striking velocity and penetration increases until the 

impact pressure is much higher than the strengths of the 

materials involved, and penetration becomes like a 

liquid-on-liquid process (hydrodynamic penetration). 

Figure 2-8.  EFP Smart Munitions (Source:  Silsby [1]). 
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Figure 2-9 shows typical data for penetration per unit 

length (P/L) of penetrator into a solid (monolithic, semi-

infinite) armor target, as a function of striking velocity.  

The data are from Tate et al. (1978) [12], Silsby (1984) 

[13], and Cuadros (1987) [14].  The various regimes are 

labeled with bars spanning the velocity range.  Note that 

what one person labels as a blistering 5,000 ft/s is 

much slower 1,500 m/s.  Also note that 

what one person calls hypervelocity is really 

hypervelocity, while the muzzle velocities for HVAP shot 

are on the low end of the ordnance velocity interval.  SC 

jets strike in the 79 km/s velocity regime, while the 

speed of sound in steel is about 6 km/s.  Because the 

interface between the penetrator and the target sinks 

into the target at some fraction of the striking velocity, 

almost all penetration is subsonic relative to the speed of 

sound in metallic and ceramic armor. 

Over the whole curve, the increase in penetration with 

velocity is the greatest at typical tank cannon LRP 

velocities.  By adjusting the gun and projectile system to 

slightly increase velocity while launching the same 

length of penetrator (but not necessarily the same 

diameter), it will be able to perforate thicker armor, and 

hence defeat more heavily armored tanks.  Again, the 

curve is per unit length of penetrator.  By doubling 

length, penetration is likewise doubled, at least to a first 

approximation.  In the remainder of this monograph, KE 

penetrator  refers to a long, fast KE penetrator and not 

AP shot or an HVAP round. 

2.6  ADVANTAGES AND DISADVANTAGES OF KE VS. 

SC AMMUNITION 

2.6.1  KE Ammunition Advantages 

In general, explosively filled rounds can only endure 

limited acceleration without risking an in-bore 

detonation and hence have a low muzzle velocity 

relative to antiarmor LRP rounds.  This disadvantage, 

coupled with their bluff bodies, makes explosively filled 

rounds more subject to disturbances in flight such as 

buffeting cross winds and gives more time for the 

disturbances to grow before impact; hence, they are less 

accurate than KE rounds. 

In contrast, the flatter trajectory of a KE round reduces 

inaccuracy from poor range estimation, which results in a 

better probability of hitting a target.  The KE initially 

imparted to a SC round does not contribute to its 

penetration, and its blast does not couple well to heavy 

structures such as tanks.  However, when a KE round fails 

to perforate and is stopped in a target, most of its KE is 

absorbed by the target, producing a severe shock.  In a 

perforation, more behind-armor debris is generated by a 

KE projectile as opposed to a SC jet, which increases the 

probability of a kill given a perforation.  In 

addition, the inert projectile in KE ammunition helps 

reduce vehicle vulnerability if its ammunition stores are 

hit.  

2.6.2  KE Ammunition Disadvantages 

There are disadvantages to KE ammunition as well.  Its 

velocity decay reduces its effectiveness with range to 

target.  While it is never good practice to fire over 

Figure 2-9.  Typical P/L vs. Velocity Data for Tungsten Long-
Rod Penetrators vs. RHA (Source:  Silsby [1]). 
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friendly territory, the SC round at least is composed of a 

single projectile following a predictable trajectory.  In 

addition, the sabot petals ejected from a KE round 

endanger a large area ahead of the gun, and the KE 

ammunition has poor spotting ability.  The ideal tank 

iew is 

attack from a prepared ambush.  Given that the 

ambusher can only fire two or three shots before 

becoming vulnerable, and there may be two more from a 

nearby, prepared firing position, it is imperative that the 

gunner be able to determine his hit point promptly so as 

to re-lay (re-aim) the gun for subsequent shots.  The 

small diameter of the KE round leaves only marginal 

space for a tracer, which is necessary for the gunner to 

judge the trajectory before impact. 

Also, while a KE round just disappears into the dirt or 

trees, if the SC round detonates, it creates an 

unmistakable signature.  The blast, flame, and smoke 

from a nonlethal hit or close strike have considerable 

counter-fire.  Finally, whereas the LRP is strictly an 

antiarmor munition, the multipurpose SC munitions have 

intentionally traded away some of their impressive 

penetration capability to add a fragmenting case, so 

some antipersonnel rounds normally carried can be 

replaced with the

primary role as a tank killer.  These advantages and 

disadvantages of KE ammunition vs. HEAT rounds are 

summarized in the following lists.
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3.  NORMAL 
INCIDENCE SEMI-
INFINITE 
PENETRATION:  DATA  

Chapters 3 through 7 will address only KE penetration.  A 

good approach to understanding the penetration 

process is to study the simplest interaction geometry 

first.  After the processes at work are understood, then 

additional factors can be explained one at a time.  The 

simplest interaction is for a penetrator in the form of a 

long right circular cylinder of uniform properties to 

attack a half-space of armor.  The rod trajectory is at right 

angles to the target face.  This is referred to as normal 

incidence penetration.  The rod axis lies along its line of 

flight, not tipped (yawed).  The process is then symmetric 

-dimensional.  

That is, the values of variables depend on two distances:  

along the axis and along the radius, but not along the 

third dimension, the angle around the axis from some 

arbitrary plane containing the axis of symmetry, e.g., 

vertical. 

The effect of various penetrator and target parameters 

(variables) is discussed in this chapter, as opposed to the 

effect of striking geometry parameters, such as target 

obliquity and yaw.  Rather than a discussion involving a 

fixed velocity, the information is presented as a curve 

that relates response to increasing velocity.  Note that 

most of these data were generated at reduced geometric 

scale, i.e., with small penetrators and targets, not 

something shot from a tank cannon.  Also, there is a 

fundamental difference between the behavior of the 

commonly used steel and tungsten penetrator materials 

and that of DU.  The data used in this chapter are initially 

from attack by steel alloy penetrators, then some 

tungsten (powder metallurgy) alloy rod data are used. 

 

3.1  EXPERIMENTATION AND DATA INTERPRETATION 

Figure 3-1 illustrates total penetration (not penetration 

per unit length [P/L]) for various lengths of a British tool 

steel rod into a very thick armor steel target.  Note that 

the penetration increases with rod length, as expected.  

However, the curves cross, and may not even have the 

same shape suggesting a more complex process than 

expected.  

concepts is to determine the underlying physics where 

possible, or barring that, at least generate sufficient data 

at appropriate points so the underlying physics can be 

modeled empirically with sufficient accuracy to be useful 

in the development process.   

Data should be interpreted carefully.  Each data point is a 

sample of reality, as representative as the experimenter 

can practically achieve, but undoubtedly subject to 

random error not necessarily normally distributed.  For 

well-behaved data, and absent any knowledge of the 

physics behind the process, the best curve to fit through 

three points is a straight line.  If the behavior is constant, 

the line will be more or less horizontal.  The straight line 

Figure 3-1.  Penetration vs. Velocity for Three Rod Lengths 
(Source:  Silsby [1]). 
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is an approximation to the behavior studied in the region 

where the data exist.  The straight-line fit allows 

generation of actual numbers that predict future 

behavior and some estimate of the errors in the 

experiment by seeing how the individual points vary 

from the straight line fit that minimizes the error.  With 

only three data points, there is no way of estimating the 

actual behavior very far away from the region of the data 

points.  So maybe the nearly straight line for the  

56.7-mm rod length is curved like the line through the 

extensive 71.4-mm data set.  A few more data points at 

the extremes would help to improve the precision of the 

curve. 

Smooth processes should result in similar curves, not 

ones that cross, like the 71.4-mm and 89.9-mm lines 

shown in Figure 3-1.  The only reason the 89.9-mm line 

for the longest rod crosses that of the middle one is to try 

to approach its lowest data point.  However, the error 

due to the fit must also be balanced among the other 

points.  Each point is weighted equally in the fitting 

scheme when the error distribution is unknown.  It would 

appear that no simple curved line would be able to fit 

well through the two bottom points.  Maybe there is a 

gross error in the lowest point, and the curves look like 

those in Figure 3-2 and Figure 3-3. 

It does not seem unreasonable for one single data point 

in a set of 15 to be an outlier.  However, if it is, and is in 

the wrong place on the graph (at the extremes of the 

curves), it could make interpretation difficult.  Again, a 

few more data points would clarify this uncertainty.  A 

-fitting is that at least 

five data points plus the number of parameters in the fit 

are needed before the fit will not be unduly influenced 

by outliers [15].  By any measure, the data set for the 

56.7-mm long rod in Figure 3-1 is a bit inadequate if the 

performance curve is a parabola originating at some 

point on the horizontal axis (zero velocity would certainly 

result in zero penetration, while target strength would 

suggest a positive velocity below which no penetration 

would be observed).  

Plotting data as they become available can make it easier 

to resolve questions about the data.  Shots should be 

concentrated at extremes and at velocities where the 

data would best influence the shape of the regression.  A 

Figure 3-2.  Another Interpretation of the Same Data Set as 
Shown in Figure 3-1 (Source:  Silsby [1]). 

(Adapted from Tate et al. [12])  

Figure 3-3.  Normalizing Penetration by Rod Length 
Simplifies the Data (Source:  Silsby [1]). 
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certain number of shots in a firing program should be 

allotted in advance to clean up the data after the 

preliminary analysis, even if it means scheduling a 

second block of time in the range.  The clean-up shots 

must be planned in addition to those allotted for 

repeating shots when there is something obviously 

wrong (bad velocity, bad yaw, target mounted upside-

down and backwards in the butt, etc.).  It is important to 

make extra penetrators and targets in the beginning, 

because finding identical materials later on may be 

difficult, and producing a small batch of any part is not 

economical.  

Do not throw out any data point as a result of how well 

or poorly it fits a curve.  The postulated curve may not 

reflect reality, or there could be a lot of real variability in 

the process, as opposed to error in measurement.  Preset 

criteria should be used to decide when to disregard data, 

e.g., yaw in excess of 1̄ or velocity outside a plus or 

minus 20-m/s window.  Then all data that falls outside 

the window of acceptability should be excluded from the 

analysis, not just the points that are inconvenient for 

your hypothesis.  The variation in penetration data is not 

usually normally distributed, which is an assumption that 

underlies most commonly used data-fitting schemes.  

Small variations in measured velocity, materials 

properties, etc. probably are normally distributed, but 

the effect of pitch and yaw is probably nil up until some 

threshold, then it only degrades performance, never 

improves it, at least on normal incidence targets.  

One measure of penetrator vs. armor performance is to 

measure the velocity at which the penetrator will just 

perforate a given armor.  Candidate penetrator designs 

can then be compared quantitatively.  In this so-called 

limit velocity  testing, knowing the exit velocity adds 

significant information, so striking velocity vs. residual 

velocity plots largely supplanted the earlier method for 

determining the limit velocity that just used whether or 

 
4 See the Bibliography for useful resources for the analysis and interpretation of large amounts of data. 

not the target was perforated.  Lambert and Jonas [16] of 

BRL developed an early computer data-fitting algorithm 

that used information from both perforating hits and 

nonperforations.4 

To collapse the datasets in Figures 3-1 and 3-2 to the 

same curve, divide 

(normalizing the data) (Figure 3-3).  A simplifying scheme 

such as this aids in spotting bad data points also.  It has 

the same result as pooling data from several sets.  If the 

rule used is good, it increases confidence in the shape of 

the curve while slightly broadening the region around 

this central trend in which the actual behavior could be 

expected to lie if a large number of additional shots were 

fired.  

3.2  EFFECT OF ROD LENGTH ON DEPTH OF 

PENETRATION 

The data presented and their interpretation in Section 

3.1 reveal that increasing the length of a long-rod 

penetrator at a given striking velocity increases the 

penetration depth proportionally, while increasing the 

striking velocity of a given length of penetrator increases 

the depth of penetration.  The data here suggest that this 

depth of penetration increases strongly with velocity, but 

as later data will show, the curve turns down at about  

2 km/s and becomes nearly flat at about 3 km/s.  

3.3  EFFECT OF PENETRATOR DENSITY ON 

PENETRATION 

Next to length, penetrator density is the most important 

factor affecting penetration.  Compare the two sets of 

long-rod (L/D 10 and above) data on the plot of P/L vs. 

velocity shown in Figure 3-4.  Data for WA penetrator 

density of 17.3 gm/cm3 [13, 12] are supplemented with a 

single curve summarizing a large amount of P/L data for 
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approximately L/D 10 WA rods with densities of 17.0 and 

17.6 gm/cm3 [17].  Well below this curve is a set of steel 

data [12, 18] (density of 7.83 gm/cm3) and is 

supplemented with a limited number of high-velocity, 

steel-penetrator, long-rod data from BRLs 50mm 

high-pressure powder gun in Range 309A [19].  The two 

sets of data are quite representative of their respective 

classes.  Note the clear difference between their plots.  It 

would be clarifying to collapse the data onto one curve. 

This chapter presents observed data, while Chapter 4 

presents the underlying physics.  As will be derived in 

Chapter 4, if one considers the momentum balance on 

two strengthless jets of the same cross-sectional area of 

materials of different densities impinging on one 

another, one can solve for the relative penetration of one 

into the other.  This number is proportional to the square 

root of the ratio of the two densities, totally independent 

of velocity.  Empirically, this so-called density law  has 

worked well for modeling SC jettarget interactions, 

where the average jet velocity is very high.  While the KE 

penetrator data presented in Figures 3-4 and 3-5 show 

that penetration increases monotonically from zero to a 

bit above this density law number (theoretically 1.49 for 

typical ballistic WAs on steel and exactly 1 for like-on-like 

impacts), the data do appear to be flattening out at near 

the density law value at high velocities, and the 

difference between the two curves in each figure 

appears to be proportional to the velocity. 

The raw data in Figure 3-4 are corrected by this factor 

and replotted in Figure 3-5.  (Since the ratio of target-to-

penetrator density is unity for steel on steel, only the 

tungsten-on-steel curve is affected.)  Using this factor 

reduces the spread between the two curves 

all differences, particularly at ordnance velocities, the 

range of velocities from current powder guns (about  

1 2 km/s). 

3.4  EFFECT OF PENETRATOR AND TARGET 

STRENGTHS ON PENETRATION 

There are two strengths involved in penetration:  

penetrator strength and target strength.  At striking 

velocities where the penetrator erodes, penetrator 

strength has little effect on penetration.  While the effect 

of target strength is significant, it is not as significant as 

target density. 

 

Figure 3-5.  Normalized Density Curves (Source:  Silsby [1]). 

Figure 3-4.  Effect of Penetrator Density on Penetration (Source:  
Silsby [1]). 
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3.4.1  Strain Rate Effects on Material Strength 

Material strength is dependent on the rate at which 

strain (deformation) is applied.  Under ballistic impact, 

both penetrator and target materials tend to act stronger 

than observed in a tensile or compression test 

conducted at normal deformation rates.  This 

observation is confirmed by the results of special tests 

(Hopkinson bar impact tests) developed to measure 

material properties at strain rates up to about 

106 mm/mm per second, typical rates encountered in 

ballistic impacts.  Increases in apparent strength of up to 

about three-fold over quasistatic strength may be 

observed, with this strain rate effect more apparent in 

some materials than others. 

3.4.2  Temperature Effects on Material Strength  

Temperature also affects material strength.  The hotter a 

material is relative to its melting point, the lower is its 

strength.  Over the most extreme temperature range 

available in the environment, this effect is probably not 

noticeable in tungsten, sinter-alloy, LRPs, but it is a minor 

influence in steel.  The difference in temperature 

between an armor plate shot at 10̄F during the winter 

and at perhaps 160̄F after being in the summer sun all 

day will be reflected in the data when a very sensitive 

measure such as limit velocity is used.  (It is more 

significant that small changes in the temperature of the 

propelling charge will significantly affect the muzzle 

velocity, and hence the outcome of a test, but the 

striking velocity should always be measured and 

recorded.)  It is important to either conduct tests under 

reasonably constant conditions (there will be no 

noticeable difference over a range of typical indoor 

temperatures) or record the (estimated) temperature of 

the components in case some questions arise. 

 

3.4.3  Penetrator Strength 

No homogeneous set of data from the literature could be 

found to compare the effects of penetrator strength, i.e., 

data where all factors other than strength were held 

constant.  Data from disparate sources with penetrator 

hardness, and hence strength, varying from very soft to 

about a hardness of 55 on the Rockwell C (HRC) scale, 

unfortunately were sparse and included data from shots 

with and without bulges and revealed no systematic 

trend. 

3.4.4  Target Strength 

The data showing the effect of target strength in  

Figure 3-6 come from a comprehensive work by Hohler 

and Stilp [18] and from Sun, Wu, Zhao, and Shi  [20] in 

China.  Hohler and Stilp were unclear about whether the 

strength reported was yield or ultimate.  Target strengths 

varied from that of typical structural steels to that of 

armors.  There is an almost linear correlation between 

hardness and strength [21], so strengths are shown that 

were inferred from hardnesses where strengths per se 

were not reported.  Strengths and hardnesses were not 

Figure 3-6.  Effect of Target Strength on Penetration Depth 
(Source:  Silsby [1]). 
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reported at all in Sun et al., but the data fit the trend in 

the German data quite well if it is assumed that the 

Chinese 0.45 carbon steel is similar to the German ST 37 

steel, and that the Chinese armor steel is similar to that of 

the German HzB20 armor steel.  It is not clear in the 

figure, but the P/Ls would probably converge to a 

common value at higher velocities. 

3.5  PENETRATION HOLE DIAMETER 

In thin targets, the penetration hole diameter is about 

that of the penetrator.  In thick targets struck at low 

velocity, the penetration hole diameter is also essentially 

that of the (rigid) penetrator.  As rod erosion occurs, hole 

diameter suddenly jumps up, as the advancing rod has to 

push the debris from the mushrooming head aside to 

create the cavity.  The cavity diameter continues to grow 

with increasing striking velocity.  As an extreme example, 

hole diameter is about five penetrator diameters at  

4.5 km/s for tungsten on RHA [13], achieved in a two-

stage, light-gas gun facility totally impractical for any 

contemplated military system.  It is interesting to note 

that at a given velocity, the hole diameter deep in thick 

targets is about the same as that in semi-infinite targets, 

whether or not perforation occurs. 

Figure 3-7 illustrates the effect of velocity on hole 

diameter at ordnance velocity as fired by Silsby for 

Roecker and Grabarek [22].  It was generated using 

reduced- (one-third) scale 94% WA long rods against 

both semi-infinite and finite RHA.  The large cross in the 

plot is one standard deviation on the vertical spread in 

hole diameter data from 16 shots at one intended 

striking velocity, while the horizontal bar is one standard 

deviation long about the average velocity.  There is 

considerable scatter in the diameter, perhaps because 

most real holes are quite irregular relative to their 

diameter. 

As discussed in Section 2.3, with hydrodynamic 

penetration, the everting penetrator material exerts force 

on a target to open a hole, and the formation of a hole in 

the target redirects the penetrator material stream.  The 

only way a penetrator can influence a target and vice 

versa is through interface forces.  At each point of 

contact, New

the same on both sides of the interface.  That force is 

determined by the curvature of the turning penetrator 

material, its thickness and density, and its local velocity.  

It has been observed that target material inertia and 

shear (friction) forces between target and penetrator 

material streams are low.  If these forces are assumed 

absent, the target only exerts a normal force on the 

penetrator stream, a force limited to a value determined 

by the target material strength and loading geometry.  

The radius of curvature varies smoothly from the 

centerline out to where the penetrator material stream is 

directed up-range, establishing the diameter of the hole.  

Comparing between cases when all other conditions are 

equal, rods of higher velocity, or of higher density 

material, or of larger diameter, should result in the larger 

hole size. 

 

Figure 3-7.  Hole Diameter vs. Velocity at Ordnance Velocities 
(Source:  Silsby [1] from Roecker and Grabarek [22] data). 
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3.6  PENETRATION HOLE VOLUME 

Hole volume is related to both penetration depth and 

hole diameter.  Armor-piercing shot will produce a hole 

whose diameter is just that of the shot.  At higher 

velocities, an eroding penetrator will produce a hole of a 

characteristic diameter depending on striking velocity, 

strength, and failure behavior, which vary considerably 

among penetrator materials.  Conceptually, as the 

striking velocity for an LRP drops, at some point the hole 

diameter will just be large enough to pass the erosion 

debris.  If the eroded penetrator debris is laid into the 

hole at the speed the interface advances, the hole 

diameter must be 1.414 times the rod diameter to just 

pass the debris.  While it has been postulated that hole 

volume in typical ductile metallic targets may be 

proportional only to striking energy, experimental 

researchers such as Hohler and Stilp [17] have found that 

to be the case only at striking velocities well above the 

ordnance velocity regime (Figure 3-8). 

3.7  THE L/D EFFECT 

Penetration depth is not necessarily independent of rod 

length and diameter.  Under a set of conditions where 

the aggregate sum of all of the various nonsteady state 

effects was not close to zero, an effect of L/D on 

penetration depth would be expected.  (Of course, there 

could be large differences in behavior from that 

occurring during steady state, but they would balance 

each other out, and would not be noticed unless we set 

out to study them in detail instead of just looking at the 

final penetration depth.) 

These effects can be grouped into start-up and end-of-

penetration effects.  The penetrator could be heavily 

influenced by the free surface of the target face until the 

penetrator-target interface had sunk a number of rod-

diameters into the target where the target material is 

heavily confined.  Similarly, when the interface gets 

within some number of rod-

surface, target self-confinement drops.  If an LRP were 

fired into a very thick target down a long hole, so that 

penetration both started and stopped deep in the 

interior, constraint conditions would be considerably 

different than striking the same target on an open face.  

Differing P/L values for the two different striking 

conditions would be evidence of such a free-surface 

effect. 

Several other end-phase scenarios could result in an L/D 

effect.  The target is penetrated by the penetrator-target 

interface.  While this feature advances at some fraction of 

the striking velocity, its speed is not negligible.  As the 

last of a penetrator is spent on the target, perhaps the 

zone under it continues to advance a bit.  Likewise, under 

certain striking conditions, penetrator material everting 

into the penetration channel can have a forward velocity.  

Perhaps this annulus of material then slams into the 

bottom of the channel, increasing the depth of 

penetration a bit.  These possibilities will be discussed in 

Chapter 4, which addresses mechanics rather than data 

uninformed by physical understanding. 

An L/D effect on the P/L vs. velocity curve is expected 

when significant influences cause the total penetration 

to be different than expected from the steady state rate.  

In mathematical form, this can be written: 

Figure 3-8.  Hole Volumes are not Entirely Proportional to 
Striking Energy (Source:  Silsby [1]). 
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  (1) 

The k is probably a function of velocity, and the 

  term would be approximated by very long rod 

data, where the presumably short-lived, unsteady state 

effects are swamped by the long duration of the steady-

state phase.  If it is assumed that the hole growth was 

reflected in the seemingly linear hole diameter vs. 

velocity data, the second term could be refined by 

writing it as aV/L, where a is a constant. 

3.7.1  Normalizing L/D Data 

The L/D effect is quite significant as shown in Figure 3-9, 

which illustrates copious iron-on-iron data from 

numerous sources cited earlier , 23].  These data 

can be normalized by finding a k in Equation 1 that 

collapses all the data onto one curve. 

The normalized curve shown in Figure 3-10 shows 

significant reduction in spread.  The value of k was 

computed from data at one striking velocity.  Note that 

the L/D 5 line blends into the L/D 1 line, and that the  

L/D 1 and L/D 10 curves lay essentially on top of each 

other up to about 2.5 km/s, seeming to imply that 

whatever effect causes this difference in penetration is 

independent of velocity.  This result 

support the hypotheses about secondary penetration 

and target inertia causing additional hole growth, as 

these phenomena should increase dramatically with 

increasing striking velocity.  Note that the value for semi-

infinite penetration for an infinitely long rod is only a few 

percent below that of an L/D 10 rod, which implies that 

the hole growth term is small. 

3.7.2  Exploiting the L/D Effect 

If the P/L for an L/D 1 penetrator is significantly greater 

than that for an L/D 10 penetrator, it has been suggested 

that an existing rod be cut up and spaced out, as 

suggested in Figure 3-11, to improve overall penetrator 

performance.  This possibility was once an intriguing 

topic for discussion

work has been discovered.  The debris from individual 

segments is everted and rebounds back towards the 
Figure 3-9.  P/L vs. Velocity as a Function of L/D (Source:  Silsby [1]). 

Figure 3-10.  Normalization by L/D (Source:  Silsby [1]). 
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penetrator axis, interfering with the following segments, 

a familiar phenomenon in SC jet penetration. 

3.8  MORE MATERIAL PROPERTIES IMPORTANT IN 

SEMI-INFINITE PENETRATION 

Most of the semi-infinite penetration process that counts 

occurs with the penetrator and target in a state of 

compression and shear.  The compression tends to keep 

cracks shut and not induce them to run rapidly.  Under 

these circumstances, the notch sensitivity of materials is 

not as important as when the materials are in a tensile 

stress state.  Many times, the materials are being 

employed in a relatively soft and very tough state, with 

very large critical stress intensity factors, as in RHA.  A 

pair of radiographs, shown in Figure 3-12, illustrates an 

important point that is not well understood:  A target 

degrades a penetrator only when and where it contacts 

it.  At normal incidence, the degradation is in the form of 

erosion, while at oblique incidence, the penetrator is 

both eroded and given a tipping rate.  If identical 

penetrators at identical velocities perforate a brittle and 

a ductile target of otherwise similar properties, it is 

irrelevant in terms of the effect on the rod that the brittle 

target was later found as dust, while the ductile target is 

intact with the exception of a hole in it.  Ductility and 

strength are usually not independent properties.  If 

structural integrity and second-round hit protection are 

not issues, in armor, it is advantageous to trade away 

ductility for strength, so as to erode more of the rod with 

the same thickness and weight of armor. 

The 1-in. diameter ball on the left in Figure 3-12 is a steel 

bearing ball, while the one on the right is an aluminum 

Figure 3-11.  Exploiting the L/D Effect (Source:  Silsby [1]). 

Figure 3-12.  Steel (left) and Ceramic (right) Ball Targets (Source:  Silsby [1]). 



FIGHTING VEHICLE ARMOR AND ANTIARMOR MUNITIONS Graham F. Silsby and Dr. Andrew Dietrich 
DSIAC Monograph 2021-1340 Distribution A:  Approved for public release; distribution is unlimited. 

Chapter 3.  Normal Incidence Semi-Infinite Penetration:  Data  //   3-10  

oxide ceramic grinder ball.  The two shots, BRL Scaled 

Armor Concepts Program shots 292 and 293, were fired 

in 1978 to settle the question of whether the penetration 

process was the same or different in these two quite 

different target materials.  Two identical penetrators 

were fired at identical velocities at the identical size balls 

and radiographed at close to the same time delay into 

the target.  The penetrator, a rod about one-third the ball 

diameter, is entering the ball from left to right.  (A 

common convention in ballistics and in this monograph 

where feasible, is that figures are drawn showing flight 

from left to right.)  Both penetrators exhibit the water-

splash like entrance signature in the penetrated zone.  

The radiographs reveal no significant difference, though 

multiflash radiographs are hard to interpret because 

several later images are overwritten on the same film.  In 

this case, the residual fragments and pieces of the three 

small wooden dowels that supported the ball from the 

plywood to the right and the half-tone rendition further 

obscure the images.  The only difference noted after the 

shots was that small but discrete chunks of the steel ball 

were left, while the ceramic was shattered to dust. 

3.9  EFFECT OF SIZE (GEOMETRIC SCALE) 

One of the most troubling considerations in terminal 

ballistic testing is having to operate at reduced scale due 

to launcher limitations, cost considerations, etc.  It is well 

known that many materials are grainy as a result of their 

composition or processing.  For example, concrete is an 

engineered composite in which the coarser part of the 

aggregate is gravel or crushed stone, and the finer part is 

sand.  The distribution of sizes is carefully controlled to 

minimize void volume that must be filled with the 

cement-water paste that cures to a rock-like matrix.  Most 

structural concrete includes steel reinforcing bar.  If you 

have to test a munition such as a bomb designed to 

penetrate concrete, it is best to conduct many carefully 

controlled tests economically.  Gun launching a reduced-

scale simulant seems like the best approach.  It would 

seem logical to make every part of the penetrator and 

target a reduced-scale geometric model of the real thing.  

Modeling the concrete, including a reduced-scale 

reinforcing bar and the aggregate, would be challenging. 

There are other considerations of this reduced-scale 

modeling.  What about reduced-scale vs. full-scale 

penetrators of sintered and/or cemented alloys such as 

tungsten-nickel-iron?  Should you start with finer 

powders and use scaled-down processing equipment to 

make the rods?  What about precipitation hardening 

alloys such as DU alloyed with ¾ weight-percent 

titanium (DU-3/4Ti), or the maraging steels?  How would 

the grain size of the base metal be scaled down, and 

what would be the metallurgical effects of scaling down 

the size of the precipitate, if possible?  How would 

harden and temper alloys, of which RHA and 4340 are 

typical, be scaled down?  Notch sensitivity definitely 

Different fracture behaviors 

between model and prototype are possible. 

Although it is challenging, scaling is not a serious 

impediment to developmental testing.  No experimental 

evidence has been found that suggests that the result of 

a geometrically scaled test was far from that of the 

prototype.  In the data for tungsten rods on RHA targets, 

presented earlier in Section 3.3 and shown again in 

Figure 3-13, the penetrator masses fired at ordnance 

velocity were less than 100 gm [12].  Three of the four 

Silsby hypervelocity data [13] are clusters of three shots 

at well separated requested velocities, with one or two 

125-gm and one or two 250-gm geometrically scaled 

long rods.  Only the three darkened symbols in Figure 3-

13 (of the four Cuadros data [14]) are points in which the 

penetrators weighed in excess of 700 grams.  Only the 

highest-velocity shots appear to be significantly above 

the trend. 

The most important factor favoring reduced-scale testing 

is that many reduced-scale tests can be fired for the price 

of a single, full-scale test.  The thorough understanding 

of the underlying mechanisms gained by extensive, 
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reduced-scale, exploratory testing can be applied to 

optimizing performance.  In addition, a limited number 

of full-scale shots in the region around the optimum will 

prove (or disprove) the concept and at the same time 

provide a test of the scaling. 

The size of the model should be as close to that of the 

prototype as practical or economical.  Also, the model 

 

to rupture, etc.) should be as close to those in the 

prototype as possible.  For example, a model penetrator 

whose diameter is, say, 20 

characteristic grain size will probably behave the same as 

a full-scale penetrator that is 50 times the grain size in 

diameter. 

Mass drops as the third power of the decrease in size, or 

scale factor.  Thus, a small reduction in scale can 

frequently relieve a constraint imposed by excessive in-

bore mass for gun-launched work.  If a small velocity 

increase were needed from an existing gun, it would not 

be unreasonable to fire a model-scale ordnance velocity 

shot at, say 80% scale, where the mass would be about 

50% that of the prototype. 

Within reason, every geometric dimension is reduced by 

the same scale factor.  The aggregate in the concrete is 

scaled down.  Thicknesses, lengths, hole dimensions, etc. 

are made smaller by the same amount in both penetrator 

and target.  All material properties are kept the same as 

those of the prototype.  Ideally, the model would be 

materials.  If practical, available materials are used.  For 

example, the hardness of RHA varies with thickness (but 

not in the through direction in any plate):  the thinner 

the plate the harder (and hence stronger) it is.  Rather 

than slice thin plates from the corresponding thick ones, 

we have the temper drawn on thin plate to bring the 

hardness down to the value of the prototype.  This 

method is a simple operation involving heating the plate 

to relatively low temperatures and holding it long 

enough to let the metallurgical transformations 

complete (typically a few-hour operation at most). 

Geometric scaling cannot be applied to root radii on 

highly stressed areas of the penetrator or target because 

the stress intensity factor governs whether or not the 

material flows or cracks locally, not the average stress in 

the region around the radius or discontinuity.  The stress 

intensity factor depends in turn on the size of a radius or 

other discontinuity (such as a typical flaw, crack, or 

inclusion) in the material.  Typically, the size of driving 

lands and other features on a real projectile is limited by 

the minimum root radius that a single point tool can 

consistently generate during the entire finishing cut over 

the part.  If the radii are below about 0.5 mm (0.020 in.), 

tools may be worn during cutting and may need to be 

replaced. 

Thus, two factors militate against reducing the size of 

critical features on a scaled-down rod or target.  One is 

that the prototype features are already so small that you 

will not be able to consistently reproduce them at a 

Figure 3-13.  The Effect of the Geometric Scale of the 
Experiment (Source:  Silsby [1]). 
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smaller size anyway.  The other factor is that high-

strength materials such as penetrators typically have 

relatively low fracture toughness values, so that large 

part-sections are brittle rather than ductile.  Thus, root 

radii and part geometry, and possibly metallurgy, should 

be adjusted to produce the desired stress concentration 

factor on impact, while considering changes in material 

property with strain rate, and so on.  These adjustments 

are challenging to even the best stress analyst.  It is 

recommended that parts be designed to be as simple as 

possible so that internal flaws rather than made-made 

features are the likely limiting factors.  In this way, the 

model and prototype will likely perform the same.  

However, any brittle behavior should be noted. 

To scale a penetrator down significantly, make the length 

that of the prototype times the scale factor.  If the 

prototype is not close to a simple cylinder in geometry, 

make the model rod as close to the overall geometry as 

practical, e.g., long tapers are modeled as long tapers, 

long cylinders of different diameters are modeled as long 

cylinders of scaled diameters, etc.  However, small details 

are not included.  For example, a threaded fin hub will be 

modeled as part of the basic rod, adjusting model rod 

diameter slightly to maintain correct overall scaled 

length and mass.  Features necessary for firing at 

reduced scale are freely included, e.g., using 60̄  V-form 

threads for traction launch.  When there is no pressing 

need for all of the full-scale detail to be included on the 

reduced-scale rod, make it a hemispherically nosed right 

circular cylinder of such a diameter that the factor by 

which the mass is reduced is the cube root of the scale 

factor.  This diameter is called the effective diameter. 

Figure 3-14 shows how decreasing the scale factor 

affects the design, mass, length, and diameter of a 

penetrator.  Drawn for the purposes of illustration only, 

the large penetrator on the top typifies an LRP.  Made 

from an unusual uranium alloy having a density of  

18.3 gm/cm3, a 250-mm-long L/D 15 rod would weigh 

exactly 1 kg.  The effective diameter of this speculative 

rod would be 16.67 mm. 

As can be seen in Figure 3-14, a 50% decrease in scale 

radically drops the mass from 1 kg to 125 gm.  The 

cylindrical forward part, which would mount a wind 

screen, has been scaled exactly, while the root radius at 

the intersection with the taper is identical to that of the 

prototype.  The driving lands have been replaced with 

nonfunctional helical threads with the same root radius 

as the prototype, but with a minor diameter scaled down 

by 50%.  The fin hub has been eliminated to provide a 

larger bearing area for push-launching.  The rear taper 

would be the same, and minor irregularities in mass 

would be ignored.  If necessary to provide enough 

bearing area, the taper on the rod would be altered to 

increase base diameter but maintain the correct scaled 

mass.  At smaller scale, the rod becomes a 

hemispherically nosed right circular cylinder and finally 

loses the hemispherical nose. 

Figure 3-14.  Geometric Modeling of a Penetrator as Scale 
Factor Decreases (Source:  Silsby [1]). 
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4.  NORMAL 
INCIDENCE SEMI-
INFINITE  
PENETRATION:  
MECHANICS 

Understanding penetration mechanics contributes to the 

understanding of the penetration data.  Remember that 

the semi-infinite targets are being struck by long rods at 

normal incidence at ordnance (tank cannon) velocity. 

4.1  THE REACTION OF PENETRATOR MATERIAL UPON 

PENETRATION 

Upon penetration, the rod erodes while forming a cavity 

in the target.  The main concept is that the rod everts, or 

turns back on itself, as though forming a tube.  However, 

the material in the tube is not necessarily continuous.  

For the usual materials used in antiarmor LRPs, the large 

shear deformations almost always result in particulation 

of the everted material.  At the right striking velocity, this 

material lines the penetration channel and can be picked 

loose from a sectioned target.  More-ductile penetrator 

materials will actually yield a continuous tube.  Figure 4-1 

illustrates the physics more clearly. 

In Figure 4-1, view a, the important features of the 

penetrator are shown in the line art above the centerline.  

Below the centerline, a photo-composite evokes what 

the event must have looked like while in progress.  An 

appropriate length of a photograph of an unfired rod (1) 

forms the tail.  The sectioned tubular recovered 

penetrator material (2) from one shot, and the recovered 

cap (3) from another are pasted onto a drawing of the 

average penetration channel from two semi-infinite 

shots.  The photo-composite is shown sectioned behind 

the cap, while the line art above the centerline is shown 

in full cross-section.  The original undeformed teeth on 

the incoming rod (4) are badly sheared with additional 

sheared surfaces extending from the sharp root radii (5).   

While the threads serve as tracers, improving the ability 

to determine the process from the recovered target and 

penetrator residue, it is not clear which way the teeth 

should point.  The orientation appears to be correct from 

continuity considerations. 

Rod erosion is a shearing process and is confined to a 

zone near the penetrator-target interface.  Viewed 

standing still relative to this interface, penetrator 

material feeds into this zone from left to right as a rod 

and exits from right to left as a tube.  Target material 

advances on the interface from the right and is pierced 

and opened by the action of the impact inertial forces of 

the penetrator stream.  The penetrator-target interface 

can be considered to be a rigid punch sinking into the 

target at the interface velocity.  The conservation laws, 

continuity considerations, an empirical relationship 

between relative erosion of rod and target vs. velocity, 

and various assumptions can be invoked to compute the 

rod material exit velocity with good agreement with 

reality.  At ordnance striking velocities, the exiting tube 

Figure 4-1.  Penetrator Eversion During Penetration (Source:  
Silsby [1]). 
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moves up-range at a very low velocity relative to the 

target, and, in fact, penetrator material is sometimes 

found adhering to the channel wall. 

In the shot illustrated in Figure 4-1, the teeth on the 

surface of the rod restrict material flow at their base, 

while the root radii create high stress concentrations.  

These factors constrain the creation of new surface to the 

zone between teeth.  These lines of shearing are 

suggested by the finer lines in the drawing, while the 

original tooth profile is suggested by the heavier lines.  

The newly created sheared surface is particularly evident 

in the first few teeth behind the mushroomed head in 

the composite photograph.  Creation of the everted tube 

can follow one of two widely different paths.  Depending 

hardening and thermal softening properties, the tube 

can either be smooth and continuous, or comprise a 

number of highly sheared zones forming chips, exactly as 

seen in machining metal. 

Figures in the literature typically show the rod material 

flowing into the target interface and coming out as 

detailed in Figure 4-1, view b.  This is probably an 

oversimplification. 

Compression forces predominate over shearing forces in 

the zone of material near the center of the rod at the 

interface.  Under this loading, it is quite likely that a dead 

zone forms as shown in the larger scale detail of Figure 4-

1, view c.  Such a rod (and target) flow field is much more 

understandable than that depicted in view b.  The 

doubly cusped dead zone, comprising either penetrator 

or target material or both, and only casually active in the 

flow process, acts as a more or less rigid feature 

facilitating the opening of the rod and target materials as 

in the metal-forming operation of piercing.  The friction 

with the flowing penetrator and target materials would 

create a tendency for the material in the dead zone to 

circulate as indicated by the arrows in the additional 

detail in Figure 4-1, view d. 

Experimental terminal ballistics work shows that, at tank 

cannon velocities, the rear of a long rod decelerates only 

slightly until it is nearly consumed.  In fact, you can set 

your imaging trigger delays by this assumption.  Only 

when the rod erodes down to a few diameters in length 

does the speed drop seriously.  See, for example, the 

extensive literature referenced in an excellent BRL survey 

paper by T. Wright [23]. 

4.2  THE REACTION OF TARGET MATERIAL UPON 

PENETRATION 

In semi-infinite penetration, the target material 

go very far.  This fact is also true in deep penetration of 

finite targets.  Little or no target material is actually 

evacuated from the target in creating the penetration 

channel.  At impact speeds even in the hypervelocity 

regime, the target material is essentially incompressible.  

Even under stresses causing general yielding, the bulk 

modulus of metals is too high to accommodate the 

creation of a void volume without gross target material 

flow, observed predominantly at the nearest free surface, 

which is usually the struck surface.  Figure 4-2 illustrates 

the movement of the target material.  The gridded 

surface through the target in the plane of impact on the 

left would deform something like that shown on the 

right.  Think of the zones as annuli around the axis that 

have the same volume before and after penetration.  

Figure 4-2.  Target Material Displacement After Penetration 
(Source:  Silsby [1]). 
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(This figure is only illustrative and not from any 

experimental data.  For discussion of experimental data 

from confined split targets, see the BRL report by 

Bruchey and Glass [24].) 

4.3  SIMPLE PHYSICAL RELATIONSHIPS 

Remember that we are discussing LRPs impacts on semi-

infinite RHA targets at normal incidence.  We are used to 

thinking of the target as being fixed and the penetrator 

as attacking the target with a striking velocity V.  Instead, 

imagine that you are moving down range at such a 

speed that you are standing still relative to the 

penetrator-target interface.  Mathematically, this is 

accomplished by subtracting the interface or penetration 

velocity, U, from the instantaneous velocity, V, of the rod, 

and the zero velocity of the target (Figure 4-3).  Now the 

rod velocity relative to the interface is (V  U), and the 

target velocity is U (i.e., to the left in Figure 4-3).  What is 

the velocity of the exiting tube of material?  The only way 

it can lose energy going around the corner in the 

interface is through friction degradation of KE into heat 

through plastic work. 

How much energy is lost to plastic work was deduced 

indirectly by observing the results of shooting small WA 

long rods into two 6-in. cubes of armor back-to-back at 

increasing velocities.  The testing was conducted to 

generate penetration vs. velocity data to compare with 

an earlier lot so as to qualify (or not) a new lot of 

tungsten rods for a customer.  Only the first block was 

penetrated; the second block served to restrain the first 

block inertially for a time so it would act more nearly like 

a semi-infinite target.  Up to some velocity, the bottom of 

the hole had a residual penetrator stuck in the bottom of 

the penetration channel, but no tungsten debris.  At 

about 1700 m/s, the penetration channel was lined with 

a tightly adherent layer of tungsten chips and the 

residual rod at the bottom.  Above that velocity, the 

bottom of the channel was choked with debris on top of 

the last of the penetrator.  Apparently, at lower velocities, 

the debris headed up-range and did not wedge into the 

target channel.  At about 1700 m/s, the debris came out 

radially and lodged against the wall of the channel.  It 

had no velocity relative to the wall of the penetration 

channel that would dislodge it.  Beyond this velocity, the 

debris headed down range, and it was dislodged again 

coming to rest on the base of the residual rod.  If it is 

assumed that the everted material turns the corner 

without losing any velocity, this threshold velocity would 

be about 1600 m/s, a good correlation:  some energy is 

lost, as it must be, but not much.  Under that assumption, 

the thickness of the stream of everted penetrator 

material can be calculated as well. 

Thus, with a small error, every little packet of material is 

assumed to maintain constant speed while being 

severely redirected, as in a train going around a sharp 

curve, exiting with a speed (V  U) relative to the 

observer fixed at the interface.  By subtracting exiting 

material speed from target speed, the relative velocity 

can be determined between penetrator and target, 

which is 2U  V.  Section 4.4 discusses how to determine 

the value of U. 
Figure 4-3.  Everting Penetrator (Source:  Silsby [1]). 
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4.4  DERIVATION OF INTERFACE VELOCITY, U 

The interface velocity, U, can be related to the P/L value 

observed from experiment.  In Figure 4-4, three 

snapshots of the penetration are presented.  At the top, 

the rod, traveling at its striking velocity, V, is just 

touching the face of the target.  At some intermediate 

time, the rod has partially eroded and sunk some depth 

into the target.  Assuming there is no deceleration of the 

rod, it is then completely eroded, and the penetration is 

finished (bottom).  The average velocities of the tail of 

the rod and of the interface are calculated as shown in 

the figure.  Then, one velocity is divided by the other, 

and the common increment of time is cleared out.  The 

minor mathematical manipulation of dividing all terms 

by penetrator (only) overall length, L is then performed 

to obtain the amazingly simple relationship for U/V.  In 

reality, the rod does decelerate, and usually some 

uneroded rod remains, but the principle is the same. 

4.5  DERIVATION OF THE DENSITY LAW 

Two coaxial streams of strengthless liquids of equal areas 

and different densities impacting each other can be used 

to explain the derivation of the density law.  When 

viewed from a frame of reference fixed in relation to the 

lower-density stream (for convenience called the target 

stream), the material from the higher-density stream 

(called the penetrator stream) is burst open at the 

centerline and exits in a sort of conical spray in which the 

thickness of the diverging exiting spray decreases with 

radius to satisfy conservation of mass.  The material of 

the lower-density stream exits similarly, in contact with 

the inner surface of the higher-density stream, with the 

two streams in general sliding radially relative to each 

other.  The interface moves relative to the frame of 

reference.   

A familiar, albeit sort of two-dimensional (2-D), analog of 

this is a tire rolling on a flooded pavement that throws a 

spray of water out ahead of the line of contact moving 

with the vehicle, the tire being one stream and the water 

being the other.  However, a special frame of reference 

can be selected along the common axis of the two 

streams such that it is fixed at the interface between the 

two streams, and the exit streams are at 90̄ to the axis 

(Figure 4-5). 

Imagine a control volume comprising a right circular 

cylinder with a larger diameter than the liquid streams 

centered on this origin and coaxial with them.  Because 

the streams are strengthless, there is no force applied at 

the surface of the control volume, and the vector time 

Figure 4-4.  Simple Mathematical Relationships Yield Value 
for U (Source:  Silsby [1]). Figure 4-5.  Streams of Equal Area but Different Densities 

Impinging on Each Other Coaxially (Source:  Silsby [1]). 
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rate of change of momentum within the control volume 

must be zero. 

Call the cross-sectional area of the streams A and a unit 

interval of time .  Arbitrarily, call the lower-density 

stream the target stream and the higher-density stream 

the penetrator stream.  Call the velocity of the penetrator 

stream VP and that of the target stream VT.  Using this 

nomenclature and equating momenta, 

 ”ὃὠЎὸὠ ”ὃὠЎὸὠ, or 

 ”ὠ ”ὠ  (1) 

Then call the distance traveled by the target stream P, 

the penetration of that stream, and call the distance 

traveled by the penetrator stream L, the length of 

penetrator consumed in penetrating the target stream in 

a unit time.  Then: 

 . (2) 

Rearranging Equation 1 and taking the square root gives: 

  Ȣ  

And substituting in Equation 2 gives the density law for 

hydrodynamic impact, also known as the hydrodynamic 

limit: 

   (3) 

To put this in perspective, for steel-on-steel (or any like-

on-like) impacts, the hydrodynamic limit is 1, while for 

typical ballistic WAs, it is about 1.49 (Figure 4-6). 

Applying the assumptions of hydrodynamic (no 

strength) behavior to ordnance velocity penetrator-

target interactions is not as accurate.  There are at least 

two problems.  First, as the velocity drops into the 

ordnance velocity regime, the impact pressures drop, 

and the hydrodynamic assumption gets less and less 

plausible.  The other problem involves the geometric 

boundary conditions on the real situation.  The small 

cylinder of target material to be swept by the penetrator 

material is surrounded by a large additional amount of 

target material disposed in such a fashion that it is very 

effective at constraining radial flow of target material in 

question both by inertia and strength (Figure 4-7). 

Figure 4-7.  Small Penetrator Diameter, Large Target but 
Different Densities on Each Other Coaxially (Source:  Silsby [1]). 

Figure 4-6.  Tungsten on Steel Long-Rod Penetration Data with 
the Hydrodynamic Limit Superimposed (Horizontal Line) 
(Source:  Silsby [1]). 
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4.6  THE INFLUENCE OF PENETRATOR STRENGTH AT 

HIGHER VELOCITIES 

The data on the effect of penetrator and target strength 

on penetration shown in Chapter 3 seem to indicate that 

target strength is important and penetrator strength is 

not, but this is only true at higher velocities.  Remember 

that, against the same target, a hardened-steel core in AP 

shot is more effective than a soft core in conventional full 

metal jacket ball ammunition.  Loading conditions and 

geometry dictate the stresses generated, while material 

properties determine the response.  For a strong 

penetrator, as velocities increase, first it penetrates 

rigidly, and then at a threshold of velocity, begins to 

erode while penetrating.  Figure 4-8 shows the semi-

infinite penetration of a long rod, which has a long, 

quasi-steady-state phase. 

The penetrator is impacting at such a velocity that the 

impact pressure is higher than the rod strength, and it 

flows.  The rod material feeding into the plastic zone is 

loaded in compression but cannot support more stress 

than the yield stress value of its material under the 

loading conditions that occur.  The target material ahead 

of the deforming rod has a characteristic pressure above 

which it cannot resist, higher than the uniaxial 

compression strength of its material due to the heavy 

confinement radially and axially. 

The vector time rate of change of momentum of the 

plastically deforming penetrator material being turned 

from its forward direction due to being trapped between 

penetrator and target adds a hydrodynamic pressure 

component to the maximum stress that the penetrator 

material can exert on the target by its strength. 

plastic flow stress, the equivalent in a triaxial state of 

loading to the yield stress in uniaxial loading.  It is a 

function of both uniaxial compressive yield stress and 

the loading geometry.  Increasing the impact velocity will 

not change the penetrator strength or decrease the 

target strength.  Rather, the time rate of change of 

increases with increasing velocity and is responsible for 

the increase in penetration with velocity.  It is the 

pressure at the penetrator-target interface generated by 

the velocity, density, and curvature of the outward-

flowing penetrator material stream that advances the 

interface.  The hydrostatic pressure in the turning stream 

of the penetrator metal increases with depth from 

atmospheric pressure at the surface to a maximum at the 

target interface. 

As velocity increases, the interface pressure increases 

with the square of the velocity, until soon only inertial 

forces are important.  There is also a change in 

momentum of the target material as well, as it is being 

violently displaced outward from the centerline.  

Penetration then increases only slightly with velocity 

once the hydrodynamic forces greatly exceed the 

strengths involved, although the diameter of the hole 

continues to increase.  (See Section 4.7.)  This 

hydrodynamic limit is reached at about 3 km/s for 

tungsten or uranium on steel. 

Figure 4-8.  Deep Penetration (Source:  Silsby [1]). 
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4.7  UNBALANCED UNSTEADY STATE EFFECTS 

Two separate effects that would both tend to increase 

the depth of penetration are frequently postulated and 

seem plausible.  One is target inertia.  The penetrator-

target interface is plowing through the target at the 

interface velocity.  While the interface speed is some 

fraction of the striking velocity, it is not negligible.  It 

could well be that even when the penetrator has been 

spent on the target that the target material ahead of it 

would continue to recede for a bit as a result of its own 

inertia.  Figure 4-9 illustrates the process.  This effect 

should be most apparent in high-density, low-strength 

targets struck at high velocities, e.g., a lead 0.22-caliber 

rifle bullet fired into a lead block. 

A second process possibly contributing to additional 

hole depth is secondary penetration.  If the residual 

penetrator material has significant forward velocity 

relative to the target, it could cause additional 

penetration beyond that caused by the penetrator itself.  

Figure 4-10 illustrates this process.  

To determine whether target inertia and secondary 

penetration are likely to occur, insert real numbers into 

the simple relationships for the interface velocity U (as 

discussed in Section 4.4), and plot the secondary striking 

velocity for the steel and tungsten long-rod data from 

Figure 3-4.  Remember to use P/L and not P/L normalized 

by the square root of target-to-penetrator density.  The 

results are presented in Figure 4-11. 

Figure 4-11 indicates that the interface velocity is just 

positive for striking velocity, Vs, above 1 km/s, and 

approximates the function U = (Vs  1 km/s)/Vs, which 

rises from nothing at Vs = 1 km/s to about 1/2 Vs at Vs = 2 

km/s, and approaches the value of Vs at infinite Vs.  That 

is, the interface velocities range from about1/2 Vs to 

Figure 4-11.  Interface Velocity and Relative Velocity Between 
Penetrator and Target vs. Striking Velocity (Source:  Silsby [1]). 

Figure 4-9.  Target Hole Growth due to Target Material Inertia 
(Source:  Silsby [1]). 

Figure 4-10.  Secondary Target Penetration Caused by Forward-
Moving Penetrator Residue (Source:  Silsby [1]). 
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about 2/3 Vs in the high end of the ordnance velocity 

regime.  Everted penetrator material from a steel 

penetrator will always go up-range regardless of Vs, while 

tungsten debris only begins to head down range at Vs > 

1.7 km/s, and only breaks the 1-km/s velocity threshold 

for penetration of armor steel at a Vs of 4 km/s.  

Secondary penetration is unlikely to occur at ordnance 

velocities. 

4.8  SUMMARY 

The empirical data in Chapter 3 and an understanding of 

the physical processes discussed in Chapter 4 can enable 

engineers/analysts to make realistic judgements or initial 

calculations about situations of interest.  For example, 

using 1) the discussion of the L/D effect (Section 3.7); 

2) the segmented penetrator design discussed in Section 

3.7.2 and shown in Figure 3-11 and again in Figure 4-12; 

and 3) assuming a striking velocity of 1500 m/s into RHA 

and a 20-mm diameter, an engineer/analyst could 

answer the following questions.  

1.  Assuming the segments are 20 mm in diameter, what 

would be the expected penetration of the L/D 10 rod and 

the 10 L/D 1 segmented design? 

The tungsten-on-RHA data in Figure 3-13 indicates 

the P/L at 1500 m/s is about 0.75, so an L/D 10 20-mm 

rod would be expected to penetrate to about 150 

mm.  Assuming that the P/L vs. L/D data for steel-on-

steel (Figure 3-10) were similar to that of tungsten, 

then an L/D 1 segment would penetrate about twice 

that of an L/D 10 rod at 1500 m/s.  So the segmented 

penetrator might be expected to penetrate 

300 mm. 

2.  What would the velocity of the everted material be 

relative to the penetration channel wall? 

Using the equations in Figures 4-3 and 4-4 would 

indicate that the eroded penetrator material would 

be moving up-range relative to the target at about 

214 m/s. 

3.  If the 94% tungsten hole diameter data are 

representative, how much clearance or interference would 

and the inside diameter of the everted spent penetrator 

material? 

Figure 3-8 would indicate that the hole diameter 

would be about 1.9 times the rod diameter or  

38 mm.  When viewed relative to a fixed coordinate 

system attached to the interface, the penetrator 

material comes in and goes out at the same speed s.  

By continuity, the outgoing material volume of  

ro
2  ri

2)s rp
2s.  

Eliminating  and the common speed, rp
2
 = ro

2  ri
2,  

or ri
2 = ro

2 - rp
2.  Inserting the numbers, ri

2 = ((19 mm)2 -

(10 mm)2) or ri
2 = 361 mm2 - 100 mm2 = 261 mm2, 

hence ri = 16.16 mm, well clear of the penetrator 

outer diameter.  However, the concept did not 

actually work due to the everted material rebounding 

off the channel walls and converging on the incoming 

penetrator. 

Figure 4-12.  Segmented Penetrator (Source:  Silsby [1]). 
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5.  NORMAL 
INCIDENCE 
PERFORATION  

5.1  PERFORATION VS. PENETRATION 

What happens if there is a rear surface to the armor, and 

 Many people know 

that a bulge forms on the rear of a thick, ductile target 

element, breaking out as the rod emerges.  Earlier 

discussions concentrated on either a cause-and-effect 

look at things, or the process of gross plastic 

deformation, as might be seen in forging or other metal 

forming operations. 

At a time-scale of microseconds, disturbances travel 

millimeters, a good size scale for looking at the details of 

the process.  The localized reactions of materials to the 

localized applications of force or displacement 

propagate as waves, spreading throughout the entire 

penetrator and target in time, reflecting and re-

reflecting, combining on a broader scale to dictate the 

gross behavior observed.  To provide a different 

perspective from which to understand penetration 

mechanics in general, and the perforation process in 

particular, without going into great detail, consider the 

wave mechanics of the interaction. 

5.2  WAVE MECHANICS 

As the rod strikes the front of the target, elastic 

compression waves spread throughout the target and 

speed.  This speed depends on the elastic modulus and 

density of the material and is about 6 km/s or  

6 mm/microsecond (µs) in steel.  Ahead of the wave 

front, the material is undisturbed.  Behind the wave front, 

the particles of material are accelerated to some 

characteristic speed, which is well below the penetration 

velocity.  The wave spreads out, and its strength drops 

due to geometry, the inverse square law.  For every free 

surface the wave encounters, material is free to move 

without bumping into other materials and slowing 

down, and so inertia carries the material into a state of 

tension.  This reflected tensile wave propagates back 

inward at the bulk sound speed.  The result of a wave 

reflecting off a free surface in a direction normal to the 

speed in the zone behind the reflected wave. 

Additional penetrator material is constantly feeding into 

the interface zone, causing continuous acceleration of 

the materials to try to escape the advancing interface.  

Over a long time compared with the time it takes the 

elastic disturbance to cross the zone of interest, and due 

to multiple reflections of the stress waves, the material 

gains sufficient speed for gross plastic deformation to be 

recognized wherever there is a velocity gradient (which 

is just about everywhere).  The speed at which a plastic, 

as opposed to an elastic disturbance, propagates is low 

to nil, so that plastic flow is confined to the immediate 

vicinity of the advancing interface.  The relatively small 

rod mushrooms and flows radially.  The struck face of the 

target around the penetration hole is accelerated up-

range as the interface sinks into the target, forming a 

petalled impact splash surrounded by a broad, low 

mound. 

In the meantime, the disturbance reflecting off the 

more localized as the penetrator-target interface 

approaches.  The material in the zone directly in the line 

of the penetration picks up speed fastest, while the 

particle motion in surrounding zones is slower and has 

both a radial and normal component.  A growing bulge 

forms.  The material ahead of the penetrator is moving 

faster and faster but is being restrained to some degree 

by the strength of the target material and always 
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maintains contact with the (slowly decelerating) 

penetrator. 

Penetration can be considered imposed deformation, 

rather than as an imposed force resulting in acceleration 

resulting in deformation.  The strengths of the materials 

limit the amount of force that can escape the immediate 

area where they are applied.  Rather, a rigid conceptual 

entity, the penetrator-target interface, forces its way into 

an essentially incompressible, plastically deforming 

target, pushing target material aside and into a shape 

dictated primarily by the presence of free surfaces at 

which gross deformation can occur.  In the process, the 

level of compressive forces necessary to get the material 

out of the way is generated but affects the material only 

through the flow process.  The strain state in the material 

determines when and where flow and fracture occur. 

As the interface gets close to the rear surface, gross 

bulging begins.  Microscopic fractures appear in the 

target interior, growing in response to continued 

increases in strain, and coalescing into gross failure 

planes.  If conditions are right, the residual rod breaks out 

of the rear of the target.  Figure 5-1 shows a moment in 

time before and a moment in time after breakout.  Note 

the different spatial and temporal distributions of the 

various classes of behind-armor debris.  In Chapter 6, a 

similar figure will show how obliquity influences the 

spatial distributions. 

Figure 5-2 is a series of photographs showing the 

progression in deformation of the target rear surface as 

the penetrator nears it and then achieves perforation. 

Figure 5-3 is a photograph of a sectioned target 

perforated by a large-diameter, short L/D ratio 

penetrator simulating an EFP.  Rebounding elastically off 

the residual pe

scab is the fastest thing behind the target (by tens of 

meters a second).  Next is the residual rod with a 

characteristic mass, Mr, length, Lr, and velocity, Vr, 

respectively.  The material sheared loose from the 

periphery of the target scab forms a bubble-shaped Figure 5-1.  Normal Incidence Perforation (Source:  Silsby [1]).  

Figure 5-2.  Target Deformation from Bulge to Perforation 
(Source:  Silsby [1]). 
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cloud of debris corresponding to the velocity gradient in 

the target rear region that formed it.  A more collimated, 

higher-velocity cloud of smaller debris forms from the 

residual penetrator material that was not fully everted at 

breakout. 

Figure 5-4 shows the residual piece of the perforating 

EFP simulant and the plug of target material recovered 

from the range.  The dark blue color is from the extreme 

heat from the plastic deformation of the parts. 

 

 
5 For more information on the various measures of limit velocity, see Misey 1978 [25].  Grubinskas 1993 [26] provides an overview of how the V50 ballistic 

limit velocity requirements specified for testing high-hard armor (HHA) (MIL-A-46100) evolved over successive revisions of that standard.   

5.3  LIMIT MEASURES:  VL, V50 50, AND VS  VR
5 

How does penetration vs. velocity relate to the real 

measures of performance, that is, to ballistic limit 

measures such as limit velocity?  A ballistic limit is a 

threshold of some parameter above or below which the 

penetrator gets through the target, and below or above 

which it does not.  Ballistic limits can be used to compare 

the performance of various penetrators against 

standardized target designs, or the performance of 

various armor or armor components against a 

standardized threat projectile.  In all cases, only data 

from fair hits are used.  That is, data should not be used 

from a high-yaw hit where some part of the side of the 

penetrator struck the penetration channel wall, or data 

from a shot in which the projectile bent, broke, or was 

foreshortened from excessive launch acceleration, or 

data from other circumstances not representative of the 

desired interaction.  While such data should not be used 

to find a desired value, it should be reported, as data are 

very expensive to generate and perhaps others could 

glean something useful from results.  Also, measure and 

record as many factors as possible such as target plate 

actual thickness, hardness, ambient temperature, etc., 

because many things will influence the outcome of a test 

significantly. 

The introduction of flash radiography allowed 

researchers to accurately measure the length and 

velocity of the uneroded portion of a penetrator behind 

the target (if one was present).  Several empirical 

formulae were proposed, and techniques were 

developed to use this additional data to increase the 

accuracy of the limit velocity estimate or to reduce the 

number of shots needed to get a value with a particular 

confidence level.  Several of the seminal papers on these 

Vs-Vr techniques are not accessible on the web for 

various reasons, but a BRL report presenting test and 

Figure 5-3.  Sectioned Perforated Target (Source:  Silsby [1]). 

Figure 5-4.  Residual Penetrator (left) and Target Plug (right) 
(Source:  Silsby [1]). 


















































































































































































































