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FOREWOKD 

The atea of "Dynamic Behavior of Materials and Structures" has always been 
one of great interest to Army engineers and scientists. It is important for a better 
understanding of the design and performance of all Army materiel including guns, 
armor, explosives, military vehicles, and bridges. A conference on "High Loading 
Rate" was conducted in March 19S9 by Mr. James J. Murray at the Army Research 
Office-Durham. In 1961 a group of Army engineers, during a meeting of "Operation 
Crossfire"conductedby this office, unanimously voiced the necessity for a meeting 
on dynamic behavior. As a result, the 1962 conference on this subject was held at 
Springfield Armory. 

In its role of responsibility for Army scientific symposia, the Army Research 
Office-Durham organized the conference (or the benefit of all Army scientific agencies. 
Participation from academic institutions and industry was obtained. More than one 
hundred and fifty participants from Government, universities, and industry attended 
the conference. 

The Army Research Office-Durham is most appreciative to Springfield Armory 
for acting as host for the conference, and (or the excellent arrangements which were 
made. Special mention should be made of the efforts of Dr. Alexander Hammer and 
his Commanding Officer, Colonel C.L.P. Medinnis. Dr. Sudhir Kumar of this office 
acted as General Secretary of the conference, and has edited these proceedings. 
Thanks are also due Messrs. J.N. Crenshaw, Harry 0. Huss, Frederick J. Lindner, 
J. Nelson Daniel, Charles]. Kropf, Joseph I. Bluhm, and Robert E. Weigle for serving 
on the Planning Committee of the conference. 

We are grateful for the special addresses presented by The Honorable Finn J. 
Larsen, Major General F.H. Britton, Major General Alden K. Sibley, and Dr. L.W. 
Wallace. Finally, I should like to thank all the authors and participants for the high 
technical standards which made the conference a success. 

NILS M. BENGTS^N 
Colonel, GS 
Commanding 
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PKKI-'ACK 

The Anny Conference on Dynmnic llehuviur of Mutcriuls was held nt the Springfield Armory, 
Springfield, MIIKSIICIIUSHISon'26-2^ September 1962. It wus sponsored und conducted Jointly by the 
Army Kcseurch Office-Durham und Springfield Armory. 

As desired by thol'lannint'. Committee, this conference wus held with cmphiisis on design criteria. 
However, a cross fertili/.ution of different disciplines with common interest in dynamic behavior of 
muteriuls, wus considered desirable. With this in mind, the session headings were kept quite general 
so us to uccomodutc different points of view. Active purticipution from all quarters of the Army both 
as authors und attendees was obtained. As muny as 156 attendees took part in the conference. 

Unfortunutely, due to an accident, Dr. li.ti. Quarles, the programmed General Chairman of the 
Conference, could not come and the undersigned filled in for him, and opened the conference on 
Wednesday, September 26th. The Keynote Address was then given by Major General F.ll. Dritton on 
U.S. Army Materiel Commund Headquarters Organization. Fivehalfdny sessions, three in the mornings 
and two in the afternoons were held. Uunquct gathering with an address by Honorable Dr. Finn J. 
Larsen on "Materials Kcsearch", two luncheon gatherings with addresses by Major General Alden 
K. Sibley and Dr. L. W. Wallace on "R & D for Army Mobility" and "Managerial Environment" 
respectively, highlighted the social gatherings. Ample time for individual discussion of papers was 
also provided after their presentations. Several movies on technical topics were shown as part of 
some paper presentations. 

The program of the Conference was us follows: 

»EDNliOAY. SIPUUBIRX 

MOO       RvgnlfallM 

WOO      W«lcaM ty Cuimidim 0«.i«, Sf>l»ali<ld kmm,. V"*'»!'. 

COLONEL C. L  MEWNNIS 

0915       InfraJwctiM «t KvyMt* V*"k», 

COLONEL NILS M.BENCTSON 

in« Otlic«. U.S. Aiay R>iM<ck OHic» Duihoa 

Durko«, North Carolina 

MAJOR GENERAL F. H. BRIT TON 

Dtractw DI R«I«O*CK *ni Dtv«lep«wnl, A,Hy Mo**ti*l Command 

1000    CoH«. B..^ 

1030      R.-orV. by DR. O.G. QUARLES, Oiitl Sciaililic AJ.l.o.. OH.c, 

Chiaf of EnginMit, Wothinfltofi, D.C, G«Mrol Owiiwon 

ol At» Conl«fenc«, followvd by InkodwctiOA •( SattirMt 

Owii—H 

SESSION I ■ ProU.« Ann» 

CHAIRMAN . MR. JOSEPH CRENSHAW, Dyn-nuUi. 

U.S. Ainy OiAionca MiniU Supfpofl Agancy, 

RadtMrw AIMIMI, AtoboM 

CO.CHAIRMAN ■ MR. NELSON DANIEL. Oil»!, iytnmt 

oni Equipflwnt Diviiion, Aviolton Dtr*ctaf- 

oH, U.S. Army TroMportali»* RatMrch 

Oxmtmi, fat Euilii, Viiginl« 

1040      Scow Pnklmi Inwly«! in Taitin« Mondsli «I High Strain Rattt 

ULRIC S. LINDHOLM. Sml« Rimtd< Engliw«, Sou* 
««»1 Ratoorch Inttltut* 

Dynoaiic Lowar Ytald Skatt Vaftw« Taaipaiali^o Ralotienthip 

WILLIAM GRIFFEL, Picalimy Aiaanal, Dvrat, 
Haw Jaf »ay 

Inlltuawntetion tar Evaluotieo af Aftillary mi Rockat LoimcK- 

m PatierMOnca at Rock lilond Aftonol 

AC HANSON. Rock lilond Aiionol. Rock ItlonJ, 

lllmoii 

Eliocti ol Shock Wovol on Undotyownd Sttwctwrai ■ o Sorvoy 

et lha Fyorfowawtjt Problao 

DIETRICH E. CUDZENT, U.S. Ai»y OIAIOKO HiulU 

Swptwft Afoncy, RWtMno AIMMI, 

Alaboao 

1300      Lone«! 

1245      tnlrodiKlioti of Laodioon S^ookor 

MR. JAMES J. MURRAY, Doocm, EogiMoring Scl- 

ancot Divition, U.S. Army Raioorcfc OHico- 

Duihoot, Durfo«, Novlfi Cmolino 

Lundwon Addraai 

MAJOR GENERAL ALDEN K. SIBLEY 

Coawanding Conoral, U.S. Amy Mokillty Coaaond, Oolroil 

Aiaonot, Contoflino, Michigan 

III 
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M  SSION  II      l'r» 

CMAIHMAN    l'K   Al t XANDI H HAMMl H. Chi»*, 

Mn lunui til Ustaiiuti tUunih,  S|i mydpltl 

Aniiory, Si» i ngdtld, M>;i »u( hultllt 

CO CHAIRMAN    OH. HERMAN P. GAY. US. Atmy 

ßullitlic  Hattuith Laboiulonai, Ab«r- 

Arnmix ISuvmy Cfounii, Maryland 

Study ol Shock oiij Vibiulioii l.tUtt« on Vahicltt Through 

Dynamic Simulot'oni 

FHtD PHADKO, S. HtAl. und V. KOWACHEK, U.S. 

Army Tank Automutivl C«nt»r, [)«lroit 

Artcnal, Cantfrltn«, Michigan 

RolUd Armoi Stial BfMtl« Frailur« Tampcralurai und Daiign 

Stgnificanc* 

V.H. PAGANO, U.S. Army Tank Aulomottv« Ctnltr. 

Detroit Arttnal, C*nt<flin», Michigan 

Dynamic Strati Concentration Factor! 

RICHARD SHEA, Watwlown Artvnal, Watwtown, Mouo- 

chut«tti 

1445      COMM Break 

15)5       Th« Dynamic Bahaviof of Hyp«rcritical-Sp««d Shah« 

JOW E. VOORHEES, CC. MELLOR. und 

R.G. DUBENSKY, Bott.lU Mvmorial Institut«, 

Columbul, Ohio 

Dynamic R«lponi« of Military Bridg«! 

LT. W. GB^E CORLEY, Fort B«Uoir, Virginia 

Structural D«ngii C'itenu for Military Vchidei 

CLARENCE WINFKiT. Detroit Ar»»nol, Ccnlvrliiw, 

Michigan 

1700 ■ 1830   Social Galh«nng 

THURSDAY, SLPTEMBtH 27 

I04j        l^iutulharmoclutttc [J«t*fmmution uf Gun  lob« Slf«ll«» Du* to 

UmimUUit   | Hing 

I I   L G MILLKL and 1 F. MACLAUGHLIN, Wattrvli«! 

Anvnul, Watvrvlitl, Ntw York 

Cumpurativ« Foitnirig T«rhniqu«k for  Titanium H«lm«t| 

HELEN AGLN, U S. Army Ouurl«(ma«tof R«i«arch ond 

Eng'novnng C«n1t(, Notick, Moftiochultltl 

1200 Lunch 

1245        Introduction of Luncheon Speaker 

DH   ALEXANDER HAMMER, Chief, Mechanical Re 

leurch Branch, Springfield Armory, 

Springfield, Mut*achi'iettl 

Luiuh*on Addreil 

DR. L W  WALLACE, Conference Leader, Top Manage- 

ment Seminar, OMETA, Rock Ulond Ar**n- 

ol, Rock Itlond, lllmoii 

SESSION IV ■ Initrumenfation gnd Technique« 

CHAIRMAN ■ DR. REINIER BEEUWKES, JR., U.S. Amy 

Material« Re«eorch Agency, Wotortown 

Ar«enol, Wtttertourn, Mo««achu»et1i 

COC^UIRMAN ■ MR. JOSEPH I. 6LUHM. Wotertown 

Ar«enol, Watertown, Maitochutetti 

1330       Eipenmental Dynamic« of Material« 

GEORGE GERARD, Director of Engineering Science«, 

Allied Re«earch A»«ociote«, Inc., Boiton, 

Mai«achuiett« 

A Method for Rapid Qynamic Evaluation of Large Weapon 

Component» 

THOMAS F. MACLAUGHLIN and JOHN P. PURTELL, 

Walervliet Ar.enol, Wolefvliet, New York 

Ten«ile Impact on Rubber and Nylon 

MALCOLM N. P1LSWORTH, JR., U.S. Army Quortermoster 

t Reiearch and Engineering Center, Natick, 

Maktachutetlt 

I 

OWO SESSION III ■ D.tijn Ciil.tia 

CHAIRMAN ■ MR. CHARLES J, KROPF, Aimy Tank- 

Automottvo («ifer, Detroit Aittnal, 

Centsrlin«, Michigan 

CO-CHAIRMAN . MR. HARRY 0. MUSS, Aitiilanl to 

Cliief Engineor, C6R Engintwing Group, 

U.S. Army Edgewood Arterial, Maryland 

Tha ElUct ol High Rot» Loading on the Mechanical Properliek 

ol Ordnance Material! 

t ALEXANDER HAMMER and HUBERT CADLE, Sprlng- 

lield Armory, Springlleld, Mallochuieltl 

Determination ol Yield Strength« ol Engineering Malerioll at 

High Loading Rotel 

EARL H. ABBE, Springfield Armory, Springlleld, 

Mattachuietli 

1445       Coltee Break 

1515      High Loading Rote letting Machine; Development and 

Typical Matetioli Ten Application! 

T.M ROACH, Picatmny Arienol, Dover, New Jersey 

A Medium-Speed Tentile Tettmg Machine 

A.G.H. ANDERSEN, Watertown Artenol, Wotertown, 

Maüochuiettl 

A New Concept lor Studying Preüure Veieel Conligurotiont 

Under Very High Preituret and Loading Ratet 

T.E. DAVIDSON and D.P, KENDALL, Walervliet Anenal, 

Walervliet, New York 

1900      Banquet 

Toailmailer ol the Evening 

Exploiive Delormatlon ol Beam! 

E.N. CLARK, F.H. SCHMITT, and D.G. ELLINGTON, 

Picatinny Artenal, Dover, New Jertey 

1015      Coffee Break 

DR. RICHARD WEISS, Director, U.S. Army Re.eorch Olllce, 

Wathinglon, D.C. 

Banquet Addreil 

DR. FINN J. LARSEN, Anlttant Secretary ai th* Army 

(Reiearch and Development) 
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ox srssiON v  ruixtnxmoi siud.«> 

CHAIRMAN    ÜB   ROBIKI C   ■lIGlt. 0.i«l ■»»>. 

COCIIAIMUAN • DK. i t)«VlD UAILtr, D".elo.. 

UuatlaiiiMitltf Hattoichond EnftnMnng 

C««t««, Nalitk. MattaihutfflU 

Dynwilt B«IW>I<II »I Rock Uoii Canlinmi Pittlu» 

FRED A PCNATM, Atiot.mt MIOUKW «I Oolo,,, 
CotuMbia Univtf%ity 

P>«4ICIIHI •• tblal RMIII» I« High KaM Loadrng tioa 

&t«nj«*4 Stiat» SltBin Cw**«» (U) 

Ci» GLAW, R.B   POMD, U i  Ar^ Boll.ti.i R. 

taofck Labmutonsi, AWrilMn Pfvvmg 

Oioun^. Moiyland 

RMpnl« •( CflmAtuI Shalli (•pai^ H EIMIMI Blatl 

LM4<II| (U) 

WILLIAM J. SCHUMAN, U.S. Ar»« Minne Rataach 
Lateaalaiwi, Akar^aaa Ptaving CWovnd, 

Vmy[m*4 

nti     OHMtnak 

1011        t'l.iiltiutlic 'jlud.«» ol [>ynom.<   Sttatiai in Lo« Ifejulwl 

MolttiaU 

DM   I'D  fLYHM, J 1   OIUBt RT, a«d A.A   »OIL, 

F.onUMd Aiianal, Pk,la<M|*.«. 
P«nnt,l.an.. 

A M.il.eK' Im Uta llud, ol Ika [<yi»»it Raiaanta al Hifk 

StianglK Molatial* 

FRANCIS B PACA, U.S. At», Enfiimi Ra..a.d« an^ 

Daralefjaianl Lab«aia*ia», Fan Balvait, 

Vttgmia 

H»»poo»» to Ihiutl Buildup 

J N CRINUIA«, U S *i»r O^oanca Miiilla W»'< 
Afancy, RadilaM Altanal, Alabama 

1200      EndConlaiKua 

These proceedings have been edited quite carefully, however, there may still be several over- 
sights and shortcomings, (or which the Editor accepts full responsibility. For reasons of economy 
these proceedings were published at this office. 

It is a pleasure to express our gratitude to Dr. Alexander Hammer, without whose untiring efforts 
this conference could not have been held so efficiently. We are also very appreciative of the help 
rendered by the members of the Planning Committee and the Review Committee and the many other 
individuals without whose help this conference could not have been possible. 

In this volume, there is included in addition tu the proceedings of this Army Conference a 
supplement of abstracts of papers, presented almost simultaneously at two other important con- 
ferences on the same subject. The three conferences were held in distant locations of the country 
for different audiences. While, there may be several participants who attended more than one con- 
ference, a large percentage ecu Id not, and it was felt desirable to have this consolidated presentation. 
For this reason a list of participants of the ASTM conference and a list of invitees (list of parti- 
cipants could not be supplied to us by the organizers) of the Air Force Conference have also been 
included. Acknowledgement and thanks are due to The Aeronautical Systems Division, the Office 
of Aerospace Research, University of New Mexico and The American Society of Testing Materials 
for making this material available and for granting permission to reproduce it. 

A**\ ah 

Engineering Sciences Division 
ARMY RESEARCH OFFICE(DURHAM) 

SUDHIR KUMAR 
General Secretary of the Conference 

and Proceedings Editor 
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Keynote Adclres« 
U.   S.   ARMY MATERIEl, COMMAND HEADQUARTERS ORGANIZATION 

Major General  F.   I!.   Rriltnn 
Direetur of Research and Development 

Army Materiel Command 

May I express my thanks tu Colonel C.   L.   Medinnis fur his welcome 
and to Colonel Nils M.   Bengtsop fur Ins kind inl ruducliun.    Buth are to 
be congratulated on co-sponsor mg this conference which I believe will en- 
hance the  reputation of our Army laboratories    particularly those in  the 
commodity commands. 

The gentlemen who will speak to you during the course of this confer- 
ence represent several disciplines in science and engineering.    Most speak- 
ers come from Army laboratories.    This is an admirable feature and helps 
in improving the coherency of our Army endeavors.    The contributions of 
the speakers from our contractors and university associations add breadth 
and vision to the whole program. 

The Planning Committee headed by Dr.  Alexander Hammer has brought 
together design engineers and scientists who are working in the field of 
dynamic loading.    This approach is a praiseworthy one and we hope  that 
many more conferences of this sort will follow where Army engineers and 
scientists will  mingle and exchange  ideas about our  needs  and possible 
solutions. 

The opportunity of participating in this conference on "Dynamic   Be- 
havior of Materials and Structures" offers an occasion to explore with you 
the dynamic, changes in management resulting from the reorganization of 
the Army. 

As all of you know,   1961 and 1962 have been years of great change for 
the Army.    Weapons  have  become  more and more complex  and costly. 
Management of their research,   development and production calls for new 
approaches so that cost,  over-runs,   reliability failures and schedule slip- 
pages will be sharply reduced and a better   program  balance   achieved. 
The impetus for this increased attention to the management problems has 
come from Secretary McNamara.    I believe a review of these changes will 
interest you. 



ÜiU' nl the  stmly prutui t« wlmli wds ;itisigiu:ti lu ihu  Army by Sot rt.'la ry 

Mi Namara was "Pruji-ct HU," UM the Army organization.    Mr.   L.   W.   Hoel- 
SHIUT    Drputy Cuinptrulli-r uf the Army undertook the study and was assisted 
bv a team uf Army oltuer.s and civilian employees.    It was,   as Secretary 
lj>t.a'!us has puinted mil     "a i ritical  sell'-exaiiunatiun of the Army,   by the 

Arms'."     1'he  sweep;: i: changes   n-iommended by the  Project HI)  study ^ruup, 
aid approved by the Set retary of the Army  and the Secretary of Defense, 
thus lake on moie  significance,   perhaps than would have been the case had 

they been madi   by an outside group,   unfamiliar with all the traditions and 

nuaiu es ol the way m which the Army works. 

The changes winch the Huelscher Cummittee  recommended in the or- 

gani/.alion of the materiel side of the Army are the most dynamic and cer- 
tainly the ones of greatest interest lu this audience. 

First and foremost    the Hoelscher Committee recommended that the 

materiel  functions ol the several technical  services -- Engineers.1'1'   Ord- 

nance,   Signal    Chemical,   Quartermaster,   and Transportation should be 
transferred to a new,single command,   with the commander reporting di- 

rectly to the Chief of Staff and the Secretary of the Army,    Even if this had 
been the only change recommended by the Hoelscher Committee,   it would 
have been revolutionary    for the technical services,   which were so long a 

part of the Army picture,   going back in some cases to the origins of the 
national government.' 

Essentially in the old system,   complete integration among the tech- 

nical services on the difficult task of weapons acquisition,   development and 
production,   was time consuming.    In an aircraft,   for example,   the Trans- 
portation Corps had responsibility for the air frame,   the Signal Corps for 

the electronics gear    and Ordnance lor any armament the plane carried. 

There was almost no large modern weapon systems that fell wholly within 
the technical bounds ol a single technical service.    Usually several were in- 
volved.    And while primary responsibility was typically assigned to a spe- 

ci(u   technical service    the problems of coordination were found to be acute. 
\n addition,   the division of authority between DCSLOG and CRD,   also created 
some problems.   It is seldom in a large modern weapon system,   that we 

can draw a clear line between development and production of a system,   and 

the transition period from development to production is often a critical 
phase in the life tycle of a weapon. 

Coordination problems among the technical services and the problem 

of divided responsibilities between the development and procurement phase 

of a weapon system led many observers to the belief that the "lead-time" 

on Army weapons was excessive,   that in some cases costs were higher 

,;  Not including the civil functions 



than muu'Söary, .nvtl thai piTlorinaiu «■, um:»; in tho field, was nut always 
equal to the needs ut rombat pc rsoninl. Briefly staled, such factors led 
the Hoelscher Committee to recommend a unified Army Materiel Command. 

ORGANI/.ATION OF ARMY MATERIEL COMMAND 

The headquarters or^ani/aluu   of the Army Materiel Command is shown 
in Figure 1. 

Within headquarters there is .( strong supporting staff that can relieve 
the  Department of Army  stall personnel ol  much of the day to day activity 
that they have been forced to 11 i.di.ct i" the pas'.     This should permit the 
Army headquarters Maft 'o ict us   rcroas.ngly o-' lo'.g-range plans    pro- 
grams and policies.    Alsi   included is 'he Research and Development Direc- 
torate about which I will say more la'er. 

AMC COMPTROLLER AND DIRECTOR OF PROGRAMS 

Now let me direct your attention to the Office of the Comptroller and 
Director of Programs.    This office,   under General Bunker,   combines two 
functions that are often separated in large orgam/ations.    We believe that 
the two functions of Programming and Funding belong together,   and that 
their combination in this single office will add considerable strength and 
cohesiveness to the direction and control of operations. 

AMC PROJECT MANAGERS 

Here wc have "Project Managers.'     There are currently around thirty 
(30) large dollar value    or critical programs that can be identified.    These 
30 some programs are a minute fraction of the total number of items which 
will be handled by AMC,   but involve a large fraction of the funding.    It is 
clear that if AMC is to discharge its overall mission satisfactorily,   these 
programs must receive a major share of our attention and must be vigor- 
ously and effectively managed.    For this purpose we have established as 
an integral part of the AMC structure a system of Vertical Program Manage- 
ment that will be applied to these programs.    It should be stressed that this 
vertical management structure is basic to the concept under which AMC 
was established.    It was not something hastily superimposed on a functional 
organization.    It. is, and will continue to be the main management pattern 
for about half of our total resources. 

Before turning to a discussion of how  this project management system 
works and how it interfaces with the AMC functional organization,   let us try 
to define more precisely what we mean by vertical project management. 
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This U:rm nu-ans the vfsling in a smgU- individual,   {«roiip or organi- 
/.atioi»,   of the sulf line authority and responsibility for uccompliähing the 
objectives of a program.    The individual is charged exclusively with the 
accomplishment of lus program objective and his attention and effort are 
not divided among a host of other tasks and programs. 

Three things essentially identity the project manager approach.    In 
the first place,   he has an adequate project staff assigned to his immediate 
office and responsive directly U   turn.    Th's staff consists in part of tech- 
nical  personnel who can  follow the  mam problems of the weapon (whether 
they be developmental or production) and who can initiate proposals for 
solving technical problems,   subject to approval bv the project manager. 
The technical personnel will  m additioi. intiaU   the technical development 
plan.     The project manager also has a maragenunt or administrative staff 
immediately  responsive to the needs of the project m such areas as pro- 
gramming,   budgeting,   financial management and the like.     The project 
manager works closely with AMC  staff in the programming and budgeting 
of the overall R&D program because he must participate in husbanding the 
resources of the Army. 

A second feature of a project-orient.cd organizational structure is the 
fact that the project manager controls the dollar resources allotted to his 
project.    These funds,   plus his authority over a specific project,   means 
that the project manager can "buy1' a substantial amount of support and 
assistance,   both from in-house laboratories and installations,   and from 
contractors. 

A third feature of project management in AMC is that each manager 
can communicate directly with the Commanding General of AMC. 

COMMODITY AND OTHER COMMANDS 

AMC has five commodity commands,   a Supply and Maintenance Command 
and a Test and Evaluation Command    as outlined in Figure 2.     The Com- 
mands represent a regrouping of the former technical services along com- 
modity lines.    Thus the Missile Command replaces,   on a somewhat ex- 
panded basis,   the former Army Ordnance Missile Command at. Huntsville, 
and has also been assigned Watertown Arsenal production facilities.    Major 
General Francis J.   McMorrow is the Commanding General.    Responsibil- 
ities include free rockets.,   guided missiles and associated equipment. 

The Electronics Command under Major General Stuart S.   Hoff at Ft. 
Monmoul.h includes among its responsibilities communications,  electronic 
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warfare,   combat siirvcill.iiu»',   .uilomalu   data proccsaing,   radar and me- 
teurulogical maleriel. 

The. Mobility Command at Dttroit under the direction of Major General 
Alden K.   Sibley is quite complex.    Here  responsibilitica include among 
others,   air and surface mobility,   power generation,   construction,  barrier 
and bridging equipment,   and general purpose vehicles. 

The  Munitions Command ui.cier Major General  William K.   Ghormley 
combines the Army Chemical Center,   Fort Detrick,   CBR Agency with 
Frankford and Picatinny Arsenals and Joliet,   Pine Bluff and RockyMoun- 
tain Arsenals,   etc.    Nuclear and nor.   nuclear ammunition,   rocket and mis- 
sile warheads,   chemical    biolcgu al and radiological materiel and pyro- 
technics are among the  respois.bi lilies ol this command. 

The Weapons Command at Ruck Island under Major General Nelson M. 
Lynde,  Jr.   is assigned Watervliet and Rock Island Arsenals and Springfield 
Armory.    Its responsibilities are specialized on small arms,   gun type weap- 
ons and systems. 

The Test and Evaluation Command under Brigadier General William 
F.  Ryan is located at Aberdeen Proving Grounds.    Activities include field 
engineering,   service production and surveillance tests and evaluations,  and 
supervision of troop tests conducted by the Combat Developments Command 
or CONARC. 

The Supply and Maintenance Command in Washington,   D,  C. is under 
Lt.  General A.  Schomburg.    It combines many functions of the Army through 
the wholesale level.    Involved are stock control,   storage,   distribution,   de- 
pot maintenance,   transportation and disposal of Army controlled materiel 
and supplies. 

The Commodity Commands undertake development,   engineering,   pro- 
duction planning and production work.    In addition all commodity commands 
have laboratories where research directly associated with the respective 
commodity is accomplished.    Where a capability already exists in the re- 
search area,   and has been utilized by all Army agencies,   it is expected 
that this capability will continue to be maintained and to be improved in 
quality for the betterment of the Army endeavor.    A single example might 
be mentioned,   namely the nonferrous capability at Frankford Arsenal in 
the Munitions Command.    This is an important and nationally recognized 
endeavor useful to all Army Commands.    There are many other examples 
but in order to save time. I will not discuss them further. 
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■ire Army-widi! in scopi' will alsu continue as has been previously mentiuncd. 

A second feature is that the  research programs of all organizations 
within the Army Materiel Command,   iiu hiding those of the Independent 
Laboratories and those of the major subordinate commands are authorized 
by the Research Division. 

A third feature is in the area of materials  research.    The fields of 
materials are vast,   the number of materials many,   the number of inde- 
pendent investigators large and the number of reports immense.    Complete 
coordination is essential.    Here a  re.il challenge exists in pulling together 
the whole activity into the materials program of AMC and integrating the 
product with the national effort.     AMRA will be the focal point for this en- 
deavor. 

DEVELOPMENT DIVISION 

The Development Division AMC will look to the field installations for 
detailed technical competence.    Development as well as research is a nec- 
essary step in placing equipment in the hands of the troops,   in effective 
quantities at the appropriate time.    Let me here take time to mention with 
pride the significant contributions which Springfield Armory is making to 
the combat capability of the U.  S.   Army.    The new family of infantry and 
tank weapons are examples including the M7 3 and M85 machine guns,   M14 
rifle and M79 Granade Launcher.    It is important to recognize that these   ' 
products are developed in-house at Springfield Armory by its own engineers. 
And I am confident that Springfield Armory and the Weapons Command will 
continue to bring about not only improvements in component life,   reductions 
in weight and greater reliability but. also unique weapons based on new con- 
cepts and new principles. 

Example outside of Springfield Armory but within the Weapons Com- 
mand might, be cited.    At Watcrtown the results of research at several lab- 
oratories including one outside of the Weapons Command,   and their con- 
tractors were applied to the casting of large gun parts.    Improved quality 
was obtained.    This was the  reason for the effort,   and it was accompanied 
by not only savings in cost but also savings in production time.    At the time 
the work was done Watertown was part of the Weapons Command. 

At Rock Island Arsenal the Research and Development effort in rubber 
has resulted in the use of polycarboxylic elastomer for forearm,  butt stock, 
pistol grip,   cheek pad and carrying handle of the M60 machine gun.    The 
materials were compounded based on research work and pilot production 
was worked out in-house. 

II 



R^l) PLANNING AND TECHNICAL FÜRECASTING 

Tlu' tacts of lilr art; th.it it taki's from 6 to 40 yuars after a new dis- 
covery to put weapons in the hands of troops that make use of that know- 
ledge.    Reducliun of this lead time presents us a splendid opportunity in 
AMC tu improve our management,     This is m the field of technical fore- 
casting and long range  research and development planning.    At the pre- 
sent time,   the  research and development cycle is in a large measure con- 
trolled by several factors such as funds,   the  results of basic and applied 
research,   the quantitative materiel  requirements which are established 
by the Combat Developments Command,   the  results of feasibility studies, 
Army war plans,   Army capability plans,   and the Army long-range de- 
velopment plans.    These plans establish objectives and requirements for 
the Army and indicate certain problems to be solved,    During our planning 
we must keep in mind other factors such as certain key times when ad- 
vanced technology would indicate a time for introduction of something 
radically new into our system. 

Our problem is to pull all this together,   and here is the approach 
which we will take.     We will consider our research program,   the in-house 
work of our laboratories,   that of their contacts in the academic world and 
industry,   and the work of the laboratories within the commodity commands, 
to obtain the primary input for our longer-range technological forecasting. 
We intend that these laboratories not only participate in actual research, 
but in the planning for research to meet our objectives. 

The commodity commands will provide inputs to our planning in the 
areas of technological improvements needed in various elements of wea- 
pons or equipment systems to meet slated objectives.    The DA staff,   the 
Combat Developments Command,   and other such agencies will provide in- 
puts such as tactical capability objectives,   tactical materiel performance 
objectives and design objectives which will be required on the battlefield 
and in concepts of future warfare. 

From the intelligence community we expect information and predic- 
tions on foreign scientific achievements. 

We will weave all of these inputs into a planning matrix and defini- 
tively interrelate our development programs for the future with those of 
the current time frame.   We   will then be able to establish priorities,   and 
subdivide assets and competence to work in certain predetermined areas. 

12 



CAUTION 

This has been a very brief review of the Army Materiel Cummand's 
organization for performing research and development,   and I have touched 
briefly on the project managers and our proposed method for long-range 
research and development planning.    However    1 think it is only fair to 
put out here a word of caution. 

As 1 mentioned in the beginning,   we are in the act of merging and ad- 
justing the former technical service organizations into this new organiza- 
tion.     We are introducing new approaches - - for example    our efforts to 
move out with more critical    specific    definitive  research and development 
planning, our establishment of a separate test agency   the  separated inde- 
pendent Army laboratories directly under the Headquarters, and the over- 
all control of key projects by the project managers.    All of this is going to 
take time to have its full impact.    However,   given dedicated people,   and 
the adequate knowledge,   with real effort we will meet the objectives which 
have been established as desirable for the reorganization of the Army. 
You are assured that the Army Materiel Command will bring to the battle- 
field those weapons that are needed by our soldiers and which will give us 
the capability we must have for victory. 

13 



SOMK HRüBLKMS INVOLVED IN   TESTING 

MATERIALS AT HIGH STRAIN RATES 

Ul nr S.   Liiuüi<)liir;: 

ABSTRACT1 

An intensive effort is now beinj» j'iviin tu the determination of the 
rate depeiulence uf the de lurmatum of en^mee ri n^ materials,'   The diffi- 
culties assneiated with obtaining accurate and consistent experimental 
data on the mechanical  response cd' a matt-rial at very high loading rates 

are becoming better known.    'These difficulties are primarily associated 
with inertial effects m the loading mechanism,   in the measuring and re- 

cording system,   and in the specimen itself.    Other problems arise from 
size effects or specimen geometry,   in assuring axialily of the loading and 
the change from isothermal to adiabatic test conditions.    Some of these 
difficulties appear to be  surmountable while others are inherent to the 

problem,    A brief review of two typical dynamic testing methods is given 

in the light of the above-mentioned difficulties.    Emphasis is given to 
methods which yield both instantaneous stress and strain data.     The  re- 
sults,   in terms of stress vs.   strain and stress vs.   strain rate,   of sev- 

eral investigators are presented.    There is a general need for further 
intensive experimental work aimed at defining basic material behavior, 

INTRODUCTION 

The continuing and expanding need for quantitative information 

on the dynamic  strength properties of materials has led to the large 
amount of experimental work in this area in recent years.    However,   we 

still cannot say at this time that the state of the art is such that dynamic 
material behavior is fully understood.    This lack of understanding largely 

accrues from the inherent difficulties underlying the experimental prob- 
lem.    Although there is general agreement,   with exceptions,   that the 
basic material  response is altered with changes in the rate of loading or 

deformation,   quantitative information available on the magnitude of these 
changes is often dependent upon the particular testing technique employed. 

Recognition of the source of these discrepancies is essential both in de- 
signing an experimental test technique and in interpreting the results ob- 
tained from a given dynamic test.    Most of the problems encountered in 

■•'Dr.   Ulric S.   Lindhohn,   Senior Research Engineer,   Department of 

Mechanical Sciences,   Southwest Research Institute,  San Antonio,   Texas 
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performing dynamic tests have been discussed to varying extent in the liter- 
ature.    It is the purpose of this paper,   first,   to review these problems and 
then to discuss two typical test techniques and some of the results obtained. 
The main emphasis will be on testing at very high rates and on establishing 
the influence of strain rate in the plastic deformation of metals. 

OUTLINE OF PROBLEM AREAS 

Most of the problems associated with testing materials at very high 
deformation rates are associated,   of course,   with incrtial effects.    Inertial 
effects enter the problem in many ways:   in accelerating the loading mech- 
anism,   in the ability of parlicular stress and strain measuring devices to 
follow the high rate ol deformation    in the response time of the recording 
system,   and,   perhaps most important of all,   in the nonumtorm distribution 
of the variables to be measured over the volume of the specimen.    Other 
items to be considered are the specimen geometry and size (closely re- 
lated to the last item above),   the uniformity of the loading,   and the effect 
of heat generated within the specimen during the loading. 

Loading Mechanism 

As the desirfed rate of loading increases,  the normal static or quasi- 
static testing machines soon become untenable because the forces required 
to accelerate the moving parts of the testing machine soon equal and surpass 
the forces required to deform the specimen, therefore,  conventional test- 
ing machines have to be abandoned.    For the higher strain rates,  an impact 
machine or apparatus of some typeis generally employed.    There is an in- 
termediate range in strain rates where a pressurized gas or hydraulic sys- 
tem can be employed,  head speeds as high as 100 fps.  being obtained.    Our 
present discussion however,  will cinsider only the impact type device as 
being applicable at the highest loading rates. 

In impact loading devices,  the load is transmitted to the specimen, 
either directly or indirectly,  by a mass accelerated to the desired impact 
velocity.    The manner in which the impact load is coupled to the specimen 
has been achieved by a variety of techniques.    Figure 1 shows four differ- 
ent basic arrangements of the specimen,   specimen support,   and impacting 
mass.    The large blocks denote assumed rigid masses:   whereas the thin 
rods represent elastic elements (generally cylindrical bars) which may be 
used as either load transmission or measuring elements or both. 

In Figure la,   the specimen itself is accelerated to strike a rigid 
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Figure 1.   Schematic of impact loading arrangements 
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mass.    This technique was utu'd by   Taylor and Whiffin (1)* to determine 
dynamic yield stress from measurements of the final deformation in the 
specimen.    Generally this technique has limited applicability because of the 
difficulty of making transient measurements on the test specimen.    In Figure 
lb,   the test specimen is mounted on a rigid mass and is deformed upon im- 
pact from a second mass,    llabib (2) has used this method in compression of 
copper cylinders,   indirectly deriving the dynamic   stress-strain curve from 
a large number of measurements of the energy absorbed and permanent 
deformation in similar specimens subject to varying impact velocities and 
impact masses.    This method requires a large number of specimens to 
obtain a single stress-strain curve.    Volterra.   et al.  (i) used the system 
of Figure lb with the supporting mass tusperded as a ballistic, pendulum. 
The same type of arrangement at. in Figure lb and also 1c can be used in 
tension as well  as compression,   wit!   the impac'-.rg mass moving in the 
opposite direction and contacting a tup or shoulder on the free end of the 
specimen.    The impacting mass can be swung as a pendulum,   as in modifi- 
cations of the standard Charpy (4) or Izod (5) impact testing machines,  or 
a rotating flywheel can be used ( 6, 7)  to produce the impact. 

In Figure Ic,   an elastic element has been substituted for support 
of the specimen.    This element is usually a dynamometer or weigh bar of 
varying length connected in series with the specimen and used to measure 
load.    Arrangements of this type have been used in tension by Mann (6), 
Clark,  et al.  (4,   10).    Manjoine and Nadai (7.8.9),   and Baron (4).    In com- 
pression,   Turnbow and Ripperger (II) have utilized a Hopkinson pressure 
bar as the elastic element,  while Alder and Phillips (12) have substituted 
two glass blocks for the elastic element,   measuring the load by the bire- 
fringence created in the glass. 

For several reasons it can be advantageous to separate the test 
specimen from the impacting mass by an elastic loading bar as in Figure 
Id.    This bar can aid in transferring the load uniformly to the specimen 
and also act as an elastic, element in the measuring system.    This type 
of split bar system has been used with various modifications by Kolsky (13), 
Krafft,  et al.  (14),  Campbell and Duby (15).  Hauser et al.  (16) and the' 
writer (17).    In Kolsky's apparatus the .mpacting mass is replaced by an 
explosive charge to initiate the. pressure wave in the bars. 

* Numbers in parentheses  refer to References   listed at the end of the 
paper. 
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Aii i'xi i'ptiuii   lu   tin' iibuvH' axial  imp.ut aiTan ^fim'nts is the   leclmiquc! ■ 
ut C>lark   ami Duwi-/, (1H) who obtaitu'd dynamic loading If thin walled cylindrical 
spccinu'ivs by iuipactinji a hi^hlv incomprcsHibU' internally   contained fluid col- 
Linm.       The cylindrical  .si)eciinens weri-  thus  ruptured by the  internal  pressure- 
pulse.     This type ol loading and thm walled apecinion was designed in order to 
minimi/, e wave propagation effects in the  specimen.    The attempt has also 
been mack' to derive information on material properties from measurements 
of the propagation of plastic deformation in long rods or wires.    These methods 
art- based on the plastic wave propagation theory of von   Karman  (19) and 
Taylor (ZO) where the velocity of propagation c   of a strain increment is given 

1   der   ,   where     fL?.   is the slope of the stress-strain curve at the jy   Cr   IJ   dp-       where     fL?.   is the slope o 

given   strain level and   pis the mass density of the material.     This is a rate 
independent theory in flat    daidt, is taken from the static or an invariant 
stress-strain curve.    Rate dependent properties of the material are thus de- 
rived from the use of a rate independent theory,   which must lead to some in- 
herent errors.    Examples of this method are Campbell (21) and Johnson, 
Wood and Clark (22). 

The problems associated with the loading mechanism are not in ob- 
taining sufficient impact velocity; the impacting mass may be accelerated 
by means of free fall under gravity,   rotating flywheels,   spring or gas 
loaded guns or explosive charges.    Rather,   the problem lies in being able    ■ 
to fruitfully integrate the loading mechanism with the specimen configura- 
tion and the available methods of measuring the desired quantities.    Care 
must also be taken to take into proper account the elasticity and inertia of 
the loading mechanism. 

Measurement and Recording Devices 

Measuring and recording devices are required which will respond 
to the fastest loading rates attainable.     Thus,   many very accurate devices 
used in static work cannot be employed because of their inherent inertia. 
The measurement of force is obtained most directly by means of an elas- 
tic dynamometer or force measuring bar connected directly in series with 
the specimen as indicated by the elastic elements in Figure 1.    Indirect 
measurements of force may be obtained from energy (2) or acceleration 
measurements (3). 

The design of a proper force measuring bar requires considerable 
care.    In many cases short, bars have been used.    The maximum rate of 
loading that can be measured by the bar is limited by its resonant frequency. 
For example,   if a force bar of 10 inches in length is made of steel,   it will 
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have a rrsunant frequency of approximately 10,000 cps or a period of \0() JA 
sec.    The total duration of a test employing this force bar must then be 
much greater than 100  Ltsec.   in order to prevent severe oscillations 
from occurring in the  force records. 

If the  response for shorter time periods is required,   as is the 
case at the higher strain rates,   the letgth of the force measuring bar 
must be extended until the period of longitudinal oscillation becomes 
greater than the total time of the event to be recorded.    This type of 
long force measuring bar is generallv referred to as a Hopkinson pres- 
sure bar after B.   Hopkinson (Zi) who first used it in impact studies.   The 
length of the bar permits the force history at the loaded end to be com- 
pletely  recorded at a gauge station before a reflction returns from the 
far end of the bar.    Pressure bars as long as SK feet have been used.    The 
theory of the Hopkinson pressure bar has been described in great detail 
by Davies (Z*!).     This device i an be  used with good accuracy to measure 
transients with effec.live wave lengths large in eomparison with the bar 
radius.    For shorter wave lengths,   the pulse will suffer significant dis- 
persion. 

The force in the elastic, dynamometer or pressure bar is usually 
measured by means of electrical resistance strain gages bonded directly 
to the bar; however,   use. has also been made of measuring the displace- 
ment of the free end of the bar,   both by photoelectric (7) and capacitance 
gage (13) methods.    Strain gages may be used in a bridge circuit so that 
only the direct stresses are recorded,   the. bending being cancelled.   Many 
references to the use of resistance  strain gages for dynamic measurements 
can be  found in the  literature. 

Measurement of the instantanecus deformation or strain in the 
specimen is generally more difficult than stress..    As in static testing, 
two techniques can be. used; measurement of strain directly on the speci- 
men or measurement of the   motion or displacement of the loading sur- 
faces.    Direct measurements on the specimen impose severe difficulties . 
Mechanical type extensometers are,   of course,   inapplicable because of 
their inertia.    Resistance strain gages may be branded directly on the spec- 
imen but are limited in range to relatively low values of strain.    They 
have been used,   however,   to study yield behavior (11).    The frequency res- 
ponse of resistance  strain gages properly bonded is limited only by their 
finite gage length.    Dell {Z5) has developed an optical method for measur- 
ing plastic strains to 10% using very fine diffraction gratings ruled onto 
the specimen.    This technique,   although experimentally very difficult to 
use,   has several advantages, relatively large strains may be measured 
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ami nagi'  U'ii^tlis as  small  as 0.001  null  may \>v UHi-d,   el i mi nati 11(4 intc^ra- 
tlun rllrils ai ross ihr Ha^i'.     Bfll  has u.st'd this  let hiiKjuc  lo advantage  in 

.sliidyin^ wave propa^atiuii m Imi^ rods.    Ripper 14IT and Ycaklcy (^6) have 
dc st rihrd an t-liH t ro-inagiu'tu -iiuhu lion 1 net hod lor iiu-asuri n(» par licit; 
\cloi. itirs whii h mi^ht bi' iMnployi'd lo advanlagi' 111 dynamic   Ifstin^. 

Mori' ollen,   Ihr avrra^c strain across the specimen is determined 
by measurenient of the displacement ol the  loading menit)ers.   If the  load- 

ing and support members are assumed rigid,   the displacement of these 

members can be measured by means of streak or high speed photography 

{!)   or photoelectru   devii es (7j,     At the highest  strain rates,   the dis- 
plaiemeul of the faces ol the elastic supporting pressure bars in contact 

with the specimen can be measured either by integration of the strain-time 

records from strain gage  stations on the bars (15,   16,   17) or directly from 

particle displacement measurements on the bars (lib     This latter method 
will  In   described m more detail  later. 

The cathode ray oscilloscope is the only recording instrument with 
frequency response sufficient for transient measurements at the rates con- 

sidered.    Mere the frequency response is only limited by the associated 
circuitry and amplifiers. 

The choice of suitable stress and strain measuring devices is 
guided not only by their response characteristics,   but also by their ability 

to allow simultaneous transient measurement of these two variables with- 
in as short a gage length of the specimen as possible,   so that errors due 

to wave propagation in the specimen are minimized.     The ideal situation, 
of course,   is to be able to measure stress and strain independently as a 
function of time al the same point within the material.     For other than this 
condition    wave propagation within the specimen must be taken into account, 
as 1 s di sc ussed next. 

I.nerlial Effects in the Specimen 

The most difficult problems to overcome are those, associated with 
the inertia of the specimen itself.    The loads applied at one point or over 
a finite surface area of the specimen are propagated into the specimen at 

a finite velocity.    This finite propagation velocity results in a nonuniform 
distribution of the stress    strain and particle velocity over the specimen- 

at any instant of time.    For um-axial compression or tension specimens, 
two problems arise, the propagation of the deformation along the length of 

the specimen and the influence of the lateral inertia forces generated by 

the Poisson expansion or contraction on the measured forces. 
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If the öpiuiint-ti,   i>r  ralluT tin' naK*' '»'"M''1 nvi-r which ihv vanablfis 
are measured,   i.s of auch a leiij»th that the transit time for the disturbance 
to traverse this K^'H

1
' b'ii^th is ol cimijiarable magnitude as the total dura- 

tion of the test,   then the   results mi.st be interpreted in terms of large am- 
plitude wave propagation theory.     The  reflect of wave propagation effects 
can lead to spurious strain raus effects derived from average measure- 
ments made over the gage  length. {^7,'.     M the ( ondition i ^ists whereby   the 
measured  results must  be \r.1i rpreud in terms of a wave propagation the- 
ory,   the problem arises as to the p'oper  theory to use.    Recourse is gen- 
erally mack- to the  rate independent tin ory.    The adequacy of this theory is 
open to some question m that  it i.cglrcts ^ust that phenomenon which is under 
investigation,   the dependent c ol '!,<■  st n s^   straw . .,r\/c o-   strain rat.e.   Thus, 
before the equations ^ vc-nr r.g wiw ■• propagatu i   . a-" he   Helped i'    b nec- 
essary to have first ar aii'i.ra'.c kt i wlcdgi   ot the   material beha   ior.    An 
alternative approach available . s tc ivlitam nieasurcment s cr the propaga- 
tion of plastic  waves and then attempt to determine what  form ol material 
property law will best describe the  results obtained. 

If the specimen is of such a length that a large number of internal 
reflections occur within the time interval when measurements are made, 
the distribution of the variables within the specimen can be considered 
uniform.    Consider deforming the specimen to a maximum strain   £, at the 
strain rate     fc   .     The time duration ol this deformation is fc/t ,   during 
which the loading wave travels in the material a distance ct/i,   where  C is 
the appropriate propagation velocity.    Thus,   the number of reflections 
occurring in a specimen of length £ will be 

N = 
ce 

or upon rearranging, 
it 

i- £   C 

If,   for example,   the specimen is aluminum for which we assume the plas- 
tic deformation propagates at. approximately,1/10 the elastic, wave velocity 
then c   =  Z0 x 1(P in/sec.    J.f we further prescribe that 10 internal reflec- 
tions per 1% of strain are necessary in order to approximate uniform con- 
ditions,   X =-y.    Thus,  for this case    ii the specimen is 1 inch long the max- 
imum strain rate satisfying the conditions imposed is 20 per second.    It 
is readily seen that to measure small strains at high strain rates,  extreme- 
ly short specimens would be required in order to be able to neglect propa- 
gation effects in the. specimen.    A specimen length of 0. Z0 inch would allow 
one internal reflection per 1% strain at a strain rate of 1000 per second 
which may be sufficient fo>   tho accurate measurement of large strains neg- 
lecting propagation.    Compression specimens as short as 0.0Z0 in.  in 
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Ir i'ii;th h.i\ r lui' n '.st d . 

In addition tn the axiiil motion ol the speciinen,   radial rxpansion or 

i out rat lion also occurs  simullaiu'ously du«' to the Poisson I'lfvcl.    The  radi- 

al motion is  ivsisti'd by  radial mcrlia torci's tending tu constrain the spcci- 
nirii to its initial lateral dimensions.     ThcHi' lateral inertial restraining 
lorces tend to im rease the measured stress (TLnecessary to produce  a given 

strain g,  m the specimen over that stress (y  neci-ssary to produce the same 
deformation when no kinetic energy is imparted to the  specimen.    For a 

cylindrical  specimen with cross  sectional area A and length t  ,   the  radial 

kinetic energy can be expressed as 

K.E. = Al U(rM-<r)dt 
Jo 

If we assume the specimen expands uniformly,   the kinetic energy can 

also be expressed in terms of the  radial particle velocity   V^of a point on 

the circumference of the  specimen of radius r,   as 

Jo 

and 

ere   p is the density of the specimen.    If   )? is Poisson's ratio 
at V   = Vr —— 

K.E.= -rA£Pvr(^i 

Equating these two expressions for the  radial kinetic energy and differ- 

entiating with respect to   t ,  we obtain 

This expression gives a correction to be applied to the measured stress 

to account for the radial inertia.    If the variations in strain rate during the 

lest are small,   this correction may be negligible.    It is assumed that the 
specimen is short and the radial deformation is. uniform,   and also that the 

static, value of Poisson1 s ratio is valid under dynamic conditions. 

As is seen from the above discussion,   severe difficulties arise 
in trying to separate that part of the measured dynamic load due to basic 
mechanical properties of the specimen material and that which is produced 
solely by the inertial  forces required to accelerate particle motion in the 

specimen.    Inertial effects can not be eliminated in any measurements over 
a finite gage length,   although they can be minimized by testing at a nearly 

constant strain rate,   a difficult variable to control at very high testing rates. 
Some advantage can also be obtained by testing in pure torsion where 
radial motion is not present. 
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Figure 2.   Strain-time records taken near the impact end of a cylindrical 
rod (from Ref. 28) 



l'.üri Is   ai.d Spfk iiiii  11  CifdMictr L 

l'hf (ivi-r.ill  s./f ami shapr u!' llu1 Bpeciiut'n is dotefmincd by the 

11.aiiIT f iit li adi -^ .   c i tlif r m U-r.Hiun,   ( omiircasion ur tur siun.    In ten- 
Mu". nupai t ti sts 'he  spct iincn is ^cnci'ally sunilar to those ust-d in the 
stain,   test    Willi a  'i'di.ced sct.un in the middle and provi aions for grijj- 
pi.r.j^ the spet iiiu'i: al eacli end.    Because of difficulties in gripping the 
specimen and applyi'ij; the  load,   tension specimens are of necessity of 
appieiiable lir^tli ard propagation nonuni tormities across the length of 
'hr   spec inn n i ar  rot  be  avoidi'd at  very liigh loading rates.     The com- 

pression spn iMier has some advantage in that it can be made of uniform 
i riss  settle n and quitt   short in length.     For very short compression 
specimens,   however,   the influence of frictional  restraining forces at 
the loading surfaces may become significant.    These can be alleviated to 
■rome extent h\   proper lubrualion. 

'.n addition tc; considerations of specimen length,   the lateral di- 

mensions also have an influence,   since errors caused by radial inertia 
forces increase With increasing radius.    Thus,   radial dimensions should 
also be kept small.     For any precision testing technique,   the influence 
ol  specimen size on the  results obtained should be considered. 

Axiahty of the Loadin s. 

The loading device should be designed so as to insure the uni- 
formity and axiality of the loading.    This is particularly important in 
the impact leading of short specimens where the strain does not have 

time to distribute itself uniformly over a cross section during the in- 
terval of measurement.     This is illustrated in the strain-time records 
obtained by Bell [IB] from axial impacts on long aluminum rods shown 
ir  Figure 2.    If the strain development from the impact face is consid- 
ered to emanate from an infinite number of point sources distributed 
over the  so r fate    a gage station at a fixed point on the lateral surface 

of the bar will feel first the shock arriving from the nearest point on 

the impact face.    The shock from some further point,   say on the op- 
posite diameter of the bar,   will arrive at some later time depending 
or. the bar dimensions and the shock velocity D,    In Figure Z,   tj} is the 
time cf arrival at the gage station of the wavelet from the nearest point 

on the face and t-, the arrival time from the far side of the impact face, 

(a) and lb.) are measurements at 1/4 bar diameter from the impact face 

and [ci is at 1/2 diameter.    Record (a) and (c) appear to represent uni- 
form impact over the entire face while in (b) first contact appears to 
have been made at the far side of the impact face since the first recorded 
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sl^twil occurs at lime t^.     Alter HOIIH-  len^tli of travel  liic wave front will 
tt-nd lo smootli out beiause ol internal   reflei turns from the side walls. 

For direct inipac I ol the sjxn i men with a moving mass,   precise 

alignment is difficult to icntrol, thus,   there is some advantage in the 
split pressure bar   system  shown :n  Figure  1  (d),     With this system the 

surfaces may be lapped and prealigned. 

The discussion heretolm   has been (oncerned exclusively with 

assumed umaxial ti'sts.     To the writer's knowledge,   there has only been 

one investigation of biaxial dyramu   st re ss-st rain characteristics,   that 
of Gerard and Papnno '^(tj   .sing the   rupture of thin ( ircular diaphragms. 
Dynamit: combined stress st   d;i s '. ■• uld prove  jsetul in defining a dynam- 
u   yield surface a'd als<   a dv   mm   FOJHS( n  s  ratio. 

The rmal  Effect s i n th(   S )e • in u' n 

T.n the transition from static to dynamic testing,   the test conditions 
go from isothermal to adiabatu .    At high rates of straining,   the heat pro- 
duced by the process of inelastic  deformation does not have time to be dis- 
sipated,   causing a local increase m temperature.    Nadai and Manjoine (8) 

have measured with thermocouples the increase in temperature of pure 
iron tensile impact specimens for which the test duration was less than 2 
milliseconds.    The temperature  rise recorded at three stations along the 
specimen is shown in Figure  i.    At the fracture cross section a tempera- 
ture rise of almost 50oC was measured.    Instantaneous temperature rises 

much greater than this undoubtedly occurred on localized slip and rupture 
surfaces.    Since for most materials,   temperature has the inverse effect 
from strain rate,   such i nc reases in temperature might be expected to 
soften the material and thus to flatter, out the stress-strain curve at, high 
strain rates and large strains.    Although thermal conditions within the 
specimen cannot be controlled during the test,   their influence on the ma- 
terial response should be considered. 

TWO TYPICAL TEST TECHNIQUES 

The high strain rate testing apparatus must take into account each 

of the items discussed in the previous section.    There is,   of course,   a 

strong interdependence between the loading mechanism,   the measurement 
techniques and the specimen desigr,   each of which must be considered in 

terms of the integrated system.    Two typical impact testing apparatus and 
some of the results obtained with them will nowbe reviewed in order to 
illustrate the above discussior. 
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Tt'nsion 'IVsts of MiiiijoiiH' ami Nadai 

The apparutu» ol Manjoin«- .ind Nadai (7) i« typical of tensile im- 
pact It'Klinf» di'vui'S and was om- ol the lirst to ^i vc complete stress-strain 
data.    The high speed maehiiH   is shown    in Figure 4.    The tension test speci- 
nu'n   c   is suspended between two vi rlual columns by a force measuring 
bar   a  atKuhed to the  rigid rrosshead.    To the  lower end (jf the- specimen 
is attached an anvil    cl.     The load   s applied to the specimen by impact of 
two hammers   f which c.ontac t the ai vol.    The hammers are attached to the 
flywheel   g   and are  released by a solenoid opt'rated pin.    The load applied 
to the specimen is measured by the ei.iirtu   extension of the  force measur- 
ing bar.     This extersio'- i« mc.isi.rt d h\ ♦.hi   ( ^a^gc- ir width uf the narrow 
optical slit    1     whu h  regulates tl.i   .IMU ,,I ' cl ! ^( t lall'ng or  the photo cell 
0  .     Strain is measured \:\  the 'm'.ot- ol t! t   base of 'he ar",l which is al- 

so recorded photoelec I ru ally as shiow .     The ciut]3i.t from each photo cell 
was fed directly to separate chain els of an X-V oscilloscope to give the 
stress-strain curve directly. 

The test specimens were standard tensile test specimens with the 
diameter of the reduced section being 0. Z in.   and the gage length of the 
reduced section 1 in.   with 1/16 in.   radius fillets.    All the deformation re- 
corded by the anvil movement is assumed to occur in this 1 in.   gage length. 

The natural frequency of the force-measuring bar was estimated 
to be around IS, 000 cps and that of the force-measuring bar,   test speci- 
men and anvil together on the order of 10, 000 cps.    The duration of the 
fastest tests was SOG to 600 microseconds,   thus 5 or 6 oscillations of the 
system occurred during these tests.    The amplitude of these oscillations 
increased with increasing strain rate as shown in the actual test records 
given in Figure S. 

Some representative results of Nadai and Manjoinc on the effect 
of strain rate on true stress at varying strains for mild steel are given in 
Figure 6.     The shaded area represents the nearly constant stress main- 
tained during elongation at the yu Id point.    The yield point elongation in- 
creased with increase in rate of strain.    These curves indicate an in- 
creasing influence of strain rate at the higher rates especially upon the 
yield point. 

Pressure Bar Technique of Kolsky 

Typical,   and perhaps most usred of the pressure bar techniques 
of compression testing,  is that of Kolsky (13).    In this method,  the speci- 
men is compressed between two faces of a split Hopkinson pressure bar 
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by an elastic prt'ösurt' pulsf propagated m the bars.     The original Kolsky 
apparatus is shown in Figure 7.     The puls»- is initiated by detonators fired 
against a hardened steel anvil which transmits the pulse to the first or in- 
cident steel pressure bar.    When the incident   pulse reaches the specimen, 
part of the pulse is reflected because of the mechanical impedence mis- 
match and part is transmitted through the specimen to the second or trans- 
mitter bar.     The particle displacement produced by the pressure pulse is 
recorded both before and after it passes through the  specimen by the cylin- 
drical and parallel plate condenser microphones,   respectively.    In later 
work,   botli Lmdholm (17) and Häuser,   et al.   (16) used resistance strain 
gages in place of the condenser microphones to record the pressure pulses. 
These investigators also initiated the pulse witli a mechanical impact rather 
than the explosive charge.    The ^agc  stations are so placed and the pres- 
sure bars are of such a length that the loading of the specimen by the initial 
pulse is recorded before  reflections return to disturb the strain or dis- 
placement readings.    The two   strain-time or displacement-time records 
are recorded simultaneously on the cathode  ray oscilloscope. 

Both the instantaneous stress and the strain in the specimen are 
derived from the displacement or strain readings on the pressure bars. 
Figure 8 shows schematically the loading of the specimen by the incident, 
reflected and transmitted pulses all of which can be  recorded at the two 
gage stations.     The displacement  u,of the face of the incident pressure 
bar in contact with the specimen is obtained from strain records by 

and the displacement 

Jo 

ace o uzof the 

U2=;    C0 

f the transmitter bar by 

/here   C0 is the elastic bar wave velocity,   and  £. and  £-Tare abso- 
lute magnitudes of the measured strains.    The strain in the specimen   ^   is 
then given by ,t 

t-.i^-.J^      (tl^R-Er)ort. 
lLa <-o   Jo 

The instantaneous stress in the specimen is obtained directly from the 
force in the elastic bars.    If displacements are recorded,   as with the con- 
denser microphone,   strain in the specimen is obtained directly whereas 
a differentiation is required to obtain stress,   which is somewhat less ac- 
curate than the integration procedure above.    Figure 9 shows a typical 
oscilloscope record of the three  recorded strain pulses.    Both the incident 
and reflected pulses are recorded al the same gage station on the incident 
bar,   the reflected pulse being tensile.    The specimen in this record was 
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aluminum,   1/1 iiu'li Inn^ and 1/Z inch in diaiiu'tiT.    The total duration of the 
leading is seen to be about IZ^ mic rtiHeeonds.    Slight oscillations are seen 

at the initiation i)l the transmitted and reflected pulses,   corresponding   to 

reflections within the specimen.    Stress-strain curves derived from similar 
records for lead are shown in figure 10.     The curves at the three lower 
strain rates in this figure were obtained on a conventional testing machine. 

Stress vs.   strain rate curves at constant  strain are shown in Figure 

11 for aluminum from Häuser et al.   (16) and for copper in Figure 12. from 
LindhoLm (17) both using the Kolsky technique.    In Figure 11 the average 

strain rate was varied by changing the  length of the  specimen; the  results 
in Figure  1Z were obtained on specimens of the  same  length but the  lower 

strain rates were obtained on a standard static testing machine.    Both show 

a logarithmic dependence of stress upon strain rate to approximately 1000 

per second.    At higher strain rates the data of Figure 1Z indicates the pos- 

sible existence of a limiting strain rate which the material can sustain,   in 
the neighborhood of which the stresses increase sharply.    Figures 11 and 
1Z also indicate an increase in strain hardening with increase in strain rate 
as evidenced by the increasing slope of the constant strain curves with in- 

creasing strain. 

The two methods  just described are typical of both tensile and 
compressive impact tests and serve to illustrate solutions to the problems 
discussed.    Each method has its limitations and range of applicability 

and data obtained can only be compared accordingly.    Despite the continued 

improvement in dynamic testing techniques,   there is still a need for fur- 
ther intensive experimental work aimed at defining basic material behavior. 
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(from Ref.   16) 
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DISCUSSION 

V. H.   Pagano,  U. S. Army Tank-Automotive Center: 

What is the influence of the higher strain rate on the coefficient of the 
strain hardening exponent? 
Dr.  Lindholm:    For a higher strain rate the slope would he increasing. 
V. H.  Pagano:     You would be getting a larger strain exponent with the higher 
rate.    This is of interest because of the significance implied,   from a ballis- 
tic point of view,  to the influence of strain hardening exponent on the ballistic 
resistance of a material; and some question has been brought up recently 
with regard to reduction in carbon content,   actually bringing it further away 
from this resistance effect,  because the strain hardening exponent decreases 
with decreasing carbon content,    \l this is the situation,   actually these es- 
timates are being made from static and not from dynamic results. 
Mr.  Crenshaw:     Are there any more questions? 
Question:    Did you say anything about the temperature conditions? 
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Dr.   Liiulluilm;      Musi ul' thosi' which wen; shown on the slides here were 

at  room tempe ralure,   but generally at elevated temperatures the rate ef- 
fects will be more predominant. 
Question:    I meant with respect to isothermal versus adiabatic conditions. 
Dr.   Lindholm:     Of course in all these tests the temperature is not moni- 
tored continuously during the lest.    Now we know that as the  rate increased, 
and it is a higher rate shown here,   essentially it has gone to an adiabatic 
condition.    Test duration is of the order of maybe a hundred micro-seconds. 
I don't know if this answers your question. 
Dr.   Kumar:      1 would like to ask about the comparative view of the two 
techniques of testing the materials dynamically for strain rate character- 
istics especially; one is what you call the bar technique; the other is the 
short specimen.    In your view,   what would you say are the outstanding ad- 
vantages of the short specimen and possible any outstanding advantages of 
the bar impact technique? 
Dr.   Lindholm:     It is the higher strain we are talking about here.    At the 
higher strain rate you're faced with the problem of the propagation within 
the specimen.    You can minimize it by making the specimen as short as 
possible so you have many reflecticns during the time of interest.    Of 
course this leads to another problem,   which I didn't mention really,   as 
how do you take into account the surface conditions?    The bar technique has 
the advantage that you can use the bars as elastic members,   may monitor 
the particle displacement on the faces of these bars and have at the same 
time the stress measurements.    We are able to obtain from the integrated 
strain-time records agreement within 3 to 5% with the final deformation 
measurements in the specimen; so this gives us some indication of the ac- 
curacy,    The tensile type, test has the advantage that you can test the fail- 
ure,  but again if you work with tensile specimen you're faced with the prob- 
lem of how do you grip the specimen and also how to minimize the length 
to eliminate rate propagation effect.    Another approach to the problem, 
which we didn't mention,   is to measure plastic wave propagation and then 
work backwards and try to determine what type of material parameters one 
can put into governing equations that will give the results one may obtain 
experimentally. 
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THE EFFECT OF STATIC AND DYNAMIC LOADING 
AND TEMPERATURE ON THE YIELD STRESS OF IRON 

AND MILD STEEL IN TENSION AND COMPRESSION 

William GriffH* 

ABSTRACT 

The elastic and plastic (iesipn of mild steel structures is based 
on the value of the lower yield stress,   which is a measure of the resistance 
of the material to the propagation of yield into an unyielded material.    On 
the other hand the upper yield strt-ss has only a very limited application 
since its value is influenced by axiality of loading and surface finish,   factors 
difficult to control in actual structure. 

As it is assumed that the value of the dynamic lower yield stress 
is determined by the dynamic properties of unyielded material,   rather than 
those of plastically deformed material,   how can we describe the relationship 
of this dynamic lower yield stress versus temperature utilizing criteria ap- 
plicable to the dynamic upper yield stress? 

INTRODUCTION 

A constant problem for an engineer,   while evaluating the strength 
of a structure is to compare the resulting stresses with the dynamic yield 
stress of the material for a given temperature.    Many investigations were 
made in this field.    Most of them were on the effect of dynamic loading on 
metals in tension but the mechanism of deformation has yet to be deter- 
mined.    There is a general agreement that the yield of mild steel in ten- 
sion may be raised to a value over 50% above that obtained in static test, 
while in most other metals the effect is slight. 

Tensile tests of short duration at different temperature show 
that the yield stress increases with fall in temperature and that the time 
at a given stress required to initiate yield increases. 

The purpose of this paper is to summarize some of the latest 
testing results of dynamic stress and deformation in a mild steel in tension 
at normal and low temperature and the effect of static and dynamic loading 

'Mr.  William Griffel,   Ammunition Group,   Picatinny Arsenal»   Dover,  N.J. 
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.iiul li'inpr r.ilurr on Ihr V'1''1' stivsH ul' iruii and imld stcH.'l in cüinprcssiün. 

DYNAMIC STRESS AN!) DEFORMATION IN A MILD STEEL IN TENSION 
AT NORMAL AND LOW   TEMPERATURE  

Both tlu' ilassual rlasiii   ami thi   iiiudern plastic design of njild 
stt'i-l structures» art' basi'd upon tlu- value of the lower yield stress.    The 
upper yield stress has only a very limited application since its value it 
considerably influenced by axiality of loading and surface finish,   factors 
difficult to control in an actual  structure. 

Both these yield stresses,   and particularly the upper yield stress, 
react markedly to the application of dynamic rates of strain,   but,   as in 
the case of design for dead loads,   a design to resist dynamic loads is based 
entirely upon the dynamic lower yield stress. 

D.B.C.   Taylor of University of Cambridge,   Cambridge,  England, 
and L. E.  Malvern of Michigan State University,  East Lansing,   Michigan, 
made a study of this dynamic lower yield stress,   together with the associ- 
ated plastic deformation,   in a commercial quality mild steel under tension, 
particular attention being paid to the effect of temperature upon these two 
quantities.    They argue that since the dynamic lower yield stress is that re- 
quired for the continuous initiation of yield in unyielded material,   its value 
is determined by the dynamic properties of unyielded material,   rather than 
those of plastically deformed material.   'Assuming the correctness of this 
reasoning how is it possible to describe the dynamic lower yield stress ver- 
sus temperature relationship by making use of criterion applicable to the 
dynamic upper yield stress? 

In their research work,   along the lines specified above,  commercial 
mild steel was used.    For more homogeneous behavior,  the specimens 
were normalized in vacuum before testing.    They were machined from 3/4 
in.  diameter bar,  and the specification of the steel is given below: 

COMPOSITION,   PERCENT 

c Si                   Mn                  Ph s Ni Cu 
0. 19 0.07              0. S4               0.013 0. 052 0.08 0.20 

TENSILE PROPERTIES 

Upper Yield Stress 53 .8 kpsi 
Lower Yield Stress 41. 9 kpsi 
Ultimate Tensile Stress 66 5 kpsi 
Elongation on Z in. 30 pe rcent 
Reduction i n Area 65 pe rcent 
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CONCLUSIONS 

Tin' in.tin coiulusiuns from tin- above invi-öti^ation may b<- brit-fly 

summarr/.vd as follows; 

1.       Thi' i-fffct of dynamic  rali-s of strain up to S/scc: combined 

witb lemperatures down to -70ÜC,   upon a normalized mild 
sU'i'l of 0. 19 percent carbon content is to increase the lower 
yield stress by amounts ranging up to \Z0 percent of the static 
room temperature value,   that is 4Z to 90 kpsi. 

The increased value of h 

of the resistanci 

jwer yield stress which is a measure 

of the material to the propagation of yield 

into an unyielded material,   leads to a greater location and 
greater amplitude of nonunifurm plastic  strain.    Local plas- 
tic strains of up to 14 percent were recorded at -70ÜC as com- 
pared with the room temperature static value of Z percent. 

It is possible to describe the dynamic lower yield stress   <J" 

versus  temperature T relationship by an equation of the form: 

K 1   -   KZ   T 
1/3 

Where Ki and K-, are constants obtained by the investigators from 

a theoretical formulation for the activation energy. 

THE EFFFXT OF STATIC AND DYNAMIC LOADING AND TEMPERATURE 
ON THE YIELD STRESS OF IRON AND MILD STEEL 1^ COMPRESSION 

Cylindrical test samples were compressed statically and dynamic- 

ally at temperatures ranging from -f 100 to -1950C and yield stress observed. 
Two materials were used for this experiment; one a high purity iron,   and 
the other,   a normal mild steel plate.    The analyses arc given below: 

PURE IRON (%)       C<0.01,        0<0.01Z,        N<0.0002,      H<0.0001 

MILD STEEL (%)       C Mn S 

0.190      0. SI       0.026 

P 

0. 007 
Ni Cr Mo     V 

0.074    0. 037  0.016  0. 003 

The steel was untreated.    Cylindrical  rods of the iron were heated at. 960oC 
for IS min.   in vacuum and air cooled. 

All the information obtained from these tests,  performed by the Naval 
Research Laboratory,   Washington,   D.  C. ,   has been plotted in graphical form 
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m Kienes 1 and L.    For tin- n-uauns thai arc hi-yond the Scope of this 
papiT.   thiTi- is some uiutTlainty with regard to the interpretation of 
tin1 dynamic  tests in that the stresses value in relation to strain may 
not be exactly comparable to that of the static test.    The shape of the 
curves need not necessarily be affected and there is other evidence 
that the stress values are quantitatively approximately correct. 

First,   the dynamic yield stresses are all higher than the static, 
by an amount that varies with the temperature.    At room temperature 
the ratio of dynamic  versus static is about L. S for both the iron and 
steel.    As the static and dynamic yield stress curves approach each other 
at lower temperatures,   this ratio decreases.    Similarly at higher tem- 
peratures,   it would appear that the curves may eventually converge,   prob- 
ably at temperatures when the flat yield point in steel disappears.    The 
temperature  range of the tests is not wide enough in either material to 
prove that the two curves do,   in fact,   converge at both high and low tem- 
peratures,   but the connection between the raising of the yield stress,   a 
delay time in yielding and a flat yield were well established. 

DISCUSSION 

Mr.   Zaroodny,   BRL,   APG:      What about the ultimate stress? 
Mr.  Griffel:     Well,   the  ratio of dynamic to static stress or ultimate 
strength is much lower than that of the yield stresses.    To be specific,   if 
my memory   serves me right,   for aluminum the ratio of dynamic to static 
ultimate stress is only 1,1, 
Dr.   Kumar:    Aluminum is probably not an excellent choice to use as an 
example of the effect of strain rate on the ultimate stress because other 
materials,   like copper,   do show considerably more percentage of sensi- 
tivity than aluminum does. 
MT.  Griffel:   I agree but still less than for yield stress.   The point I 
wanted to emphasize was that the ratio is larger for the yield than for the 
ultimate. 
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INSTRUMENTATION FOR EVALUATION OF ARTILLERY 
AND ROCKET LAUNCHER PERFORMANCE AT 

ROCK ISLAND ARSENAL 

J.  C,   Hanson1 

ABSTRACT 

AH instrumentation measurements at Rock Island Arsenal under 
dynamic conditions have been utilized to obtain operating data on perform- 
ance of research and development prototype weapons and assemblies dar- 
ing proof firing or functioning tests rather than on a specific material sub- 
ject to a particular condition of loading. 

The basic sensing device used for obtaining analogs of dynamic 
physical phenomena is the electromechanical transducer.    Output signals 
from the transducers are usually recorded by means of optical galvano- 
meter type oscillographs. 

Commercial transducers are used for measuring fluid pressure, 
acceleration,   displacement of moving parts and loads.    Special transducers 
have been designed for measuring artillery recoil displacement,   recoil 
rod and trunnion loads.    Conve ntional strain gages are utilized to measure 
loads and surface strains on various components,  movement of parts and 
projectile ejection from the barrel.    (Transducers and methods used for 
mounting them are illustrated and explained. ) 

Recording equipment with a frequency response of zero to 600 cps 
has been found to be adequate for the majority of measuiements.    Multi- 
channel recorders equipped with time line apparatus are desirable.  Chart 
speeds and types of recording paper used are selected on the basis of the. 
test.    Electrical noise in various instrument components such as cables 
and amplifiers present some problems which are explained. 

Calibration of the transducers is performed with the complete 
system prior to each days firing.    Methods are usually straight forward 
using static, known quantities. 

*  Mr.  J.  C.  Hanson,   Project Engineer,   Mechanical and Electronics Unit, 
Rock Island Arsenal,  Rock Island,  Illinois. 
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liibt r uiiu'pi.atioii prubU'ins arc uftL-n uncountered when measurements 
are  required m areas ul very limited access and when shock and vibration 
levels are exicssivc    (Spetilic problems are illustrated and explained. ) 

Intr ocluc lion 

The design    selection,   assembly and operation of instrumentation 
for dynamic data acquisition on Artillery and Rocket Launcher weapons is 
an important research and development function at Rock Island Arsenal. 
This paper is primarily concerned with the application of instrumentation 
to the evaluation of weapon performance rather than a determination of 
the ability of the materials used in these weapons to perform satisfactorily 
under certain loading conditions. 

An ipstrumented performance test of a weapon under firing con- 
ditior.s is accomplished in seven steps as follows: 

1. Design instrument system 
Z. Select instruments 
3. Assemble instruments 
4. Acquire data 
5. Reduce data 
6. Interpret, data 
7. Evaluate results 

The average test setup requires from 8 to 12 channels of instrumen- 
tation.    Some have required up to Zl separate channels of instrumentation 
in order to obtain the desired information. 

The progression from idea to functioning hardware requires three 
basic steps,   thev are:   design,   fabrication,   and testing.    Instrumentation 
provides an important contribution to achieving design objectives when it 
is intelligently employed in testing. 

Transducers and Recording Equipment 

The object of instr omentation in the context of this paper is to assist 
m the attainment, of an optimum weapon with a minimum expenditure of time, 
funds    and effort.    A good definition of the purpose of instrumentation has 
been stated by Dr.  K.  S.  Lion of the Massachusetts Institute of Technology 
in his new book entitled.   "Instrumentation in Scientific Research".    He 
says,   "The purpose of instrumentation is to obtain information about the 
physical of chemical nature of an investigated object, or process,   or to con- 
trol ap object or a process in accordance with such information. 
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Inforrnation is required or supplied either, in a continuously variable form, 
such as the deflection of a meter (analogue systems) or in discontinuous 
steps,   such as by counting (digital systems)."   In order to have meaning, 
it is essential that recorded information be reduced to quantitative values 
or numbers.    This is achieved by means of carefully established proced- 
ur'es for precise calibration of the transducers used for measuring the 
various physical quantities involved.    When this has been accomplished, 
we have a measurement system and valid measurements  can be  made. 
The basic measurement chain consists of five elements: 

1. The physical quantity to be measured. 
2. The electrical input transducer. 
3. Information acquisition and transmission. 
4. Data analysis. 
5. Interpretation of results. 

One of the basic design requirements of prototype artillery and 
rocket launcher weapons is to achieve performance objectives with a 
minimum amount of hardware.    In order to accomplish this,   safety fac- 
tors ranging from 1. 5 to as low as 1.2 are used.    It follows that as safety 
ma gins are decreased,  instrumented measurement accuracy must be 
correspondingly increased and error tolerances held to a minimum.    The 
necessity for high grade instruments and personnel thus becomes increas- 
ingly important. 

It will be of interest to discuss the first three elements of the basic 
measurement chain as they relate to weapons testing at Rock Island Arsenal. 

The majority of weapons tested involve measurement of one or more 
of the following: 

1. Acceleration of components and assemblies. 
2. Qualitative and quantitative measurement of mechanical strain 

in components. 
3. Direct and indirect force or loads applied to components and 

assemblies. 
4. Angular and translational velocity and displacement of compon- 

ents and assemblies. 
5. Liquid and gas pressure in pneumatic,   hydraulic  and   hydro- 

pneumatic systems such as equilibrators and recoil mechanisms. 
6. Temperature of liquid,   gas and solid materials in weapon com- 

ponents and assemblies. 
7. Displacement of projectiles and missiles (position versus time). 
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Information in required or supplied either in a continuously variable form, 
such as the deflection of a meter (analogue systems) or in discontinuous 
steps,   such as by counting (digital systems)."   In order to have meaning, 
it is essential that recorded information be reduced to quantitative values 
or numbers.    This is achieved by means of carefully established proced- 
ur'es for precise calibration of the transducers used for measuring the 
various physical quantities involved.    When this has been accomplished, 
we have a measurement system and valid measurements  can be  made. 
The basic measurement chain consists of five elements: 

1. The physical quantity to be measured. 
2. The electrical input transducer. 
3. Information acquisition and transmission. 
4. Data analysis. 
5. Interpretation of results. 

One of the basic design requirements of prototype artillery and 
rocket launcher weapons is to achieve performance objectives with a 
minimum amount of hardware.    In order to accomplish this,   safety fac- 
tors ranging from 1. 5 to as low as 1. Zare used.    It follows that as safety 
margins are decreased,  instrumented measurement accuracy must be 
correspondingly increased and error tolerances held to a minimum.    The 
necessity for high grade instruments and personnel thus becomes increas- 
ingly important. 

It will be of interest to discuss the first three elements of the basic 
measurement chain as they relate to weapons testing at Rock Island Arsenal. 

The majority of weapons tested involve measurement of one or more 
of the following: 

1,     Acceleration of components and assemblies. 
2..   Qualitative and quantitative measurement of mechanical strain 

in components. 
3. Direct and indirect force or loads applied to components and 

assemblies. 
4. Angular and translational velocity and displacement of compon- 

ents and assemblies. 
5. Liquid and gas pressure in pneumatic,  hydraulic  and   hydro- 

pneumatic systems such as equilibrators and recoil mechanisms. 
6. Temperature of liquid,  gas and solid materials in weapon com- 

ponents and assemblies. 
7. Displacement of projectiles and missiles (position versus time). 
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These quantities are usually measured on a common time base in 
order to identity and compare the initiation and time duration of various 
related events. 

.  The second element in the measurement system is the electrical 
input transducer.    Its function is to transform the physical quantity to be 
measured,   as existing in one form of energy,  into some other physical 
quantity which can be more easily measured.    In view of the fact that al- 
most all recorded data must be in the form of electric analogs,  it is nec- 
essary to use electrical input transducers.    These are devices capable 
of converting any form of energy into an equivalent electrical current or 
voltage.    The versatility of these devices is almost limitless and the 
state of the art at the present time is such that there is commercially 
available an electrical input transducer for measuring any or all physical 
quantities and they are available in a wide variety of ranges,   shapes and 
sizes. 

The types used,  their physical and electrical characteristics,   and 
physical quantities measured are of interest since experience has proven 
their complete suitability to weapons testing.    The majority of transducers 
used are of the electric resistance strain gage type in which the sensing 
element is in the form of the conventional four arm wheatstone bridge. 
These are classified as nonself-generating transducers.    They are divided 
into two groups,  one having bonded wire strain gage arms and the other hav^ 
ing unbonded strain gage arms.    The former are more rugged than the lat- 
ter and can better withstand high shock and vibration conditions.    The un- 
bonded strain gage types are generally a little more accurate and a little 
more linear.   However, both types function in the same manner.    The 
bridge arms are mechanically fastened to the sensing element flexure de- 
vice which responds to the measured quantity.    Thus changes in electrical 
resistance are produced which are directly proportional to the physical 
quantity to be measured.   It is necessary of course to excite the bridge 
with either A.C.  or D.C. current in order to obtain an output signal which 
by definition will be proportional to the measured quantity.    Transducers 
based on this principle can be used to measure any or all of the physical 
quantities previously stated,  within cer.ain limits.    A variant of this type 
of transducer uses inductive elements in place of resistive elements in the 
bridge arms and require A.C.  current excitation.    Generally,   they have 
been used for measurement of acceleration,  pressure and applied loads 
such as recoil mechanism rod pull during firing.    Transducer type,   quan- 
tities measured and operating range required in test work are as follows: 

1.     Load cells for measurement of tension and compression loads 
calibrated directly in pound units of force in the range of zero to 50, 000 
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pcimuls.     Tlu'sc lii-VKes art1  usni mi arlillrry tu measure   rccuil  rod load, 
trunnion load,   i-lrvatmn nu'ihanisin load,   firing platform load,   (^rtjund 
aiuhor load,   and many olluT ridali'd spi'fiai applications.    On wcaiions 
t laasilii-d as rucki-t launctu-rs such as XM7(),   XMM,   XM91,   Mi86,   XM92, 
XMHO,   and XM^'J,   load cidls have; lu-fti uffeclivuly used to measure such 
things as weight distribution,   crntrr of gravity,   and coinprt-ssion and 
ti'nsion loads in various compom-nts and assi'mblics under both handling 
and tiring conditions.    Operating range from Ü to ZO, 000 pounds have been 
required for tests of these weapons. 

1.     Accele rometers calibrated in "G" units for measurement of 
acceleration and deceleration of components and assemblies of artillery 
and rocket launcher weapons are used under various operating conditions 
such as firing tests,   mobility tests and drop tests.    Accelerometers are 
useful for measuring accelerations due to both gross motion,   such as 
that associated with recoil of artillery tipping parts and vibratory motion 
resulting from high rate of loading.    Piesoelectric type accelerometers 
arc seldom used because they are not as easy to calibrate as the former 
type and are not readily adaptable to the type of information acquisition 
equipment used,    Operating range from 0 to plus or minus 1000 "G" units 
have been used in tests. 

3. Pressure transducers calibrated in pounds per square inch 
units are used primarily for measuring gas,   and oil pressure in recoil 
and equilibrator mechanisms.    The operating range is normally zero 
to 10, 000 psi. 

4. Linear and angular displacement transducers calibrated in 
units of . 001 inch to 60 inches for the former and calibrated in degrees 
for the latter are used on artillery to measure displacement of recoiling 
parts,   equilibrator motion,   carriage hop,   firing base motion and deflec- 
tion of components due to vibration and shock.    However,   in addition to 
variable resistance transducers,   variable inductance transducers are 
also used.      Special solenoid type electro-mechanical transducers for 
measuring recoil displacements up to 60 inches have  been developed at 
Rock Island Arsenal.    With respect to rocket launcher materiel,   these 
devices have been used to measure  the deflection amplitude of compon- 
ents such as the launcher beam during simulated launching of the missile. 
Many other   measurements of deflection and  displacement produced by 
various conditions of loading have been made. 

5.      Velocity  transducers have been used in connection with the 
measurement of vibratory motion of components in the range . 001  to 
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approximately 1 inch double amplitude. However, these devices are seldom 
used since velocity is a physical quantity that does not indicate i~tensity of 
loading and thus would· not indicate probability of failure . 

. 6. Bonded wire and metal foil electric resistance strain gages are 
used extensively in two ways. The first is to directly measure mechanical 
strain and the second is to l8 e them as transducer sensors by mounting 
them on special flexure devices which are calibrated in units of the particu
lar quantity measured. The versatility of strain gage applications is limit
less. They are indispensable in development work of all kinds. 

7. Some conventional instruments have been used in a somewhat 
unusual manner. For instance, rate gyroscopes have been used success
fully to measure the angular velocity of howitzer barrels and of M386 
(Honest John) launcher beams during firing. The range of the instruments 
used was zero to 200 degrees per second. 

8. Externally observed functional behavior ranging from specific 
components to entire weapons are monitored with normal and high speed 
movies. Gro·ss displacement measurements are facilitated by the use of 
rectilinear coordinate grid boards as a backdrop. Both black and white 
and color film are employed. 

9. Internal and external temperature measurements are recorded 
with both conventional thermocouple wire and with electric resistance tem
perature gages. 

It should be noted that all of the transducers described haw~ a 
linear frequency response range in excess of that required for the majority 
of weapons tested under firing conditions. Generally, this should be not 
less than 600 cps. 

10. Artillery projectile velocity is measured by means of magne
tized projectiles fired through large multi-turn coils of copper wire. ':'he 
pulses of electric current generated in the coils are recorded. _ 

Physical and electrical performance requirements for transducers 
are severe. They must be extremely rugged structuraily to withstand the 
effects of severe shock ~nd vibration conditions which are characteristic 
of all firing tests. For example, a fluid pressure transducer assembled 
on a recoil mechanism oil head must be physically and electrically immune 
to the complex time motion phenomena that it is subjected to in order to 
produce a faithful, relatively noise-free, s i gnal. Acce l e rometers must 
withstand high accelerations in directions other than that for which they 
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are oriented to measure. Transducer function is generally limited by the 
operating environment and they must be protected from direct exposure to 
heat, blast and excessive shock loads. When it is necessary to use spec
ial mounting brackets, careful attention to stiffness and rigidity should be 
made, otherwise spurious signals may be generated and superimposed on 
those produced by the measured quantity. 

The third element in the basic measu::.-ement system encompasses 
all electronic apparatus for information acquisition and transmission. In 
plain language, this is the equipment required to amplify, modify, and re
cord transducer signals. Since the majority of transducers used are of 
the non-self-generating cate6 "'ry, carrier type amplifiers are required. 
This type of amplifier contains circuitry designed to give output signals 
which are plus or minus with respect to a zero reference. Thus, not only 
continuous variations but also the polarity of measured quantities can be 
rr.~o.L'ded. lt is necessary to use either a built in or external oscillator 
and power supply. The former excites the transducer and the latter sup
plies energy to the amplifier. Provision ~or varying signal amplification 
in precise steps is of course essential. The transducer is electrically 
connected to the amplifier by means of conventional four conductor 
shielded cables in various lengths up to a maximum of approximately 
160 feet. 

Self generating piezoelectric transducers are generally connected 
to a cathode follower followed by a conventional single ended input am
plifier. The function of a cathode follower is to serve as an impedance 
matching device to facilitate maximum transfer of energy from the high 
impedance piezoelectric transducer to the relatively low impedance of 
the amplifier. 

Records of amplified signals are obtained by means of various 
types of direct writing oscillographic recorde:.:-s and with cathode ray 
oscilloscopes equipped with photographic attachments. Recorders are 
selected on the basis of test conditions. Multi-channel direct writing 
light beam oscillographs are used for the majority of tests. Direct 
writing is accomplished by exposing light beam galvanometer traces on 
commercially available photo-sensitive paper. These recorders are 
ideally suited for weapons testing since the frequency range of most 
physical quantities measured on weapons is well within the capabilities 
of these instruments. Galvanometers and associate carrier amplifiers 
in the range zero to 600 cps. and zero to 3000 cps. are used. Systems 
of this type with a flat frequency response range from zero to 8000 cps. 
are now commercially available. The systems currently in lise at Rock 
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Isliiiul Ai MI dl i ar .n 1 oimxlati'  up lu   U> 1 lianrit-ls ol information.    Record 
1 hat I  speeds in 1 IU re nieiit s trom  1 ID 100 inches per second are  provided. 
Chart   speeds 111 the  range  Irom  16 to 40 inthes per second have been found 
adequate  iVr the majontv ol tests. 

Direct wjitn.^ osi 1 llographs which feature a heat stylus writing on 
heat sensitive paper ha\ e limited use m weapons testing due primarily to 
their relatively low frequency response,    They are well suited,   however, 
to static   and quasi - dynamic  tests under nonfiring conditions. 

Cathode  ray oscillographs equipped with photographic attachments 
are necessary for  recording transient phenomena of extremely short 
time duration such as that produced by air blast,   dynamic impact,   vibra- 
tion and other phenomena produced by high loading rate. 

Calibration 

Calibration ol the transducers is performed with the complete 
system prior to each days firing.    Methods are usually straight forward 
using static known quantities such as those produced by secondary stan- 
dards.    Circuitry for electronic calibration of each channel is built into 
the recording equipment.    This is usually accomplished by switching a 
resistor across one active bridge arm of each transducer.    The result- 
ing signal is recorded as a step in the trace and it represents a fixed 
number of units of the measured quantity.     The reduction of data is 
accomplished by ratioing the internal calibration signal to that produced 
by the secondary standard.    It is necessary to obtain calibration signals 
frequently during test in order to compensate for small variations in 
signal amplitudes which occur due to variations in temperature,   supply 
voltage and zero drift. 

Applic ations 

It may be of interest to describe some instrumented firing tests 
of weapons and components in process of development.    Four investiga- 
tions involving the development of disintegrating projectiles for use in 
howitzers of various calibers have been accomplished.    The ultimate 
purpose of these 1 m'estigations was to make possible the training of 
operating personnel,   exercising of weapons and proof checking of re- 
coil mechanisms and carriages in populated areas.    The usual pretest 
procedure is first to determine what physical quantities should be 
measured and second to design the instrumentation system required to 
measure them.    Jt is the practice in program planning to determine the 
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niimmum mmibcr of im-aBurfnu'iila-rt-quircd tu achieve the desired result. 
The instrumentation used in these investigations is typical for the majority 
of firing tests of artillery and boosted rocket launcher weapons at Rock 
Island Arsenal.    The information acquisition and transmission equipment 
consisted of a multi-channel carrier amplifier system and optical galvano- 
meter recording oscillograph.    The transducers used consisted of the non- 
self-generating type previously described.    The physical quantities meas- 
ured and transducers used were as follows: 

1.      Recoil Rod Pull. -Measured by means of a load cell consisting 
basically of a steel cylinder with bonded wire strain gages oriented to 
sense tension load and calibrated in pound units.    These devices are assem- 
bled directly on the recoil mechanism rod in place of the nut and are a 
special Rock Island Arsenal design. 

Z.     Circumferential strain in the Howitzer barrel and bending 
strain in trails. -Measured by means of conventional electric strain gages. 

3. Displacement of recoiling parts. -Measured by means of a 
special variable reluctance transducer developed at Rock Island Arsenal. 

4. Acceleration of recoiling parts. - Measured by means of com- 
mercial transducer of the electric resistance strain gage type. 

5. Recoil mechanism oil pressure,- Measured by same type of 
transducer as 4. 

6. Motion analysis. -Monitored by means of high speed and con- 
ventional speed movie cameras. 

Firing tests in connection with development work on a light weight 
105 MM Howitzer designated the XM10Z system has been in progress for 
several years.    This weapon represents a radical departure from con- 
ventional artillery design in that the original weight of 5600 pounds is be- 
ing reduced to 3000 pounds.    This necessitates a great variety and quan- 
tity of recorded measurements.    In addition to the measurements des- 
cribed previously,   numerous qualitative and quantitative measurements 
of strain,   deflection,   displacement and load have been measured by means 
of either strain gages or flexure devices using strain gages,    The point is 
that with a little ingenuity and perserverance it is usually possible by means 
of conventional or improvised transducers to measure any physical quan- 
tity associated with performance of weapons under firing conditions. 

o 
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Artillery wt-apurs cii'vi'lupim-nl prograniS which have  required 
ratlu'r extennive inst rumentatiun are listed as follows: 

1,      Development ol disintegrating projectiles for artillery weapons- 
previously discussed. 

I.     Development of light weight 1ÜS MM Howitzer XM102- previously 
di sc ussed. 

i.     Development of prototype auxiliary propelled carriages for 
10S MM Howitzer and l^S MM Howitzer. 

4. Research study on feasibility of firing 105 MM Howitzer mater- 
ial Out-Of-Battery. 

5. Research study on feasibility of using braking rockets to provide 
counter-recoil force for 105 MM Howitzer material. 

6. Development of firing platforms for artillery and boosted roc- 
ket launcher weapons. 

7. Development of improved recoil mechanism control rod for 
105 MM Howitzer materiel. 

Due to limited range of the proof testing facilities,   tests of weapons 
classified as rocket launchers have been limited to only a few weapons. 
These were weapons that could be fired directly into a  Sand pit.    The quan- 
tities measured and instrumentation used on these weapons was generally 
the same as that used in firing tests of Artillery weapons.    Most of the 
launcher weapons tested are research and development prototypes and 
have required    during the course of development work,   extensive instru- 
mentation.    A brief discussion of some of the more novel instrumentation 
used on some of these weapons follows. 

An interesting firing test program was conducted to measure the 
time-motion history of a 4. 5 inch Multiple Rocket Launcher M21 during 
firing.    A system of flexure devices consisting of cantilever springs with 
strain gages mounted on them were calibrated to measure deflection. 
They were oriented to measure vertical,   lateral and longitudinal motion 
of the launcher.    This test is a good illustration of the versatile use of the 
electric resistance strain gage for measuring physical quantities other 
than strain. 
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A t rcmciidiMis .imoimt of inst runu-ritatii»i\ lias In't-.n ulili/.cd in con- 
IUHIUHI with liritif^ tests during the cuursi' of dt'vclupnifnt work on the 
US MM Roi krt  Lauiu hv v XM7().     This wt'a|>on fin-s a boosted rocket type 
artillery shell.     Two aecelennneters were mounted directly on the muz- 
/,le uf the barrel during a series of firing tests in order to measure the 
deflection of the mu/.zle m the vertical and lateral directions.    Deflections 
were obtained by electronic integration of the acrelerometer signals. 

Instrumentation has been used extensively in firing tests in con- 
nection with development of the spotting gun XM77 for the XM<?9 system 
(Davy Crocket Weapon).    As previously mentioned,   rate gyroscopes were 
used successfully to me asure the angular velocity of the beam on a M386 
Launcher during firing.    A considerable amount of instrumented measure- 
ments have been made in connection with the development of the various 
launchers for Honest John and Little John Rockets,   such as the M386 and 
the XM34.    However,   these were static and quasi-dynamic tests,   not 
involving actual firing of rockets. 

Instrumentation Problems 

All technoligical effort is beset with problems and the acquisition 
of data on weapon performance is no exception.    Instrumentation problems 
that arise fall into three general categories.    The first includes those 
which are caused by the complex physical effects resulting from high load- 
ing rates imposed on weapon structures during firing.    The second cate- 
gory includes those resulting from physical and environmental conditions 
which impose severe restrictions on measuring instruments,  primarily 
the transducer itself.     The third includes those problems due to functional 
limitations of instrument systems. 

In so far as the first category is concerned,   the firing impulse 
transmits complex shock and vibration phenomena which are sensed by 
transducers as corresponding variations in strain,   deflection,   force, 
pressure,   and acceleration,   to name a few.    These  secondary effects are 
superimposed on the primary effects and the result is often seen as a 
noise or "hash1' m the  recorded trace.    However    in dynamic work it is 
often important to take secondary effects such as strain into account, 
especially when the sum of the primary and secondary effect is sufficient 
to cause failure.    For   this reason it is generally not advisable to use 
electrical or mechanical filtering devices.    Intermediate mounting de- 
vices are potential sources of trouble,   since they may vibrate and pro- 
duce spurious signals in the transducer which may be misinterpreted. 
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Tin.'   si't und i ali'gury involves rioim- very furniidable j^hysical ]>rüb- 
li'ins.     Tin' utiiial  situation involves tlu- nu'asurt'mcnt of some physical 
((iiantily m an mai icssibU- internal part or an external part with insufficient 
mounting space  for the transducer. 

The third category involves the usual well known difficulties associ- 

ated with eleclronu   ecpiipment such as internally and externally generated 
noise,   broken connections,   feedback,   high resistance soldered joints,   sys- 
tem nonlinearity,   failure of electrical components and many others. 

It is hoped that this paper has been sufficiently comprehensive to 

give some insight into the important roll that instrumentation plays in 
weapons testing at Rock Island Arsenal. 

DISCUSSION 

Question:     Do you calibrate at rapid rates or do you calibrate under sta- 
tic conditions? 

Mr.  Hanson:    We have calibrated accelerometers at rapid rate using a 

cathode ray oscilloscope with camera attachment but it was difficult. 
Generally we calibrate with static quantities and where we can we try to 

calibrate with dynamic quantities. 
Questioner:    I was just trying to find out if there were some means of 

calibrating this equipment under dynamic conditions. 

Mr.   Hanson:   Well,   maybe I could go into details on this subject with you 

later,    I think time is a little short to go into details now. 
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T11K PRüFAGATIüN OK SHOCK WAVES INDUCED 
BY UNDERGROUND EXPLOSIONS 

Du't rich E.   Gii(l/,cnt: 

ABSTRACT 

This pajKT is intnuird to pfcsiMil thi'  survey of the current status of 
invt'Stigationa cuiu'c rncd with sunn- of thr fundamental problems involved in 
determination of efficient underground structures.    The application of re- 
sults from such studies is critical in the design of such things as bomb 
shelters,   missile storage silos,   highway construction,   and mining opera- 
tions.    Information available has been drawn from many sources:   explo- 
sions of mining operations,   theoretical studies,   earthquakes,   experimental 
nuclear explosions,   and many small-scale laboratory experiments. 

Particular emphasis has been devoted to a study of the effects  of 
soil properties such as mineral and moisture content,   grain size,   density, 
and cohesion.    Shock waves passing through the earth have been measured 
and attempts to determine such things as particle acceleration,   velocity, 
displacement,   and p' ak pressure of the front of the wave have been made. 
In theoretical studies the slope of the acceleration vs.   the distance from 
the explosion has been derived,   i.e.   Ar   =   A0  exp (-n   ■    In  r),   where Ar 

is the acceleration at distance "r",  A0 is the acceleration at the distance 
zero,   "n" is the exponent which determines the rate of decrease of the 
acceleration with the distance "r" from the explosion.    Attempts to pre- 
dict shock wave intensity for full-scale explosions from the results of 
scale tests require use of a scaling formula.    One commonly used is; 
W     - Wj^   .    S\   where W^ is the weight of the test explosive,   W^, is the 

weight of the full-scale explosive,   and S is the scale factor.     This formula 
is satisfactory for air blasts but fails in application to underground explo- 
sions because the equation of statt' of soil conditions is not clearly defined. 
Other possible formulas for use in scaling may possibly be that used in de- 
riving Newton's number or Hooke's number. 

In addition to studies devoted predominatly to soils and the nature 
of the transmission of waves through such a theoretical effort has been ex- 
pended in attempts to establish equations of motion for the propagation  of 
shock waves through solid bodies. 

Mr.   Dietrich E.  Gud/.ent,   Chief,   Dynamics Characteristics Section, 
Dynamics Analysis Branch,  Structures and Mechanics Laboratory,   AMC, 
Redstone Arsenal ,   Huntsville,   Alabama. 
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A immluT ul thi'Dri'lu al approaclics lu the particular problem uf es- 
tablishing matlu'inalu a! mocii'ls fur slunk wave propagation will be discussed 
in this paper.    Some discusaum uf i-xperiineutal wurk in terms of tests and 
a determination of scaling laws will be given,    Recommendations for future 
theoretical work and experimental  research will be made. 

THE PROPAGATION OP SHOCK WAVES INDUCED BY UNDERGROUND 
EXPLOSIONS 

I would like to give you a brief survey of the efforts devoted to the 
study of shock waves induced by underground explosion and their interaction 
with buried structures.    1 want also to show how this applies to the problem 
of sympathetic detonation of missiles housed in underground silos. 

Let us assume that a certain number of silos are clustered to a nest, 
that the nests are a certain distance trom each other,   and that a number   of 
nests are integrated into a system.    It is possible that a missile blowup can 
occur.    We require that in such a case only one nest may be destroyed while 
all other nests remain operational.    Or,   in other words,   the radius of des- 
truction,   rj,   must be related to the inter-nest distance,   1,   by the inequality 

rd      <      I 

This requirement may be achieved by 

1.      suitable design of silos and nests 
Z.     choosing proper distance "1" between two nests 
3.     using means to attenuate the propagating shock wave between 

adjacent nests. 

We can try to achieve a solution in two different ways,   either by ex- 
perimental investigations or by theoretical considerations. 

Let me first discuss experimental investigations. 

Little has been done to date in full-scale experiments but numerous 
scalcdexpenments have been performed. 

In 1946 Lampson published his very extensive and comprehensive re- 
port relating measured phenomena from underground explosions to damage 
on underground structures.    Lampson derived a currently well known model 
law to extend the results of properly designed experiments over a range   of 
scale factors. 
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Ai'iurdirijj; tn this law,   it i)| is the distance from an explosion of a 
materui! of reference weight,   Wi,   witli which a certain overpressure or 
dynamic pressure is attained,   then for any weight of explosive,   W,   these 
same pressures will occur .it a distance,   D,   given by 

1) 
I) 

W   \1M 
w 

This law has been widely used in current literature despite the fact 
that many authors have found discrepancies between it and actual measure- 
ments.    This is not too surprising because the law is well established only 
for a gaseous medium which follows the law of state of an ideal gas.    We 
shall not expect that solid material behaves like an ideal gas.    As long as 
we do not have a law of state for soil,   we will have difficulties in establish- 
ing scaling procedures for investigation of explosions. 

Fen- this reason many scientists have developed empirical formulae 
for the attenuation of a shock wave versus distance.    As an example,   Town- 
send,   Langseth,   and Perkins published the formula 

A„    ^   A, -n In r 

where A is the acceleration at the distance, r, and A is the acceleration 
for the distance zero. The value of n has been found to be 4. 3 in sand and 
4.2 in clay,   varying with distance. 

Unfortunately,   time is short so I must end the discussion of experi- 
ments in order to mention in the remaining minutes some theoretical con- 
sideration.    This part of the discussion consists of a description of the re- 
quirements for the time-location relationship of the propagating wave after 
an underground explosion and its action upon the next nest,   considering 

1. type of wave, 
2. frequency distribution, 
3. kind of soil, 
4. type of explosion of detonation,   and 
5. design criteria of silos and nests. 

At the present time no general equation of such nature exists due to the com- 
plexity of the problem and the contributing unknown factors and functions. 
For certain aspects of the problem treatments are available. 

In order to treat the propagation of waves through soil it is necessary 
to assume idealized behavior of the soil with regard to deformation.    The 
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most i uminiMi ideal i / at ions arr   ri1])!'!'senti'tl by tlic model <d the clastic 
nu'diuui and tiu-  loikiiijj; mrdium.     ll is nut ncer ssary here [u discuss the 

• behavior ot elastic   inediuin except to note that in some cases rock may be 

considered as ideally elastic. 

• 
The lot king medium is i ha rat te rized by a certain behavior of the 

st ress- slrain relation of granular masses which may be described as fol- 
lows: 

Fi rst Stage:    On initial compression a slightly non-linear elastic be- 

havior e xi st s , 

Second Stage:     Further compression may produce a plastic flow and 

some gradual breaking of grains resulting in a softening or plastic response, 

Thi rd Stage:    Additional pressure produces a rather sudden re- 
arrangement of granules into a less compressible state accompanied by 

large volumetric changes and by permanent strains,   manifested by  the 

upturning of the stress-strain curve. 

The stress-strain relation can be idealized by various curves as 
shown in Fig.   a,   b,   c,   and d,   the simplest being that of Fig.   a,   a case 

which we will consider later.    This st re ss-strain diagram implies that upon 

initial loading the medium exerts no resistance until a critical value of the 

strain (or density) is reached.    Beyond this critical strain the material be- 
comes incompressible.    Modifications affect either the initial behavior of 
the material,   making it elastic (Fig.   b) or elastoplastic (Fig.   c),   or they 
influence the behavior after the critical strain is reached by permitting a 

certain amount of residual elasticity,   leading to the bi-linear model of Fig. 
d.    At lower levels of compression,   where the governing phenomenon is 
not that of incompressibility but  rather that of a gradual but irreversible 
volume change,   the behavior of the medium may be characterized by  the 
stress-strain curve of Fig.   e. 

In some cases sand may be considered as an ideal locking medium. 
Other types of soil such as clay are located between the elastic and the 
locking medium. 

Time limits a comprehensive discussion of famous mathematical 
treatments given by Mutton,   Skalak,   Salvador!,   Weidlinger,   and Wiedermann, 

to mention a few.    I would like to present only one example;    a very recently 
published paper by Jordan in England.    He gives a thorough mathematical 

treatment and arrives at solutions which can be numerically evaluated.   The 
detailed description of the theory is beyond the scope of my presentation 
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'lulav    but to givf .in uli-.i 1 will ^lutllln• he re llu- I).isis (»i Ins a|)pr<>at:h,    Jordan 
assuinrs an mtiniti',   i ylindiual  linir  in the  sulid body,   partially tilled with cx- 

uUvsivi's,    Tin' i-xplns: \f is lighted mi DIU' I'ltd, the i-xplosiuii travels through the 

material m the hole and a shwek wave  is created shnwing a certain tune delay. 

Cylindrical e > u> rdi r.ate s     (   Y,0iZ),   are  used,   with thi' origin of   Z 

at  the tenter nt' the  smuve.   Z   extends along the axis of the holt*.     The   radius 

ot the infinite length evlnulrual hole is   a,   the displacement components in the 

p   and   £ chrecliun.s are    Ur and ti^,   respectively,   and component  Ujis ab- 
sent  lor  reasons of symmetry.     After introducing convenient   non-dimensional 

coordinates,   the general differential equations for the motion of a particle are 

Di1 

3£ 
riir 

*k r Tr 
a     a 

/ ru,\ 
a* 

i a 

^l 
2 

3 

AD 
2       — 

0 

-     0 

^ n: 
Hk) a    a. 

=    0 

Xt2^    fl£ 
u di: +       V r3S 

a  n 
/ u' a 

*rä*i 
= o 

Ur 
We have two sets i t two ecpiations (-ac h for the two components,     Q^ 

and      — for whu h we  substitute      Uf     and a 

CurL. Curt U 

XL*      respectively.     The 

reason is that the original equation 

^M     -       qrad dtu U   -    P/fx + lfx) 

has,   for simplicity,   beeil split into two ecpiations; hence,   it is necessary to 
seek common solutions of the two systems. 
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I he S|HTI,I1  lurni dl thr (1111 c fi-nt i a I  system sti^gfsts thf use uf a dcjublu 

I'luincr t ranstonu trutn whuh llic i'iiuiilio'i for the Iransfunucd funcliuns  vv.- 

siilts in thr wi'll-ktiuwn Hessel (■(juatiims.    'I'lu'.sc i'(|uatit)iis arc solved by Hankel- 

le.iu turns (lU'ssel-t'uiu tuuis of third kind).     The boundary condilions ni;i;d carc- 

lul   eonside ration to de te r mi ne  their ett'eets on the path of integration in order 
to avoid certain problems arising Irom braiuh points occurring in the problem. 

The task ol obtaining a roiuiuuii solution to both systems can be achieved ap- 
proximaU'ly by applying the nu-thod of "steepest dcaccnt" from calculus of 

variation.    Having obtained the  solutions,   they are  re-transformed by the ap- 
propriate inverse Fourier transforms.    Exact solutions can not be obtained, 

but it is possible to adapt the integrals for an asymptotic expansion.    Jordan 
has shownthal these expansions with resulting approximations are valid for 
certain regions surrounding the  source,   but they cannot be applied to other 
regions,   such as the  region located near the  frei' end of the exploding column 
energy source.     Adapting the mathematical expressions to solution by numer- 

ical methods lir.ally makes it possible to arrive at expressions of special wave 
lorms with variations versus time and distance. 

Rased primarily on the material which I have presented here in addition 

to many more investigations not discussed today,   we conclude that: 

Publications on experiments to date do not give the desired answer to 
our specific problem,   principally due to the following reasons: 

a. Most of the experimental works were not intended to solve ex- 

actly the same problem with which we are concerned.    Many neglect phenomena 

or circumstances which are vital to our task,   i.e.   (a) using spherically shaped 

instead of cylindncally shaped charges,   or (b) directly burying the charges in- 
to the soil neglecting an air gap,   or (c) using different lypv of explosives. 

b. Most ol the experimental works give too little consideration 

to the theory of similitude and so prevent satisfactory extrapolation to larger 

or smaller dimensions,   i.e.   application of a scaling law to underground ex- 
plosions which is well  established only for air blasts. 

For that  reason we are initiating at Army Missile Command a critical 

comparison of all important information dealing with experimental data in an 
effort to establish an integrated picture by inter-linking the more or less 

isolated data of independent reports.    Furthermore,   we will conduct our own 
experiments to till existing gaps of information or to gain specific data for 
theoretical investigations. 

The theoretical works do not present the desired answer to our specific 
problem due principally to the  fad that one or more assumptions and/or sim- 
plifications necessary for mathematical treatment do not agree with the 
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i onditions ol our prohlcm.     Kor that reason wc will conduct a critical in- 
vi'stij^atiun ol thi' most important thi-orolical approaches to determine to 

what extonl thi'y arc .ipplicablc to our proljU'in,   and we plan to apply the 
most promising approaches to our special  requirements.     Finally,   we will 

compare theoretical  results with the experimental data.    We want to give 
attention to the development of equations of state for solids with the objec- 
tive of establishing a theoretically well-founded scaling procedure for ex- 
pe nments in soils, 

Finally,   we are going to include studies of the interaction of a shock 
wave with buried structures in the above-mentioned investigations with the 
ultimate goal of establishing the design criteria for silos subjected to heavy 

dynamic loads from underground explosions. 
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IVanquet Addn-s.s 
lU;SKAR(;iI AND DKVKhüPMENT KÜR ARMY MOBILITY 

Major Gcncr.il  Aldni K,   Sihlry 

LI.   S.   Army Mobility Coinmund 
Spriu^iii'ld Armory 

Spr iiij^lirld,   Ma.ssarhu sells 

Mr.   Ch.iinnan,   Gi-mTal  Brittun,   Cvdunel Mcdiiuus,   Dr.   Kumar,   Dr. 

ll.unmi'r,   memln'rs of Army CunlV rciur un Dynamic Beliaviur of Materials 

and St nu't nrc s; 

It is a |)U'asuri' to he with you this at'trrnoon to participate in your con- 
IV ivnci'.    Your thrcr-day program is iinpressivt;,   and I was delighted to 
sei- that no less than 9 of your -16 participants are members of the research 
and development  agencies of three of the  Mobility Command's largest in- 
stallations:    the  Detroit Arsenal and Army Tank-Automotive Command,   lo- 

cated near my headquarters in Detroit; the Transportation Engineering 
Agency (TRECOM),   .it Fort Eustis,   Virginia; and the Engineer Research 
and Development Laboratories at Fort Belvoir,   Virginia. 

I have had the opportunity to read the fine papers that will be pre- 
sented by members of these installations,   and was highly impressed by 
both their technical excellence and their very real contribution to the study 

of the dynamic behavior of materials and structures.    I am confident that 
your conference will be of great value not only to the Mobility Command and 
to every Army installation represented here today,   but to our domestic econ- 
omy as wel 1. 

You are engaged in an area of research whose application has already 

revolutionized modern technology and which will continue to affect.every 

aspect of modern life,   particularly as the tools and techniques of your 
science become more and more powerful.     Throughout my career as an 

engineer officer,   I have watched your science grow.    Your work permeates 

every field of modern technology.    No matter where we look,   whether to 

man's domination of his natural environment here on earth or to his mastery 

of outer space,   the materials expert has set the pace of progress.    I envy 

you for your great and challenging opportunity as scientists and engineers 
to work in one of tin- youngest and most exciting of scientific diciplines. 
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Frii^n-.ss m.idi'  in ilrvclupnifj; new .ui<l hotter matcriala will uffect di- 
icitlv atlai luncnt nl  total  mobility  for  llu1 Ariny of llu;  fulure.     In a very 

real  si'iisc the Arniy'.s ability to movr -  tiic primary mission of iht; new 
Mobility Cominand  -   will  be  afire ted profoundly by your efforts and your 

di'gri'i' id  sui ifss. 

In tin'  fai c of the stealthy t-nc roai hnu'nt of cumnmnisni into free world 
areas  smee  the end ol World War II,   we have at last fully  realized the na- 
ture of the  threat  and have taken the  steps necessary to halt the nibbling, 
"slue ol  salami'   tallies ol eommunisl aggression.     We have become fully 
aware of the war being fought against us.    In building a greater capability 
for  fighting limited,   sub   limited and counte r-gue rilla war fare,   highly mo- 

bile conventional  forces have at last been given proper recognition and em- 
phasis.     The advent of nuclear energy,   of absolute firepower,   has changed 

forever the art of war.    If we are to have a history this must be the last 
era m the history of mankind of the ascendency of firepower.    Therefore, 
it becomes evident that we are now at the dawn of the golden age of stra- 

tegic and tactical mobility in the art of war.    This will be the underlying 
philosophy of the art of war in the future.    We can never go back to a stra- 

tegy.based t)n firepower.    We must build our capabilities now for quick, 
lightening like thrusts to stamp out Lrushfire wars in any part of the world 

in a matte r of hours . 

Mobility will  remain of overriding importance for as long as the free- 

dom of Western Civilisation is threatened by communist aggression.    We 
must build mobile forces capable of a graduated response to any type of 
aggression.    Our modern mobile Army must be able to respond even more 

rapidly.,   through use of both air and ground mobility,   to a wide variety of 

conflict situations,   from subversion and insurgency to major military op- 

e rations. 

Recognizing that we can no longer afford to subordinate mobility to 
firepower,   our government has recently decided to create a single,   ex- 

pert mobility team to administer the Department of the Army program for 
research and development,   production and procurement,   as well as supply 

management of all types of mobility equipment and supplies.    It has been 
fully realized that the leadership of the free world requires mobile forces 

adequate to support a determined national policy. 

The Army's need for true strategic and tactical mobility must be met 

by the best possible efforts of our military - industry team.    We must have 
tactical mobility on land,   on water,   and in the swamps and jungles of South- 
east Asia,   the deserts of the Middle East,   the developed areas of Western 
Europe,   in all conceivable types of terrain and climate.     We must have the 
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i-.ip.ihihly tu cuiitrmit .uui lU'ti-.it any typr ul milit.iry lurcc,   Irom the nio- 
(U'fn iiiassisc ami molnlr armu-s,   \u sin.ill  hit -and-run qui-rilla bands. 
Wr tlu1 n-Uirc must  have  laitii'.al  inobility  in all rnvi rumur nls -  vehicles 

thai ope rate on the  surface,   those like the GEMS under de velupnienl that 

travel  a  short dislaiue  above  the nap of the earth,   in and over water,   and 
m the  air.    Ground vehieles    must be able to traverse  the   roughest terrain, 

to operate  in mud,   ice,   snow,   water and sand,   as well  as on developed 
highways.     We must continue to exploit with all the vi^ur and imagination 
at our command every  significant scientific  and technological breakthrough 

m the  field of mobi lity . 

We have thus far established here in Detroit a modest headquarters of 

i-lü people in the Administration Building of the Michigan Ordnance Missile 
Plant.     From now until the end of the calendar year,   the Mobility Command 

headquarters will gradually be expanded to its full strength of some 600 key 

executive,   administrative,   and technical personnel. 

The tremendous number and variety of products managed by the Mo- 

bility Command makes it by far the most complex of the seven commands 
that comprise the Army Materiel Command,    The commodities managed 

from the new headquarters in Detroit will include electrical power and gen- 

eral equipment,   construction and service equipment,   bridging and barrier 

equipment,   general mobility supplies,   general purpose vehicles,   all Army 

aircraft,   aeronautical equipment,   aerial delivery equipment,   and surface 

transportation equipment. 

The new Mobility Command will be composed of nine major field in- 

stallations,   including ATAC/Detroit Arsenal,   operated by a total of over 

13, 000 military and civilian personnel.    MOCOM will manage the whole 
spectrum'of mobility equipment from  research and development through 
production of over 346, UUO separate items - well over half of all the items 
of the Army Materiel Command as a whole.     The Mobility Command will 

operate on a budget exceeding $Z. 0 billion annually,   and in this fiscal year 

$1. Z will be spent directly lor hardware,   and $IZ0 million for research and 
development, 

Rapid progress in research and development,   for bold new ideas and 
innovations,   is one of the primary goals of the new Mobility Command.   We 

must push back the frontier of knowledge to produce new materials,   new 
methods, •and new processes.    Lead time in placing new equipment in the 

hands of troops must be  reduced from the 7 year cycle of the past to 4 years, 
The job must begin at the R&D phase and be carried through with vigor and 

imagination to the production and distribution of new equipment to troops in 
the  field, 
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Kuluir  .ulv.iiucs in ,i ^rcit  numhrr ul tci ImuU^n .il  lii-ld.s  rests squarly 

[\\)ot: tin   <K\el>'iinn'nt tit new maU-n.ila.     I'lif  run^c of malt: rials with which 
we \\i\vr brcn wurkui^ tor i cntu rifs wi 11  nut  sulluc  today.     In our spact- and 

imssili'  ptogiMiiih,   we need  rubbrf that i an withstand both the high tumpera- 
tuit s ol tin1 hf.it barrier and the uy bn-alh of the  st r.itosplu,-re,   lubricants 
thai   retain their  properties on  red hot surfaces,   protective  films that  resist 
all-i or rcdmu ai ids,   and propt'llants whiih will not crack under extreme shuck 

and vibration. 

The  unprecedented demands  for new materials are  staggering - materials, 

for example,   that i an withstand conditions of extreme heal and pressure in 

the order of a halt million pounds per square inch and 3000 degrees Centi- 
grade.     All the Armed Forces share the need,   and are working jointly in 
this area on a variety of approaches -  in plastics,   in ceramics,   in polymers, 

and in metals -   spending many million dollars a year.    The future of these 

techniques depends upon successful breaking of the materials barrier. 

You are working in an exciting,   relatively new,   and challenging area of 
research of basic importance to all future progress in the development of 
equipment and materials for the modern Army.    I was delighted to see the 
word 'dynamic'1 emphasized in the announcement of this conference.    We 

wouldn't have to   go back too many years - in fact,   well within the experience 
and memory of many of us in this  room,   when "static" analysis of the strength 
of materials would be the keynote of such a conference.    This,   I suppose,   can 
be laid to the door of the civil engineer,   since the whole field of materials 
research grew from his need to create better materials for his static construc- 

tion.    Curiously enough,   the emphasis upon static phase of your study,   and 
the dominance of the civil engineer in this  work,   has cast a long shadow. 
I would venture to say that the majority of texts used in our colleges and uni- 
versities today in the strength of materials courses were written by civil 

engineers; and further,   that these texts deal comprehensively with static 
analysis,   treating dynamics as a special case. 

Not until the development of steam propulsion in railroads and ships did 
our attention turn to the study of dynamic behavior,   unfortunately as an ex- 

tension of static behavior.    1 know that this was true in my own education in 
civil engineering at West Point some thirty years ago,   and I'm sure that 

some of the texts I used then are still current in revised editions.    Perhaps 

now is the time to reconsider the conventional approach to these studies and 

to dwell predominantly upon dynamics and to consider static analysis as a 
lesser and special case. 

This early emphasis on the  static behavior of materials forced reliance 

on empirical methods    and use ol the "safety factor," that is,   a factor of 
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ignorance in designing machinery and vehicles. The degree to which these 
factors of ignorance have been cut is a good indication of the progress that 
has been made. Thirty years ago safety factors as high as 10 were not un
usual. But with steadily increasing knowledge of size effects, surface 
finishes, heat treatment, notch effects, and analysis by wire-resistance 
strain gauges, and other modern techniques of analysis, the level of safety 
factors has been reduced to as low as 1. 3. But continued reduction of "ig
norance factors" in the field of materials as a whole rests squarely upon 
our efforts in basic, fundamental research. 

In one sense . our spectacular record of progress in technology clouds 
the fact that the technological explosion now taking place is triggered only 
by new scientific knowledge revealed through basic research. 

Five years ago, almost to the day, launching of the Soviet satellite 
"Sputnik I" was headlined in every language and in every city in the world 
in which newspapers are printed. October 4, 1957 was given a place in 
the history books of our grandchildren as the beginni!'lg of the Age of Space. 
Since then spectacular achievements in manned space flight and in the 
flight of interplanetary probes from both sides of the iron curtain have 
rapidly pushed back the frontiers of space, and I have no doubt our stated 
goal of manned exploration of the moon will take place within the decade 
of the 60's. Technology is truly exploding. As we stand at mid-century 
we should be thankful for the privilege of living in an age when man's chal
lenges and opportunities were never so great. We stand now at the thresh
old of space, in one of the true turning points in the history of man, when 
the accumulated knowledge of the ages presage events and accomplishment 
yet undreamed of. Victor Hugo, the great French novelist, once wrote, 
"in the sweep of the ages there come times when events constitute the 
hinges upon which the centuries swing." We are privileged to live in one 
of these fateful times, and how we face this challenge, both in space and 
here on earth, may well shape man's course in future centuries. 

Just as we stand on this threshold of space, we also stand on the verge 
of all that science and technology promise for the future here on earth. 
Modern science is not yet 500 years old, and organized technology is less 
than half of that. During the past 100 years, just a small fraction of man's 
recorded history, he has achieved 90o/o of his technological progress. As 
evidence of the youth of science is the remarkable fact that of all men who 
have ever been educated and trained in the disciplines of science and tech
nology the world over, 90% of them are alive today. Many of us here to
day have lived through and experienced the results of many milestones in 
the inexorable advance of scientific knowledge and its technological appli
cation. The oat barrier cracked with invention of steam locomotion, and 
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land locomotion made a quantum jump from the 35 mph maximum speed of 
the horse. Orville and Wilbur Wright flew their first plane at not much . 
greater speed at the turn of this century, and just a few years later we 
broke the sound barrier. A man named Goddard spent his afternoons in 
his backyard in Springfield, Massachusetts, in the early 1930's horrendously 
disturbing the peace launching his small rockets. Orbiting satellites, manned 
space flights and multi-million mile interplanetary probes are now becom
ing almost daily affairs. At the same time Goddard was at work, Lise 
Meitner and Otto Hahn in Germany producerl the first fission or uranium 
atoms on earth, and just a few years later World War II ended with the 
Nagasaki and Hiroshima fission bombs, and we entered the nuclear age. 

No matter where we look, to speed of locomotion, on land, air, and 
in outer space, in materials research, the firepower of atomic and thermo
nuclear bombs, ~e harnessing of nuclear power for energy, preventive 
medicine, technology is truly exploding, reaching milestone after milestone 
at an exponential rate. The very number of scientific specialties them
selves seem to be growing at a similar rate. In a recently published cata
logue of existing scientific fields more than llOO specialties are listed, 
ranging from acorology, a branch of zoology that deals with mites and 
ticks, to zymurgy, the chemistry of fermentation processes . 

But we must pause to look more closely at the true source of this tech
nological explosion, of our tremendous success in applied science, in de
velopmental research and engineering. This source is the mind of the in
dividual scientist whose ideas are the foundation upon which all technology 
rests. As an example, let us look for a moment at the pure research which 
led to construction of the first nuclear bomb. 

Among these contributions were those of Henri Becquerel, a French
man, who first discovered the phenomenon of radioactivity; Niels Bohr, 
a Dane , and the Bohr model of the atom; Louis de Broglie, a Frenchman, 
the founder of modern wave mechanics, Werner Heissenberg, a German, 
with his elaborate matrix mechanics; Albert Einstein, a German, and the 
mass-energy relationship; Max Planck, a German, and the quantum theory; 
Pierre and Marie Curie in France and their researches in radium; Lord 
Rutherford, in England and the identification o f alpha, beta and gamma 
rays; Robert Milhkan, an American, and his classic oil-drop experiment 
with which he measured the charge on a single electron; F. W . Aston, an 
Englishman and the mass spectrograph; C. T. R. Wilson, an Englishman, 
who developed the Wilson Cloud Chamber for observing the tracks of high 
speed particles; P. M. S. Blackett, an Englishman, who photographed the 
Iirst artificial transmutation of an element; Sir James Chadwick, an English
man, who proved the existence of the neutron; and finally Lise Meitner and 
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Otto Hahn of Germany who succeeded in splitting an atom of uranium, thus 
producing the first nuclear fission. 

From this point on, the making of a nuclear bomb was largely ,a tech
nological problem, a now familiar story. The world first heard the word 
"fission" in August 1945 when Mr. Churchill released the story of the 
Hiroshima atomic bomb. With the release of the Smythe Report the story 
w.as told. But that does not bring the story quite up to date. A fission 
bomb can be made only so big and no bigger than the critical mass or it 
will blow itself up while being made. The trick is to make a ball of uran
ium isotopes just slightly smaller than the critical mass - then by squeez
ing it under the implosion of TNT, like squeezing a sponge- rubber ball, 
its density is increased and surface escape area reduced enough to trap 

~ the neutrons and make it explode. Hence it is impossible to build a fis
sion bomb more than several times as powerful as the Hiroshima weapon. 
However, pure scientists had not been idle. 

In 1938 an astrophysicist, Hans Bethe, at Cornell University, showed 
how energy radiated by the sun comes from the buring of hydrogen atoms 
into helium, a process he called the "carbon cycle". Two very light atoms 
can fuse together into a heavier one with loss of weight, according to 
Einstein's mass-energy relation, just as one extremely heavy atom can 
split into two lighter ones with loss of weight. But the two hydrogen atoms 
have to be subjected to the tremendous heat of the central regions of the 
sun before they can be made to fuse together. And in "Operation Green
house" on Eniwetok in 1952, Norris Bradbury, Edward Teller and others 
made enough heat with an ordinary atomic fission explosion to burn a con
tainer of hydrogen isotopes into helium for the first time on earth. Two 
years later, the March 1, 1954, shot at Bikini was the first man-made 
thermonuclear explosion. The literally world-shattering significance of 
this thermonuclear bomb, whose hydrogen atoms won't fuse at normal 

.· temperatures, is the absence of critical mass. Moreover, there are 
enough of the proper hydrogen isotopes in sea water to make a pound of 
heavy water sell for about twenty-eight dollars, or more bang for your buck. 

The impact of these developments upon our concept of war as a means 
of dealing with international problems constitutes a subject i n itself. And, 
we can well s e arch the writing of Clausewitz, Mahan, Douhet and MacKinder, 
for an age without precedent has real need for military guidance. Wars 
of the past have been fought for land, for wealth, for ideals, for blondes 
and brunettes for that m atter. But wars of the future will be fought for 
none of these things primarily. The real war of today and tomorrow is 
the war of men's minds. What are our chances of survival? How are we 
doing in the race to train American minds to win the thinking war - the 
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war of pure science, of funda.Jnental research? 

A brief review of the state of science and technology in America may 
point to the answer. By science I mean what is usually called funda.Jnental 
research: the free, uncharted probing into the unknown merely for the 
satisfaction of curiosity and the accumulation of knowledge, the develop
ment of basic scientific innovations from which technology springs. By 
technology I mean applied science, developmental or goal-oriented research, 
engineering, the systematic use of primary scientific knowledge for a 

(_ 
purpose. 

It has long been accepted that the United States has made a far greater 
contribution to the development of technology than any other nation in his
tory. No other nation approaches us. Our closest competitor, the Soviet 
Union, has approximated only one-third of our technological advances as 
measured by relative productive capacity today. It is no mere whim of th( 
European that has led him so often to characterize America as a nation o~ 

gadgeteers. 

In contrast, our contributions to pure science have bet.;n far less im
pressive. You may remember that in our earlier review of the ideas, the 
theories that led to the development of nuclear energy only one American 
was mentioned. Americans tend to honor structure over design, the gadget 
more than the theory. Yet in the age of slow neutrons, radioisotopes, and 
nuclear fission, world girdling manned space flight and interplanetary probes, 
the nation which excels in pure science may well control the world. 

There are reasons for the American penchant for gadgeteering, of 
course many of them fairly obvious. We have had at our disposal a vast 
geographic expanse containing an enormous wealth of natural resources. 
After three hundred years, great areas of our country still remain sparsely 
populated. We have always had room to move, resources to draw on. We 
have always been faced with the challenge to build - the challenge of engin
eering. We have been fortunate inheritors of the pragmatic spirit which 
brought the Pilgrims to our country and sent the pioneers across the west
ern plains, relying on their common sense and ingenuity to cut a living 
from the raw and rugged continent they had chosen. Ingenuity born of 
necessity has led us inevitably to become a nation of gadgeteers. Like the 
Romans, we love to build things. We are the greatest skyscraper, road 
and bridge builders that the world has ever known. Today we continue this 
tradition, we build and produce empirically. 

Although increasing quantities of our federal budget - over 8 billion 
dollars a year- are poured into research and development, this is research 
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and development of a very special kind. It is largely developmental re
search; appiied science, technology, and engineering. Only about 10% of 
it is pure research. We research the hell out of everything, but we con
template very little. 

In the past this has been in many ways our strength. But it can be 
very strongly argued that we are Il"'oving into a different age--an age when 
respect for ideas, when respect for the basic contemplation of nature and 
society for the simple sake of seeking truth and satisfying curiosity may 
be much inore necessary than we have previously realized. 

It is a telling and disturbing fact that a similar situation does not exist 
in Soviet Russia. To compare the number of higher education graduates in 
engineering and science since the end of World War II and projected to 1970 
is frightening not only on the basis of their superiority in number alone, 
but that probably about 20"/o of Russian graduates are fundamental research
ers: pure physicists, mathematicians, chemists, and the like. In 1959, the 
Soviets graduated some 106, 000 in engineering compared to our 40, 000, and 
about IS percent of these Soviet graduates were from correspondence ex
tension courses. In addition to this output of engineering graduates, a great 
number of technicians are graduated yearly from their rapidly expanding 
system of two-year colleges, or junior colleges, called technicums. Ac
cording to a recent report from the Soviet news agency, Tass, a total of 
404, 000 scientists are now at work in the Soviet Union - 40 times as many 
as there were under Czarist rule. 

Perhaps the Russians are wrong in such a concentration of national 
effort in science. If they are wrong, they will have an overabundance of 
scientists. If we are wrong in developing too few scientists and high qual
ity engineers, it may cost us our survival as a nation. It is hard to avoid 
the conclusion that the Federal government, industry, private foundations 
and each of us as individuals must come squaTely to grips with this problem. 

Some sort of incentive must be supplied to the young scientist to make 
a rewarding future in the laboratories of fundamental research. Tragically 
in our country the road to economic success and the presidencies of corpor
ations leads not through the laboratory. A mathematician to be economic
ally successful by American standards must forget mathematics, learn to 
sell soap, buy a house near the country club and drive two cars. Other
wise, he is a square, a queer sort of non-conformist whom "normal11 

Americans may s·ecrdly suspect of odd and strange tendencies. 

T Soviet R • ssi ';1. a young man or woman who attains distinction over 
intens • r n.pc ti •ion in mathematics or science automatically becomes a 
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nuiubiT i)t' thi" ei onotuic .uul social olilf.    Concessions by the State,   fringe 
hi-iu'tita anil iiKonlivv awards place him in a kind of socialist aristocracy 
where he maintains his place by his mental fertility - his production of 
ideas. 

We as scientists and engineers can help improve the lot of our meager 
and devoted corps of career thinkers in America by understandini; and 
apprn i.ilin;; them and by applying the fruits of their contemplation to our 
own fields of technological development,     We can encourage them,   but we 
can't provide the broad economic challenge of the nuclear and space age - 
the challciv'e to think. 
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STUDY UK SHOCK AMU VIBRATION EFFECTS ON VEHICLES 
THROUGH DYNAMIC SIMULATIONS 

F.   lJr.ulku::,   S.   Hi-al:;;:;;   and V.   Kuwachek*** 

ABSTRACT 

Tiny jjapiT liitroducr s a srrirs of inle^rated rcsuarch programs con- 
ciTiu-d with analytical ami i.'xpcrimuntal invustigalion of vehicle reactions 
to impact forces.     The program presents:   (1)  equations of vehicle dynamics, 
(Z) techniques for generating random terrain profiles,   (3) a unique mo- 
tion Simulator and,   (4) a "three  screen" visual display system.    The Sim- 
ulator described is a high amplitude device that is capable of producing 
random motions of bounce,   pitch,   roll and yaw. 

The paper summari/es research results and concludes that the work 
has led to a substantial improvement towards analytical and physical un- 
derstanding of vehicle behavior.    Mathematical models are presented with 
significant comparisons made between computer studies and experimental 
evidence. 

The design of military vehicles is a rather complicated mixture of 
many technical activities.    In each new development of a tank,   truck or 
jeep,   a substantial amount of engineering ideas are required to be blended 
together to bring forward vehicles possessing features and merit of ad- 
vanced capability. 

While each development is a separate and distinct program,   there are 
development goals and problems that continually reappear and appear to be 
common.    For example,   it is always important to create a good suspension 
system and it is equally important to provide a dynamically stable vehicle. 

The Suspension System is vital for it determines the vehicle ride and 
vibration behavior and it also establishes the tolerable speed limit of tra- 
vel over various terrain surfiices,  both of the man and the machine. 

:':  Mr.   F.   Pradko,  Ch,   Dynamic Simulations Laboratory,   Army Tank- 
Automotive Center,   Detroit Arsenal,  Centerline,   Michigan. 

:'^:  Mr.  S.  Heal,  Electrical Engineer,   Army Tank-Automotive Center 
■■','** i\4r    v.   Kowachek,   Mechanical Engineer,   Army Tank-Automotive 

Center 
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Wim lr  st.ibilitv  is •' cii'Mjin ai-c.i tli.it als(j  iTcfi vcH considc rabli- 
.iltcntioii,   p.irtu ularly in rninbat vrhiclc prd^rain.s whcrr lar^c caliber 
wi'a|)unb .ii-i' cxpt'iti'il li' in' t'irt'tl Irum chassis of rcducrd weight and dc- 
tfi'asfd si/.f.     Within military firi'h'S  ride rciuc to vehicle  stability dif- 
let's  troin tin- usual  auUmiotive connotation.     In place of steering behav- 
ior or directional  control     vehicle  stability perlains to pitch and roll move- 

ment,   resulting Irum the g.u. recoil  forces. 

These two elements of vehicle design can be considered as peren- 
nials,     They are  always around and unfortunately they are  rather "tough 

luils'to handle.    Individually they present major stumbling blocks to de- 
sign engineers.     Normally,   useful  study of these problems is beyond the 
level of developing a new layout or "cranking"  through several equations 
on a desk calculator.     As a result,   the magnitude of each task has pro- 
duced design specialists.     These people,   however,   are not medicine men 

who consistently are able to generate  successful answers.   They need help; 
they need either physical or analytical means to guide and measure their 

design approaches.    Consequently,   knowledge of these systems must be 

consistently bolstered and expanded.     This demand requires unique capa- 
bility: 

First, since all wheeled and tracked vehicles are earth bound, 

knowledge of road profiles or terrain contours upon which they move must 
be secured. 

Next,   detailed mathematical models are necessary that des- 
cribe the vehicle and how it reacts to external disturbances or internal 

design changes. 

Then, an accurate recording procedure is essential to trans- 
mit results from high speed computers in such format that their meaning 
may be assessed graphically,   visually or physically. 

The benefits of integrating these steps would be a complete capa- 

bility for realistic design evaluation comparable to controlled tests at a 
proving ground. 

Accordingly,   the Army Tank-Automotive Command sought such a 

means to physically simulate the suspension performance and stability 
dynamics of a design while it was still in the blue-print stage,   and to 
bring together the theory,   mathematics and computer machinery to study 
each of these problems indoors in the laboratory.    It was also the feeling 
that if this program was to be successful,  it must produce the ability to 
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P'rdu i bchavuT aIui allow [jraclunnn cnginm-rs Ihu ojjportunity to pre- 
U'St tht'ir clfsi^i-.s Ix'turi' i.oiniiütiminl lu fabricate expensive wood mock- 
ups,   i'xpr rinu'iilal U'sl ri^s ur on^inuering prototypes. 

Saspt;nsiuii Sinmlaliun: 

Simulation of vehicle suapeuaiun Systems is basically the task of 
predicting the motion response of the vehicle to disturbances from the 
road.     A thorough understanding of the elements that constitute this sys- 
tem and their interrelationship is essential to such study.    Beginning with 
the  road is perhaps logically the first step.    The basic  requirement is to 
present to the wheels,   springs, and shock absorbers,   the vertical dis- 
placement and frequency identical to those existing in road or terrain sur- 
faces.    For this purpose it is possible to construct a computer model of 
a road profile using either digital or analog computer techniques.    The 
basic data profile information may be secured by conventional rod and 
transit means or automatic measuring instruments. 

In real life the road is a stationary wave form over which the ve- 
hicle travels. The relationship between car velocity and the static road 
generates the suspension dynamics. 

In a computer simulation the vehicle's forward movement cannot 
be faithfully reproduced.    To conveniently maintain an order of reality 
the road is moved instead.    The road profile is presented to the  suspen- 
sion components,   as a continuous rearward velocity that normally would 
be road speed. 

To accurately duplicate the physical case the road is presented to 
each wheel separately,   properly phased so that the rear wheels "see" the 
same road irregularities as the front wheels,   although at a later time. 
This phasing is governed by the wheel base and vehicle speed. 

One successful procedure of road profile generation utilizes a 
digital computer and a digital-to-analog converter.    The digital machine 
stores the road profile data in elevation increments.    It selects the ele- 
vation that each wheel requires at a particular time and generates the 
time between elevations. 

Several preliminary considerations which must be resolved be- 
fore the construction of such a digital road function include: 

1.      The number of vehicle wheels. 
L,     The spacing between wheels. 
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j.     The starting ruad level. 
4. The number uf computer cells per road increment. 
5. Overall length of the road profile. 

The time at which a particular point on the road will arrive at each 
wheel is determined by the wheel spacing.    This spacing is also considered 
in deciding how many elevation values will be equivalent to one linear foot 
of road.    The following example will illustrate these points, 

A vehicle suspension is set up on the analog computer; this simula- 
tion is for one side of the vehicle only,  it being assumed that the other side 
is identical.    The vehicle has four wheels on a sick, spaced two feel apart. 
It will be driven over a Belgian Block type road.    The road consists of 307 
elevations spaced one foot apart.    These things being known, it is possible 
to set up a scheme for generating the road function which will pass under 
each wheel in sequence.    To rerun the road after once traversing it,  a 
starting road level must be assumed,  usually the initial starting elevation, 
or very near to it.    For the conditions just outlined a situation similar to 
that shown in Figure I will exist. 

Preliminary assumptions: 

1. Vehicle Is sitting on road level. 
2. Start of road strikes 1st wheel 
3. One computer word = 1 linear ft. 

TERRAIN   STARTS    S ^~ .^ ' 
BEGINNING 
OF RUN 

TRAVEL 

END 
OF RUN 

Q    Q    ^    0    TER, 

^=3 
TERRAIN  ENDS 



WHEEL 

WHEEL 

WHEEL 

WHEEL 

307 WORD-ROAD 

RESUME 
LEVEL 

POSITION 

LAG 

FIG.   1    ROAD PROFILE 

The easiest scheme in this case is to let one foot of road be rep- 
resented by one computer word.    However, if the spacing between wheels 
is uneven,  a scheme utilizing several words to the linear foot would be re- 
quired. 

After the preliminary road function details have been accounted for, 
the actual generation of the road function can be undertaken.    This naturally 
divides into the following steps: 

1. Preparation of the data tape. 
2. Place road level data in computer memory, 
3. Generation of the road function tape. 
4. Transfer of the road function data to the digital-to-analog 

converter,  etc. 

Each computer "word" of information contains five channels,  four 
of which are used for terrain simulation.    Each of these channels can rep- 
resent data.    An algebraic representation of such a word is 1 aa bb cc dd 
00, where each pair of letters represents one channel in the output of the 
Digital-Analog conversion system,  while the number (I) in the sign position 
designates a particular group of D-A Converters,  (Note that since the last 
channel is not used it is represented by 00, i. e. no information present). 
With proper scaling and programming,  each channel can become a road- 
profile-wheel-terrain-function-generator (RPWTFG).    Hence,  there are 
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four RPWTFG's per computer word. 

The time between data incremente on the computer is generated 
by using a time control subroutine which increases or decreases the 
time between "calling up" the data increments.    The speed of the road 
function is determined from the recorder tracings as follows: 

mph actual length of road (ft)   x    paper speed    /mm \ 
length of converted road (mm) sec.' 

x 30 mph 
44 ft/sec 

By this procedure vehicle road speed is established.    Maximum road 
speed is only limited by the computers ability to call up data.    Utiliza- 
tion of the time delay subroutine within the computer facilitates decreasing 
the speed.    Also,  greater speed can be attained by shortening the road, 
i.e. picking up every second or third road elevation.   Oscillograph record- 
ings,   as generated by this sytem,  are illustrated in Figure 2. 

IT 
MVAtfl ILOCI 

MtlflUI CI0U COtMf II 

mcuH tlOCI 

FIG.   2    ROAD PROFILE 

A magnetic tape recorder and reproducer add convenience and 
efficiency to the system.    By recording successive speeds on magnetic 
tape,  the digital computer is used only once for a particular vehicle. In 
addition,  velocity multiplication may be obtained by recording at one 
speed and reproducing at higher speeds. 
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Thus,   any U-rrain thai can be numerically described as incre- 
menls uf elevaliun with respect lo horizontal distance,  can be simulated 
will» a digital computer fur the analysis uf vehicle behavior. 

With the road prepared the simulation requires a model   of the 
suspension system.    For this purpose the Analog computer is best suited. 
The computer,   as used,  provides an accurate representation of the de- 
sign.    In a true sense the computer is an electronic model of the vehicle. 
The degree of realism achieved is naturally governed by the quantity of 
vehicle characteristics simulated. 

As in any simulation,   the system is first described by a mathema- 
tical model.    The equations represent the dynamic system - the vehicle 
chassis,  the suspension system and the road surface input. 

Vehicular vibration components include the mass and inertia of 
the sprung components,  the suspension springs",   shock absorbers,   road 
wheel masses,   and the spring and damping characteristics of the wheel 
assembly. 

The typical method of describing a vehicle to be simulated is 
shown in Figure 3 and Figure 4.    From the diagrams,   the equations of 
motion may be stated.    These expressions are written as common linear 
differential equations with non-linear coefficients. 

FIG.   3    VEHICLE CONFIGURATION 
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Non-linearities in the simulation exist normally due to non-linear 
spring characteristics,  double acting shock aboerbers,   and the fact that 
wheels may leave the road surface. 

FIG.   4    VEHICLE SCHEMATIC 

The equations result from linear and angular counterparts of 
Newton's second law of motion.    The summation of the vertical forces 
on the chassis equals the mass of the chassis times its vertical accel- 
eration; the summation of the torques about the center of gravity is equal 
to the polar moment of inertia times the angular acceleration of the hull. 
The forces and torques result from relative displacement and velocity of 
the springs and shock absorbers respectively.    For example,  the vertical 
force of the front wheel spring is equal to the spring constant (K^) times 
the relative displacement between the wheel and the chassis just above the 
wheel.    Similarly,   the torque is a product of this force times the distance 
from the center of gravity.    The shock absorber force is a product of the 
damping coefficient and the relative velocity between the wheel and the 
chassis above the wheel. 

Chassis,  pitch and bounce equations may be developed using these 
relationships.    Separate differential equations are written to describe the 
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moliun of each wheel. Auxiliary equations are written to relate the pitch 
motion to the vertical motion so that the displacement and velocity of the 
chassis at each wheel station may be found. 

Each wheel of the vehicle is considered a separate mass,   spring, 
and damper system connected to the ground and to the chassis,   the link to 
the chassis being the suspension spring and shock absorber,     The force ex- 
erted on the wheel by the ground is equal to a product of the wheel rubber 
displacement and spring constant.     This force can have only one sign since 
the ground cannot "pull" down on the wheel.     The suspension spring force 
is also exerted on the wheel. 

Simulation Equations: 

Chassis Vertical Motion; 

^o  ~     ^— ^y       (e.g.   Bounce Acceleration) 
ML 

K,     (Y,   -   Y 
Mo 

L   ^1   "   lwl' K,     (Y?   -   Y^)  -   K,     (Y,   -  Y 

Mr 

w2'  " J21.    v    3  '   1w3' 
M„ 

^   (Y4  -   Yw4)  - ^    (Y!  -   Ywl)  -   D4     (Y4 .  Y^j^g 

Mr M, M0 

Chassis Pitch Motion: 

9  =   ^-T (eg.  Angular Acceleration) 

Jo 

Ö   =    -   K^i     (Y,   -   Ywl)  -   KZ\Z      (Y2  -   Yw2) 

Jo 

+ 
K313      (Y3  -   YW3)        K4l4       (Y4   -   Yw4) + 

JQ JO 

^lll    (Yl   "   YWl)   .     D4l4       (Y4  -   Yw4) -f 
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Vertical Wheel Motion: 

w   -    ^  ^ w 

M w 

Vwl       -   Kwl     (Ywl  -   ai) -   i)wl       (Ywl  -   i.,)       K, (Yi  -  Ywl) 

Mwi Mwi 

^1       (Yj  -   Ywl)  -f    g 

M wl 

Mwl 

Yw2  =   -_^wZ_     <Yw2  "   a2)  - £w2_     (Yw2  "  k2) +j^.       <Y2  "   Yw2) -f 
Mw^ Mw2 Mw2 

•w3 Kw3       (Yw3  "  a3)  - _5w3_     (Yw3  "  h)^ _^3_       (Y3  "   Yw3) f  8 
Mwi MW3 MW3 

Yw4  "   " Kw4     (Yw4  "  a4)  "   Dw4       (Yw4 "   H^   ,   K4 (Y4  "   Yw4) 
M w4 M, w4 ^4 

-f D4        (Y4 "   Yw4)   f    g 

Auxiliary Chasaia Equations: 

Y1.4  =  Y
0 -f   1-4 SIN e YU4  =   Yo i-     1-4 SIN e 

The non-linearities are best described in graphical form,   as is 
shown in Figures 5 and 6. 
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Wheel Travel 
FIG.   5    SPRING LOAD VS WHEEL DEFLECTION 

Blow-off 

Blow-off 

FIG.   6    SHOCK ABSORBER VS VELOCITY AT WHEEL 

The non-linear suBpenaion springing is composed of two linear 
segments,  the one of lesser slope being the suspension spring,   and the 
other the bump stop.    The shock absorber non-linearity is shown in 
Fig. 6, which has four linear segments simulating different rates in com- 
pression and expansion with blow-off valves.    The circuitry for creating 
the significant segments of a suspension simulation are shown in Figures 
7 - 11.    If a wheel leaves the ground,  no spring force can exist between 
the ground and the wheel.    To provide for this realistic action,  a diode 
representing a unidirectional spring force is put in series with the wheel 
feedback loop,  as is shown in the wheel circuit,  Figure 9. 
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Simulation boginy when the electronic version of a road and sus- 
pension system are brought together.    Results are best analyzed using 
oscillographic or pen recorder output devices.   Recorded paper tracings 
provide an excellent permanent record for lengthy detailed analysis.    The 
oscillograph display system offers an opportunity to observe the simula- 
tion visually as an animated presentation.    The dynamics of a complete 
vehicle or any component thereof may then be studied.    This display sys- 
tem is used in conjunction with the analog computer.    A cathode-ray-tube 
is used to convert the output voltages of the computer into a direct pictor- 
ial representation.    Application of this system is shown in Figure 12. 
The series of photographs describe the motion of a tank that would be 
seen on the tube.    The vehicle is shown negotiating at successive instances 
a 4" x 4" square obstacle. 

VEHICLE APPROACH- 
ING OUT ACLI 

«HEEL ONE PASSING 
OVER OBSTACLE 

WHEEL TWO PASSING 
OVER OBSTACLE 

WHEEL THREE PASS- 
INGOVEROBSTACLE 

WHEELFOURPASS 
INCOVEROBSTACLE 

FIG.   12    VISUAL DISPLAY SYSTEM 

This visual display provides a quick and easy method of conduct- 
ing a preliminary analysis of new suspensions.    It is also a good means 
of debugging a new simulation setup. 
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Sinmlatur; 

Results of computer simulations may also be studied with the aid 
of a motion simulator.    The value of the Simulator, Figure 13,  lies in 
its ability to physically reproduce realistic "ride motion" that may be pre- 
dicted by a computer simulation.    Thus,  by combining computer studies 
of new concepts with a simulator analysis,  design merits may be judged 
in the laboratory by engineers,  designers,  and administrative people 
before a design is considered for fabrication.    Each individual may ride 
a new suspension in the Simulator and personally evaluate his area of 
interest firsthand. 

The Simulator described below is a four degree of freedom machine 
capable of providing bounce,  pitch,   roll and yaw motions. 

FIG.   13   SIMULATOR 

The control of the machine is optional.    The Simulator may be 
controlled from an instrument panel to produce either sine,   square or 
triangular motions.      Random motion inputs may be fed directly into the 
Simulator from an Analog computer simulation or by reproducing infor- 
mation previously recorded on magnetic tape. 

This machine is hydraulically driven and electronically con- 
trolled.    Each of the four motions may be used individually or simul- 
taneously. 
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Mution Max.   Tut,    Travel Max.   Fruqueno Acceleration 

Bounce 3   ft 10  cps 1  g,S 

30 radians/sec 
30 radians/sec 

Roll 40   don 10 cps 
Pitch •10  doj; 10  cps 
Yaw ZO  don 3  cps 15 radians/sec 

Perhaps the most significant claim that can be broadcast for the 
Simulator,   at this time,   is that it will make possible performance trials 
of designs prior to building of a design.    In some instances it is the only 
economical approach,   considering time and cost,   particularly,   where a new 
design is being investigated using many alternatives. 

The creation of this Simulator provides the Army Tank-Automotive 
Command with a design tool that has been sought for some time.    The need 
for an instrument of this kind has been in continuous demand for military sus- 
pension studies and other shock and vibration programs. 

The immediate response to the Simulator was generally favorable,  but 
reserved.    Comments usually indicated that the vibratory motions were good. 
However,   it was repeatedly stated that the laboratory environment around the 
Simulator degraded the intended realism.    The common complaint was that 
the "out of doors" atmosphere seemed to be missing. 

To compensate for this a visual display was created providing a 180 
degree field of view horizontally and 48 degrees in the vertical plane.    A 35mm 
motion picture format was used to produce a "three screen" presentation.   This 
method was selected,   based upon successful tryouts of a unique projection sys- 
tem developed and tailored to the Simulator. 

The activity scene is photographed by three cameras and backprojected 
to the subject in the Simulator by three synchronized-interlocked projectors. 
This system presents to the observer a scene that compares favorably to a 
view from within  a moving vehicle. 

Vehicle Stability. 

The Simulator was also used to simulate vehicle firing stability dynam- 
ics.    The starting cue for this program was very forceably observed in vehicles 
like the Self-Propelled Artillery Weapon,   M56. 

In keeping with this indicated trend of big guns on small chassis plat- 
forms it was necessary to establish with greater accuracy,   the stability of 
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. u 11U n 1111. i' i ■. I  11.  ■ i (; 11 ^ . 

1 !'.!■ i-h.aractt:ristu: i'Vi;iils tlcscriliing liri' stability were analyzed by 
r.hartiug llu' lluw of I'venls and establishing the equations of nioliun. 

Kquat.iuns ul Mutioir. 

LONGITUDINAL TRANSLATION:      GUN FORCE       GROUND FRICTION AL 
FORCE   ^   MASS  X  ACCELERATION    Fgx -f- Ffx  =  m  (x-y Qz -f zÖy) 

LATERAL TRANSLATION:     GUN FORCE -f GROUND FRICTION AL 
FORCE   =   MASS  X  ACCELERATION  Fgy-f- Ffy  ^  m  (y-z&x+xÖz) 

BOUNCE:     GUN FORCE - SPRUNG WEIGHT      SUSPENSION FORCES = 
MASS  X  ACCELERATION  Fgy. - Wscz/.-f V~T    Ni = m (Z-xÖ   +yÖx) 

i = 1 L y ' 

ROLL:    GUN MOMENT + GROUND FRICTIONAL MOMENT -+ SUSPEN- 
SIONAL MOMENT =   ANGULAR ACCELERATION  X  MOMENT OF IN- 
ERTIA 

eVx. 
?.Fgy-f-  yFgz+ (/■ + zu)  FfycyY+   ^—. N:Y.   =  Ql 

i   i X  X 

UZ-   ly)   «y«Z   "    IxZ«xÖy 

PITCH:    GUN MOMENT - GROUND FRICTIONAL MOMENT - SUSPEN- 
SIGNAL MOMENT  -   ANGULAR ACCELERATION  X  MOMENT OF IN- 
ERTIA -   *Fgl,-MFKX - (/, -M0)  FfxcxX -fc  NiH = Öylyi-  ÖXÖX 

^x  " V    + (Gx - «/ )  Ix/, 

YAW:    GUN MOMENT      GROUND FRICTIONAL MOMENTS = ANGULAR 
ACCELERATION  X   MOMENT OF INERTIA -^Fgxt xFgy      " S 
x^j 

F,. 
iy cyY - !fc   yr [i^xX '-1 Uyh - öxIxz -f 

i - 1 

(IV       - IX) üxüy+       I^^OyÖ,, 

The derived statements were for weapon systems free to move in three 
degrees of angular freedom -  roll,   pitch and yaw; and three degrees of trans- 
lational freedom - fore    and aft movement,  bounce,   and lateral slip. The equa- 
luMis define vehicle motion as effected by interrelated factors o{ gun firing 
[urre,   gravity,   terrain influence,   and the resisting forces of the suspension. 
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CAMERA III CANIRA II 

CAMERA I 

FIG.   14    CAMERA SYSTEM 

CENTER PROJECTOR 

SIMULATOR 

MIRROR 

MIRROR 

RIGHT 
PROJECTOR 

FIG.   ib    PROJECTION SYSTEM 
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FIG.   16    VEHICLE SCHEMATIC 

VEHICLE FliINO STABILITY FLOW DIAGRAM 

0-<HE}iHe-{£i]{g a^v!   —O 

;^H ■%; 

-o 

o 
•0 

FIG.   17    FLOW DIAGRAM 
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Tho ilynainics of tirim; stability an." calculated on a digital computer. 
Wlu'n tins prugram is used in conjunction with the Simulator,  the results are 
stored in computer memory.    The physical arrangement of the Simulator 
permits the occupant to fire any weapon by merely pulling the usual trigger. 
The command to fire is completely controlled by the man in the seat. 

The inputs to this problem consist of various vehicle measurements, 
weights,   moments of inertia,   gun recoil force,   type of  soil,   and type of sus- 
pension (active or locked-out).    The output consists of detailed information 
in tabular or graph form showing angular and translational disturbances and 
their respective displacements,   velocities,   and accelerations with respect 
to time.    This information describing gun firing force impact on the vehicle 
and resultant vibrations is available for the C.G.  of the vehicle with refer- 
ence to earth-fixed axes and for any other point on or within the vehicle, 
such as gun mu/./.le,   engine mounts and crew stations with reference to the 
vehicle axes. 

Summary: 

The combination of computers and simulation techniques at the Army 
Tank-Automotive Command has provided an effective and versatile designer's 
tool.    Informative preliminary studies have been conducted of new suspension 
systems and stability characteristics,   without the use of hardware units of 
the design.    Probes of unique approaches have quickly established design 
direction and payoff areas. 

SUSPENSION NOMENCLATURE 

Y = Vertical acceleration of the center of gravity. 
Y = Vertical velocity of C.G. o ' 
Y = Vertical displacement of C. G. 
Q      = Pitch acceleration about C.G. . o 
6      = Pitch velocity about C.G. 
0 = Pitch displacement at C.G. 

( M " ^wl) a Relative displacement between hull and wheel at wheel I. 

(Yj- Ywj)  s Relative velocity of the hull and wheel at wheel 1. 

(Yw^ - ai)  = Relative displacement between wheel and input bump at wheel 1. 
J    = Pitch Moment of Inertia. 
M    = Sprung mass. 
Mw T. Wheel mass, 
1 = Distance from wheel centerline to C.  G. 
Ki_4 = Suspension spring constant. 
Di_4 = Shock absorber damping constant. 
Kw = Spring constant of road wheel rubber. 

Dw - Damping constant of road wheel rubber. 
al_4 - Road inputs to wheel No,   1-4. 
Y,   4 = Chassis displacement, 
g   = Acceleration of gravity 
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\h:illC.LK STAIUUTY NOMENCLATURE 

b     -■ Gun t'urci.'. 

^ x - Frictional force. 
W        Sprui^g weight. 
M - Sprung niass. 
\,   y,   z -  Position of trunnion centerline. 
/
c, -  Static height of C. G, 

n   - Number of wheels. 
y,   x,   2 -  Translut ional acceleration, 

x ^v^    = ■^Lngalar acceleration. 
V x /,  -   Translational velocity, 
t     *     . ' 

üx t)    Gy   = Angular velocity. 
1   ~   Moment of Inertia 
K  - Suspension spring constant. 
D - Shock absorber damping. 
a - Gun azimuth. 
e ■- Gun elevation. 
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Dr.   HanmuT:     Tlii' paper i.s uuw UJJ for discussion. 
Mi .   /..iruudny,   IUIL,   APG;    In llur malheniatical formulation of any such 
thm^,   it si'i'ins to nif that there often arises a need to simplify the math- 
ematics.     Did you use simplifications or did you tackle  actual non-linear 
problems ? 
Mr.   Fradko:     We attempted to make the problems as non-linear as pos- 
sible. 
Mr,   Whitllesey,   QM,   R&E Command,   Natick:     Will the facilities shown 
by you be  available to others in the military who design vehicles? 
Mr.   Pradko:   Yes sir.    Fur Example,   we have just recently completed a 
program with Redstone Arsenal and the Missile people from General 
Dynamics Corp. 
Dr.   Kumar:    How many variables did you have to include in order to 
specify the laboratory characteristics of the vehicle,   let's say for a four- 
wheel vehicle7 

Mr.   Pradko;     For a four-wheel vehicle there would probably be about 
IS pieces of data that go into the simulation. 
Dr.   Kumar:    Is this essentially a spring dashpot arrangement? 
Mr.   Pradko;     Yes,   and mass distribution. 
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ROLLED ARMOR STEEL BRITTLE FRACTURE 
TEMPERATURES AND DESIGN SIGNIFICANCE 

Victor H,   Pagano* 

ABSTRACT 

Determination of a steel's transition temperature can provide an 
invaluable basis for assessing whether "safe performance" of a structure 
can be expected in service.    A single Charpy V-notch impact test will not 
suffice for this determination.    A satisfactory estimate may be obtained 
from a complete Charpy V-notch transition curve; this,   however,   requires 
considerable cost and testing for adequate interpretation of the ductile to 
brittle transition point. 

A more appropriate test for determining transition temperature is 
the Naval research Laboratory Drop Weight Test.    This test,   introduced 
in 1954,  is the outgrowth of work by the Navy for an inexpensive and more 
expedient laboratory method to augment the established explosion bulge 
crack starter test.    Extensive trials have shown that is pro.vides a compar- 
able means of identifying that temperature at which a given steel loses its 
ability to deform more than a minute amount in the presence of a sharp 
crack-like defect.    This temperature has been defined as the nil-ductility 
transition (NDT) temperature. 

An evaluation of the NDT temperature obtained from the Navy Drop 
Weight Test,   and its comparison with the critical fracture transition tem- 
peratures as determined by the explosion bulge crack starter test,  that is, 
NDT,   FTP (fracture transition plastic) and FTE (fracture transition elas- 
tic),  has led to design concepts by which the relative resistance to frac- 
ture of steels can be predicted.    These concepts offer an economical and 
practical basis for materials selection in service applications requiring 
assurance of protection from brittle fracture. 

This investigation evaluates the brittle fracture integrity of a high- 
strength,   armor steel employed in the manufacture of light combat vehi- 
cles.    Transition temperature determinations were made on thirty-two 
heats of 1/2" thick rolled armor steel plate of two chemical compositions 
and the same specification hardness range.    The variation in Drop Weight 

:Mr.   Victor H.   Pagano,   Supervisory Materials Engineer,  Research and 
Engineering Directorate,  Army Tank-Automotive Command,  Centerline, 
Michigan. 
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IVbt NDT li'inpi1 raturi's for the diffurunt licats of Mn-Cr-Mo armor was 
-SÜUF iu -110UF and -HÜ0F to -1J0UF for Mn-Mo armor.    Also,   FTE and 
FTP trmpurdlun' vahu'H wore obtainud from limited crack starter explo- 
sion bulge tests,   and used to interpret the safe operating temperature for 
anticipated service stressing of the armor structure.    From an interpre- 
tation of all three transition temperatures,   the steels investigated can be 
expected to perform safely under nominal elastic loads in the presence of 
notches down to operating temperatures of just above -90oF.    If the prob- 
ability of exposing notch sites to crack initiating (plastic) loads is great, 
the operating temperature of the armor must be restricted to just above 
-30oF to safely limit cracking within deformed metal regions. 

INTRODUCTION 

The susceptibility of medium carbon,  high hardness,  low alloy ar- 
mor plate to brittle fracture in the presence of weld cracks has been a 
topic of much discussion in terms of anticipated loads and temperature in 
service.    It is generally acknowledged that three conditions are necessary 
for brittle failure to occur; a notch or stress raiser,  yield point stress 
developed at the notch,   and an operating temperature below the ductile to 
brittle transition temperature of the material.    When all three conditions 
are present brittle fracture occurs.    In the absence of one or more con- 
ditions,  brittle fracture will not occur.    If it is assumed that conditions of 
stress raiser and clastic load are almost always present or unavoidable in 
any welded armored vehicle structure,   then determination of the material's 
transition temperature is required to interpret whether "safe operating" 
performance can be expected. 

Of the many methods for transition temperature determination,   the 
oldest and probably most widely used is the C harpy test.    Both the V-notch 
and keyhole Charpy tests are currently employed.    However,  of the two, 
the V-notch test is now used almost exclusively in research studies,   and 
acc.petance specifications are gradually being changed to reflect only V- 
notch values.    Unfortunately,   use of the Charpy test for design specifications 
is limited by a lack of service correlation,   the ultimate requirement of the 
designer.    In addition,  testing involves considerable cost and interpretation 
for establishing the ductile to brittle transition point.    A more appropriate 
approach is to use the critical fracture transition temperature concept 
described in 195Z by Puzak,   et al  ,   of the Naval Research Laboratory. 

In this concept,   three points on the temperature scale are estab- 
lished indicative of major changes in steel fracture behavior if certain 
conditions of loading are imposed.    Design and service determine the 
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conditions of loading,   while notches and temperature determine the re- 
sponse of the steel to the imposed conditions.    These temperatures have 
been described    as follows: 

1.     NDT (Nil-Ductility Transition).    At this temperature a 
given steel loses its ability to deform more than a minute amount in the 
presence of a sharp crack-like defect.    Operation at or below this temper- 
ature must not result in yield stress loading at crack flaw positions; other- 
wise brittle fracture will occur.    In other words,  the structure must be 
free of design or manufacturing irregularities capable of concentrating 
normal elastic loads to yield point values.    Above this temperature,  "forc- 
ing" is required to initiate cracking. 

Z.     FTE (Fracture Transition for Elastic Loading).    Below this 
temperature propagation of brittle cracking can occur when imposed loads 
are within the elastic limits of the material,   provided a "forced" start is 
obtained (loading capable of producing a small amount of deformation at 
position of crack initiator).    Above this temperature,  brittle cracking is 
not feasible in elastic loaded areas; in fact,   cracking will be contained in 
that region subjected to deformation loads only. 

3.     FTP (Fracture Transition for Plastic Loading).    Below 
this temperature propagation of a sharp crack will be limited to areas sub- 
ject to deformation stresses during loading.    Above this temperature, 
brittle fracture from a sharp crack source will not occur,  even though 
material is plastically deformed severely by high over-stressing. 

The temperature intervals between the NDT,  FTE,   and FTP transi- 
tion temperatures have been found to be remarkably similar for many ma- 
terials  .    The addition of 30° to 50oF to the NDT temperature provides an 
estimate of the FTE temperature.    The addition of 80° to l20oF will give 
the FTP temperature.    Thus,  it is possible to predict FTE and FTP tem- 
peratures by applying these appropriate rule of thumb temperature inter- 
vals to NDT temperature results. 

The first of these three temperatures may be determined from either 
of two brittle fracture tests; the crack-starter explosion-bulge test or the 
drop-weight test.    Both tests evaluate the behavior of steel in the presence 
of an "ultra-sharp" crack originated during testing in a hard-surfacing weld 
bead previously deposited on the surface of the specimen.    The presence of 
an ultra-sharp crack was selected as the criterion for susceptibility to 
brittle fracture on the basis that sharp cracks and small amounts of plastic 
deformation at positions of unfavorable design do occur in large welded 
structures. 
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The explosion bulge test was the first of two crack starter tests 
developed by the Navy. It was used in early studies of the mechanical and 
metallurgical aspects of the catastrophic brittle cracking found in World 
War II welded ship plate. The test involves a large plate specimen loaded 
explosively over a circular die cavity; the die cavity permits the formula
tion of a rather deep circular bulge in the center of the plate specimen. 
By virtue of the varying plastic and elastic stresses in the specimen, ap
praisal of the propagation characteristics of the steel is readily accom
plished. A "flat" multi-piece break (no bulging) of test plate is repre
sentative of the material's NOT temperature. When plate cracking just 
enters the region of the plate supported by the die {elastically stressed 
area), the plate is said to be at its FTE temperature. The temperature 
at which the steel shows complete refusal to propagate cracks emanating 
from the crack-starter weld bead is the material's FTP temperature. 
The identification of these critical fracture transition temperatures has 
led to design concepts for predicting the safe performance of Eteel with
out brittle fracture. 

Later, another method of loading, using a relatively small test 
piece containing a brittle weld, was devebped for laboratory use and 
termed the drop- weight test. In this test, which is simpler and cheaper 
to conduct, only NOT temperature is determinable. From the NOT tem
perature, however, the FTE and FTP temperatures can be predicted by 
the rule of thumb adjustments desc:· _bed earlier. 

Investigations of ship plate failures have established brittle frac
ture temperature correlations between explosion crack-starter test re
sults and Bureau of Standards Charpy V-notch data4 . As a result, frac
ture energy data from the Charpy V-notch impact test have provided sup
port to the significance of material performance evaluations by drop 
weight and explosion bulge crack starter tests. In general, the NOT tem
perature corresponds with Charpy V-notch energies found in the vicinity 
of the knee of the lower shelf, the FTE temperature with impact energies 
found in the lower part of the knee of the upper shelf and the FTP tempera
ture with energies corresponding to those of the upper shelf. 

This paper provides NOT tempe rature data on ~olled armor steels 
obtained from the drop weight te ~:o t, limited data on need for reheat treat
ment to nullify the influence of !-... eat-affected zone (HAZ) on NOT tempera
ture, and some data on armor fracture behavior by the crack- starter 
bulge test. An interpretation of NOT temperature results is also made in 
terms of safe operating temperature based on the NDT, FTE and FTP 
temperature concepts and anticipated service stressing. 
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MATERIALS: 

Thirty-two lualH of 1/Z inch thick,   cross-rolled,  quunched and 
tempered (341 to  iH8 Brincll),   medium-carbon alloy steed (Spec.   MIL-A- 
IZ^dO) from four different steel manufacturers were investigated.    The 
material was supplied in  i x   i foot plates and was representative of two 
chemical compüsitionB--Mn-Mo and Mn-Cr-Mo analyses.    The chemical 
compositions of the steel heats are shown in Table I.     Twenty-five of 
these heats were heat-treated by the steel manufacturers.    Seven of these 
heats (Nos.  2.0 through Z6) were heat-treated by an independent steel sup- 
plier and fabricator.    The complete heat-treat cycles used by individual 
sources v,o develop the "as-received" plate properties in both compositions 
are described in Table 11. 

Standard Charpy V-notch impact specimens from each heat were 
machined so that the notch was perpendicular to the plate surface.    At 
least two specimens were tested for each of the following temperatures: 
room temperature,  0°,   -Z0o,   -40°,   -60°,   -80°,   and -100oF. 

Room temperature energy absorption values of 20 to 31 foot-pounds 
were obtained for all transverse Charpy specimens {Table III).    If only the 
Mn-Cr-Mo steels (I thru Z6) are considered,   the average room tempera- 
ture energy value was Z4 foot-pounds for t. ransverse specimens.    An in- 
sufficient number of Mn-Mo steels was tested in the transverse direction 
to provide a valid average.    However,  from the limited data obtained for 
heats produced by one manufacturer (Zl thru 30) the upper-shelf energy 
value of Mn-Mo steels for the transverse direction tends to be lower than 
the Mn-Cr-Mo analyses.    This may be explained by the differences in the 
extent of cross-rolling,   as reflected in the ratios of energy values of 
transverse to longitudinal specimens.    Figures 1 and Z show Charpy V- 
notch energy versus temperature curves for both longitudinal and trans- 
verse directions from steels 12,   14,  IB and 21. 

SPECIMEN PREPARATION AND TESTING: 

Drop Weight Crack Starter Tests 

Drop weight specimens were prepared and tested (Fig.   3) in two 
ways (non-standard and standard).    The tests reflect some features of 

2   3 9 early Naval Research Laboratory practices  '     and the changes    since 
that time. 

The non-standard procedure    used during initial work conducted 
between 1954 and 1956 employed an excessive drop load and inadequate 
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TADLE II 

HEAT TKEATMENTS 

1  AW      1 
kNUFACTÜRIHG 
ROORCB HARDENING TEMPERING 1   1 

APÄOnHATK 
A TBOTSAIORB 
c3           1 

k-Cr-Ho 1 

(a) 6L Water quenoh 
from .1580° P 
after BO min- 
utes2. 

Air cool from 
900° P after 
81 minutes2. 

1525° P 

(b) 906    1 Water quenoh 
from 1625» P 
after 90 min- 
utes2. 

Water quenoh 
from 925° P 
after 30 
minutes. 

ffc-Mo 
(a) DB Water quenoh 

from 1625» P 
after 30 min- 
utes. 

Air cool from 
850° P after 
75 minutes. 

1420° P 

(b) DL Water quenoh 
from 1625» P 
after 30 min- 
utes. 

1 Air cool from 
850» P' after 
75 minutes. 

|(o) 033 Water quenoh 
1 fron 1560» P 

after 24 min- 
utes. 

Water quenoh 
from 900» F 
after 30 min- 
utes. 

(d) JUL Water quenoh 
from 1650» P 
after 30 min- 
utes. 

Water quenoh 
from 860» P 
after 75 min- 

1 utes. 

Varies within 25° F oonpatible with asHjuenahed 
hardness (carbon content) and allowable hardness range. 

Heatino And soaking time 

in 
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FIGURE 1.   CHARPY V-NOTCH  ENERGY  -TEMPERATURE 

TRANSITION CURVES FOR STEEL5 12 AND 14 
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FIGURE 2.   CHARPY V-NOTCH ENERGY  -  TEMPERATURE 
TRANSITION CURVES FOR STEELS  18 AND 21 
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slop di»tam:u on a spcinmen si/.c of l/Z x  i-S/H x 14 inches.    The crack 
starter bead used on these specimens was prepared utilizing electrode 
supplied under "Class A" (48 Re minimum) Specification M1L-E-13865 
(Ord) entitled "Electrodes,   Welding,  Covered Steel (For Hard Surfacing)". 
The bead was welded in one continuous pass rather than a split bead made 
in two passes having overlapping weld craters at the notch center.    After 
welding,   the hard-facing beads were notched so that the root of the notch 
was 0. 070 inches above the plate surface. 

Based on a later publication    by the Naval Research Laboratories 
and their normalization procedures" published in 1959,  a standard retest 
effort was initiated in I960 specifying both the recommended specimen 
size and stop distance for 1/2 inch plate; 2-inch x 5-inch at an anvil stop 
distance of 0. 090 inches,   and the old specimen size of 3-S/8 x 14 inches 
with an adjusted stop distance of 0. 5 inches.    Drop weight energies were 
established by utilizing the hard-facing bead (same specification as above) 
as a strain ga^e in the manner outlined by Puzak and Babecki" in order to 
establish a drop weight height which would produce both specimen contact 
with the anvil stop and a crack opening in the hard-facing bead of 12 to 18 
mils.    An adequate low temperature range for testing specimens was ob- 
tained through the use of liquid nitrogen and alcohol.    Temperature was 
measured by an iron-constantan thermocouple and box potentiometer. 

Explosion Crack Starter Bulge Tests 

Fig.   4 shows the arrangement of equipment for this test.      Twelve 
bulge plate specimens,  1/2 x 20 x 20 inches were prepared from steels 9, 
31 and 32.    In the center of each plate a circular crack starter was made 
by drilling a 1/2 inch hole to a depth of one-half the plate thickness and 
then filling the whole with hard-facing weld-metal.    Each explosion   bulge 
plate was impacted with a 3 pound bare pentolite charge detonated at a stand- 
off distance of 24 inches over a 20 inch square die having 12 inch diameter 
cavity.     The charge weight and standoff distance combination was experi- 
mentally established by weld-metal crack initiation and a desired plate 
bulge depth of 3/4 to 1 inch. An   inverted cardboard box placed over the 
sample and die was used to support the explosive.    Testing temperatures 
were ambient,  20   ,  0   ,  -20°,   -40° and -60oF; two plates being tested 
at each temperature. 

RESULTS AND DISCUSSION 

Drop Weight Crack Starter Tests 

Nil-ductility transition temperatures obtained by the drop weight 
test are shown in Table IV;   also presented are impact energy values at 
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the various NOT temperatures. NOT temperature values include two cor
rections. The first is a minus 10°F adjustment for differences in the test 
procedure used, i.e. non- standard vs. standard procedure. Since all 
tests were not made by the non-standard method, the correction was nec
essary for only those steels whose fracture values are shown in paren
theses. A second correction of plus 10°F was made for changes in ma
terial behavior caused by the heat affected zone from welding of the hard 
facing crack starter bead. This correction was applied to all NOT tem
perature results. 

The temperature change due to the influence of the heat affected 
zone was posed as an important test consideration by Murphy, et al7; 
they interject this as a critical element for investigation of the brittle re
sponse of a material. Pellini and Puzak8 recommend. the use of reheat 
treatment for those materials where HAZ hardnesses would be less than 
the base material; otherwise fictitously low values for NOT temperature 
will be obtained. The use of reheat treatment, however, introduces two 
aspects which may defeat the intended goals of the originally developed 
drop weight test. First, the use of reheat treatment could very well pro
duce base metal structures significantly different from the original "as
received" material. Second, the development of a suitable tempering 
cycle to reproduce the original material hardness presents a time conswn
ing "trial and error" process. Since reheat treatment was not employed 
in the basic test work, it was desired to learn the influence of reheat treat
ment on the NOT temperature. This was done by reheat treating an entire 
group of Z x 5 inch specimens with and without hard-facing weld beads. 
Afterwards crack starter welds were placed on the beadless specimens. 
Therefore, the specimens welded prior to heat treatment did not contain 
a heat-affected zone. This procedure gave positive assurance that an iden
tical base-metal structure and hardness were developed in all specimens. 
The removal of HAZ was found to raise the NOT temperature by 10°F for 
the Mn-Cr-Mo steels. 

An average NOT temperature of approximately -90°F was found for 
all Mn-Cr-Mo steels, including those heat treated by a source other than 
the manufacturers (ZO-Z6). A re-average without heats ZO thru Z6 gives 
an average NOT temperature of approximately -80°F. Therefore, the be
havior of all Mn-Cr-Mo heats is rather consistent when grouped accord
int to either source of manufacture or by heat treatment. It is interesting 
to note that the impact energy at NOT temperature is about the same for 
these steels. 

, The average NOT temperature for the Mn-Mo steels (discounting 
hardness variation) is approximately -90°F. The Mn-Mo steel results 
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were too limited to compare material behavior on basis of manufacturer. 
The impact energies at NDT temperature for the Mn-Mo steels were found 
to be lower than the Mn-Cr-Mo steels. 

In the drop weight tests most of the specimen fractures obtained at 
or below the NDT temperature revealed smoot.h, dull gray surfaces indic
ative of fine grained, fully heat treated steels. 

E:xplosion Crack Starter Bulge Tests 

Figures 5, 6 and 7 show the results of bulge tests on steels 9, 31 
and 32.. These tests were conducted in 1956 at Aberdeen Proving Ground, 
Aberdeen, Maryland coincident with the first drop weight tests. The per
formance of bulge plates at the same test temperature was not very uniform 
as evidenced by differences in the extent of cracking. This irregular be
havior was attributed to the circular (plug-weld) type of crack starter. The 
crack initiation and propagation response from such a crack starter would 
be random in nature and this could create some differences in degree and 
direction of cracking. 

A flat break (complete cracking without bulging) was never attained 
for the range of temperatures u.tilized; thus a temperature indicative of 
NDT was never reached. However, t ... ansition temperatures for f l!'actilr'ing 
under elastic and plastic loading (FTE, FTP) were determinable from the 

• test sequence. Th~ FTE temperature for steel 9 occurs at -50°F. Below 
this temperature (-60°F} crack propagation is relatively easy, as evidenced 
by the fact that the cracks are beginnit:g to extend through the elastically
loaded edge regions of the plat.e supported by the die. At -40°F, which is 
just above FTE, crack propagation becomes difficult as indicated by the 
cracks tending to remain within the central bulge (or plastically-loaded) 
region. Likewise the examination of the figures will reveal that the FTE 

.: for steels 31 and 32. is 30°F. 

An estimate of the temperature intervals between both !" 'l"P and FTE 
(from explosion bulge tests) and NDT {from drop weight test~ > were made 
for steels 9, 31 and 32.. For making FTP determinations from NDT, an 
interval of approximately 185°F was evident for all steels. The NDT-FTE 
interval was 60°F in the case of steel 9 and 70°F for steels 31 and 32.. Al
though higher than the normally acknowledged4 allowances of 80° to 12.0°F 
for 'FTP and 30° to 50°F for FTE, the spreads are considered to be reason
ably valid since they could be explained by the generally low crack resis
tance of the basic materials and their broad transition zones i.e. very 
gradual decrease in impact energy absorption. between test t ·emperatures 
which would be reflected in a broadening of the temperature intervals. For 
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the interpretations of service performance to follow in this report,  an in- 
terval of SO    was used in making general t;stimates of FTE temperatures. 

SIGNIFICANCE OF NDT TEMPERATURES: 

The first question that would br asked by material users or design- 
ers after inspection of data similar to that presented here is: "What does 
it mean in product performance and current design concepts?"    This 
question reflects a natural or aniversal  reaction to any new information, 
particularly in applications where material behavior is critical and fail- 
ure by cracking can be catastrophic. 

For armored vehicle appiications,   materials are required to with- 
stand penetration from armor piercing projectiles and to provide structural 
integrity against normal functional loads down to operating temperatures 
as low as -40oF.    In actual use elastic loads of some stress magnitude 
do develop during normal operation of armored structures. In addition,   the 
armor structure would be under some level of elastic preload stress stem- 
ming from constraint developed during fabrication by welding.    Welding 
also introduces numerous potential crack initiation sites. 

To preclude the possibility of brittle fracture under the normal 
service conditions stated above,   an armor steel NDT temperature of just 
below -40oF would be satisfactory.    It is possible,  however,  that defor- 
mation (or accidental) loads at a crack flaw position might be encountered. 
Under this added circumstance a much lower material NDT temperature 
is required.    If the fracture transition elastic (FTE) temperature of the 
armor were  ■40oFJ  it would allow for the following combination of condi- 
tions before fracture occurred: 

(1)    a crack flaw, 
(Z)    -40oF operating temperature, 
(3)    accidental loading at the crack position. 

Fractures,  once initiated,   would only propagate through adjacent material 
that is under nominal elastic loads if the temperature was belcw -40oF, 
but would stop at the edge of the deformaticr region if the temperature was 
above -40oF.    Under the above renditions armor materials should have a 
maximum NDT temperature of -90 nF.    In view of the small probability for 
occurrence of all prerequisite conditions for brittle failure (particularly 
when compared with normal probabilities of perforation from small arm 
attack) this NDT provides a substantial margin of safety for crack-free 
vehicle performance.    Since an average NDT temperature of -90oF was 
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found for the steels evaluated here, a safe temperature of operation by the 
FTE temper~ture criteria would be approximately -40°F. 

This generalized situation can be more readily demonstrated by the 
results. tabulated in Table V. The information shown represents the re
action of several of the test materials {1/Z" x 18" x 36" plates) to a severe 
form of ballistic shock. Specifically, the source of shock is the 37mm HE 
projectile which provides the combined effect of kinetic and explosive 
energies emanating from 0.10 pounds of explosive filler and 1. 33 pounds of 
steel shot. Impacts were directed on the weld-metal crack-starters. 
Average length of cracking, determined by dividing total length of cracking 
by the number of cracks, both with respect to deformed and undeformed 
areas, was used as the basic criteria for determining the inter-relation
ship of bulge test FTE temperature predictions and actual plate ballistic 
behavior. Whether or not cracking stayed within bulged region at test 
temperatures (ambient and -40°F) coincided relatively well with predictions 
based on the FTE temperatures found for these materials by the explosion 
bulge test. 

There are recognized departures in the ability of crack starter test 
criteria to predict a steel's susceptibility to cracking. This occurs with 
steels having low Charpy upper shelf characteristics (ZO - 25 ft). What 
seemingly appears as brittle cracking is merely low energy ductile shear
ing. This form of anomalous behavior in steel has been recognized and re
ported by Babecki, Puzak, et a110• Such "low energy absorption shear" 
failures in 1/Z" armor plate was believed to be found when extensive crack
ing was observed in the floor plate of the engine compartment of a large 
number of armored vehicles. The static stress state, developed in this 
floor plate by various pre-assembly fabrication operations of cold-straight
ening, cold-forming and full-penetration welding, was bi-axial in nature. 
In operation, additional stresses were imposed from engine weight and 
operation. The cracking generally occurred in low-mileage vehicles. 
Figure 8 is a sketch of floor plate design showing major attachments and 
plate edges involved in structural welds. The cracks usually started from 
the vicinity of welds or surface cracks developed from cold forming or 
straightening. Inspection reports on the cracked plate disclosed Brinell 
hardness readings of 363 to 388 and Charpy V -notch values in the trans
verse direction of lZ to 14 foot pounds at -40°F. 

Immediate corrective action consisted of altering the engine mount 
to r ·edistribute engine weight from the floor to the vehicle side walls, in
creasing the floor thickness, eliminating full-penetration welding of drain 
valve and inspec.tion hole ring castings (to reduce some of the restraint 
from welding), and lowering the hardness of material (to decrease sus
ceptibility to crack initiation and increase resistance to crack propagation). 
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Although fructuro plati; sections wen; not available to visually ascertain 
the extent of true britlleness,   it may be said with certainty that ambient 
temperatures never approached values indicative of a likely nil-ductility 
transition (NUT) temperature,   let alone the fracture transition elastic 
(FTE) temperature for the material; in fact,   lowest ambient temperatures 
would have more closely approached the fracture transition plastic (FTP) 
temperature.    Since no metal deforming loads were involved,   the likeli- 
hood of serious cracking would not have been expected in terms of pre- 
viously acknowledged transition temperature interpretations. 

In view of this experience,   it can only lead one to conclude that 
\/Z" armor plate in the presence of extreme stress conditions and latent 
defects is prone to cracking by low energy absorption without reaching 
temperatures indicative of any of the likely critical transition values ex- 
pected for this type steel.    The probability of cracking is even more likely 
in plate material tempered to the high end of the specified hardness range. 
This incident,  however,   should not detract from the predictive or practical 
value offered by the crack-starter drop weight test.    With a better apprec- 
iation of the special limitations found by experience,   the test should prove 
more valuable in making realistic appraisals of the performance of steels 
in service. 

CONCLUSIONS: 

1.     Corrected NDT temperatures varied from -50° to -1I00F for 
the Mn-Cr-Mo steels and -80° to l30oF for the Mn-Mo steels.    The average 
NUT temperature for both steel analyses was -90oF.    Without reheat treat- 
ment of the specimen to eliminate influence of crack-starter bead heat- 
affected zone,   the NDT temperature is fictitously lowered by approximately 
10()F. 

Z.     Limited crack-starter bulge test data generally confirms "rule 
of thumb" relationships offered by Pu/.ak,  et al,  in approximating the FTE 
temperature.    The temperature adjustment for determining the FTP tem- 
perature was significantly higher than "rule of thumb" allowances i.e. 
1B00F vs IZ0UF. 

3.     Estimates of safe operating temperature by FTE temperature 
criteria for the steels investigated indicates freedom from excessive crack- 
ing to a temperature of approximately -30oF.    Keeping material at low 
side of specification hardness range can reduce this critical temperature 
to much safer values as well as decrease the probability of "low energy 
shear" ruptures. 
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■1.     Tin   NUT liinpi'rat.u it- (U'tiTimiu'd by the Navy crack-starter 
drop weight lest (as i ntc rpn-U'd l)v the explosion bulge: test and the Charpy 
V-notch iiupai t test) provides a rather knowledgeable means by which a 
steel tan be appraised tor suitability to a critical operating environment. 
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DISCUSSION 

Dr.   Hammer:     The paper is up for discussion. 
Mr.   /.aroodny;    Could you try something like measuring the length of the cracks? 
Mr.   Pagano:     We have not considered this.    We actually haven't made the anal- 
ysis to this point but we feel that utilizing the basic criteria that has already 
been established with respect to the bulge may help us in this respect. 
Mr.   /.aroodny:     Well,   you have very well brought out that the future will prob- 
ably brinj; actual measurements rather than interpolating between tempera- 
tures. 
Mr.   Pagano:    I don't know actually; a number of plates were tested at the same 
temperature,   and you get this variation.    This is the thing that disturbed us a 
little bit and we felt that this might be the reaction of the crack started due to 
the load.    It may take off in one direction,   more prone to a fracture,  or may 
take off in a longitudinal manner and then change direction to the transverse, 
following the path of the least resistance.    This is some of our reasoning on 
it. 
Mr.   Pagano:    I don't know how many people are familiar with the low-blow 
Charpy test by Hartborne and Horncr.    They use the pre-crack by fatigue 
rather than low-blow.    This particular thing now defines the temperature 
which they have shown correlates fairly well with the NDT temperature.    So 
there is a direct tie-in,   and you can come up with a whole set of design curves 
correlating critical design stress to critical crack size and NDT temperature. 
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DYNAMIC STRESS CONCENTRATION FACTORS 

Richard Shea:;; 

ABSTRACT 

The problem of the response of structural discontinuities to short 
duration stress pulses is studied experimentally.    Employing explosively 
induced stress pulses in thin plastic plates,   containing central circular 
holes,   a dynamic stress concentration factor is determined as a function 
of pulse frequency.    It is concluded for this loading case,   that the dynamic 
stress concentration is significantly lower than the static value, 

NOMENCLATURE 

Symbol Description 

o 

E 
h 
k 
t 
v 
v 
w 

'max 
' mnn 
• num 

X 
v 
P 

'max 
cr, nom 
T 

Dilatational wave velocity 
Distortional wave velocity 
Representative discontinuity dimension, 
(Hole diameter in this case) 
Young1 s modulus 
Thickness of shear plate 
Stress concentration factor 
Time 
"Primacord" burning rate 
Impact velocity of shear plate 
Width of model 
Angle of biased edge of model 
Maximum (peak pulse) strain 
Nominal (peak pulse) strain 
Nominal  peak pulse strain corrected 
for attenuation 
Wave length of dilatational pulse 
Poisson1 s ratio 
Mass daisity 
Maximum (peak  pulse) stress 
Nominal (peak pulse) stress 
Period of dilatational pulse 

:!;Mr.  Richard Shea,   U.  S.  Army Materials Research Agency,   Watertown 
Arsenal Laboratories,   Watertown,  Massachusetts. 
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INTRODUCTION 

Many studies have been made of stress distribution in the vicinity 
of discontinuities such as holes and notches.    These studies,  both theoret- 
ical and experimental,   have provided a great deal of information on the be- 
havior of many of the more common discontinuities under static loading. 
The usual design procedure for obtaining the maximum stresses associated 
with such discontinuities has been primarily a matter of applying the perti- 
nent stress concentration factors to the nominal stresses obtained from the 
simple strength of materials formulae. 

This design method has been adequate generally,   and even conserv- 
ative in many instances,   for static loading considerations.    When dynamic 
loads are involved,   the usual recourse has been to follow the same proce- 
dure,   but to increase the margin of safety to allow for the uncertainty of 
the actual dynamic stress.    Obviously,   this approach will lead to an effi- 
cient design only by pure chance. 

The purpose of this study is then to investigate some of the more 
general aspects of the behavior of discontinuities under dynamic loads. 
Specifically,   the geometry considered here is a thin plate containing a cen- 
tral circular hole; and the loading is of a short duration,   discrete pulse 
nature.    The problem is approached experimentally,   using explosively in- 
duced stress pulses in thin plastic plates. 

Single,  discrete,   compression pulses are propagated longitudinally 
through plates containing the discontinuities.    The emphasis is directed 
toward stress pulses having durations that are much shorter than the fun- 
damental dilatational period of the plates. 

Some previous experimental work in this area has been undertaken 
by Durelli,   et al.  •       Employing dynamic photoelastic techniques the same 
problem was investigated.    In these studies the pulse durations were sev- 
eral times longer than the period of the plates; and accordingly,  no appar- 
ent dynamic effect was noted. 

In the early phases of this program an attempt was made to gener- 
ate short duration stress pulses by the use of a spring-propelled shear 
plate impacting the edge of a rectangular plate containing a central circu- 
lar hole (sec Figure 1).    The alignment in this scheme was a highly criti- 
cal factor,   and the pulse lengths obtained were about five times the diam- 
eter of the holes.    Again,   the stress concentration factor observed was 
essentially  equal to the static value. 
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DRIVING SPRING 

DRIVING SPRING 

SHEAR PLATE 

SECTION A-A 

PULSE DURATION (T) ■ — 

MODEL 

Figure  I.   SCHEMATIC OF SPRING-PROPELLED LOADING DEVICE 
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Fan     lias  bü.du'd tlif |jrut)liiii ul Ulf  vihralory  li/adnij^ t)l  an iiifinilt; 
platt; r-Di-.taimn^ a i'/nlral i '.r-ular liulr.      In this theoretical approach it is 
nuli'd that,   when the wa^e length ul ll'r  vibruÜDii is of the  same order of 
magnitude as the diametei   t.l  the hole,   llu: inaximuin  slrtiss at the hole 
varies with the furring Irequem v. 

FORMULATION 

IJytianüt; Stress Cuiicuntratiun Fat lor 

In the usual lerminolu^v tor the t ase of plane  stress,   the  stress 
conrent.ration factor   is expn^ssed as the ratio of maximum to nominal 
si re s se s. :;: 

G'max 

er,. 
(i) 

im 

Wlüle this is based on static,  reasoning it may be extended to in- 
clude dynamic considerations with no loss of generality.    Assuming the 
attenuation of the pulse to be iiisignificarlj   if (T nüm is defined as the peak 
pulse  stress several wave lengths upstream of the discontinuity,   and (T^ 
is defined as the peak pulse stress at the discontinuity,   k will still portray 
the effect of the discontinuity. 

The configurations considered here are  such that, at the points where 
bothfT,,,,,,, andfTVvv-^   occur    a state of uniaxial stress exists.    In the nominal v nom max 
stress field,   during the time of initial pulse passage;   there is only a stress 
in the direction of the pulse propagation.    At the edge of the hole,   there can 
be no radial stress,   so that there is an uniaxial stress in the  tangential di- 
rection. 

Therefore,   the stress ronc.entr aticn factor can be written in terms 
of the nominal and maximum strains. 

e. m ax 
(2) 

nom 

(T is based on the net area at. the discontinuity in both the static and 
dynamic, sense,,   i.e.,   the effect, of the absence of the material at the dis- 
continuity is considered,   but the associated non   uniform stress distribution 
is not. 
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Iliir  Mi   ^.uiK   ii birn tmi's  it'gardmn Uic (lefmitiuna t)t the (.iynaiiuc 

maxmi'iin  diicl  L.inii.al   stn.s.si'S  mi.si  he «ibsi'r v«;(i. 

Fulsi; Frt;c[in.'iH y Paraiiu'ti'r 

■ Sim.i; an clltit vi pi.Is- d ■ rati (n., (. r convc rbiily pulst; frequency, 

.m the response at a diseontiiuuly is suggested, a dependency is implied 

of the form: 

(i) (3) 

Here d is a representative geumetnc dimension of" the discontinuity, 
the hole diameter,   m this case;  and     is the wave length of the  stress pulse. 
Figure 1 illustrates these dimensions tor a plane compression pulse prop- 
agating longitudinally along a plate with a central circular hole. 

The pulse wave length is a function of both the material of the mem- 
ber  and the  duration of the applied load. 

X ^ (4) 

The dilatational wave vt.docity (which is dependent solely on the 
material) is represented by cj,   and the  loading duration by 

This study has been restricted to the effect of the dilatational 
(compression) pulse.    Since the re is also a distortional (shear) pulse 
associated with a dynamic loading,   attention must be directed to that por- 
tion of the member which is unaffected by the shear pulse (at least dur- 
ing the passage of the initial compression pulse.)   This is accomplished 
by observing only the initial response of the member at locations relatively 
far  removed from the area at. which the load is applied.    In effect the dilata- 
tional pulse is allowed sufficient room to "outrun" the distortional pulse. 
Inspection of Equations S,   below,   will  show that the dilatational velocity 
((.[ ) is always greater than the distortional velocity (c^). 

1 
pd-v 

i pu-Hp; 

(5) 

136 



Figure 2. PROPAGATION OF STRESS PULSE IN FINITE PLATE CONTAINING 
CENTRAL CIRCULAR HOLE 
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Mu 

Eltort wa;i cl.ri't tml toward obtaining pulse frequency jjaranietcrs 

varying    trom about 1.0 to S.u.    However,   since it. is impractical tu vary 

'lie pulse    length    the Variation ol the <1/X  parameter was accomplished 
by t. hanging the physu al dinieiisit'i,l   d.     The signifjeant geometric para- 
meters were kept  tonstai.t by  scaling other pertinent model dimensions 
m the same proportion as d. 

The models we're fabricated from thin (1/4-inch Plexiglas) plas- 

tu   plates.    The use of plastu   is desirable from several precepts.    First, 
the elastu   wave velocities m plastics are considerably lower than in  most 
metals.     Thus    it is possible to achieve desirable (i.e.,   relatively large) 
d/^values without having to resort to large,   and therefore,   unwieldy models. 

Second,   plastics possess low elastic moduli so that small loads will pro- 
duce strains sufficiently large for accurate measurement. 

The plates were generally in the form of trapezoids.    The over-all 
dimensions varied from about 4 ' x 10" to 36" x 60" in order to bracket a 

sufficient, range ol the pulse frequency parameter.     The discontinuities 
considered in the initial phase of this study were central circular holes 

varying from 1.9 to 9.0-inch diameters. 

Loading 

Lengths ol ' Pnmacord" detonating fuse were placed along the 
biased edge of the models as shown in Figure  3.    Detonation of the fuse 

was accomplished by initiation of a No.   6 blasting cap at the upper end 

of the "Primacord.'     The burning rate of the "Primacord" is approxi- 
mately ZSO, 000 inches per second:  and the burning duration,   at a point, 
about Z0 microseconds. 

4 
This technique,   which is attributed to Christie,      imparts sharp, 

reproducible pulses, of about, 10 microseconds duration, to the plate. 
Referring again to Figure 3, if the angle oC, between the bias and the 

horizontal;   is set SIR h that smot- —,   (where v is the burning rate of 
cl 

the "Pnmacord"J it. is possible to obtain a short duration pulse which 

propagates J ongi tuchnally down the model. 

Some initial experimentation was necessary to determine   the 
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Figure 3.   LOADING TECHNIQUE 
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i urri'i l value ut (X- Tlii.s was dur tu tin; variability of Young's inodulua 
with si ram rate wlurli m turn elicits tin- wave VIJICK i tic s. Eascnliaily, 
tin vcliKity i)t tlu- dilatatuiiiai wave was dcte rim ncd by nicaaurin;; the time 

delaN' ul its arrival at two puints un a longitudinal line, und the angle, o( , 

admsted aii o rdingly. 'lo-( heck the angle, tin; arrival of the pulse at two 
points on the same transverse line., but. at opposite edges of the plate, was 
noted. 

The pulses generated by this method were quite  reproducible, 
having durations of iO muroseconds,   which m "Plexiglas" correspond 

to a wave length ul  1.9".    Although the  amplitudes of pulses on different 
models were not identical,   (due probably to the variation of the explosive 
loading in the Primacord) the method faithfully reproduced pulses of the 

same duration and general shape.    Figure 4 is a tracing of a typical 
oscilloscope  record showing the pulse shape obtained by this loading 

tec hnique. 

In strumentation 

The instrumentation employed in this study consisted of l/16-inch 

foil strain gages,   a trigger gage,   suitable ballast circuits,   and dual beam 

oscilloscopes.     This is shown schematically in Figure 5. 

The oscilloscopes were triggered by the strain signal from a gage 
in the nominal stress field.    This signal was delayed sufficiently to insure 

observance of the entire strain phenomenon.    The delay may be seen in 
Figure 4 at the origin of the trace. 

The strain gages were located typically as shown in Figure 5.    As 
may be noted,   four gages were located (Z gages back to back,   at locations 
above each of the transverse extremities of the hole) in the nominal stress 
area.    This was done to provide assurance that the pulse was essentially 
uniform as regards both amplitude and orientation across the width of the 
model, and to cancel the effect of any pulse variations through the thick- 

ness of the model.'"    The nominal strain was obtained by averaging  the 

;''   For "Plexiglas" oC is approximately Z5 degrees.    If steel or aluminum 
were employed as 'he model material, oc would have to be about 75 degrees, 
which would have beer quite awkward. This,   then,   is another reason for 

employing a plastic model. 

'''■''   Nc   strain differences through the thickness were noted however.    The 

back gages could be properly omitted with no loss of accuracy. 
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Figure 1. TYPICAL STRAIN PULSE 
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ou~puts of the two gage .Pairs. In all cases the times of pulse arrival at 
the two transverse locations were generally coincident within 1 or 2 micro·~ 

seconds. 

Also as shown in Figure 5, two gages were located at the opposite 
transverse extremities of the hole. Again this was done to provide assur
ance of pulse uniformity. The orientation of the pulse passage at this 
location .. w.as essentially horizontal within several microseconds in all 
cases. 

LIMITATIONS 

a. Response of Strain Gages on Plastics 

Clark5 has noted that wire resistance strain gages mounted on one
half inch square bars of "CR-39" plastic exhibited only about 750/o of the 
strain sensitivity that- would be expected. The effect was noted both stati
cally and dynamically in relatively close agreement, and was attributed to 
the wire of the strain gages stiffening the plastic. 

Assuming that this reduction in sensitivity is constant, the stress 
concentration factor, being simply a ratio of strains, should be unaffected. 
However, since the stiffness of the models at the regions of nominal and 
maximum stress differs significantly (at least in the static sense) it was 
decided t·o observe this phenomenon for the particular config4ration being 
studied. 

A sheet of "HYSOL 6000 OP", a birefringent plastic, having phys
ical properties similar to "Plexiglas" was fabricated into a model with the 
same geometric parameters as the models used in the primary testing 
phase. The model was loaded statically in tension; and the maximum and 
nominal stresses determined photoelastically. After unloading, foil strain 
gages were applied as on the dynamic models. The model was loaded 
again and the maximum and nominal stresses determined, this time from 
the output of the strain gages. 

The comparison between these results indicated, for the configura
tions studied, that the foil strain gages gave results, for both the nominal 
and ..maximum strains, which were as close to the photoelastic values as 
could be reasonably expected. 

The fact that the reduced strain sensitivity did not occur in this 
study may be due to the use of foil type strain gages which are not as stiff 
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as wire gages. In any event since the static check showed no significant 
loss of strain sensitivity, it is felt that dynamically any error, which may 
exist, may be properly neglected. 

b. Dynamic Response of Strain Gages 

There is some tendency to doubt the validity of strain gage response 
to high frequency excitation. For example, while studying the propagation 
of plastic waves in soft aluminum, Gillich6 noted that resistance strain 
gage measurements deviated significantly from diffraction grating read
ings at strains above zcyo, and at strain rates corresponding, to wave ve
locities. However, in the present study, the maximum strains recorded 
were always much lower than zcyo, generally in the range of lZOO to 1500 
microinches per inch. 

On the other hand, while Clark5 did find a difference in dynamic 
strains between strain gage measurements and photoelastic techniques, 
the identical difference was observed statically. 

One prevalent criticism of employing strain gages for high frequency 
measurements, stems from a lack of confidence in the dynGi.Jllic qualities of 
adhesives. While this is, no doubt, an area worthy. of additional investiga
tion, it was found, in this study, that the adhesive bond was generally ex
cellent. The adhesive employed was Eastman - 910; and in practically all 
cases, the gages were found to be securely bonded after the test. 

c. Attenuation of the Stress Pulse 

One of the assumptions made in the formulation of the equations 
for the dynamic stress concentration factor was that the attenuation of 
the pulse between the locations of the nominal and maximum stresses 
could be neglected. However, the attenuation is actually significant, and 
it was therefore necessary to apply correction factors to account for the 
pulse decay. 

A series of tests was conducted on models with *o discontinuity, 
but otherwise identical to the models used in the primary testing phase. 
A correction factor was determined for each of the model sizes, and 
applied to the nominal strains. The corrected nominal strains were then 
employed in the determination of the stress concentrations. 

Using thi s concept, Equation 3 may be rewritten: 
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k- l nom 

Where Enom is the attenuated nominal strain. 

RESULTS AND CONCLUSIONS 

(6) 

The results of this study are indicated in Figure 7. * As may be 
noted there is a pronounced variation of the stress concentration factor 
with the pulse frequency. Particularly in the region of pulse durations 
Qf the sune length as the hole diuneter, the stress concentration factor 
drops off significantly. 

This may be explained by a purely physical argument of the stress 
pulse propagation. Since the band of stressed material is about the sune 
length as the discontinuity, there is not sufficient time, or space, for a 
secondary pulse to be reflected from the hole boundary and reinforce the 
main pulse. As the band is diminished relatively to the hole, there is 
even leas opportunity for reinforcement to occur. On the other hand for 
long duration pulses, the band becomes quite large (approaching a static 
loading condition) and there is sufficient reinforcement to bring about a 
high stress concentration factor. 

It may be concluded from this study that static criteria are not 
necessarily valid in the dynunic sense. For the particular case consid
ered the results applied to a design problem would be striking. For not 
only would the designer use a conservative static stress concentration 
factor, but would"probably compound the inefficiency by resorting to a . 
heavy margin of safety. 
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* Pao' s results for an infinite plate with a circular hole under vibratory 
loading (Figure 3, Reference 3) are superp.osed on this figure. While 
the cases examined are somewhat dife·rent, the agreement in the trend 
is significant. 
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DISCUSSION 

Mr.  W.  Griffel,   Picalinny Arsi;na|:     Did you have a chance to study the 
effect of discontinuity? 
Mr,  Shea:     No,   up to this point we considered only the classical case of 
the central circular hole in the plate.    We would like to extend it to other 
configurations,  though. 
Mr.   Griffel:     That would be really very interesting and useful too. 
Mr.  Shea:     I think other configurations might have some very interesting 
implications. 
Dr.  Gay,   BRL,   APG:    Are the springs behaving more elastically than visco- 
elastically?    This is one of the perennial problems with dynamic stress 
analyses. 
Mr.  Shea:     Well,   let me only say that 1 wouldn't bank on it being completely 
elastic as opposed to the visco-elastic concept.    But just looking at the 
pulse,   etc. ,  I have a feeling that it is a fairly elastic response.    I think 
that this would be a very hard thing to prove anyway, 
J.  C.  Hanson,  Rock Island Arsenal:    Did you have any trouble separating 
bending stresses at the surface from the force wave or the waves trans- 
mitted through the plastic?    Was there any problem there? 
Mr.  Shea:     No,  if you remember we talked about the nominal gage field 
and at least we had two gages back to back.    If there had been any bending 
which there shouldn't be since the bending is a somewhat slower phenomenon 
than the compression parts,  we should have been able to pick it up here, 
but there was essentially no difference from one surface to the other, 
J.  C.  Hanson:   What kind of gages did you use? 
Mr.  Shea:     These were Budd gages - 1/16 of an inch foil - 1 forget the ex- 
act designation right now. 
Dr.  Kumar:    The gages that you used did of course have some kind of 
averaging effect - even though they were more or less 1/16 of an inch.    Was 
this significant,   do you think? 
Mr.  Shea:     I don't think so because as I noted the wave length of the pulse 
in this material turns out to be almost 2 inches - 1,9 inches,   and the gage 
itself is only 1/16 inch gage length which will integrate somewhat but really 
relatively little. 
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THE DYNAMIC HKIIAVIOR OF 11Y HERCRmCAL-SPEEÜ SHAFTS 

John E.   VuurluH'ö,:;:  C.  C.   Mollor,  J r. , ;:::: and R.  G.   Dubensky*** 

ABSTRACT 

In comu'ctiun witli Ihn tuu'ti tor Vighi weight components in military 
helicopters and STOL AND VTOL aircraft,   a research program has been 
conducted by Batteile to determine the merits of hypercritical-speed 
power transmission shafts.    For transmitting a given horsepower,   torque 
and consequently shaft si/.e and weight may be reduced as operating speed 
is increased.    However,   extremely large deflections and even destruction 
of the shaft and its bearings can result from operation at shaft critical 
speeds; for this reason designers of power transmission equipment nor- 
mally avoid the problem by operating shafts below their first critical 
speed. 

Experiment has shown that power transmission by shafts operating 
at speeds above their first critical is practical,   since one or two dampers 
strategically located along the shaft have limited vibration very effectively. 
With just one damper,   shafts have been operated at more than sixty times 
their first critical speed.    With two dampers,  operation at even higher 
speeds was observed,   in one case reaching 159 times the first critical 
speed.    Generally,  best operation occurred with the damper or dampers 
positioned close to the ends of the transmission shafts, 

A systematic procedure for the design of shaft dampers using an 
electrical analogy has been developed.    The initial experimental verifica- 
tion of the design procedure showed excellent performance.    Using this 
procedure in a given power transmission situation it is believed that a 
system of dampers can be designed to prohibit excessive and dangerous 
vibration amplitudes at the desired operating speeds. 

;':John E.   Voorhees,   Director of Machine Dynamics Research,   Batelle 
Memorial Institute,   Columbus,   Ohio. 

:':"  C.   C.   Mellor,  Jr. ,   Research Engineer,   Machine Dynamics Research, 
Batelle,   Memorial Institute,   Columbus,   Ohio. 

'■•t-'>'i' R,   G.   Dubensky,   Research Engineer,   Batelle Memorial Institute, 
Columbus,   Ohio. 
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The cli^si^n and analysis of high-speed shafting by electrical analogy 
adds understanding to the experimental program.    Th«: analogy shows,   for 
instance,   that broad tuning of the shaft system is quite dependent not only 
upon damping,   but also upon the weight ratio of the damper to the shaft. 
The smaller the ratio,   the wider is the acceptable speed range of shaft op- 
eration.    Description of the mechanical shaft in terms applying to high- 
frequency electrical transmission lines opens the door to straightforward 
design of hypercritical-speed shafting,   since the electrical theories are 
so highly developed. 

Once a suitable high-speed shaft system has been designed,   sim- 
ilar operation can be achieved with shafts of other dimensions and ma- 
terials by applying modeling equations developed in the research program. 
Use of these equations can provide dynamically similar operation of dis- 
similar shafts by adjustment of damper parameters. 

Application of torque to high-speed shafting has been studied both 
theoretically and experimentally.    Although theory predicts a lowering of 
shaft critical speed,   experiment has not shown this to be so.    The applica- 
tion of torque has shown a tendency,   however,  to cause a "corkscrew" 
shape at torsional shear stresses near the yield point of the material. 
But neither the application of steady-state nor intermittently-applied 
torque has caused a change in lateral critical speed or vibration amplitude. 

Theory and experiment have shown that critical speed varies with 
axial shaft-end loading.    Tension on the shaft ends increases critical 
speed,   and compression decreases it. 

Experimental work has been conducted using shafts coated with 
damping materials in order to reduce vibration amplitude.    An improve- 
ment was noted in shaft operation at the lower critical speeds.    Operation 
was totally unsatisfactory,   however,   at higher speeds. 

Compared with solid shafts,   tubing has the ability to transmit the 
same degree of power but with higher critical speeds and with decreased 
shaft weight.    The resulting decrease in weight would appear highly de- 
sirable in applications to aircraft.    All of the research results are equally 
applicable to the design of solid and tubular shafts. 

Research has shown that hypercritical-speed shafting,  with its 
associated advantage in weight,  is a very practical and feasible means 
of transmitting power.    With today's high-speed power sources it is es- 
pecially attractive,   since considerable weight could be pared from engines 
and gearing by transmitting power at the same high speed as it is produced. 
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LNTRODUC. TION 

Vai   .i'.'v  ri't.itin^ wliall tlici'c t-xi.sls a scries of discrole  speeds, 
call'.'il c ritual  spei-dt;,   al whu h llu- i.;enlril'uj»al force resulting from un- 
biilanci' i auscs progii-ssivi ly gri-ali:!" shaft deflection.     The elastic re- 
storing forces di-veluped as tht   shall de flee Is are o/erconie by the cen- 
trifugal force developed by the deflected shaft.    Extremely large deflec- 
tions and even destruction of the  shaft and its bearings can result from 
operation at these  speeds,   and for this  reason designers of power trans- 
mission equipment normally avoid the problem by operating shafts below 
their first critical t-peed. 

There are,   of course,   disadvantages to restricting operation to 
below the first .'.ritical  speed.    For transmitting a given horsepower, 
torque and conM qwently  shaft si/.e must be increased as operating speed 
is  reduced,     in ^ast   cd long shafts,   the  shaft si/,e may be increased a- 
hove that si/e  required to transmit the torque simply to raise the first 
critical speed above the operating speed range.    Alternatively,   the shaft 
si/.e may be determined by the torque loading,   but additional bearings 
may be installed tu support the shaft and thereby raise its first critical 
speed.    On a relatively stiff shaft with closely spaced bearings,   flexible 
couplings are often required at each bearing.    The major disadvantage 
of these conventional  design practices applied to aircraft is the weight 
penalty. 

Recognition of the potential weight reductions achievable through 
the use of hypercritical -speed power transmission shafting has led the 
Air Force and the Army    Transportation Corps to sponsor a research 
program at BaUelle Institute to determine the feasibility of such shafts. 
The STOL and VTOL aircraft in which these shafts are ultimately to be 
applied require the transmission of high horsepowers over distances of 
many feet by mechanical shafting.    Significant weight savings in these 
aircraft will be accompanied by important gains in performance. 

This technical paper is a progress report covering the most sig- 
nificant findings cf the first year's research on hypercritical-speed shaft 
performance and design,   during which the feasibility of these shafts has 
been convincingly demonstrated.    The equipment used for experiments 
wit.li reduced-scale power transmission shafts is discussed,   along with 
a condensation of the most pertinent experimental results.     Dynamic 
scaling relationships,   by which full-scale shaft performance can be dem- 
onstrated through experiments with shaft models,   are presented.    A new 
method of hypercritical-speed shaft design based upon an electrical analog 
is described. 
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EXPERIMENTAL FRüGRAM 

Exporinu-ntal Higli-Spcod Sliafl Mac.lunc: 

In order to obtain useful iiiforniation concerning hypercritical- 
apeed power transmission shaft operation it was necessary to design and 
build a shaft test machine.    Since investigation of full-scale power trans- 
mission shafts would have involved excessive cost,   it was decided at the 
outset of the program to conduct the research with reduced-scale shafts 
and to incorporate a modeling procedure to relate the information ob- 
tained to full-sized shafts. 

Figure 1 is a schematic diagram of the machine.    Essentially the 
machine consists of a straight bed to hold the spindle assemblies and the 
intermediate shaft support bearings,   and an electronically-governed var- 
iable-speed drive to rotate the shafts.    The bed is capable of accepting 
commercially available shafts 1Z feet in length,   and the spindles and inter- 
mediate support assemblies accept shaft diameters 1/2 inch and smaller. 
The support assemblies are designed to    provide adjustment of damping 
and spring rate with the least possible difficulty.    Intermediate supports 
and the brake-head spindle assembly can be moved and clamped to the 
.jed at desired distances from the drive-head spindle assembly.    Guards 
which limit shaft vibration amplitude can also be clamped at desired dis- 
tances along the bed.    The drive-head assembly rotates the shaft at var- 
ious speeds,   and is belt driven from the variable-speed drive mechanism. 
Also at the drive-head assembly is a stroboscope actuator which permits 
observation of the shaft by stroboscope either once or twice per shaft 
revolution. 

The drive mechanism consists of two 7-1/Z-horsepower motors 
powering two eddy-current clutches.    This double assembly was adapted 
from a previous research program,   and the fact that two motors and two 
clutches were used is not significant to this machine.    The clutches trans- 
mit power to a common shaft.    Power is transmitted by belt to a speed- 
change mechanism consisting of two pulley assemblies,   and from there to 
the drive-head assembly.    By varying clutch output speed and by changing 
speed ratio in the two pulley assemblies,   drive-head spindle speed may 
be varied from /,ero to nearly 50,000 rpm with considerable horsepower 
available at the drive-head spindle.    The highest speed achieved with an 
experimental shaft is 45, 500 rpm. 

Speed is regulated by controlling eddy-current clutch excitation. 
The control box,  which mounts a direct-reading tachometer and a poten- 
tiometer to change shaft speed,  may be carried by the operator to any 
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position along the test bed. Because of the varying power requirements 
of test shafts as they are brought up through critical speeds, an electronic 
speed governor is incorporated in the speed control system to maintain 
selected operating speeds with negligible drift. 

Figure Z is a schematic diagram of the intermediate support bear
ing and damper assembly. The intermediate support consists of two 
heavy square plates, one of which is bolted to a lathe steady-rest. The 
plates are bolted together parallel to each other with ground spacers be
tween them to provide the necessary oil film thickness for support damp
ing. An 0. 018-inch-thick flexure plate, which mounts the support bear
ing, is sandwiched between the heavy outer plates. By filling the gap be
tween the outer plates and flexure plate with a damping fluid such as oil.'. 
and clamping the te.st shaft in the support bearing bore, viscous damping 
forces are generated when the vibrating shaft causes the damper assembly 
to move laterally. The damping factor may be changed by inserting 
spacers of different thickness between the outer plates or by using damp
ing fluid of different viscosity. 

The flexure plate to which the s~pport bearing is fastened is lat
erally supported at its four corners by four springs. Adjusting the lat
eral flexibility of the support can be done either by changing to springs 
of a different spring rate or by changing the point at which the springs 
are clamped. 

Four circumferential slots have been cut in the flexure plate at a 
slightly larger diameter than the support bearing housing. The slots re
duce the bending stiffness of the flexure plate to minimize its effect on 
shaft behavior. Tests show that the intermediate support does not act 
strictly as a simple support, but has some moment absorbing ability. 
The initial angular motion of the bearing is practically free from moment 
restraint due to the built-in radial clearance in the Barden support bear
ings. After the free motion is taken up in the bearing, moment restraint 
increases due to bending of the flexure plate. 

Experimental Results 

Numerous experiments conducted upon the high- speed shaft test 
machine have shown that transmission shafts can be operated dependably 
at and.above their first critical speeds. Although most tests were con
ducted with a standard steel shaft size of 1/4-inch-diameter and 89. 3 
inches long, the modeling procedure developed during the research pro
gram permits similar operation to be obtained with any other shaft dia
meter and length • 
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In iMih ti'sl scries ihr inienncdiaU' sujiport or supports were ad- 
justi'il to provide' .1 rrrtain v.dui' of lateral  spring rate and damping. 
Then,   tor each diserele location of the intermediate support,   shaft speed 
was increased through a rather wide  range while vibration behavior    was 
noted.     The support was repositioned along the shaft in small steps in 
order to furnish a continuous plot of shaft vibration control with respect 
to dampe r location. 

Figure   ^ is a graph of the most successful single intermediate 
support lest results,   with shaft speed plotted against damper location. 
For each support location an upper and lower limiting speed was observed 
at which shaft vibration amplitude equaled or exceeded 3/8 inch peak-to- 
peak.    Between the two limiting speeds there occurred a speed range in 
which shaft vibrations were well controlled,  with amplitudes less than 
3/8 inch peak-to-peak.     The limiting speeds for each support location 
form an envelope which describes satisfactory shaft operating speeds 
with respect to support location along the shaft.     All of the single sup- 
port test series showed the best operating speed range to be obtained 
with the support locateci toward a shaft end. 

Referring again to Figure 3,   with the support located at 5. 05 
per cent of shaft length from one end,   vibration control was satisfactory 
from zero speed to ZZ, 000 rpm.    This corresponds approximately to the 
twelfth critical speed of an unsupported shaft.    Moving the support to 
3. 36 per cent of shaft length from one end increased the satisfactory 
top speed to Z6, 000 rpm,  but with diminished low speed vibration control. 
Support spring constant and damping factor in this test series were K = 
11.6 pounds per inch and C - 1.736 pound-second per inch. 

Ln the two-support tests highest speed operation was again attained 
with supports located toward each shaft end.    However,  during some 

tests vibration was so violent that in two cases shafts were bent.    More 
dependable operation was obtained with one support close to a shaft end 
and the other near mid-span as indicated in Figure 4.    A noteworthy 
feature of this arrangement is that vibration amplitude control is not par- 
ticularly sensitive to location of the center support.    With one support 
located at  i. 36 per cent of shaft length and the other positioned between 
4Z and 49 per cent from the other shaft end,   double amplitudes were 
limited to less than 1/4 inch from approximately Z000 to Z5, 000 rpm. 
Damping values and spring rates were the same as used in the best sin- 
gle-support test: K - 11.6 pounds per inch and C ■ 1.736 pound-second 
per inch. 
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Another two-Hupi)i)rt test condncUid with the same support flex- 
ibility,   K,   but with   1 ^ per cent as much damping showed the similar trend 
of best attainable operatinf" spet;d rangi: with dampers set close to each end. 
However,   the highest operating speed was just 17, ^Oi) rpm.     The conclusion 
to be reached here is that the damping was not sufficiently high to provide 
best ope ration. 

Tests with three supports showed decreasing ability to control 
vibration at high speeds.    All,   however,   controlled low-speed amplitudes 
well enough.    In experiments completed to date,   much more successful 
high-speed shaft operation has been achieved with one or two damped sup- 
ports than with three. 

DYNAMIC SCALING PROCEDURE 

The relationships between shaft and support parameters for sim- 
ilar dynamic behavior were demonstrated during the research program. 
By applying these relationships to determine the appropriate support char- 
acteristics,   shafts of dissimilar dimensions and materials will have dynam- 
ically similar behavior.    For instance,   a 1/4-inch-diameter,   89. 3-inch- 
long steel shaft has been run dependably to the twelfth critical speed using 
a single damped intermediate support.    With the proper adjustment of the 
support,      shaft of any other size and material could be run dependably to 
its twelfth critical  speed. 

The relations which define dynamically similar shaft behavior are 
shown below.    The numerical subscripts refer to each separate shaft system. 

W 

w si 

w. 
w s2 

K, 

K 
si 

K, 

K 
s2 

C si •si 

X, X„ 

where 
W   -   support bearing weight,   lb. 
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mid-point,     1/4-inch diameter steel shaft 89.3 
inches long with clamped ends.    K = 11.6 lb/in, 
C = 1.736 Ib-sec/in. 
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i^ lb K - support spring ratt;,- 

C      support damping coefficient, 

in. 

lb-sec 
in. 

X - location of support from shaft end with respect to over-all 
shaft length 

Ws - shaft weight,   lb. 

Kc - characteristic shaft lateral stiffness,   measured at center of 
shaft span,    . 

in. 

lb-sec C    = characteristic shaft critical damping value. 
in. 

C s 
'WS

Ks 

g 

When the parameters of two high-speed shaft systems are related 
in the above manner the dynamic behavior of the shafts will be similar. 
These relationships permit the extrapolation of design data from successful 
small-scale tests to large-scale shaft applications.    The relationships es- 
tablished for scaling purposes are totally compatible with the design by 
electrical analogy. 

HIGH-SPEED SHAFTING DESIGN BY ELECTRICAL ANALOGY 

Conventional methods of analysis of high-speed shaft behavior 
have been used with considerable success in the digital computer analyses 
conducted throughout this research program.    Although the conventional 
analysis procedures permit accurate calculation of critical speeds and 
shaft deflections,  they are somewhat cumbersome as aids to high-speed 
shafting design.    An analytical approach to high-speed shafting design was 
therefore sought which would provide more insight into the manner in which 
shaft vibration is related to the dynamic parameters of the shaft and its 
intermediate support bearings. 

The general arrangement of the high-speed shafts and their sup- 
ports studied in this program is shown in Figure 5-a.    As indicated in the 
figure the ends of the shafts were rigidly supported in the spindles of the 
testing machine.    For the purposes of developing a suitable analogy this 
shaft configuration was considered equivalent to the configuration shown in 
Figure 5-b,  where the rigidly clamped shaft ends arc replaced by a spring- 
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m,iss rcmhiüatiur..     I'u justifv lins chun^c llu" fullowin^ rt^asonnig was em- 
ployi'd:    Fur caeh rntu al  spt-cd of ihv fixi'd-fiided shaft a shorter shaft 
having simply-suppurti'd nuis can bv found which has the same; critical 
spi'cd.     The fixed-ondt'd shaft is therefore considered equivalent to a sim- 
ply-supported shaft joined at each end to a short cantilever beam.    The 
springs and masses shown in Figure ^-b attached to the ends of the shafts 
are equivalent to the effective masses and spring rates of the short canti- 
levered ends of the shaft in Figure S-a . 

The mechanical  system shown in Figure 5-b is considered equiv- 
alent to the electrical system shown in Figure S-c for the purposes of es- 
tablishing an analogy to electrical transmission lines.    In Figure 5-c the 
spring-mass combination representing the fixed ends of the shaft has been 
replaced by a capacitance and inductance combination.    At an equivalent 
distance in vibration wave lengths down the transmission line from the end, 
a combination of capacitance,   resistance,   and inductance is placed in 
series with the line to represent the dynamic characteristics of the shaft 
support bearing.    Each additional shaft support bearing is replaced by its 
analogous resistance,   capacitance,   and inductance at the correct distance 
in wave lengths from the end of the transmission line.    It should be noted 
here that for purposes of wave length measurements along the line,   the 
end of the mechanical shaft is considered to lie at the juncture between the 
equivalent simple beam and the equivalent cantilever as shown in Figure 
S-a. 

For efficient energy transfer in high-frequency electrical trans- 
mission lines the load on the transmission line is designed to appear purely 
resistive at the operating frequency,   and to have a resistance value equal 
to the characteristic impedance of the transmission line.    In the case of 
the high-speed shaft the load to which vibratory energy is to be delivered 
is the damper located at the intermediate support bearing.    One,   two,   or 
mo re intermediate support bearings may be used. 

li   order to determine the impedance matching ability of inter- 
mediate supports on a vibrating shaft,   certain relationships between me- 
chanical and electrical quantities were, developed.     The characteristic im- 
pedarce. of the vibrating shaft at any critical  speed has been determined 
to be: 

where 
Zc . D2-  (Di)U2 , 

D -■ solid steel transmission shaft diameter,  in. 
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I'      lati'iMl f.riliral  spi'cd,   

/•    - cliiiracli'rislii: nnpccl; u: uniH'uHiuH' 1 b - s c c 

in. 

I'lu1  rüactance at thv shaft ciui is llu- suni of tlu' reactive components of 

llu- (.'([iiivalent cantilever mass and .sprinjj; rate: 

X
l.     „__..t■ +.i^fMe 

iJlf 

wliere 
v                   ►                    \    r         ,     1 b - s e c 
A    -: reactance at slialt end,   —;  

in. 

1 hi 
^e - spring rate measured at the end of cantilever,   

in. 

M        concentrated   equivalent mass at the end of cantilever, 

lb-sec/ 
in. 

f - critical speed being examined,     
sec 

The reactance of the intermediate support is given as: 

where n      zjrf TJ 

v                                                ^ i                   lb-sec 
A    = reactance at support bearing,    

in, 

lb K ~ support spring rate, 
in 

lb-sec 

in. 

M - support bearing mass. 
in. 

The reactance,   X _   ,   of the equivalent cantilever viewed fixxn tiie stppart 
is found by a different method; by use of the Smith Chart which is shown in 
Figure 6.    The Smith Chart is a complex plot of load impedance on a trans- 
mission line as seen from various points along the line.    In addition,   the 
Smith Chart indicates a value of voltage standing wave ratio (VSWR) for 
each value of load impedance.    To make use of the Smith Chart all react- 
ance values,   such as Xc and Xn,   must be "normalized" by dividing by the 
characteristic shaft impedance /.c. 
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Tho proii'cltirt- for usinn llu1 Smith Chart for c;al<;\ilatiotis of high- 
speed shaft pi'r for inane f is as follow^: 

(1)     After the reaetane.e at the shaft end,   X(1,   is calculated,   it 
may be located on the Smith Chart,    Radial line A in Figure 
6 passes through a typical value of X(1 as indicated. 

(Z)    A reference location on the wave; length circle,   alj^      is also 
identified by line  A. 

( })    The distance in wave lengths from the reactance at the shaft 
end to the intermediate support bearing is next determined. 
This number of wave lengths is then added to J^ ,   giving 
\  i   ,   and radial lim   A is rotated clockwise to the position 

of radial line B which passes through   X.en on Figure 6.  It 
should be noted that one full revolution around the chart 
corresponds to a distance of one-half wave length along the 
shaft. 

(4) The value Xen identified by radial line B in Figure 6 is the 
reactanc ; of the shaft end restraint as seen from the loca- 
tion of the support bearing. 

(5) To the value of X      is added the previously calculated value 
of X      plus the normalized resistive component of impedance 
at the support bearing representing the damper.    This total 
impedance value at the support bearing,   /,   is then located 
on the Smith Chart,   as at point C in Figure 6. 

(6) On the Smith Chart an arc can then be drawn from point C 
to the righthand section of the horizontal centerline,  at 
point D in Figure 6.    Point D gives the value of voltage 
standing wave ratio (VSWR) for an electrical transmission 
line.    This quantity expresses the relative severity of vi- 
bration on the high   speed shaft.    The optimum value of 
VSWR is one,   indicating no standing waves. 

When the above procedure is followed in designing a damped 
support for a high-speed shaft,   it is possible to select values of the sup- 
port spring rate,   mass,   damping,   and location,   so that X     +   X    - 0, 
and the resistive component contributed by support damping equals Z 
at any one selected critical speed.    This produces a VSWR of one at that 
critical speed,   and produces minimum shaft vibration.    The VSWR can 
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llu'u bt.: calciilali'd by tlu; ahovi' proctdurc at nlht-r t:ritical sinteds t(j jud^c; 
thi' df^n-o of shaft Vibration to bv i'xpci-.li'd.    'I'lu-'limitiid work completed 
to date has not established limiting valuos of VSWR,   although values under 
ten appear to be satisfactory with the commercial quality shafting being 
used in experiments. 

In the limited time which remained in the research program 
following development of the electrical analogy an experiment was conduc- 
ted to demonstrate the validity   of the; procedure.    A steel shaft 1/Z inch 
in diameter and HK inches long was equipped with two damped support bear- 
ings.    One of these damped support bearings was designed by arbitrary 
choice to provide correct impedance matching at the sixth critical speed. 
Table 1 lists values calculated for the VSWR at the first nine critical speeds 
with one damper provided. 

TABLE I.     VALUES OF VSWR PREDICTED FOR SHAFT OP- 
ERATION WITH ONE DAMPED SUPPORT BEARING 
AT THE CRITICAL SPEED INDICATED,   FOR EX- 
PERIMENTAL SHAFT 138 INCHES LONG AND 1/2 
INCH IN DIAMETER 

Critical Speed 1st    Znd     3rd    4th     5th     6th    7th    8th     9th 

VSWR for support optimized 
for sixth critical Z9.     4.S     1,0    19. 1.0     2.4    8.5    33. 

VSWR for support optinn/.ed 
for fourth critical 3.0 -■ 1.0     --       --      --     5.9    80. 

The table shows high values of VSWR at the 1st,   4th,   and 9th criti- 
cal speeds when the support is optimi/.ed for the 6th critical.    It was there- 
fore decided to add a second damped support bearing designed for optimum 
performance at the 4th critical speed.    Values of VSWR were then calcu- 
lated for operation with the second bearing alone,   at the 1st,  8th,   and 9th 
critical speeds.    Obviously the second bearing gives a low VSWR at the 
speed for which it was designed,   but it was also effective in lowering the 
VSWR at the 1st and the 8th critical speeds.    At the ninth,  however,   a high 
value of VSWR was obtained. 

Experimental operation of the shaft fully confirmed the predictions 
of performance!.    Very smooth,  vibration-free running was obtained at 
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^'icccls up lu I!, OUO rpm.     Tin- pri'dictcd (,Hli critical speed was 11, 300 rpm. 
A noisy vibration developed at the l)lh critical speed,   but it was possible 
to operate at and to exceed this speed without damage to the  shaft or the 
machine.     As speed was increased noise was detected at several discrete 
speeds,   but successful shaft operation was achieved up to 45, 500 rpm, 
the top speed that the test machine could reach,   limited by belt slippage. 
This speed is between the IHth and 19th critical  speeds of the shaft tested. 

Work planned for the future in regard to high speed shafting design 
by electrical analogy includes: 

(1)   A more comprehensive experimental verification of the design 
procedure already established. 

(Z)   Additional analysis and experimentation regarding the effect 
of shall end restraints. 

(3) Establishment of optimum design procedures for one and two 
damped support bearings for shaft operation over a wide speed range. 

(4) Determination of safe allowable values of VSWR relative to 
initial shaft crookedness. 

With the data obtained from the planned future work it is expected that a 
straight-forward design procedure will be established which will permit 
prediction with good accuracy of the satisfactory operating speed range 
of hypercritical speed power transmission shafts. 

OTHER RESEARCH AREAS 

Application of torque to high-speed shafting has been studied both 
theoretically and experimentally.    Although theory predicts a lowering of 
shaft critical speed as torque is applied,   experiment has not shown this 
to be so.    The application of torque has shown a tendency,   however,   to 
cause a "corkscrew" shape in the shaft at torsional shear stresses near 
the yield point of the material.    But neither the application of steady- 
state nor intermittently applied torque has caused a change in lateral 
critical speed or vibration amplitude.    Additional experimental work is 
planned to confirm these findings. 

Theory and experiment have both shown that critical speed varies 
with axial shaft-end loading.    Tension on the shaft ends increases criti- 
cal speed,   and compression decreases it.    Additional work will be con- 
ducted to relate axial load and critical speed in a quantitative manner. 
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Expt-riiiuMital work has l)ccii coiuiuclfd usin^ shafts coated with 
clamping materials.     An improwimiil was noted in shaft operation at the 
lower critical  speeds.     Operation was totally unsatisfactory,   however, 
at higher speeds.     This behavior  results from the fact that the shaft does 
not flex repeatedly when running at a critical  speed,   hence little energy 
is dissipated in the coating. 

CONCLUSIONS 

In the past year,   research conducted with high-speed power trans- 
mission shafts has produced significant results.     The major conclusions 
to be drawn are: 

(I)     Power transmission by shafts operating at speeds above their 
first critical is practical,   since one or two dampers strategi- 
cally located along the shaft have been shown to limit vibration 
very effectively. 

(Z)    A systematic procedure for the design of shaft dampers using 
an electrical analogy has been developed.    The initial experi- 
mental verification of the design procedure showed excellent 
performance.    Using this procedure in a given power trans- 
mission situation it is believed that a system of dampers can 
be designed to prohibit excessive and dangerous vibration of 
any shaft at the desired operating speeds.    Added experimental 
verification of this design procedure is planned, 

(3)    Once a suitable high-speed shaft system has been designed and 
demonstrated,   similar operation can be achieved with shafts 
of other dimensions and materials by applying modeling equa- 
tions developed in this program.    Use of these equations can 
provide dynamically similar operation of dissimilar shafts by 
adjustment of damper parameters. 

In short,   hypercritical-speed shafting,  with its associated advan- 
tage in weight,   is a very practical and feasible means of transmitting 
power.    With today's high-speed power sources it is especially attractive, 
since considerable weight can be pared from shafts,  bearings,   and gear- 
ing by transmitting power at the same speed as it is produced. 
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DYNAMIC RKSl'ONSK Ul'' MILNAKY   lUlUXlKS 

W.    (..    C.Ml-iry,    Ist    Lt. ,    CK 

AHSlUACr 

1'lns |).ipi'r jirt'si'ills Uu'  results ol ilynamic luadinH l^ät-0 <->n three 
lull-s;.-.i   brulm- strm turcs trslcd at "UK: U.   S.   Army En^im'tT Research 

ami Di'^clupnu'iit Latinrati>rit:s,     I'lu'si' structures include two steel I-beam 
bridges with TS-ft spans and an .ilumir.um truss bridge with a lOS-ft span. 
nviuimu: loads u'ere  simulated by vibrating the bridges at their natural 
1 r eque III'1 e s . 

Stresses obtained from measured strains and periods of vibration 

art; compared with those i umpuled for each structure.    In each case,   com- 

puted stresses were within ü, ^ ksi of those measured.     The observed pe- 
riod of vibration for each bridge was in good agreement with the computed 
value. 

The observed fatigue behavior   of each of the three structures was 

compared with that which would be predicted from laboratory tests on 

small specimens of steel  and aluminum.     Laboratory tests indicate that 
the  steel I-beam structures should withstand more than two million cycles 

of tlie applied stress,     'rims,   the lack of failure of the test structures is 
in agreement with the predicted behavior.     Although the aluminum truss 

structure failed at a slightly lower number of cycles than would be pre- 
dicted by tests or. smaller  specimens,   the difference was within the limits 
ol error of the data obtained f'-om the laboratory tests.     In general,   the 
heha^ior of each of the three structures was in agreement with that pre- 
dicted. 

INTRODUCTION 

1. 1    Object 

1 he  safety  factors normally  used it; civilian bridge design limit the 

allowable stresses to a point where fatigue is seldom a controlling factor. 

1st Lieutenant William Gene Corley,   Project Engineer,   Bridge Branch, 
Bridge and Marine Group,   USAERDL,   Fort Belvoir,   Virginia 
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'l'lu- (!<■ vi'lopmi'iil ot li^lilwi'i^ht t iMiisportablc brid^'-a to meet the inodern 
Army's demands for incrcasod mobility lias necussituted the use of high 
strength material and high allowable stresse»,   i.e.,   BO'Vo of yield strength. 
Thus the stress range in a military bridge is much larger than the stress 
range found in a civilian type bridge.    Since fatigue is influenced both by 
the number of load repetitions and the range over which the stress is ex- 
pected to vary,   the possibility of fatigue failures in military bridges is in- 
creased and must be investigated during design. 

Although a large amount of data is available on the fatigue behavior of 
structural grade steel and a few of the more common aluminum alloys, 
relatively little is available on recently developed high strength steels and 
aluminum alloys.    In addition,   there are very few tests reported which 
correlate the behavior of small laboratory specimens with that of actual 
structures. 

In this paper,   the results of dynamic loading tests on three full-size 
structures arc reported.    Measured strains and periods of vibration are 
compared with those computed for each structure.    In addition,  the fatigue 
life of each bridge is compared with that which would be predicted from 
laboratory tests on small specimens of steel and aluminum. 

1. 2    S cope 

The tests reported in this paper were carried out on two steel I-beam 
bridges with 78-ft spans and one aluminum truss bridge with a 105-ft span. 
All tests were carried out at the U.  S.  Army Engineer Research and De- 
velopment Laboratories,   Fort Belvoir,   Virginia.    The I-beam bridges con- 
sisted of two pair of 40-ft beams connected with bolted joints at the center- 
line of the span.    The aluminum truss span was made up of two parallel 
trusses each of which contained seven 15-ft panels.    The panels were joined 
by means of removable steel pins.    Aluminum alloy 2014-T6 was used to 
fabricate the truss panels. 

2.     DESCRIPTION OF TESTS 

2.1    General 

Any elastic system can be forced to oscillate at its natural frequency 
by the application of an external alternating force with the same frequency. 
In an ideal system with no damping,   the amplitude of vibration would in- 
crease without limit regardless of the magnitude of the applied force.    In 
a system with damping,   the amplitude of vibration will remain a finite 
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.,ili;r   il  il'c  i  \l r n.all \   .ippl MMI c nr fj^y  (InrH  IKJI i',x..:rfcl Uial whicll  istlissi- 

|i.i'<'<i tlunugh ii.iiii])iii^.     I'hus,   hi .i ri-al ayutoin,   wlicn- (lamping is always 

prt'rii'nl,   any clcsiicd ampliludf may be ublaiiu'd Ijy applying ihv. proper 

amount of i npul riw v^\. 

Kor coinputii-); tit   nal'iral  Irccpifiicir H of the lt:st alructurea reported 

in this paper,   e.uh <>f the three structures h.is been idealized by assuming 

that it consists of a uniform elastic beam with a concentrated mass at mid- 
span.     The differential equation for a vibrating beam of uniform stiffness 

is given by the espression   : 

El Ali T' d X (I) 

d  P 
wlu' re 

10        nuululus ot chisticily 
I numienl of inertia of the beam 

y -   lateral defleition of the beam 
x -   hori/ontal displacement 

t -    time 
/^i -   mass \)vv unit length 

A solution to Equation (1) can be obtained by Rayleigh's method (1, 2). 
If the deflected shape is assumed to be half a sine wave, the fundamental 

period of vibration is given by the expression: 

T      L     U   I 0. Sw + W] 
TT }  E1G 

(ID 

w ne re 

T   -  period of vibration in seconds per cycle 
L -   span in inches 

w - weight of bridge in pounds 
W  - weight of concentrated load in pounds 
G - acceleration ot gravity in feet per second per second 

Although there are some differences between the test structures and 
the assumptions on which Eq.  IT is based,   these differences are of minor 
importance.    In general,  Eq.  II can be used to compute the fundamental 

period of vibration lor each of the. test structures reported in this paper. 

Z,   Z  Test: Structures 

Tests on three bridge structures arc reported in this paper.    These 
include one 105-foot,   single-truss span of the Bridge,  Fixed,   Aluminum, 
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Sini;li'- l-.iiic,   1 li^luv.iy,   Fcmy  Truss l-'.^'alWr  l'aiu-1  ( rt-i'c rrcd to he re- 

atti'f .is the   l'-ti Britl^r) and twu 7K t'uut annplf-span Ijritl^cb fabricatfd 
Irmn  standard   Ui W 1'" IHd slnutural sh-rl  Ijcams with hol led joints  at the 

ii'llti' id l Ilf  ot  t he   s]).!!!. 

Tlir T-(> Imd^c  is id n \i teil t einst rial i on and i s dc signed for rapid 
tudtl asscinhly.     All   ticld lonnri tions arc  madr by mrans of removable 
stcrl  pms,     Mai, h truss panel  i s I ^  lei'I  long and (> feel '/ ine.hes high from 

i. elite r to i enter of pins.    In the test bridge,   each of the two trusses was 
made up ol seven interior panels and one end panel.      The distance between 
truss eente rlines was It) feet II  inches and the clear roadway width was 13 

feet b-l/Z inches.     Figure  1  shows the layout of the test bridge and the 
panel dimensions.     The joints for connecting the panels consist of built- 
up aluminum sections with steel  inserts m the pin holes,     Details of these 

joints are  shown in  Fig.   £. 

The T-6 bridge is fabricated of aluminum alloy Z014-T6 extrusions 

and alclad plates.     Table 1 shown typical minimum specified mechanical 

properties of this material for the sizes used.    Pertinent dimensions and 
physical constants  for the test structure are shown in Table II. 

Additional mass was added at the centerline of the bridge span by 

placing large steel and concrete weights on the roadway.    Eighty-seven 
tons of these weights were placed symmetrically with respect to the cen- 

ter of the bridge.     The loaded area extended 15 feet on each side of the 
centerline of the span. 

Each of the   ib WF ISO test structures was made up of four 40-ft 
beams.    These beams were fastened together with 1-1/32-inch diameter 
turned bolts which had a yield strength of about SO ksi.     The bolts were 

tightened with a standard si/,e rächet wrench.    Bolt tension was not cen- 
tred led and may be considered to be small.     The paint was not removed 
from the joint surfaces.    Figure   5 shows the general layout and dimensions 
of the two spans tested.     Details of the bolted joints are shown in Fig.   4. 

The   U) WF ISO beams and all  splice plates were of structural grade 

steel.    Pertinent dimensions and physical Constanta of the two test struc- 
tures are shown in Table 11. 

Large steel and concrete weights were placed near the centerline of 
the span of each test structure m a manner similar to that employed on 

the T-6 bridge.    On the first structure  reported,   a twenty-ton load was 
used for the first half of the test and twenty - seven ton load was used for 
the second halt.     A twenty-seven ton load was used for the entire test on 
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llu- Sfconcl  U) W F slriuturc.     I'lif luadi'd uruas extcnduci 6 feet 9 inches 
on each side ot the centerline of the span. 

3.      INSTRUMENTATION AND   VEST EQUIPMENT 

}. 1     Loading Eciuipmenl 

All tests were carried out in a   iS()-ton capacity test frame.    Figure 
S shows this frame as it was used to apply repeated loads to the 36 WF 
structure.     Loads were applied by means of a Z-1/Z-inch diameter hy- 
draulic cylinder.    In order to obtain the loads necessary for the tests re- 
ported in this paper,   the hydraulic circuit was maintained at a pressure 
of 1S00 psi by means of a hydraulic pump driven by an electric motor.    A 
two-way limit switch was operated by the deflection of the bridge.    This 
switch excited a three-way solenoid valve which controlled the direction 
of flow to a cylinder located at the ends of the loading beams.    A flow 
valve was used to control the rate of fluid flow to the cylinder. 

The loading beams were connected to the test structure by means of 
two steel cables. In order to keep some tension in the cables. In order 
to keep some tension in the cables at all times, a spring shock was pro- 
vided immediately behind the cylinder. Lateral adjustment of the loading 
beams was provided at their supports. The vertical stroke of the cables 
was adjusted by sliding the cable hangers along the loading beams, 

3. I  Stress and Deflection Measuring Equipment 

Strains were measured by means of SR-4 gages placed as shown in 
Figs.  1 and 3.    Two Model BL-3Z,   Brush,   Universal analyzers with direct- 
inking oscillograph attachments were used to record strain measurements. 
Since only two gages could be read at any time,   it was necessary to stop 
the strain recorder in order to read any other two of the various gages. 

During the dynamic loading portion of the test,   the amplitude of de- 
flection was measured by means of a pencil trace taken at the centerline 
of the span.    Levels were run to obtain static deflections of the structure 
before and after loading.    For the T-6 bridge,  the loaded structure was 
jacked up until a condition of "zero stress" existed in the top chord; i. e. , 
the panel pins in the center bay could be moved.    All strain gage readings 
were then referenced to this condition.    For the 36 WF structures,   strain 
gage readings were referenced to computed dead load strains. 
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4. TEST RESULTS 

4.1 T-6 Bridge Span 

The T-6 bridge equipment used in the fatd.gue tests had been used 
previously in field assembly and static tests. The fatigue tests were 
begun immediately after the completion of the static tests. 

With an 87-ton mass at the centerline of the bridge, a 2-inch ampli
tude of deflection would produce stresses equivalent to the design stresses 
of Class 50 and Class 78 (Class loadings are approximately the ton equiva
lent of tracked military vehicles) military loads at the top and bottom of 
the vibration node, respectively (3). The ~plitude was varied slightly 
during the test in order to obtain measured strains corresponding to those 
computed for the ~lass 50 and Class 78 loads. 

After the beginning of the dynamic testing phase, periodic observa
tions were inade of the strain a~plitude, deflection amplitude, and period 
of vibration. Table III shows typical values observed during the tests. 

. The ted was halted four times to adjust the cable tension. At approx
imately lo,iOOO _cycles, a loud noise, originating in the vicinity of the north 
truss, was heard. The test was immediately halted and a detailed visual 
inspection of the bridge was made. This inspection failed to reveal the 
source of the noise. The test was then continued to 18, 300 cycles at which 
time a second report was heard. The test was again halted in order to 
facilitate a visual inspection. This inspection revealed a failure in the 
lower chord male joint of the 3rd north truss. Figure 6 shows close-ups 
of the failure after the male joint had been removed from the panel. The 
steel insert which was removed from this hole is shown in Fig. 8. 

During disassembly of the bridge, local damage was discovered at · 
three other locations. The failure of the lower chord male joint of the 
north truss permitted the northeast corner of the bridge to lift out of the 
male end post base plate. This permitted a steel pintle to punch a hole in 
the base plate. Bearing failures occurred in the top chord male joints of 
panels 4 and 5 of the south truss. This permitted the rivets in the vicinity 
of the pin hole to work lose. It was also observed that general yielding 
had occurred in the lower chord of the sixth south truss panel. Close in
spection revealed the presence of a crack in the top flange of the channel. 
This crack passed through one of the cover plate rivet holes. A close-up 
of this damage is shown in Fig. 9. Oxide coatings on the crushed aluminum of 
of the south top chords and on the faces of the crack in the bottom south chord 
indicate that this damage may have occurred during the static load tests. 
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•1. I     U) WK ISO Spans 

The first of the two  }6 WF spans was initially loaded with ZO tons of 
weights and oscilated at an amplitude which would give a measured strain 
corresponding to a stress variation of      ^.4 ksi in the extreme fibers of 
the gross section. .  This corresponded to a nominal maximum stress on 
the net section of 8 ksi at the hottom of the vibration node and 21 ksi at 
the top of the node.    After .500, 000 cycles of this stress variation had 
been applied,   the load was increased to LI tons.    The test was then conti- 
nued using the same nominal deflection amplitude.    This resulted in a 
stress variation between the limits of li and LI ksi.    Table III shows typ- 
ical values of quantities measured during this test.    After 3000, 000 cycles 
of the 13 to LI ksi stress,   the bolted joints were disassembled and in- 
spected visually.     This inspection failed to indicate any signs of fatigue 
damage. 

A second span was assembled from previously unused beams and was 
loaded with LI tons of dead weight.    This span was also subjected to vibra- 
tional loads between the limits of 13 and LI ksi.    After 300, 000 cycles, 
this joint was disassembled and found to be undamaged. 

5.    DISCUSSION OF RESULTS 

5. 1   Dynamic Behavior 

In Section L,   it was shown that Eq.  II could be used to find the natural 
period of vibration of an elastic, beam with a mass concentrated at its 
centerlinc.      Since,   in a real system,  it is not physically possible to con- 
centrate a mass of this magnitude at the center of a span,  it would be 
expected that Eq.  II would be slightly in error.    If Eq.  II had been devel- 
oped for an applied mass which was distributed over a finite distance 
about the center of the span,  the computed period of vibration would be 
smaller than that for an equal concentrated mass.    For this reason,  it 
would be expected that Eq,  II would over-estimate the value for the period 
of vibration of the three test structures reported in this paper. 

Table IV shows a comparison of measured and computed period of 
vibration for each of the three test structures.    As expected,  Eq.  II gives 
a period of vibration which is slightly higher than that measured.    In 
general however,   the error is small and Eq.  II is sufficiently accurate 
for practical application. 
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S, J  Katigiii"  lU'li.ivmr (it the T-6 Bridjjc- Spun 

Siivcc tin'   l-d hrid^f l.iilcd in i\w joint whuro no strain gages were 
pri'Si-nt,   stresses cmnputed Iroin measured strains are not available 
at the section of failure.    Consequently,   computed stresses were used to 
compare the behavior of the test structure with that of small specimens 
in the laboratory. 

During the test the nominal  stress on the net section of the joint 
that failed had a lower limit of about 18, 6 ksi tension and an upper limit 
of about i4. 0 ksi tension.     Thus,   the stress ratio (ratio of minimum 
stress to maximum stress) based on the nominal stress at the section 
was about Ü. 8.    Reference  i indicates that the stress concentration 
factor for this joint would be about Z.8. 

In reference ci,   Molt,   Eaton,   and Matthiesen    have presented the 
results of a number of tests on aluminum alloy joints.    The stress con- 
centration factors of these joints were in the range of Z, 4 to 2,8 and a 
number of the joints were fabricated of aluminum alloy Z014-T6.    Conse- 
quently,   it is possible to compare the behavior of the T-6 bridge with 
test results presented in reference S.     Figure 10 shows three S-n diagrams 
for aluminum alloy Z014-T6.     These curves are extrapolated from the 
data in reference S and include stress ratios of 0,   0, 5,   and 0,75, 

By plotting the point corresponding to the failure of the T-6 bridge 
on Fig.   10,   it can be seen that this point lies below the curve correspond- 
iiu; to a stress ratio of 0.75,    Thus,   tins comparison indicates that there 
is  relatively good correlation between the behavior of the laboratory spe- 
cimens ani 1 that of the full-size structure. 

T. Z   Fatigue Hehavior of the  36 WF 150 Spans 

Since neither of the two   i6 WF spans was tested to failure,   it is not 
possible to make a direct comparison between the behavior of the test 
spans and that of small laboratory specimens.    However,  it is possible 
to extrapolate the results in order to determine if the lack of failure is 
in line with laboratory tests. 

Laboratory tests have shown that bolted connections will exhibit 
higher fatigue strengths than riveted joints if the bolts are tightened 
enough to prevent slip in the joint (6, 7, 8),    If slip does occur,   the 
bolted joint will have about the same fatigue strength as a similar riveted 
joint.    Figure 11 shows a static load versus deflection curve for a 36 WF 
span similar to the two tested in fatigue.    It can be seen that some slip 
occurs under the dead weight of the beam and that the slip continues as 
the load increases.    Thus,  it would be expected that the fatigue strength 
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of the two brams reported in this paper would be comparable to that of 
similar spans fabricated with riveted joints. 

Wilson has shown that,   for steel,   the stress which will cause failure 
at a given number of cycles can be found from the following relation (6): 

Sn-    F (z. 000, 000    ] 
0.10 

(III) 

Sn -    maximum stress in the stress cycle,   psi 

F   -:   fatigue strength for failure at 2., 000, 000 cycles,   psi 

N   -   number of cycles to failure 

Equation III is valid only if the ratio of maximum stress to minimum 
stress is constant.    If it is necessary to determine the maximum stress 
to cause failure for a   different stress ratio,   the following expression 
may be used (9): 

F1   M 3 F, ) (IV) 

where 

F   - maximum stress for any particular value of r 

F   = fatigue life for complete reversal 

r    = ratio of minimum stress to maximum stress 

In reference 6,   it was reported that,   for riveted joints uf structural 
grade steel,   the fatigue    strength for a cylce of 0 to maximum tension is 
about 26, 000 psi.    Using this value with Eq.   Ill and IV,   it is found that, 
for the stresses used in these tests,   both 36 WF spans should have been 
able to sustain more than Z, 000, 000 cycles.    Consequently,   neither of 
the I-beam structures would have been expected to fail under the conditions 
imposed. 

6,    SUMMARY 

This paper presents the results of dynamic loading tests on three 
full-size; bridge structures tested at the U.  S.  Army Engineer Research 
and Development Laboratories.    These structures include two steel 
l-bcam bridges with 7H-fl spans and an aluminum truss bridge with a 105-ft 
span.     Dynamic  loads were simulated by vibrating the bridges at their 
natural  frequencies. 
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Slfi'ssi's obtaiiu'd from im-asurfd strains and periods of vibration 
.in' (.omparrd with tlioso computed for each structure.    In each case, 
computed stresses were within 0. S ksi of those measured.     The ob- 
served period of vibration for each bridge was in good agreement with 
the computed value. 

The observed fatigue behavior of each of the three structures was 
compared with that which would be predicted from laboratory tests on 
small specimens of steel and aluminum.    Laboratory tests indicate that 
the steel I-beam structures should withstand more than two million cycles 
of the applied stress.    Thus,   the lack of failure of the test structures is 
in agreement with the predicted behavior.    Although the aluminum truss 
structure  failed at a slightly lower number of cycles than would be pre- 
dicted by tests on smaller specimens,   the difference was within the 
limits of   error of the data obtained from the laboratory tests.    In gen- 
eral,   the behavior of each of the three structures was in agreement with 
that predicted. 
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DISCUSSION 

Dr.   Bt-ouwki's:     Did you ever i urrelaU- the dcvelopecl stress and the ro- 
tati n^ beam strt' ss? 
Lt.   Corley:     No,   these were tests on riveted lap joints,   single lap joints. 
It was direct tension fatigue test. 
Dr.   Beeuwkes:     Could you compare the failures you got in the two cases, 
that is,   compare characteristics of the failure that, you got in the bridge 
and in the small  specimen.    Did they appear to be the same? 
Lt.   Corley:     Yes,   they did. 
Dr.   Beeuwkes:     The failures,   or the initial cracks? 
Lt.   Corley:    We did not conduct these tests,   they were conducted by 
ALCOA.     They involve a large series of tests on riveted joints.    The types 
of failure were the same,   however,   they were complete fracture.     They 
initiated as small cracks around the pin hole and as soon as they had pro- 
pagated far enough,   then,   of course the rest of the cord failed in a more 
or less ductile manner - ductile as 24T6 can be. 
Dr.  Kumar:      I had a question along the same lines as Dr.  Beeuwkes did. 
This was about the surprising closeness of the curves of fatigue that you 
have plotted,  i.e. ,   the SN curves for the bridge and specimen.    When you 
said the SN curve for the bridge,  what did you really mean? 
Lt.  Corley:    If I said from the bridge,   I didn't mean for the bridge.    The 
SN curves were for the small laboratory specimens.    The point at which 
the bridge failed was plotted on the same curve. 
Dr.  Kumar:      Well,   usually as we are all aware,   the fatigue curve,  SN 
curve,   has such a tremendous scatter that to call it a curve is misleading. 
If the bridge failed as the curve indicated it would,   this may really be ac- 
cidental,  because even laboratory specimens will have discrepancies of 
several million cycles. 
Lt.  Corley:    This is very true,   and I agree with you 100%.    Of course,   if 
we could we would like very much to test many more bridges but naturally 
this runs into too much money.    We were very happy though with the fact 
that this point was so close to the curve.    Concerning the validity of saying 
that we've proven that the small specimens can or do predict exactly what 
the forthright structure is going to do,  I don't intend to get this impression 
across at all.    This is simply one bridge that we tested.    The results on 
this bridge did agree with the curve. 
J. N. Crenshaw, Army Missile Command - Redstone Arsenal: Clarify for 
me one point; namely, the application of the additional load - was this done 
by hydraulic cylinder? 
Lt.  Corley:    No,   sir,   the additional load,  in fact I should say more  pre- 
cisely,   the additional mass was applied by means of concrete and steel 
which were simply set on the bridge. 
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J.   N.  Crt-nsliaw;      This rKsentiiilly answers my question. 
■ lohn F.   Ward (NASA,   Langley Research Center):   Could you,   by any chance, 
repair the Joint and continue the tests.    You have a lot of joints on this 
bridge and you consider only one joint in the bridge failure. 
Lt.  Corley:    Is the question,   do we consider going on and getting more? 
No.    In fact this was done quite a while ago and the tests on this particular 
bridge have been stopped,   so there will be no additional tests.    We would 
like to make additional tests but it is something that is not contemplated 
right now. 

197 



STRUCTURAL DESIGN CRITERIA FOR MILITARY  VEHICLES 

C.  II.   WinfriJc* 

ABSTRACT 

The ubjeclivi; of tins paper is to outline primary problem areas of 
vehicle design and to define design criteria applicable to military vehicles. 
Vehicle structural  requirements are presented from the design engineers 
view point.    Loads imposed upon a wide range of military vehicles are de- 
fined and assigned numerical values.    When applicable,   the load direction 
and magnitude is expressed as formulae or curves.    As an aid to reducing 
weight and cost,   design procedures are presented with methods for evalu- 
ating and controlling safety factors,   symbols,   weight and structural re- 
ports.     This paper will provide some guidance to those companies enter- 
ing into military vehicle design and construction.    For more experienced 
companies it should be of some help as a check of present design proce- 
dures. 

INTRODUCTION AND PRIMARY PROBLEMS 

Since graduation the author lias been engaged in the design and analy- 
sis of military vehicles.    During this time a serious lack of factual infor- 
mation pertaining to vehicle design has become obvious.    It appears that 
most structural design has been based upon a cut and try procedure,   to wit, 
"if it fails beef it up".    This method may be satisfactory for a manufacturer 
producing a single type and wight of vehicle year after year,   but is inade- 
quate for organizations designing many types of vehicles. 

The objective of this paper is to outline and define design criteria 
applicable to military vehicles and to present some of the problems facing 
vehicle designers.    Particular emphasis is given to the hull structure of 
light weight track laying vehicles and components affecting hull construction. 

The lack of established automotive design criteria results in en- 
tirely too much verbal information based on personal desire,   whims and 
"guestimation".    Using questionable data leads to disagreements between 

Mr.  Clarence H.   Winfree,   Chief,   Hull &  Turret Section,   Design Branch, 
Army Tank Automotive Center,   Warren7Michigan 
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individuals and results in an cxi-.t;ssivc amount of "cut and try" type of de- 
signing.    With personal whims and data changing each day,   the design en- 
gineer inevitably develops a philosophy of over designing.     This system 
has never been satisfactory and in view of the rapid growth and complex- 
ity of military vehicles it represents a futile attempt to achieve the de- 
sired end results. 

If any authoritative design criteria can be established,   confirmed 
and compiled into a design manual the problem of piece-meal distribution 
of information would be settled. 

A useful design manual should meet the following requirements: 

a. Adequately indexed and readily available to the designer.    De- 
signers do not have the time,   and management will not toler- 
ate a system that requires extensive searching for information, 

b. Methods for efficiently coordinating design procedures. 

c. Standard forms for load factors,   weight,   stress,   etc.,   to- 
gether with an explanation of the form. 

d. A simple system whereby engineers could request correction 
or revision to the manual. 

e. An indication regarding the accuracy of information contained 
in each section. 

f. References to other sources of information,   and where the 
information can be obtained (ASTIA numbers) 

There are two primary problem areas in attempting to establish a 
design manual; determining the magnitude of loads imposed on military 
vehicles and arranging the design manual in a usable form. 

A good manual containing data required for military vehicle de- 
sign would reduce lead time at least 25% and cost per vehicle 5% or more. 

This paper is an elementary approach to the problem.    The follow- 
ing suggestions are offered regarding manual preparation. 
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a,     A lice isiuii luis In he  niadc  n-^ardiii^ the  iu;i;d fur a manual. 

1).     Turn tlic prublcm DVIM
-
 lu a [jrivalc imnpany not engaged in 

tin' lUrsign in' inaiiufaclurt: of auluniutivu pruducls.    Anyone 
rngaged m aiitiniioti v«' wt)rk is lou biased with personal opin- 
ion ID prrtoini tin- task  t I (.uiupiliiig fai Is. 

c.    A furnuil search through the libraries and files of this country 
and others should be conducted to determine if a vehicle de- 
sign manual has already been published.    If none is found in 
the search,   a system of locating and retrieving information 
pertaining to vehicles should be initiated. 

Design criteria presented herein is the result of structural analy- 
sis and test data on several vehicles.    It is believed to be reasonably accu- 
rate,   but additional confirmation is needed on load factors.    Load factors 
used are open to question,   but once they have been selected or established 
the remaining structural analysis should be rigorous and definite.    Consid- 
erable information is based on past vehicle performance and history. 

FUNDAMENTALS OF VEHICLE DESIGN 

1.       Non-armored hull weight is 6 to lü% of gross vehicle weight. 

Z.        Design the hull to accommodate components; don't expect much change 
in components to accommodate the hull, 

3. Avoid undue complexity.    Monocoque structures should be employed 
when possible with a minimum amount of internal reinforcements. 

4. Avoid ridiculous tolerances in hulls. 

5. Design door and hatch torsion bars from 80, 000 psi,   to 100, 000 psi. 
Cover and protect all bars from damage. 

6. Use stacked torsion leafs when length is at a premium,    (Do not use 
on suspension. ) 

7. Provide water drain holes for all enclosed areas. 
Standard MS drain valves may be satisfactory for hull drains. 

8. Consider the number of vehicles t.o be manufactured.    Is the  number 
large enough to justify expensive forging dies? 
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().        Rrasoiuihlr nittilics  in duililc  in.ilfiM.il,   subjrit It) lew  rt!p«:ulc'(l loads, 
.irr not  valid slrcss roiiccntr.ituiii |>oiul.s, 

10. Tlu- driver  loralion  i-idalivi-  to the C. Ci.   rffeel.s vt.'lucU;  load factor. 

11. Mu/./.li' brakes look j^ood on paper; but they create .severe blast prob- 
lem s. 

1Z.     Vehicles f^et e'oven-d with dirt and mud; IMICIOSC or protect delicate 
systems. 

1 i.     Track laying suspension weight is IK to Z-1% uf grt)ss vehicle weigiit. 

11.     Track strength requirements depend upon vehicle weight,   not sprocket 
torque output.    Band tracks  require a tensile strength of 3 to 5 times 
vehicle gross weight. 

15. Allow  1 to 8 inches of wheel travel from static to bump position, 

16. Provide; bump slops for all wheels. 

17. Shock absorbers are required only on front and rear wheels. 

18. A stiff suspension gives better side slope performance. 

19. Road wheel strength is determined by bump-stop requirements. 

ZO.    Stress suspension torsion bars to 140, 000 psi.    Design and manufac- 
ture them in accordance with Detroit Arsenal torsion bar specifica- 
tions.    (Too much study has gone into bars for anyone to start over. ) 

Zl.     Vehicles without idlers tend to throw tracks due to dirt and rock 
wedging at rear wheels. 

ZZ.    Avoid screws and holts under S/lb" diameter in the  hull structure. 
Mechanics twist them off, 

Z'i.    Fine threads have less tendency to loosen up than course threads, 

Z4.    Provide positive locks for critical bolts subject to continuous vibra- 
tion. 

ZS.    Avoid requiring   two wrenches  for items which must beserviced or 
removed frequently. 
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!('.     All  (U'si^n  is a i omp fuiiu sr.  don't  Hai riliri- an ctilirt: vuhiclc to 
iippi'asi' oi^aiu/.alums or individuals who over umphasi/.u one par- 
ticular sc^nu'ivt ol vclmle design. 

DESIGN CRITERIA 

EstablisiUng strm lural design i-ritui'ia involves the fornmlation of 
ilftailed information on: 

(a) Basu'   road load. 

(b) Gun recoil load. 

(c) Handling load. 

(d) Weight and balance. 

(e) Safety factors. 

(f) Material properties. 

(g) Symbols. 

(h)   Structural report. 

Due to radically different conditions to which military vehicles are 
subjected it does not appear feasible to establish one set of design criteria 
applicable to all types. 

This paper makes no pretense of answering all problems involved 
in military vehicle design,   even portions of the criteria probably are in 
error.    If the design data is used with caution,   a reasonably satisfactory 
vehicle performance may be expected. 

The following pages present a typical load factor outline.    (This 
particular outline is from the XM 104 self-propelled howitzer. ) 

LOAD FACTORS 

The hull structure; shall be capable of supporting the following 
accelerations (applied loads) without suffering detrimental permanent de- 
formation,   or design loads without structural failure,   (Vindicates force 
acting upward on part) 

a.    For road loads. 

Vertical (Applied loads): 

Positive:   -    Z6 at front to 0 at rear; or + Zb at front to+ 13 at 
CG.; whichever is greater.    Flat cut off at+ 13. 
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Kor design -f  4ü at front to 0 at rear; or  +■ 40 at front to 
+  ZÜ at C. G, ; whichever is greater.    Flat cut-off at + ÜO. 

Negative:   -13 at. front to -10 at C.G.  with flat cut-off at -II. 

Longitudinal:    + 10 

- 10 

Transverse:  i 10 

b. For rail transportation. 

Vertical:   1 2 

Longitudinal:   i IZ 

Transverse:   I 3 

c. For air transportation Spec.   MIL-A-8421. 

Vertical:   1 3 

Longitudinal:   - 3 

Transverse:   i 3 

The following ultimate accelerations (design loads) are required. 

Vertical: -f 4. 5 

Longitudinal:   1 8 

Transverse:  i 

d. For air drop. 

Vertical: +15 

{HIGED-B-6-10 requires 40 to lOCg) 
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BASIC·ROAD LOADS · · 

All basic road loads result from extremely complicated dynamic 
motions of complex structures operating over undefined highway and cross
country ter1·ain. It is probably the most hopeless analytic problem on 
earth, yet a problem as old as the wheel. Such problems are far beyond 
engineering and we can only hope that some dynamist will eventually solve 
this problem. If this one problem could be answered, I believe military 
vehicle design could turn into a true analytical science, rather than relying 
so much on past experience and "guestimation". 

Requirements of combat vehicles are determined by cross-country 
acceleration factors which are typically five to ten times greater than high
way requirements. Approximately half of the load imposed upon combat 
vehicles results from rotational accelerations and the remainder from 
linear accelerations. 

The determination of basic road loads requires the application of 
experimental methods. At present there exists no completely satisfactory 
methods of calculating road loads for ordnance vehicles. Present methods 
require information to be estimated from strain gages, oil pressure, 
accelerometer readings, broken parts and past performance of similar 
vehicles under tactical or simulated tactical conditions. 

In addition to the basic load factors, a shock factor is required for 
small items. A "small item" for t':lis purpose is defined as an item having 
a weight less than 3o/o of empty vehicle weight. 

Four terms which are frequently used without well defined mean
ings are applied load, design load, safety factor and margin of safety. The 
first two are explained in the following paragraphs, the difference between 
safety factor and margin of safety factor and margin of safety is covered 
later in this paper. 

A. APPLIED LOAD: 

This term is also known as the limit load, or simply as the load. 
Applied load for military vehicles is the maximum load the vehicle is ex
pected to ·sustain and continue operation with no appreciable loss of char
acteristics. Applied loads should not cause detrimental permanent defor
mation of the vehicle structure. Please note that detrimental has been 
underlined, this point should be emphasized. Many parts of vehicles pro
duce no detrimental results when permanently deformed and should not be 
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deaiped on the basis of deformation. Examples are small brackets, 
liftiq eyes, bump stops. air extraction and drop systems, spades and 
joints. Generally, items associated with armament and suspension are 
more sensitive to de.·formation than hull structures. Items usually sen
sitive to alight deformations should be considered for re-design to re
duce sensitivity. 

Obtaining values for effective applied loads is complicated by the 
lack of any definite criteria of what is expected of the vehicle. 

B. DESIGN LOAD: 

This term is also known as ultimate or ultimate design load. 
Design load represents the value at which complete structural failure is 
expected. For 1st or Znd line combat vehiCles, personnel incapacitation 
occurs near this point. Loads of this magnitude approach accidents and 
result from atrikiq large boulders, walla, trees, nosing over high walla 
onto concrete pavements mtd bad air drops. In combat vehicles the re
quired design loads are so high that fatigue should present no problem in 
hull structure. For non-combat wheel vehicles, fatig\le may play a pre
dominant role in failures. Values of design load can frequently be deter
mined from broken parts. If a test vehicle is available, structural fuses 
may be incorporated and varied in strength to determine the magnitude of 
de sign l~ada. · 

Presented in figure 1, are curves of basic vehicle load applicable 
to typic&} military vehicles. Figure Z is a shock factor curve for mount
ing small items. 

The following outline gives a procedure for the use of these curves. 

1. Select vehicle class and estimated weight. 

Z. Enter load factor curve, figure 1, and obtain basic load 
factor (n). 

This is the design load for the front end of rigid hull vehicles such as 
tanka, self-propelled howitzers, armored personnel carriers, etc. The 
maximum load factor near the C. G. will be approximately 1/ Z of this 
value. For trailers, this represents a general design load factor. 

For typical track layers, calculate design loads for sprockets and 
wheels by the following equations. 
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PROPOSED LOAD FACTORS 

VEHICLE WEIGHT (1000 LB) 

(Figure  1) 
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l)rsiL;n Uiad at i ii'.tr rll tu- ul trank un IKrwarcl sprucket 

- I^.IS) vidiiitlc' wiMj^ht 

Design U)ad tor No.   I  road wheel 

- n(. 1) vehu.lc weight 

Design loads  fur other wheels 

- nt-US) vehicle weight 

In no case should suspension design loads be taken as less than 
1.4 (vehicle weight). 

i.     To obtain the  required mounting strength for small items,   con- 
struct a shock factor curve similar to figure Z. 

GUN RECOIL LOADS 

Gun recoil loads are obtained by established methods of calculation 
and confirmed by test firing.    Calculations can be made according to ORDP 
Z0-i4tL "Recoil Systems" or Detroit Arsenal publication "Design of Hydraulic 
Orifice for Recoil Control."    Both methods give results having a reasonable 
degree of accuracy,   gun recoil loads are known more accurate than any other 
loads in combat vehicles.    One question frequently asked is what effect short 
peaks or spikes in hydraulic recoil systems have upon hull and spade structures. 
Spikes of less than  5 milliseconds duration have no appreciable effect upon 
vehicles  structure or spade load. 

Recoil loads are transmitted through the gun mount,   vehicle structure 
and spade into the earth.    Reactions from the earth may be distributed uni- 
formly over the spade or concentrated due to large rocks.    Concentrated load 
from rock presents the primary spade problem,   distributed loading generally 
presents no problem.    Investigation should be conducted for different angles 
of elevation and a/.imuth considering ledge rock in the earth.    Ordinary dy- 
namic and static equations provide; satisfactory answers to spade loads. 

Figure 4 presents a typical calculated spade strut load curves re- 
sulting from gun recoil.     The abrupt change around SO0 results from a change 
in recoil length. 

ARDCM HO-1,   Volume 1,   Part E,   gives recoil loads for 50 caliber and 
<dü-mm guns. 
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XM 104 

BASIC   ROAD  LOAD  FACTORS 

STRAIGHT   LINE   FROM   40 AT   FRONT 
TO   20   AT   G.G. 

P. - 7 TIMES GROSS VEHICLE   WEIGHT 
1    APPLIED AT   t OF  TRACK 

P2-4 TIMES GROSS VEHICLE WEIGHT 

Figure 3 
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200 
XM 104   PILOTS 

CALCULATED   SPADE STRUT LOADS 

ieo 

160 

80 

NO I- NO  LARGE   ROCKS    0° AZIMUTH 

N0,2-N0   LARGE   ROCKS   22^-0AZIMUTH 

NO 3-LARGE   ROCKS 
APPROXIMATELY    9 INCHES   OUTBOARD 

NO. 3 

OF SPAR 22^AZIMUTH 

ROD PULL-23,000   8   36,000 LBS. 

PLACE   ABOUT  CENTROIO   OF 
ENCLOSED     EARTH 

140 / 
ASSUMPTION: SPADE  ROTATION  TAKES / 

/        N0.2- 
/ 

/ 
120 

100 

10 20 30 40 50 60 
ELEVATION    RELATIVE   TO HORIZONTAL   (DEGREES) 

Figure 4 
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HANDLING LOADS 

Handling loads are determined by methods of transportation,   and a 
minimum strength factor dependent upon the abuse to which the vehicle is 
subjected.    Small parts which a man can step on should withstand a load of 
100 pounds. 

With the exception of air transportation requirements,   design loads 
for transportation systems are not well defined by any military specification. 

The following specification may be of some help. 

a.    For rail transportation. 

Vcntical: "t Zg 

Longitudinal: — I2g 

Transverse:   t 3g 

. b.    For marine shipment a load factor of 2g is adequate. 

c. For air transportation. 

Spec.   MIL-A-84ZI,   General Specification for Air Transport- 
ability Requirements. 

d. For parachute delivery. 

Mil-STD-669 "Air Delivery Loading Environment and Related 
Requirements For Military Material" 

M1L~STD-814 "Requirements for Tiedown,  Suspension and 
Extraction Provisions on Military Materiel For Air Delivery" 

Loads imposed upon equipment during drop,   depend upon the vehicle 
attitude at time of contact and shock absorbing equipment incorporated in the 
delivery platform. 

Vertical:   I'ig,  with shock absorbing equipment. 

H1GED-B-6-10,  40 to 100g with no shock absorbing system. 
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c.    Slinging cyi-ti should runturni tu MlL-S'l'lJ-ZU^.    The standard 
SIKUIUI ri;ad "Without dft rmu'iital duk)rinaliun" in place uf yield.    In addition 
ID tin1   requirements of M1L-ZÜ9,   any one eye should have an ultimate  strength 
sul t'u:ient to support the  vehicle weight. 

WEIGHT AND BALANCE 

Controlling weight and center ul gravity  requires continuous main- 
tenance of weight and balance forms.     MIL-S TD-ZS-l presents an elaborate 
weight control  system  tor aircraft,   which could be  adapted to automotive 
use with major modifications,    A relatively simple weight control form may 
consist of part weight tabulated relative to the zero reference line and sum- 
mations made for vehicle C.G.    By custom,   the turret center line is the 
zero reference line,   this practice leads to confusion if the turret moves rel- 
ative to the hull.    For vehicles without turrets,   zero reference is taken a 
few inches forward of the hull with the final drive output located on a sta- 
tion number divisible by 10.    If the final drive location moves,   no change is 
made in vehicle station lines.    Locating the zero reference forward of the 
vehicle avoids negative stations.    Normal ship building and aircraft practice 
should be followed relative to station lines,   water lines,   and buttock lines. 

Structural weight has a large influence on initial cost and a second- 
ary effect on recurring or maintenance type cost.    In making a decision on 
whether to change weight and in allocating weight targets,   it is important 
to consider at least the following factors: 

1,      Design functions - difference between essential primary and de- 
sirable secondary functions.    Can the vehicle be operated with- 
out the part; can the part be eliminated? 

L. Structural integrity and degree of analysis required. 

3. Vehicle performance. 

4. Cost. 

5. Producibility. 

6. Schedule. 

7. Growth factor, 

8. Effect on other components. 
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9. The maxiimim weight that is jjurmilted fur air delivery. 

10. Cost of shipping additional weight,   this critical if air ship- 
ment is probable. 

As an aid to controlling or guiding weight reduction programs,   the 
following check list is presented. 

I. The mental attitude of personnel working on the project; has any 
desire been created to design light structures? Is management 
willing to pay for weight control? Are people working on weight 
control,   or just talking about it? 

L.     Check the equipment on the vehicle,   what part is really required? 
How many items are only someones desire?    It will take a battle 
to remove anything,  but there is a lot of useless equipment on 
vehicles. 

3. Use the shortest,   most efficient path for load transmission. 

4. Use existing material and avoid adding additional parts. 

5. Do not complicate interior stowage with necessary reinforcements. 

6. Use alloy steel heat treated to 125, 000 psi for brackets and irreg- 
ular shapes; use 160, 000 to 180, 000 psi for symmetrical items 
under known loading conditions. 

7. Use aluminum where it is worth while,   thin sections,  buckling prob- 
lems,   spacer filler,   etc.    Avoid aluminum castings in primary 
structures. 

8. Avoid joints,  especially in highly loaded parts. 

9. Use care in joint selection,   tension joints,  or shear joints. 

10.      Use   sheet metal stampings with integral beads and reinforce- 
ments. 

II. Avoid overdesign. 

12.      Use simple bushings in place of anti-friction bearings. 
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SAKKTY   t'AC 1ÜUS 

CIUK urrcnt with tlic cstablisluut.iit ul babic loads and load distribution 
arc llio probleins ol sdi-c lin^ and applying factors ul safety, consideration of 
stress concentrations, detailed environmental and life requirements, and the 
balancing of all against "up* inn zed" wnght. 

The more exact the knowledge of the basic loads,   the more it is pos- 
sible to design structures with the minimum safety factors compatible with 
reasonable reliability,     Design analysis should indicate the accuracy to 
which load factors are known and "factors of ignorance"  should not be con- 
fused with safety  factors. 

Safety factors are used for the following reasons: 

1.      Safely factors provide a standard difference between applied load 
and structural failure.     This is the classical meaning generally 
expressed as, APPLIED LOAD (SAFETY FACTOR) = DESIGN 
LOAD. 

L.. Fur structures where deformation is unimportant it provides a 
uniform criteria fur failure. 

3. Tu account for unknowns in loading, analysis, material and fa- 
tigue. These are truly "factors of ignorance", which are gen- 
erally called safety factors. 

Safety factors should not be confused by being indiscriminately 
placed on both the load and on the allowable stress level.    Ejdreme care 
must be exercised to avoid multiplication of safety factors.    Investigation 
has revealed many cases where safety factors were b to 10 times the quoted 
value.    Common methods, of "slipping in safety factors" while determining 
strength uf structural components are: 

a. Working to yield stress when ultimate is critical. 

b. Failure to account, for plasticity. 

c. Use of curved beam equation when they are not applicable. 

d. Incorrect use of allowable stress. 

e. Overlooking a primary loadpath. 
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1.    Undut! siinplificatiuii of analysis. 

g.    And the fatal remark uf the buss "it looks skimpy,   better beef 
it up. " 

There is only one thing certain about a structure,   if no failure ever 
occurs,   it is overdesigned.    To avoid multiple safely factors,   select a value 
before starting and apply it to the load,   do not enter safety factors during 
stress calculations. 

The relation comparing the allowable load with the design load is 
termed the margin of safety and is defined as: 

wc _ allowable load 
design load 

or     MS - allowable stress 
design stress 

The allowable load is usually determined by the shape of the part 
and material properties,   it must not be confused with design load.    In case 
of a redundant structure,  where failure of an individual element would re- 
sult in the load being carried by other members,   a negative margin of 
safety may be acceptable.    In a well design structure,   the margin of safety 
should be zero or a slight positive value.    The positive margin of safety is 
that overdesigned portion of a structure which cannot practically be elimi- 
nated. 

CASTINGS: 

The allowable stresses for castings as specified in MIL-HDBK-5 
are obtained from test specimens.    The actual cast members often contain 
hidden imperfections which do not occur in the test specimens.    Ductility 
of castings is often a small fraction of wrought material.    It is therefore 
necessary to use an additional factor of safety,   usually 2.00.    For castings 
subject to x-ray inspection,  close quality control and controlled ductility 
this factor may be reduced to a minimum of 1. 25. 

FITTING FACTOR; 

Failures are more likely to occur at the end connections of members 
than in the members themselves,  because of local stress concentrations, 
eccentricities of the connections,   or severe vibration conditions.    For this 
reason an additional safety factor (fitting factor) of 1. 2 will be used in the 
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iii'biL;ii >'l  i DIM,IM limis ami liltm^.s. 

BEARING FACTOR. 

Wlifii; hulls mast  resist shock or vibration loading,   us in suspen- 

i.ioii anil cngini' imiuiits    l\n- holts tend to hamiunr hack and forth in the 

holes.    This hamiiR'rm^ action may enlarge the boll holes and eventually 
cause failure of the member if the bearing stress is high.    For such con- 
ditions a hearing lactor ol 1.0 will be  required. 

SCREWS IN SHEAR AND  TENSION: 

Screw threads in shear shall not exceed 30% of full shank rated 
strength,   and the joint will be classified as a friction joint.    Due allowance 

for fatigue m screw ami holt, threads shall be made.    In structures subject 
to fatigue,   only  rolled threads should be allowed on screws and bolts. 

Load lac tors are usually established by estimations from past ve- 
hicle performance,   and must be approved by the section chief and vehicle 

manager.    As a result of this limitation of authority,   design engineers ex- 
ercise very little control over load factors.     The design engineer's great- 

est contribution to weight reduction is through judicious selection of load 

transmission path and careful strength analysis.    Failure to recognize that 

design criteria is structural strength (not stress level),   will produce incon- 
sistent margins of safety. 

timale 
Examples of parts which fail at stress levels other than yield or ul- 

1.      Structures which may fail at low stress level, 

a. Plate buckling. 
b. Columns. 

c. Flange crimping. 
d. Twisting. 
e. Shear buckling. 
1.     Fatigue. 

Z.      Structures which fail at high stress levels. 

a. Redundant structures. 
b. Plastic bending (Modulus of rupture). 
c. Short compression blocks. 
d. Curved beams of solid section. 
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The abuve examples ahouUl point out the futility uf a specification 
giving "working stress" for vehicle design.    Proper criteria for stress 
level can only be selected from consideration of part function,   shape and 
mode of failure.    Such statements as "working stress 50% of yield" are 
absurd for vehicle design.    In general,   hull or frame design should be 
based on structural strength and not directly on material characteristics. 

FACTORS OF SAFETY 

Suggested safety factors used to obtain design loads from applied 
loads: 

1. Structures in general. 
L, Handling load per specification. 
3. Bearings.    M1L-HDBK-5 
4. Joints.    MIL-HDBK-S 

1.5 

The following should be applied in addition to the general structural 
factor of 1. S. 

5. Casting 
(With X-Ray,   close quality control and 
minimum elongation of 7%. ) 

Fittings 
Gun recoil loads that offer a hazard 
to personnel 
Gun travel lock when loss results in a 
hazard to personnel 

2.00 

1.2 
1.2 

1.6 

1 . 5 

MATERIAL PROPERTIES 

For design purposes it is suggested that material properties be 
taken from MIL-HDBK-5.    Values specified are minimum aircraft material 
properties and should be considered as probable properties for automotive 
materials.    This publication was compiled for design use and is recom- 
mended in lieu of specifications.    Several specifications contain elaborate 
information on grain size,   legal requirements,  etc.,   and fail to give ten- 
sile strength.    Entirely too many specifications arc being written with- 
out any consideration of the designer,   and have become so complex that 
they are impracticable for design work. 

Questions regarding critical material should be answered by the 
Department of the Army Supply Manual TB-754-1 "Conservation of Mate- 
rial." 
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Witluii  rcasuiiahli' linuls tlu1 cost ul material has iilllt; effect 
upiHi part lost,    KIKI pnxlurt roHt depemiH primarily upon tlie design 
»■ngineers efforts to avoid unnecessary complications and expensive 
manufacturing processes. 

SYMBOLS 

Unless othcrwisc indicated structural symbols and methods of 
analysis should be in accordance with Military Handbook 5.    (MIL- 
IIDBK-S)    This handbook presents the best set of structural symbols 
in existance,   and yet many engineers and authors refuse to accept 
any standard.    Each writer tlounders through life,   dreaming up his 
own symbols for each problem,   and often changes the meaning from 
one page to the next.     This absurd refusal of engineers and authors to 
accept standard symbols is equivalent to each person dreaming up a 
new language and spelling system every time the mood strikes.    Ef- 
fective engineering communication can never be achieved unless stand- 
ard symbols are accepted. 

The aluminum and aircraft companies have accepted M1L-5,   and 
found it very satisfactory,   and yet military organizations make little ef- 
fort to abide by their own standards.    Authors of ORDP publications, 
and other military work should be required to comply with MIL-5.    This 
simple step would greatly increase the readability and value of many 
publications. 

STRUCTURAL REPORTS 

Reports establishing and documenting the results of structural 
analysis usually must include the following: 

1.      Introduction - to outline what the report is intended to cover 
or its objective.    In many structural reports no introduction 
is included,   and readers waste time looking for information 
the analyst had no intention of covering. 

Z.     Load Report - in which is presented the basic load on all im- 
portant elements.    Special design methods on which the de- 
sign is based should be included. 

3. Weight Report - to reduce complexity of reports, calcula- 
tions of weight and center of gravity may be included with 
the structural report. 

4. Structural Analysis - which includes shear and moment dia- 
grams based on loading condition presented in the load re- 
port,   design criteria,   detailed stress analysis and margin of 
safety. 
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Structural reports thiit cannot be retrieved or understood are useless 
for future reference.    The followinj» may help in maintaining reports. 

Using an outline drawing of the vehicle,   apply vectors for all known 
external loads.    Several outlines may be required to present different loading 
conditions.    Certain loads are obviously not critical and can be eliminated 
by inspection.    At this point load distribution and path must be selected and 
approxitnate siae of parts calculated.    From here on,   calculations and re- 
visions constitute design work.    For each part the final structural report 
should contain: 

a. Statement of problem and part number. 
b. Information given pertaining to the problem,   and a sketch of the 

part (if applicable). 
c. Objective of analysis.    This can save considerable time for readers. 
d. Solution. 
e. Results,  including the margin of safety. 
f. Recommendations:   Here the designer should include remarks re- 

garding the part,  comments on other approaches which were tried 
and discarded,   and methods which might be applicable to future de- 
sign. 

When the vehicle is complete,   arrange the book into a logical order, 
remove extraneous information,   and rework the index. 
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THE EF,FECT OF InGH RATE LOADING ON THE MECHANICAL 
PROPER TIES OF ORDNANCE MATERIALS 

Alexander Hammer* and Hubert Cadle::C* 

ABSTRACT 

It is a well-known fact that Cr -Mo - V Steel, presently the best 
available barrel material because of its high strength and erosion re
sisting properties, has a yield strength of 15, 000 psi at a temperature 
of 1200°F. It is equally well known that Cal . 30 barrels made from 
this material and fired seven ~25-round bursts become hotter than 1200° F 
in the area in front of the liner. The most advanced but static theories 
indicate 75, 000 psi total equivalent stress in this area; i.e., a value a
bout five times larger than the statically determined yield stress. These 
barrels were gaged after firing and no plastic deformation could be de
tected, eliminating any possible tie-in with plastic design theories. Now, 
either the stresses are actually less than those calculated, or the me
chanical properties of the metals at high rate loading are well above 
those values which are presently considered by design engineers. 

Primary purpose of the investigation, results of which are re
ported in the paper, is to prove the latter. The investigation was con
ducted with a gas system testing fixture in which gas, emitted while 
firing a gun, is used to initiate pressures in test specimens. In this 
fixture, Cal . 30 barrels were modified to allow the gas to escape through 
an ori"fice into a gas cylinder. The size of this orifice, its location a
long the barrel, the initial volume of the gas cylinder, the movement of 
piston in the gas cylinder so as to allow its volume to be changed, and the 
weight of the moving piston are parameters which can be changed to vary 
the characteristics of the gas pressure in the cylinder. 

The parameters of the test vehicle were changed and three dis
tinctly different reproducible families of pressure-time curves were ob
tained in the gas cylinder, each one having the same peak pressure, but 

* Dr. Alexander Hammer, Chief, Mechanical Research Branch, Spring
field Armory, Springfield, Massachusetts 

** Mr. Hubert H. Cadle, Mechanical Engineer, Research & Development, 
Springfield Armory, Spnngfield, Massachusetts 
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tho turn: ID ul)tain same varifil liom  . h lu 1. S ms.     Tliruugh di ffc rcntial 
areas Uic pniaauro in llu; i ylmdc r was im'ruusiul iiini-'füld,   <iiicl through a 
fluid inediuin was applied against the internal walls uf cylindrical test spe- 
cimens.    Pressures,   measured in the fluid,   were correlated to stresses 
and strains established on the surfaces of the specimens,   and it was found 
that specimens which yielded,   when loaded statically,   at 1UÜ, 000 psi stress , 
remained elastic: under dynamic  conditions even at liiO, 000 psi  stress,   in- 

dicating a clear ZU per cent gain for the material tested at existing condi- 

tions. 

A very important area directly affected by the investigation is light- 
weight design.    It can In: proven that the mechanical properties of Ordnance 
materials at actual working conditions art- m excess of those which are 

used at present as design criteria    and it is evident that large numbers of 

weapon components wen: overdesigned,   that they are too big and too heavy. 

One appreciates that maintaining the present high stresses,   but re- 

ducing weight will be preferred to reducing stresses in unchanged over- 

designed components. 

It is a well-established fact that Cr-Mo-V steel,   presently the best 

available barrel material because: of its high strength and erosion-resi st- 
ing properties,   has a yield strength of approximately IS, 000 psi at a tem- 

perature of IZ00   F,    It is equally well-established that Cal . 50 barrels 
made from this material when fired seven 1ZS-round bursts became hotter 
than l<dü0   F in the are.i forward of the liner.    The most advanced static 
theories indicate 7S, 000 psi total equivalent stress in this area; i.e.,   a 
value about five times larger than the basic  static theory suggests.    These 
barrels wore gaged before and after firing,   and no plastic deformation 
could be detected,   thereby eliminating any possible tie-in with plastic de- 
sign theories.    Now,   either the stresses are actually less than those cal- 
culated,   or the mechanical properties of the metals at high rate loading 
are well above those values which are presently considered by design en- 
gineers.    In either case the  result is overdesign of components and in con- 
sequence waste: of materials,   manufacturing time,   storage place and trans- 
portation cost and sometimes the difference between optimum and not feas- 
ible design. 

The first step in the investigation,   with which we are concerned here, 

was to establish the  relationship between static and dynamic yield stresses 

in a material at ambient temperature.    Since barrel design falls in a par- 
ticular problem area,   Cr-Mo-V steel in the form of thick-wall tubes was 
chosen for testing. 
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In .small  .inns barrel ilrsi^n,   rilling and Irulioii furccs arc- presunt, 

but ttu-y ar«' small m ma^nitmii' and are negltiftcd,     The force with which 
wr are c oiuc rncd,   IIUMI,   IS the  internal  [>rebsuru which acts su as to pro- 

diu e tangential and radial  strains in llie lube.     The lest     specimen was 
designed in such a manner .is tu inininii/.e longitudinal forces and end 

effects. 

Figure  1  shows the  test  specimen in the  form of a thick-wall tube. 
The length of the test  specimen was so established that the effect of the 

reinforced ends would not be  reflected in the center section.    Available 
theory was used to determine the spacing of reinforcing bands on a tube 

in such a manner that the effect of one would not influence the effect of 
the band adjacent  to it.     This length was doubled and the necessary length 

to provide a portion which should respond like an infinitely long tube was 
added. 

A piston at one end,   and an adapter for a pressure transducer at the 

other entraps a fluid medium.    The test specimen is encased in such a 
manner that the  reaction of the force applied to the piston is absorbed at 
one end while the other is permitted to float free.    Force is applied to the 
piston in the casing and is transmitted tu the fluid by the piston in the test 

specimen.     The   resultant pressure of the  fluid acts upon the pressure 
transducer and also upon the walls of the specimen. 

In the center of the specimen,   one foil strain gage is mounted in the 
tangential direction and another is mounted in the longitudinal direction. 
Unilateral applied strain in the tangential direction on the outside surface 
of an infinitely long thick-wall tube is the result of an application of 
internal pressure.     The longitudinal gage,   then,   should monitor that 

strain  reflecting Poisson's Ratio. 

Figure Z is a picture of the test specimen,   adaptor,   and component 
parts.    An "Ü"  ring with a teflon spiral back-up washer seals the small 

piston.     A glass-fibre-impregnated teflon washer seals the pressure 

adapter.    A Kisller 601 pressure transducer is used to monitor the 
internal pressure.    Incidentally,   the area ratio of the piston in the 

adapter to that in the specimen is nearly 9/1. 

In a variety of small arms,   the chamber pressure resulting from 

the burning of the charge is in the neighborhood of 5ü, Ü00 psi.    The time 
required to reach this pressure is usually about . 5 milliseconds. 

Figure   i shows a characteristic pressure-time curve taken in the 
chamber of a Cal  . SO gun.    The pressure reaches approximately 50, 000 
psi and the  rise time is about .6 milliseconds. 
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A j^ah  ^\S|CIII  icstin^;  hxturc  (Ki^urr   1) w.is nuidilu'd by tlu: addition 

»i|   Ihr   Sprf I Uli'II   .id.lptrr   wllltll   W.1S   sluAVIi   m   the   lll'Sl   ,md   Sc(:(;nd   figures, 

I'll riuiL;li the  use i'l this  hxtiirr  il  is pussildc t(; apply dynamic  loads  simi- 

lar to tlmsc ( htamed in tlir  tinnj; ut  a ^1111.      I'lu- prcjpidlcnt gas from a 

Cal   .  ill  rille  is lilfd trom a port  in the  side ul  the liarrri  into a gas cylinder. 

ims gas  pressure  is  impinged on  the  piston  Incited in the   specimen adap- 

ter which m turn  tones the  pistil:   m  the  test   specimen    against  the fluid, 

medium.     The pressure  m the gas cylinder is magnified in the  specimen 

by the differential  areas ot the two pistons.     The compressed fluid applies 

the  resulting pressure against the walls of the test  specimen.    In the gas 

system testing fixture     various  parameters,   such as tile   si/.e  and position 

of the gas port m the gun barrel,   and the initial volume of the gas cylinder 

tan be changed so as to obtain the  necessary pressure - time  relationships. 

Figure  S depicts a pre ssure - ti me curve obtained through the  use of 

the gas  system testing fixture.     The pressure is approximately 48, (JÜ0 psi 

and the  rise time is about  . S mi Hi seconds.     The useful portion of the 

curve is not unlike the actual chamber pressure-curve shown previously. 

The pressure fluctuations which appear after the main peak are of no con- 

sequence,   providing that the pressure then- is lower than that which would 

cause the material  to yiidd in a static  test. 

The instrumentation used to monitor pressure,   time,   and strain is 

shown in Figure 6.    A Kistler amplifier delivers the pressure pulse to 

a Tektronix SSI Dual Beam oscilloscope and a S36 X-Y scope.    In static 

tests,   the tangential and longitudinal strain are monitored separately 

through transducer plug-in units powered by a Tektronix 1Z7.    Dynamic 

strains Lire monitored through a DC balancing and calibrating unit.     These 

signals are delivered to both scopes through choppers so as to provide the 

extra trace of each  scope.     Through this  system,   the dual beam  scope pro- 

duces the three variables vs,   time,   while the X-Y scope shows pressure 

vs.   tangential  strain and pressure vs,   longitudinal strain. 

Polaroid camera photographs were taken of the test data delivered 

to the oscilloscopes.    Pressure,   tangential strain,   and longitudinal strain 

plotted against time is shown 1.1 Figure 7,     These curves tell us little more 

than to assure that the  rise time is that in which we are interested.    Look- 

ing at the pressure curve,   the rise time is about . 5 milliseconds.    A 

rough comparison between the pressure and tangential strain   curves leads 

us to expect that these variables are proportional to each other. 

It is apparent from the shape of the pressure-strain curve (Figure 

8) that this test specimen did not yield on the outside surface.    The spe- 

cimen is one of a series designed to bracket the yield point of the material. 

Furthermore,   wc now sec the longitudinal strain as compression according 
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U. nur prcilu lums.     ll  .1 iir^h^ihU-  .iinuuiit ol  Irutiun  Irum the bc.iriii^ of 
tin   pinion "0"   ring on llu'  msiilc wall ul  the   .spec 1 IIUMI  n'.suit.s  in .1 nugli- 

gil)lt' rmnpri'saivi'  Kuvr,   tin;  Kingitiuiin.il  strain should rcflurt a vahu; 

whu h is no gri'ati'r than that i'X[H'i: ted by  Fuisbuii'a Ratio,     In other wordb, 

ilu'  slope itt the longitudinal  strain rurvc  should hi; ^^"/o to   iUa/o that of the 
tangential  st rain eurve . 

Using another test  speeinien,   static  tone is applied through the 

same adapter used in the dynainie test,    It was not necessary to record a 
plot of the three variables vs.   lime. 

These static data (Figure cj)   of pressure vs.   tangential strain and 

longitudinal strain are like the dynamic curves except that the specimen 
is allowed to yield.    Again we have obtained the compressive strain which 
should reflect Poisson's Ratio. 

To check the basic  validity of the data; however,   it is necessary to 
compare the  ratio ul longitudinal to tangential strain obtained in the dynamic 

test to that obtained in the  static test.    If the two ratios are the same,   it 
is  reasonable  to assume that the forces transmitted to the walls of each 

test specimen are of the  same type,   and that Poisson's Ratio in the dynamic 
application did not differ from that established in the static situation.    We 

may now arrange the data so that the dynamic stresses can be compared to 

the static stresses. 

We have established that the  ratio of longitudinal strain to tangential 

strain is the same for both cases.     The Lame relationships (Figure 10) may 
be used to transform the pressure-strain curves to stress-strain curves. 

The wall  ratio of each test specimen was obtained by measuring the inside 

diameter with an air gage and the outside diameter with special micrometers 
each sensitive to the nearest. St) millionths of an inch.    The concentricity 

was checked by actually measuring the variation in thickness of the tube 
wall at the section where the strain gages are mounted. 

Considering the outside surface of the tube where the strain measure- 
nienls are taken,   we observe that this boundary condition precludes radial 
stress.    Conveniently,   then,   the equivalent pressure stress is the unilateral 

tangential stress, 
ZP 

0"      —y  
e        W"-l 

where the pressure is the measured quantity at the measured tangential 
strain. 
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Finurt; II sliuws Ihn i:liarat:lt; ristic   blrchs-strain curves reflcctinf» 
the dynamic: ami static data.     Wc first ubservu that Yuung's Modulus of 
proportionality stress to strain is the same in both the static and dynamic 
situations.    And the answer to our problem appears in the fact that the 
dynamic stress is greater than the static  stress at the yield point of the 
material in each case.    Mere the  ratio of dynamic yield stress to static 
yield stress is about 1. IS. 

Now,   since we are concerned with the soundness of the entire tube 
when faced with a design problem,   we may resort to the Lame relation- 
ships for the inside surface (Figure 10).    Mere the stresses are tangential 
and radial.    Combining these stresses according to the von Mises-Hencky 
theory of failure, I     4      * 

~    p k£±' (L     " r ->  
e w^-l 

and solving for the design wall  ratio,   we have this expression: 

Ce'W^e'-^ W -qTT^ 
In order to obtain practical values for W,   limitations put on the interrela- 
tion of pressure and equivalent pressure stress are obvious. 

Test results indicate that for the selected wall ratios of 1. 35 - 1. 38, 
for the described load application,   and for internal pressures which peak 
in approximately . 5 milliseconds,   the equivalent pressure stress increased 
by a factor K - 1. 15.    However,   in actual design of Cr-Mo-V tubes which 
must withstand internal pressures alone,   this factor K is assumed to be 
1.30. 

It is possible that the assumed 30% increase of yield strength results 
in some slight but surely not detrimental permanent deformation of the in- 
side surface of the tube and further experimentation will be needed to cor- 
relate laboratory results to practically proven emperical design criteria. 

In reference to the phenomenon experienced with the Cal . 30 barrel, 
the statically determined yield strength,   at the proper elevated tempera- 
ture,   will have to be increased many times in dynamic application,   if the 
presently used factor K - B,   applied to obtain the permissible total equiva- 
lent stress,   should be proven to be correct in laboratory application. 

Future investigation will include tests similar to this one,  but per- 
formed on different materials; test specimens will be subjected to constant 
high and low temperature; and finally,   transient temperature and repeated 
high rate loading will be induced,   thereby simulating the effects of automatic 
firing with small arms weapons. 
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INTRODUCTORY COMMENTS NY DR.   ALEXANDER HAMMER: 

When Design Criteria was selected as subject for Sessions III and IV, 
it was hoped that papers would be presented which would help the designer 
of Army materiel in his task to achieve optimum design.    We held Confer- 
ences in the past when the scientists spoke to scientists.    This time,  we 
were fortunate enough to secure the participation of a large number of de- 
signers,   and we intend to help them by proving or disproving the validity 
of certain empirical postulates concerning the increase of yield strength 
of materials,   when the time necessary to reach peak loading is only half 
to one millisecond,   which characterizes small arms barrel design. 

As a sort of introduction to the two papers to be presented by Spring- 
field Armory at this Session,  1 would like to mention the fact that if the 
Cal . 30 all purpose machine gun barrel is fired seven IZ5-round bursts, 
needing each time 14 seconds for firing and 46 seconds for cooling,   the 
outside surface of the barrel about I inches in front of the liner,  i.e., 
about 12 inches from the breech end,  becomes 1400oF hot.    The tempera- 
ture at the inside surface,  of course,   is much higher.     Even if we assume 
an average temperature of l400oF>   the yield strength of the barrel material, 
Cr-Mo-V steel,  equals about 10,000 psi.    The total equivalent stress in 
this barrel at the above mentioned position,  considering the pressure and 
temperature stresses,  equals 70,000 psi,  which is seven times higher 
than the yield stress of the material at l400oF. 

There is no interrelation with plastic theories,  because careful checking 
of the outside surface dimensions proves no changes.    At the inside surface, 
permanent deformation may have taken place,  but not sufficient to be detri- 
mental to the life of the barrel which is determined by the criteria of 200 
fps muzzle velocity drop or 20% keyholing. 

If the barrel designer would accept the 10, 000 psi yield stress as de- 
sign criteria, he would end up with an extremely heavy barrel. And this 
barrel, design-wise, would be worse than a light one because the thermal 
stresses in it would be excessive, being directly proportional to the tem- 
perature difference which is much larger in a heavy barrel than in a light 
one. The lighter, thinner barrel will be hotter, but the thermal stresses 
in it will be reduced considerably. 

I fully agree with the statement that one picture is worth thousands of 
words and to help you visualize above statements I will show you a colored 
motion picture about firing a Cal . 30 tank machine gun barrel three thousand 
rounds without interruption.    This barrel is covered by a jacket.    In order 
to give you a better view,   some of the holes in the jacket were eliminated. 
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The showing-time is short and I do not want to interrupt it, so I tell you 
now that the barrel is gaged before firing, it becomes cherry-hot during 
firing and is gaged after firing. From the colors, judge for yourself the 
temperatures, and ·the gaging results will indicate the status of the barrel 
before and after firing. 

Three Government laboratories, located in Watertown, Watervliet 
and Springfield are engaged at present in activities covering the dynamic 
behavior of materials. It would be beneficial to correlate these activities 
which use different methods to induce impact loading peaking in from half 
a millisecond to ten milliseconds time. The test specimens used are of 
different designs, sizes and materials. 

Only after we do test identical specimens and induce loadings of the 
same peaking time, will we be permitted to correlate our results. If the 
application of gas-hydraulic-or steam pressures will not result in appre
ciable differences, we may divide the field and cover only that portion of 
the time band which is closest to our particular area of load application. 

DISCUSSION: 

Mr. Zaroodny: I want to express my admiration for this paper which per
haps we didn't applaud loud enough . And would you allow me to make a 
recollection: In the early years of the war Mr. Kent's development of the 
theory of piezo electric gages was still something of fairly novel and it 
was a great disappointment to us at APG that the actual establishment of 
the powder charge had been done with the help of copper crush gages. How
ever, ·there was a 15 to 20o/o discrepancy between pressure measurements 
made with piezoelectric or copper crush gages. The story goes that Mr. 
Kent had brought this fact to the attention of the Chief of Ordnance, General 
Barns, who allegedly said: This war will be won with copper pressures. 
Well it has been and now after some time after the war, I am extremely 
happy to see another explanation of the factor 1. 2. 

Dr . Kumar : I would like to commend the fine presentation that we heard 
just now and the fine movie by Dr. Hammer and Mr. Cadle. I have only a 
couple of questions about the design theory. It is very beautiful to see how 
the whole thing has been demonstrated experimentally. The analytical ex
planation of it may reveal even more . I see that you are using von Mie ses
Hencky theory of failure and considering only the pressure stresses . If 
you would con side r the thermal stresses also you could improve the theory 
still more . 
Dr. Hammer: In our first series of te sts we did not consider temperature 
effects because only single shots were fired with the testing fixture. Con
sequently the used analytical equations were correct. However , if and when 
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tempcratim- will bi' cunsitli-rt'cl,   wt; will have to prove much larger differ- 
ences between dynamic: and static yielding than the 1 S% found at ambient 
temperature.    Designers today,   and tiiis is proven by practical experience, 
permit total equivalent stresses manyfold of that of yield at various eleva- 
ted temperatures.    Even for pressure stresses alone and for the barrel 
material mentioned the intuitively accepted increase is   JO to 40%.    So you 
see,   there is still a discrepancy between laboratory results and those ob- 
served or proven by actual experience. 
Glenn Taylor -  APG,   BRL.     Would you care to comment on the deformation, 
if any,   on the bore of Cal  . U) tubes after prolonged tests at elevated tem- 
peratures? 
Mr.  Cadle:     1 think perhaps Dr.  Hammer would want to talk about this. 
Dr.  Hammer:    It depends what do you consider "prolonged test at elevated 
temperatures".    I witnessed erosion tests with HS-round bursts the barrel 
lasting at least S, 000 shots,   or with 1Z5- round bursts firing at least 3, 000 
shots.    There were no dimensional changes at the outside surface.    What 
happened at the inside was hard to determine because of the simultaneous 
happening of yield and erosion.    However,   as long as the criteria for bar- 
rel life was met,   the barrel was considered sound.    No matter how hot the 
barrel got,   up to temperatures mentioned before:   if opportunity was given 
to periodical cooling,   it could and actually did last Z5, 000 shots.    Now,   to 
answer your specific question concerning the deformation of the bore of the 
barrel which fired without interruption 3, 000 shots and was shown to you 
on the colored motion picture,   no doubt,   it could not be considered service- 
able any more.    Its rifling was lost completely.    Again,  I must mention, 
the mechanical and chemical effects were present simultaneously. 

241 



DKTKKMINATION UK YIKL1) Sl'RKNCi THJi OK ENGINEERING 
MATERIALS Al' HIGH LOADING RATES 

Earl 11.   Ahbr : 

Al^S TRAG T 

Sfvrf.il yr.irs ,igu ,t sni.ill  [jrojiTt w.is iniliaU'd at Spriiigfidd Armory 

to iiu'i'hilij>ati' the fltcrt of Luaclin^ Rate nu the Yield Strength of Kacc Ct-n- 
ti'rrd Cubic,   Body CcnU'rcd (^iibu-,   and Closr  Packed Hexagonal Mati-rials. 

This investigation was sponsored by Office ol Ordnance Research. 

An attempt was made to devise a simple dynamic test.     To this end a 
fixture designed and fabricated by Westi n^house Electric  Co.   was used.     This 

fixture contained a short hollow Cylindrical  fluid filled specimen between two 

parallel circular plates,   held together by three equally spaced bolts.     The 
upper plate contained a piston,   which when struck by a falling weight,   trans- 
mitted the  force to the  fluid filled specimen.      The  lower plate contained an in- 

strumented plunger which recorded the force and time.     A major disadvantage 

of the system was the development of end clamping effects which were not 
measurable because ol hick ot  adequate instrumentation. 

The approximate  ratios ol static to dynamic yield strength at a strain rate 
of approximately  5ÜÖ inches/inch/sec.   are reported. 

A new fixture was designed which eliminated the end effects.    It consists 
of a circular plate mounted on three short columns and a piston in the center. 

The specimen,   a hollow cylinder approximately 4 inches   long is threaded in- 
to the bottom of the circular plate in line with the piston.     The lower end of 

the specimen is threaded into a thick hollow cylinder with a plunger inserted 
into its  lower end.       The end ol  tiiis plunger  rests on the base plate which sup- 
port s the  fi stui'e , 

Data on   1 i4l) steel quenched and tempered to 140,000 psi tensile strength 
tested on this fixture together with tensile specimens of the same material 

and heat treated to the same physical properties and tested by Watertown 
Arsenal at a lower strain rate are reported. 

Increasing demands upon the engineer to design and develop stronger, 
lighter structures has led him to seek new design criteria.    The area in 

which we are particularly concerned in this investigation,   is the dynamic 
behavior of metals.    It has been found that many materials appear to be- 

have elastically,   when dynamically loaded,   at stresses greater than 

-Mr.  Earl M.   Abbe,  Supervisory Physical Metallurgist,   Springfield Armory, 
S|) ring field,   Massachusetts 
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those necessary to induce plastic defurmatiun when statically loaded. 

Our ultimate objective is to obtain sufficient data to produce a family 
of curves for several engineering materials,   such as is schematically 
represented in Figure 1.    The ordinates represent the yield strength and 
the strain rate is progressively increasing on the abscissa.     This is a 
purely idealistic concept where A,   \i,  and C represent the static yield 
strength of three materials and the curves originating at these points 
might illustrate the dynamic behavior of these materials at various strain 
rates.    The dynamic yield strengths at strain rate 2 would be G,  H,  and I 
respectively.     Let us now suppose that whereas the loading may approach 
strain rate Z,   the minimum strain rate is 1,     The designer must use 
the minimum strain rate in order to avoid plastic deformation,   therefore, 
he could use the values D,   E,   and F less,   of course,   the selected factor 
of safety. 

Figure 2 illustrates a series of load vs time traces for some material. 
Load A represents the static yield strength.    Curves X,  Y,  and Z represent 
three different loading cycles.      By construction curves X and Y have the 
same  maximum load C.  The strain rate of X     (D     ^ /     ^ ) is somewhat 

D (T or k"^ ) 
greater than K    or tan nand if the material is sensitive,  or perhaps I 
should say,  less sensitive,  then the material loaded in accordance with 
curve Y should be more liable to plastically deform than the same material 
loaded in accordance with curve X.       Will the material behave in this 
manner?    Before we investigate this subject further let us look at curve 
Z.    It was so constructed that the loading rate is exactly the same as Y, 
however,  it peaks at load B and the load is maintained for a considerably 
longer period of time.     Z only reaches a maximum of B,  which is much 
lower than C,  although both of these are greater than the static yield 
strength A.    With the same loading rate,  will material loaded in accordance 
with trace Y be more liable to plastically deform than the same material 
loaded in accordance with Z due to the greater load level? 

Another criteria is based on rise time and OP,  QQ,  and OR would 
represent the rise time for X,  Y,  and Z respectively.    Based on this 
criteria Y would be more liable to plastically deform than X but I am not 
sure how to estimate the relative behavior of Z in relation to X and Y. 
Under this concept,  due to the lack of symmetry of the loading and unload- 
ing, pulse duration OL,  OM,  and ON may be reported with    OL ,    OM     , 
and   ON        as loading time. ~Z       —2 

No plastic deformation would be expected for any of these cycles if the 
static yield strength on this diagram were at C instead of A,  if the 
material in general is insensitive to load rate below static yield point, 
then only that portion of the curve above level A is significant and the 
only criteria should be S,  T,  U,  AB, and AC.    Now S and T are equal but 
U is much greater;   will Z,  therefore,  plastically yield before X and Y or 
since AC is much greater than AB will these yield before Z?    Perhaps it 
is the area of the curve above the static yield strength which will determine 
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the order of plastic deformation of the material. If this be the case all 
three should behave in the same manner since these areas are all approx
imately equal. Probably the b-ehavior is related to overstress, rate of 
loading above yield strength, and duration of the overstress. 

Based on the above discussion we feel that the structure must be de
signed, using a dynamic criteria representing all the conditions, selecting 
the least dynamic influence with the probability that more instantaneous 
loads will have less effect on the material. Of course, high explosives 
with rise time in the order of microseconds or less may result in an 
entirely different behavior of the material, this is why the curves in Figure 
1 dropped off at the right hand side of the diagram. 

A few years ago we were engaged in a modest investigation of "Effect 
of Crystalline Structure of Metals on Ratio of Static to Dynamic Yield 
Strength" sponsored by the then Office of Ordnance Research. We em
ployed a cylindrical specimen and drop weight machines to induce an 
impulse load. Figures 3 & 4 illustrate the drop testers. The Tinius Olsen 
Impact Tester employs a 10 and a 20 pound hammer which can be dropped 
from any height up to 10 feet. The Westinghouse machine has a carriage 
weighing 26 pounds which can be loaded with weights up to 321 pounds. 
The drop height can be varied continuously to 3 - 1/2 feet by presetting 
hoist limit arid drop limit .nicroswitches. A table, weighing approximately 
1600 pounds, on which the fixture is mounted, rests on a large coil spring 
and is free to slide between the rails . 

The fixture is illustrated in Figure 5. The specimen, a ring one half 
inch high, one half inch bore, and having a maximum outside diameter of 
one inch, is clamped between the upper and lower heads . A piston fits 
into a hole in the upper head and an instrumented plunger extends through 
the lower head. The space inside the specimen betwPen the piston and the 
instrumented bar is filled with a fluid (glycerine) . A blow on the piston 
causes ,an internal pressure to induce a circumferential strain in the 
specimen. In this system it was difficult to prevent leakage and eliminate 
the effect of axial compreSsive stresses . 

At a recent meeting of engineers and scientists of Watervliet Arsenal 
and Springfield Armory it was proposed that several of the approaches to the 
dynamic yield strength be explored using a common material and similar 
conditions of loading rates and pressures in an a n empt to d etermine what 
degree of correlation exist s. 

We were invited to participate and in June of this year initiated the pre
sent investigation. Our objectives were to cooperate in the above program 
and to endeavor to develop data on the dynamic yield strength of materials 
at different loading rates. The testing method should be relatively simple and 
economical and above all, able to reproduce results consistently. The 
approach selected was to use hollow cylindrical test specimens hydrostati
cally loaded, Figure 6. A fixture was designed and fabricated, consisting 
of a top plate supported by three equally spaced columns mounted on a 
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base plate.    A hole throunh the top plate accommodates a piston and a 
specimen screws in at the bottom side.    Screwed onto the other end of 
the specimen is a abort hollow cylinder {a sealinj» chamber) having a 
plunger inserkri into it from the opposite side with one end resting on the 
base plate.    The sealing chamber has an opening for a pressure gage 
while the top plate has an orifice with a ball check valve through which 
fluid is introduced into the specimen.    The specimen is stressed by trans- 
mitting,  through the fluid', a force applied to the top plate piston,  developed 
by dropping a weight from some height.    The instrumentation consists of 
two oscilliscopes,   a piezo electric pressure gage and amplifier,  two 
strain gages with their associated D.   C.   bridges. 

The specimens are instrumented with strain gages and a pressure 
pickup to determine the tangential and transverse strain on the surface 
of the specimen and internal pressure which induced that strain.    One 
OKcilliscope records tangential and transverse and pressure v. s.   time 
while the other oscilliscope records tangential and transverse strain v. s. 
pressure. 

It was decided that since Dr.   Hammer's group were developing pres- 
sures in excess of 50,000 p. s. i.   with a rise time of approximately 
1/2 millisecond that we should initially strive to operate within these 
parameters.    These values are in line with the pressure time curves for 
much of the ammunition currently being used in small arms.    We set up 
our equipment in the Westinghouse Drop   Tester,   slide 7 and,  using a 
761 weight developed peak pressures of 31,200 p. s. i.  with rise time of 
4 milliseconds at 2 foot drop height.    This was unexpected so we trans- 
ferred the fixture to the Tinius Olsen Tester with the results shown.   In 
our prior investigation we had experienced no difficulty in developing 
the pressures and rise times desired but now our results were way out 
of line.    The differences found with the two machines we attributed to 
the variation in rigidity of the two bases.    The slow rise time must be 
due to the much larger volume of fluid in our present system.    In order 
to check this we inserted a loose steel plug inside the specimen which 
would substantially reduce the volurre  of liquid.    As you can see rise time 
and pulse width are reduced and the peak pressure substantially increased. 
Figure   8 shows the effect of further reduction in the volume of fluid and 
the influence of the mass of the hammer.    The introduction of a rubber 
pad between the plunger and the hammer reduced the shock waves and 
"hash" on the oscillograms.    It is our belief that the relative compres- 
sibility of the fluid used will further affect   the rise time and we intend 
to investigate this variable in our future work.    This study has been 
quite valuable as it produced a simple method for obtaining quite a wide 
range of rise times for subsequent investigations. 

Many investigators in the past have been content to work with an- 
nealed low strength materials.    Such materials would not be used in 
structures where the increase in dynamic over static yield strength 
would be important.    Most annealed   structures have an entirely different 
crystalline structure from those found in hardened materials,  and they 
may behave in a different manner and degree.    We selected 4340 steel 
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' IMIll  .i  rilliclf  IHVII   .111(1  lie,ll   InMliMl   il   ID  111),   ZOO,   and  ZKd    tliousaiul  p. s. i. 
1 i:ii:-> lie st IT IIL;I !i .nid mad»'  spcr iiniMis  Inr llu.s   uucst i^ut ion to^i.-thcr with 
spcr iim.-ns tor \)v.   AndiTscii ol  W.itcrlown Arst.-nal Laboratory,  and 
material  lor  Dr.   Hammer ol Spr inj; I ield Armory. 

Fii;uri: ^  is a table ol the preliminary  results on quarter inch tensile 
test  speeimens,     Statu   tests were londmled with the  results  shown.     The 
dynamie tests we're <ondmted by  Dr.   Andersen of Waterlown Arsenal usin^ 
his "Medium-S[)eed   Tensile Testing Machine".     Notched tensile bars with 
the saint; diameter at the bottom of the notch wert; also tested as indicated, 
A total of .i-1 tensile bars and IS notched bars were submitted.     One half 
will be tested at   room temperature and the other half at -6S0 F.     Due to 
the  eapaeitv  limit  ol  this  equipment   it will probably be necessary to re- 
duce the section size ol  the  specimens  in order to complete the 
investigation. 

Figure 10 is a table of static and dynamic tests  run on the specimens 
designed for this  investigation. 

CONCLUSIONS 

Based on the complexity of the problem we have,   of course,   not been 
able to develop any useful engineering data in this short time,   but   we 
believe that our investigation has been beneficial in the following respects: 

1. High strength materials are being tested by several methods with 
many variables removed in order to determine reliability of these tech- 
niques. 

2. Dynamit: yield strength values of engineering materials at various 
strain rales are being developed. 

i.    Methods of producing various strain rates have been discovered. 

RECOMMENDATIONS 

1. Unless st:nous fault can be found in this investigation,   that it be 
continued, 

2. Concentrated effort be applied to determine most realistic parameter 
or parameters for describing high rate loading,   including: 

a. Rise time 
b. Strain rale 
c. Slopt; ol  curve 
d. Duration of load above static yield strength level 
e. Area of curve above SYS line 
f. Slope of curve above SYS 

g.     Others 
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FIGURE 9 

Statte T««t 4340 Steel 1" Gage Length 

No. DU. Temper UTS Elong. R.A. Y.S. Rite Fract. 
Inch oF KSI X X 1SI Tia* Tir 

21 .252 1200 129 23 66.9 114 
25 1200 127.5 23 66.9 114 
10 850 202 12.7 55.6 192 
11 850 202 12.5 55.6 192 
28 400 293 10 46.8 243 
30 400 292 11 46.8 243 

Dynaaic Test Saooth Specimen» 

3 .252 1200 140 22 65.6 126 2 6 
4 II 1200 146 22 62.8 132 2 7 
2 •i 850 205 4 1/2 a 

Notched Speclaens 

45 .252 1200 200 3-1/2 4 
32 II 1200 196 4 5 
38 

it 

II 

II 
850 

II 
240 ) 
260 ) 

Did not break 
7 
5 

34 II 850 284 4-1/4 4-l/< 
46 II 400 260 ) 5 

ii II n 280 ) Did not break 4-3/4 
ii •i II 340 ) 4 
II .160 n 367 2 4 

42 u 400 350 5 5 
43 II 400 365 7 7 
31 II 850 265 6 6 

•ac 
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FIGURE 10 

Teat Result i 

Re T^it Rise Combined Street 
Specimen HerdneM Condition Time me at Yield Point pel 

A 40 Dynamic 1.18 259,000 

B 40 Static 247.000 

C 25 Dynamic 0.9 152.000 

D 25 Dynamic 1.15 152,000 

E 25 Static 144,400 

Formulae for  T.P. Calculationa Bated on Lame'e Equatione ^ 
Dietortion Energy Formula for Ineide Wall Surfacee 

Fj ■ Internal Preseure Q^ « M"~^—v I 

Ql : Tangential Stress _ 
\   - — P' 

O-, = R.dUlStr... ^./^„.^„.-jV 

Cy« s Combined Stress at Yield Point 

a * Inside Radius 

ir   - Outside Radius 
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The primary factors concerned by utilization,   in design,   of 
stresses higher than the static yield strength,   are the magnitude of the 
loads and the relations between loads and time. 

Once we have applied loads at rates high enough to exceed the 
static yield strength, the material is in an unstable state and it is only 
a matter of time before gross yielding and fracture occur, as shown by 
Clark and Wood and others, I believe Mr. Abbe does very well in re- 
iterating this fact by way of his quest; from this fact limbs the benefit 
of strain rate effects in design to very special situations. 

A.  G.  H.   Andersen 
W. A. L. 
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HXPLOS1VK DEFORMATION OK BEAMS 

E.   N.   Clark-,   F.   11.   Sihmitt-*,   1).   (1.   Ellinntuii^ 

AUSTRAGT 

This paper is an abstract uf work bein^ doni; at Picatinny Arsenal as 
part ui tin: Air Fum- Aoronaulical Systems Division prc^^ram on structural 
response to impulsive loadini;. 

To date experiments which determine the central deflection versus time 
of rigidly clamped and tree rectangular beams of constant cross section 
have been performed. 

Beams of 6061 T6 Al,   20240 Al and a soft 1010 steel were placed on sup- 
ports approximately ten inches apart and centrally loaded with a sheet of high 
explosive.        The central deflection of these beams was observed with a 
framing and streak camera.     Representative graphs are included. 

The high explosive (trade name EL 506 D) was calibrated by measur- 
ing the velocity imparted to a known mass ot aluminum which was covered 
by an effectively "infinite" but known amount of HE.    It was determined 
that the HE delivered 18. ()0 (10   ) dyne per gm of HE through a . 05S inch 
thick sheet of polyethylene. 

INTRODUCTION 

This paper is an abstract of work being done at Picatinny Arsenal 
studying the plastic deformation of various structural elements of air 
frames.     To date the major effort has centered on the calibration of the 
impulse imparted by the explosive and the deformation of rectangular 
beams of constant cross section,   both free and clamped.     This work is 
supported by the Air Force and complete details and results of the work 
may be obtained by referring to progress reports (1).     This report will 

E.   N.   Clark,   Chief Dynamics Unit,   Engineering Sciences Laboratory, 
Feltman Research Laboratories,   Picatinny Arsenal,   Dover,   New Jersey. 

::': F.    II.   Schmitt, Physicist,   Dynamics Unit,  Engineering Sciences 
Laboratory,   Feltman Research Laboratories,   Picatinny Arsenal, 
Dover,   New Jersey. 

::;::': D.   G.   Ellington,   Chemical Engineer,   Dynamics Laboratory,  Engineer 
Engineering Sei one s Laboratory,   Feltman Research Laboratories, 
Picatinny Arsenal,  Dover,  New Jersey. 

2SK 



iU;si.rilu; tht; experinuinlal techniques and ^ive sorru; of the results. A 
complete description of all results may lie lound in the cited reference. 
We shall discuss first the calibration of the impulse and then the beam 
measurements. 

CALIBRATION OF EXPLOSIVE 

Preparation of Explosive 

The high explosive used was a composition of approximately 80% PETN 
and Z0% latex rubber.     The HE (trade name EL 506 D) was purchased from 
DuPont and came in sheet-form 16" x 10" x . O^C".    It was rolled at the 
Arsenal in a roll mill to smaller thicknesses of 0. 010",   0. 015".  0, 020", 
0. 030" and 0. 04S".    Each thickness of HE was used in the calibration to 
determine the impulse/unit weight it would produce. 

From each thickness of HE available,  a rectangular section of 
approximately  2" x 1. 7S" was cut with a "cookie cutter".    The dimensions 
of each sample area were measured with a traveling microscope to one- 
thousandth of a millimeter and each sample was weighed to one-ten- 
thousandth of a gram.    The thickness of each sample was measured at 
twelve different locations and only samples that showed less than 0. 0007" 
variation in thickness were used.    Thus,  the weight per unit area of explo- 
sive was determined and   the requirement of uniformity of thickness assured 
that its variation across the sample was small. 

Experimental Setup 

In order to measure the impulse that the HE would deliver to aluminum, 
the following basic experiment was performed:   A rectangular piece of 
aluminum (called time piece of pellet),  1. 5" x 1. 2" x 0. 25", was surrounded 
by baffles,   set loose enough to permit the time piece to fall freely under 
the influence of gravity.    See Figures 1 and 2. 

This grouping of metal was supuorted approximately 3 feet off the ground. 
A piece of low density (1. 09 gm/cm  ) polyethylene was placed over the time 
piece to reduce the possibility of spall.    The sample of HE was then centered 
over the polyethelene and time piece,  and taped in place.    A fan shaped 
piece of the same HE was taped to the 2" wide side of the sample to act as 
a lead and was detonated by an   electric blasting cap.    A streak camera, 
focused on an edge of the time piece and at 90 degrees to the direction of 
detonation,  and a Fastax framing camera,  focused on the time piece edge 
facing the detonation front,  were used to observe the motion of the time 
piece. 

Reference markers,  0.030" steel drills,  were mounted under the steel 
plate and just in front of the vertical plane of the edges of the time  piece, 
in view of the camera.     The drills were placed about one inch apart; how- 
ever,  exact measurements to one-thousandth of a millimeter were taken. 
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A tniir si alt;  Im"  Ihr  .'-.li'cik  i amcra was  plui nl on tin:  lilm  IJV  phuto- 
i; iMpli MIL; a 10 ki   signal wn an usr iliu.si oui! wimli caini! Irum a secondary 
I rtupunuy staiulanl,      I'lic (raininj; laint-ra used tin; linn: calibration pips 
Ironia   1 kc I i"i:(iiu:ncy  standard.     Moth oscillators wen; checked periodically 
and were  lound to have neuli^ihle error. 

The streak camera consisted of a  51)" total length lens focusing the 
ima^e ol the event on a slit.    A General Radio  iSnun t)scilloscope camera, 
which can transport  lilm at the rate ot ISO' per second,   was focused on the 
back of the same slit.      This camera L;ave extremely sharp and well defined 
traces and it was possible to determine the velocity of the time piece to 
better than 0. 2.% by this method. 

Thus,  with the known mass of the time piece,   the impulse imparted to 
the time piece could be determined.       The explosive was cut so that it 
overlapped all edges ol the time piece sufficiently so that no edge effects 
of the explosive were   felt  by the time piece.     The amount of effective explo- 
sive was determined by multiplying the area of the time piece by the weight 
per unit area ol the explosive. 

Results 

Figure   i gives a plot ol the results ol  specific impulse (dyne-sec) 
grn- 

as a function ol w/c,   the ratio of weight per unit area of pellet to weight 
per unit area of explosive.    Each point is the average of at least 3   shots and 
the numbers next to the point indicate from top to bottom,   the thickness 
of theecplosive in thousandths,   the length of the time piece in inches (it 
always had a width of 1. Z") and the thickness of the time piece in inches. 
The vertical line represents plus or minus 1 standard deviation. 

The point 45,   1,   1/4 represents a point where all the time pieces 
spalled,  although the spall did not separate.     The point is shown on the 
graph; however,   the fact that spall occurred is considered sufficient justi- 
fication to neglect this point and it lias not been considered in the analysis. 
The point 10,   1,   1/4 represents 10 shots,   only 5 of which actually detonated, 
but there is no apparent  reason why this point has such a high specific 
impulse. 

At least square fit of the data gives a slightly positive slope; however, 
it has no statistical significance and we therefore conclude that the impulse 
is independent of w/c throughout 'he range that we have studied.     The fact 
that the impulse is independent of w/c is further verified by independent 
measurements (2 and   5) taken by flash radiography.     These experimaits 
establish that the impulse is independent of w/c beyond a value of w/c ^i 3. 
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TAni.K TT 

EI'TECT OF DIJ^T LOADrNG AND RKI^AO!': UAVM LOGS ON CCMPUTH) IMPUI^E 

Particle Poültion 
( Not Covered With 

Avß Lmpulce 
dyno see 

x 103 
Impulae Gain 

AVK Irapuhie Due to Blast Difference 

1 
2 
3 
1» 

13 
lit 
15 
16 

0.152^ 
O.W* I 
l.Oul  f 
3.662J 

3.380 
1.001   ( 
0.775 1 
0.285 ) 

5.359 

5.^ 

10.801* 

-0.730 

Particle Position 
(Covered with HE) 

Avg Impulse 
dyne sec 

x lO^ 

Impulse Loss 
Due to 
Release Wave 

5 
12 

17.757 
17.729 

5-753 
5.781 

11.53^ 

* = (Avg Impulse for positions 6-11) 
Specific particle 5 or 12) 

(uvg impulse of 
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Ed^^e Effects 

The experiment to measure the specific impulse of the explosive was 
designed to avoid any effects   resulting from exposed edges of explosives. 
Since the method of loading the beams was that of laying a strip of explosive 
across the beam,  there were two edges exposed.    Thus,   it was necessary 
that experiments be conducted to determine the size of this effect.    This 
was accomplished by arranging 16 time pieces 1/4" thick    and 1/4" long and 
the usual 1. 2" wide,  in the manner of a single time piece 4" x 1. 2" x 1/4". 
The arrangement was loaded with a 2" wide piece of explosive centrally 
located.    The velocities of the pieces were determined by streak and fram- 
ing camera.    A variation of this experiment was to make the central 6 
pieces one single time piece since it was found that the central six had the 
same velocity and we thus lessened the amount of smoke as seen by the 
camera. 

The framing camera was used to get the velocity of the center of mass 
by making successive measurements on a diagonal thus locating the 
coordinates of the center of mass,    It was assumed that there was only 
motion parallel to the plane of the film,  that is,  the velocity had no hori- 
zontal component normal to the film plane.    This assumption tends to be 
verified,  since the horizontal velocity that can be measured in the plane 
of the film is negligibly small. 

The results of 7 sets of these measurements are given in Figure 4 
and Table I.    These results are  taken from the framing camera only, 
since the measurement of the slower fragments with the streak camera 
were difficult to measure accurately.    However,  the streak camera mea- 
surements of the experiments,  where the 1. 5" wide central time piece was 
used,  did provide an opportunity to compare the streak and framing camera 
results,  as will be discussed later. 

Referring to Figure 4,  the sum of the ordinates under the dotted 
rectangle represents the total impulse, assuming the specific impulse 
quoted and neglecting all edge effects.    The edge effects are made up of 
two phenomena.    The first is an expansion of the detonation products from 
the edge,  faster than if confined by more explosive,  which results in a loss 
of impulse.    The second is blast loading of the structure beyond the region 
in contact with the explosive.    Unless the moment of the impulse is critical, 
the two effects cancel out to well within experimental error  as can be seen 
from Table II.    These particular tests were done for 0.015" thick explo- 
sives.    (For the expansion of the detonation products the effect scales 
according to the thickness. )   The scaling laws for blast effects are not 
particularly adaptable to these circumstances since the distance to where 
the pressure is sensed is smaller than the width of the explosive and the 
explosive may approximate a semi-infinite sheet.    However,  since the 
thickness of explosive used,  at worst , was twice this thickness and the 
effect rather small,  no appreciable error should result in applying the 
same results found for 0. 015" up to a thickness of 0. 030". 
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Ciiinu.iriNun "I Slr«:ak and l-'raMiinr Camera Data iL 

As  mrnt iDin'd carlirr,   iiiosl  ol  tin;  )m|)ul.si- cal ihral iun was performed 
with streak camera   i'uvera^e onK',   nr at any   rate,   tliis was the only data 
rediued.     llowcxci-,   tramiiiL', ramera observations did indicate tliat the spin 
was small and ohser vat ions ol how the lime piece hit the armor plate floor 
lonlirmed tiiese coiulusions. 

Suue the iramint; lamt.-ra was  relii.'d upon primarily for the edge 
elft'ids,   this provided tin; opportunity for a comparison of the streak and 
Iraminu camera data.     The framing camera always permitted measurements 
to he made on a numlier ol  corners of the time piece so that by measuring 
the coordinates ol  the ends ol a diagonal the coordinates and   velocity of the 
center of mass could be determined,     The  results of 14 different measure- 
ments  taken with the  1. "i" pellets  in the edge  effect experiment and some 
taken witli 1 1/i" long pellets are given in Table III. 

The differences  in the impulses  for any given film number consist of 
the experimental errors of the two camera measurements and any effect 
due to spinning of the pellet.     Any correlation which would exist between 
the framing and streak camera results would represent either a detectable 
variation in the explosive or possibly some interference due to the baffles 
which would result in a changed specific impulse.    At a 95% confidence 
level there was no significant  correlation; however,   there was at a 90% 
level.     It appears,   therefore,   that approximately 1/3 of the spread in 
results is due to variation in the explosive,   and probably 1/Z of the spread 
to the  spinning of the pellet. 

The Puolter Laboratories of the Stanford Research Institute have per- 
lormed similar measurements with this explosive (3).     In their experiment 
they measured the  velocity  of a time piece 2" x   3" with the explosive flush 
on all sides except where the explosive lead was connected.    Since the 
explosive lead covered the 2" side,   a correction for the edge effect of 8" 
must be applied to their results to make them compatible with our own. 

The result quoted by the Stanford Research Institute for their experiment 
is 2. Z x 10      dyne sec    for aluminum and a buffer of 1/16" polyurethane 

cm ' 
with a density of 0. o 3   gm/cm '.     This value is their impulse constant for 
aluminum and is obtained by dividing the impulse/unit area by the thickness 
of HE rather than by the weight of the explosive as we have done.    Our com- 
parable figure is 2. S9 3   x 1(V   dyne sec/cm5 with a buffer of 0. 055" and 
1.09 gm/cm      density polyethylene.    However,   from Table II we see that 
for our 2. -I" of edge for 0. 015" thick explosive,   the impulse lost was 
11. 5 3 dyne sec x 10   .     Using these figures,   a correction can be calculated 
which will raise the SRI value to 2. 46 x 10^ dyne sec/cm   ,   thus giving 
an agreement within 5. 2% which is entirely satisfactory in view of experi- 
mental errors and differences associated with the experiments. 
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TABLE ITI 

SPECIFIC IMPUIi^E AS DETHKMINl-.'D BY FAf:TAXfl''RAMING\AND G.  R. (STREAK^ C/tf^ERAS 

Fuotax G. R.        , 
dyne sec x 10 dyne aec x 10^ 

Shot No. m gm 

135 IT.97^ 19.187 
136 IQM 19.392 
139 IT-996 
IhQ 18.T20 _ 
Ikl I8.1'f9 18.102 
ihl 19.632 - 
1^ 1O.338 18.703 
lk6 1T.1T1 - 
1U7 19.355 18.105 
150 IT-562 - ■ 

151 18.010 19.37T 
152 18.5^7 18.918 
153 IT.OT^ I8.1a7 
15U 19.387 18.9T6 

Avg      18.366 Avg     18.831 

(T = 0.711 ^ = 0.456 
coef var = 3.87^ coef var = 2.42^ 

* Grand Average of I8.599 dyne sec 
go 

* This value is used in beam calculations for this lot of explosive 
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Free Beams 

The experimental set up used in the free beam experiments is shown 
in Figure 5. The beams had nominal dimensions of 12 inches length, 1. Z 
inches width, and either 1/4 or 1/H inch thickness. Three types of beam 
material were   studied - 6061 T6 Al,  20240 Al and a soft 1010   steel. 

The beams were supported on a 0. 3 inch diameter fixed steel rod, 
10. 068 inches apart.    A similar rod    was used on top of beam and was 
fashioned into a roller assembly which pivoted about the fixed rod.    This 
arrangement permitted the beam to deform without introducing tension at 
the support ends and yet prevented vertical motion of the beam (rebound). 
This roller assembly was made from aluminum,  wherever possible,  in 
order to keep the mass and moment of inertia as Iowas possible.     The roller 
assembly as used with 1/4" Al and steel beam had a mass of 82. 8 gm and a 
moment of inertia of 517. 61 gm-cm  .    With the 1/8" Al beams the figures 
were 48. 0 gm and 257. 23 gm-cm^.    (The guides were removed with the 
thinner beams. )   These figures are 3. 6% and 3. 3% of the moment of inertia 
of the 1/4" Al and 1/8" Al beams respectively. 

In order to prevent any binding between the beam and roller a . 005 inch 
gap was introduced at set up,  between the beam and the roller.    This gap 
was sufficient to permit the beam to move through a relatively large angle 
before the roller was forced to move.    Framing camera pictures showed 
that the rollers did not start to move until the beam had undergone almost 
maximum deflection; therefore,  the roller had little effect on the motion 
of the beam up to the first maximum. 

Baffles the same thickness as the beam were placed in front of and to 
the rear of the beam and held in close contact by tape.    These baffles were 
generally sufficient to keep the smoke of the explosive from obscuring the 
motion of the beam.    However,   if difficulty with smoke was encountered, 
the beam was then raised 1/8" so that the baffle would be effectively 
thicker and thus act for a longer time.    A second method which was some- 
times used was that of placing a thin sheet of lucite under the front baffle 
very close to the front edge of the beam so fiat the light reflected from the 
beam would have to go through only a thin layer of smoke.    With these 
techniques it was possible to photograph the motion of any explosive beam 
combination attempted. 

Whenever it was possible,   the bottom of the beam was placed slightly 
below the bottom of the baffle so that the rest position of the beam could 
be accurately determined.    In cases where this was not possible the bottom 
of the beam was measured in reference to a fedutial marker which was 
visible in the film,  thus determining the rest position of the beam.      Zero 
time was determined by observing the flash across the film at the detonation 
time.    The time for the detonation to sweep across the beam (approximately 
5 microseconds) verges on the time    resolution of the camera and is small 
compared to the time of motion of the beam. 

Fedutial markers placed approximately 1 inch apart are placed as close 
to the plane of motion of the front of the beam as possible,   in most instances 
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within 1/16",   although in the eusu whore; it was necessary to use a Incite 
sheet,   this distance was increased to 1/4    inch.   Since the distance from the 
beam to the lens of the streak camera was generally H feet,   the maximum 
error introduced by parallax was 0. 2S% although in most cases it was con- 
siderably less,   therefore,   the error introduced in this manner was neglected. 

All free beams were 12" long,  and were supported on uprights 10. 068" 
apart,   resulting in an approximate 1" overhang at each end of the beam.    The 
geams were loaded with sheet explosive initiated in an identical manner to 
that used in the impulse calibration work and a sheet of . 055" polyethylene 
was placed between the explosive and the beam.     Three shots,   each of five 
different types of free beams,  have been fired to date.     The results are 
given in Table IV for each shot.     The position-time history for a typical 
shot for each type of beam are given in Figures VI to X.     The B prefix 
in film numbers on graphs denotes a free beam test. 

Clamped Beams 

For the observation of the clamped beam motion,   essentially the same 
experimental conditions existed,   with the exception of the stand.    (The 
stand was constructed with 4" thick steel uprights which were welded to a 
1" steel base plate and held apart at the lop by a 2" x 2" steel spacer). 
The supports could withstand considerably more force than the tested beams 
could apply and still undergo only negligible deflection.    The beam was 
clamped at each end to the upright by a 1" knurled steel plate held down by 
four 1" steel bolts torqued up to 200 ft-lbs.    After firing,  the beams were 
examined at the knurled marks for signs of slipping and none were found. 

Table IV gives the results of the series of clamped beams tested,  and 
the position time histories of typical beams of each type are given in 
Figures XI to XV.    P prefix in film number on graph denotes clamped beam 
tests. 

Referring to the results of the edge effect experiment it can be seen 
that the blast effect has a significant range.    Therefore,   since an explosive 
lead was only on one side of the beam,  the loading was somewhat asymmetri- 
cal due to this blast effect.    It will be noted,  however,  that the experiment 
did measure the total impulse acting on the time pieces and,  since the beam 
had similar geometry,  also the total impulse acting on the beam.    However, 
the impulse acting across the width of the beam was (due to this blast) not 
completely uniform.     This non-uniformity was not observable? on    any of 
the beams except some of the weaker clamped beams.    Where this is the 
case the deflection is given for both the front and back edge of the beam, 
the back edge always being that with the larger deflection. 

Metallurgy of the Beams 

Care was taken to assure that the beam remained physically undamaged 
in the sense that there was neither spalling nor corner cracking.    Con- 
siderably less explosive than that needed to produce spall was used and the 
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front bailie was of tin; sanu; material as tin: beam to prevent shock 
reflection from the front of the beam with the possible resultant corner 
cracking.    As a result,   it is believed that in no case was the beam 
damaged in this sens»;,  although it is planned to section various parts of 
the beam samples to assure that this is true. 

When each set of beams were made,   test coupons were prepared for 
testing in both static stress strain machines and the Picatinny High Rate 
Machine to be described by Mr.   Roach later in these proceedings.    How- 
ever,   since the high rate data is relatively recent,   insufficient analysis 
has been given to the data and only the static values are presented here. 

Comparison of Results with Theory 

Most of the beam  results of this wu rk are relatively recent and have 
therefore not been compared extensively with theory,    However,  the first 
series of beams,   the free 1/4" 6061 T6 aluminum results,  have been 
studied to a limited extent.     Professor Borg (4) of Stevens Institute of 
Technology has developed a theory which essentially partitions energy 
among various modes of vibration.    Professor Borg has made calculations 
for this experiment and the results are given below; 

Theory 
Assumed Simply Supported Experiment (avg) 

Max Deflection 1. 38" 1. 35" 

Time to Max Def, sec 2210 1790 

Permanent Def 0. 8S" 0. 547" 

It will be noted that agreement for the maximum deflection is quite satis- 
factory while that for the permanent deflection is much less  so.    (However, 
it might well be expected that the roller assembly which oscillates many 
times with large amplitude before the permanent deflecüon occurs might 
take up considerable energy which would thus result in an experimentally 
smaller permanent deflection).    Further,   the time to maximum deflection 
is rather insensitive since that part of the deflection time curve is rather 
flat and the actual time of maximum is normally determined by some 
higher order component of the oscillation.     Thus,   for this particular 
epxenment the agreement appears satisfactory within the limits of the 
experimental conditions. 

Professor Symonds (S) of Brown University has made calculations for 
this same beam.    However    this theory assumed a rigid-perfectly plastic 
model and the condition which determines the applicability of this theory, 
that the plastic deformation must be much larger than any possible elastic 
vibration,   is violated.    Also,   this theory only predicts the permanent 
deflection and we have already seen that the experimental conditions of the 
experiment need improvement in this regard,  therefore the agreement 
was unsatisfactory.    It is interesting to note that the average deflection for 
the three beam deflections,  according to Professor Symonds,  was 0.88" while 
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thai ol Professor Burl's was 0. H^".    This value is in ^uod agreement with 
results we have obtained with firings of the same type beams which were 
resting only on the bottom support cylinder and the rest of the end constraint 
removed. 

The Massachusetts Institute of Technology,  as part of this same Air 
Force project,   is conducting a theoretical study of this problem.    Figure 
XVI,  taken from an early progress report indicates the agreement obtained 
lor this same 1/4 aluminum beam.    The calculations were made by dividing 
the beam into 60 mass points,  each point connected to its neighbor by two 
non-linear springs.    The conditions on the spring in this case were for an 
elastic,  perfectly plastic model,  and  the calculations were made on their 
IBM 7090. 
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DISCUSSION 

Dr.   Kumar:      I would like to remark that this was a very fine paper.    I 
commend you especially for the very quick to the point manner in which 
you presented so much material,   Dr.   Clark.    May I just ask one ques- 
tion?    Was Ibis primarily a basic study or was there any specific pur- 
pose for considering explosive loading of this type?    In reality would the 
beams be exposed to this type of load? 
Dr.   Clark:     We are studying impu'sive motion.    We want the loading to 
be short with regard to the  response time of the beam.    Actually this is 
simulating another effect that we are interested in.    The purpose of the 
work is to generate experimental information on impulsive motion of 
this type of structure.    In correlation with MIT we are doing an analyti- 
cal and theoretical study of the same problem. 
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TllKRMAL STRKSSLS ARISING IN CJUN TUBES 
DURING REPETITIVE FIRING 

Li,   L.   G.   Mi, T.   h\   M;uLau^hliji:::: 

Thf stress lu'ld m ,i siiiootli-ljurc ^un tube tlui' tu thrrmal shucks re- 
sulting from ropi-titi vi' firing lias been dete rmined analytically by Pascual 
and /.weig .     An experinu-nta! program for dfte running these stresses was 
formulated because there are two limitations which exist in the mathema- 
tical analysis.    These limitations are (1) difficulty in obtaining stresses at 
the bore surface and (Z) difficulty in extending the analysis to include  rifled 
gun tubes.    Two experimental approaches are being employed concurrently. 
One of these is known as photothe rmoelasticity,   a photoelastic method de- 
veloped by Gerard and associates   '    '     for evaluating thermal stresses. 
The other technique utilizes an electrical analog model. 

This paper reports the preliminary study that has been done,   outlines 
the experimental program winch has just begun and discusses the expected 
scope of the  project. 

PROBLEM 

The complete stress field in a gun tube is composed of two separate 
stresses,   pressure and thermal.     The pressure stresses within the wall 
of the tube are caused by rapidly expanding gas and also by the  radial de- 
formation of the tube due to the interference fit between the projectile and 
bore.     The thermal stresses are caused by the hot gases giving up heat to 
their cooler surroundings and also heat which is generated at the interface 
between the projectile and bore.     This paper will deal with only the latter 
classification of stresses. 

The problem is as follows - Determine the thermal stress distribution 
in a hollow tube with a variable temperature on the bore surface and a con- 
vective boundary condition to constant temperature surroundings at the ex- 
ternal surface. 

One of the most difficult tasks connected with either of the experimental 
techniques to be discussed later is the generation of a temperature or voltage 

Lt.   L.   G.   Mielke,   Experimental Mechanics Laboratory,   Watervliet 
Arsenal,   Watervliet,   New York, 

■■-'^ T.   F.   MacLaughlin,  Experimental Mechanics Laboratory,   Watervliet 
Arsenal,   Watervliet,   NcwYor!<. 
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which duplicates the actual U-iniu'raturcH that exist on the internal sur- 
face of the lube.    Figure I approximates very closely an actual set of 
experimental data and was used by lJascual and /weig' in their mathema- 
tical analysis.    This data was chosen for initial studies as it provided 
a theoretical solution with which a portion of our results could be corre- 
lated. 

TEMPERATURE DISTRIBUTION ON BORE OF GUN TUBE 

Muui 'tnim 9im 

»!■ 

PHOTOTHERMOELASTIC APPROACH 

The basic heat conduction equation in cylindrical coordinates is 

92t 4 i   Dt   . i       ^ t (i) 
2rz    r   dr     a      dr 

where   t   is temperature,    r   is radial position,   <X ia thermal diffusivity 
and  X  represents time.    The boundary conditions which must be satisfied 
are 

a ^   r <   b 

r  =  a 

t =  t 

t =  f( T ) 

r < o 

(2) 
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(t - t ) T > u 

wht-ri'   .1   is tin; imuT  radius,    I)   is the unter radius,     t ,   is the external 
surroundings ti-inpi'raturc and   h   is tin; cunvective heat transfer coefficient. 
The fxpressiuns may be nondiniensumaliiu'd by introducing 

t  -   U 
lr      to P ^    T   - r (3) 

To 

where    t      is .1 reference temperature and     "X^   is tlie time for one con,- 

plete cycle   (shot).     The  results are 

TV diP dtf (4) 

d 

1    ^    rl    ^ 

r'   -  1 

P 

f 

T7    (X r o ' ^T1 

# .   g(T') 

^   _       ha 
T7 V 

T'    <    o 

r > o 
(5) 

Therefore,   a solution for the temperature distribution must be of the form 

&   - -   f 

oi T, 
(6) 

To insure the same relative temperature distribution in the gun as exists 
within the photoelastic model the following conditions must be fulfilled 

m X'm   =      T' P' 
«T, 

=  a 

m ^ T( 

(7) 

o    1 p 

where the subscripts   m and p   denote model and prototype. 

To evaluate the thermal stresses in a smooth bore tube from the tempera- 
ture distribution the equations taken from Timoshenko    may be applied 

CTr  =       -V 
i-v 

r 
b^   -   a2 

tr   dr   - 1       tr  dr 

'a 
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i   v 

i     V 

i    i a 
r1' t r   <lr   i        tr   dr   -   lr 

t r   dr        t 

(K) 

whorc     CT.       (T'n  <IIH1     (T    ur«   thr stifsscs ir. the  radial,   tangential and 
axial (1: iri turns.   O' ih  the lutltKunt of linear rxpansion,   E is Young's   mod- 
ulus and    y   is Poissun  ^  ratio.     These   relations may be nondirnensionalized 
by utilizing tlu- appropriate expressions  Irom equation  set (i).     The  results 

ari' 

crr 
/E 

' r        o' 

f 
^ 

T^-r    dr r    dr 

do 

E 

1       V r (V     'o) 

(T. 

i . y    r     u' 

r ^   i 

z3 ̂         1    J 

f 
^r    dr     t      !?•   r    dr'   -     tfS 

(9) 

-A 
^r    dr     ■  7^ 

^' 1 

Equation set ;9' applies to both model aid prototype since the relative tem- 
perature distributions are id'-ntiinl r   both cases.    U is then apparent that 

c 
J.JL- 

i -   i? 
'•r       'u) 

crr 

m VE 
r v .tr   tüi 

ye   M 
I   v r        U.) 

crn 

m _1^ 
1       ^ 

"r        'o.1 

(10) 

^ 

i_?„ M t ) 
o in 

1      V 
'o' 
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Hv.ilu.ilum uf the [lin'tiu'l.iHlii' Iritigi- pattern providt.'b a tnuanä fur calcu- 

lating Ihc stiTssrs within the inodfl.     Ihc atroöö-u[)tic: law, 

(T, -d, - £. N 
t 

i (ii) 

w lu-rc      U .  and      U  >   arc |)riiu-ipal  ütrcssi-a,     t   is tlic model thickness, 

C    is the material st rcsH-optu   cuefficient and   N   is the fringe order,   can 
be  rewritti'ii,   because ul  rotational symmetry,   as 

^r Ci 
c N (12) 

The equilibrium equation for a cylindrical element under stress may be ex- 
pressed as 

d  Vv     ^ ± dl r«   +_4l£iL   +     ^r  -       ^ fe 
2   r r    "     ^ G JT~ r 

=   0 (13) 

Because of rotational symmetry and axial uniformity of the thermal load 
which will be applied the two terms        ^ ZrQ     ancl v'^rz   are zero and 

ecjuation (13) reduces to 

dCTr   .     Cr   -     (To 
d 

~ 0 (14) 

Equation (14) can be combined with equation {\Z) and the result integrated 
between the internal radius   a   and some point    r.    The final form is 

(71 i 

r 

i CN_   dr 
r (15) 

J 

Once the radial stress at some point   r   is known the stress in the tangential 
direction can be obtained by equation (1Z) and the stress in the axial direction 
may be obtained by a similar equation written for the radial and axial stres- 
ses.    Therefore,   the complete stress pattern in the model can be evaluated. 
These  results can be introduced into equation set (10) which will yield the 
corresponding stresses which exist within the gun. 

EXPERIMENTAL APPARATUS 

Figure Z shows the general apparatus set up for the photoelastic study 
of the problem. From Fig. 1 it can be observed that the data shows an in- 
stantaneous bore temperature rise upon firing and a very rapid decline in 

294 



< 

er 
tu 

o 

Q 

(/) 

O 
ü- 

O 
Z 
QC 
U. 

O 
z 
er 
3 
O 

(/) 
üJ 
CD 

O 

Lü 

(0 

< 
0- 
a. 
< 

CD z 
CO 
er 
< 

(/> 
LÜ 
(0 
(/) 

er 
H 

.V» 
CVJ 

?,9'i 



ic i njH-rai ii re • M 111 uili ,il c-1 v .ilU'i* i Dinlmsl i mi nt lli«' p rupi-1 laut.    buu.t' llu; 
, u.i'l.isiu   ni.iifn.il  irimi wliu h llu- HHKICI  IS roust nutcd will nut tulcr.iU; 

lui^h Ir min-ral u IT s,   it  w.i.s ilcndrd that CDUI thrniial   bliuck would more 

c.i-.ily   si n ml ,ili-  tin- v hoscii data.     Another  laitor  ill  lavor of the  low lem- 

;II'rat in-' s is that  the  stress outu   eoe t'l'ii'lent  tor the uholoelastic  material 

.-i almost  loii.stant  m  this  region    whereas .it  lusher timipe r .it u re s itex- 

lulnts  a  detinile  tempe ralliri'   de pende m y .     Cold gaseous  nitrogen will  be 
used In provide  a ti me-tempe rature   relation which duplicate's  as nearly as 

possible  thi' curve of Kig,   1.     The bore temperatures will be;  scaled down 
such that  the entire  temperature  variation will  take  place  from l^F to ap- 

proximately ül'K.     The scaling process will have no effect on the relative 
magnitude of the  stresses produced.     However,   due  to the  reversal in di- 

rection of the thermal  shock  simulating firing conditions,   the  algebraic 
sign of the  stresses  in the model will be opposite  from those in the gun. 

The   flow of cold gas will  be   regulated by a timer.     At some preset 

time  the  timer will  trip a micro switch energizing a solenoid valve allowing 
gaseous nitrogen to flow into the liquid nitrogen container.    The gas pressure 

is  sufficient to force the liquid out of the container and into the line leading 
to the model.    As the liquid proceeds along the tube,   It will absorb heat 
from the  surroundings causing it to boil and vaporize,    Just prior to enter- 
ing the model the two phase flow of gas and liquid will flow through a trap 
which  retains the  liquid.     The cold gas will continue on into a spray nozzle 

inside the model which will discharge the gas out against the bore surface 

of the tube producing a rapid decrease in temperature.    Free convection 

will not be sufficient to warm the tube as quickly as is necessary so a small 
blower will be  used to speed up the process. 

Two polariscopes are  required for this experiment,   one of which will 

be in line with the axis of the model.     With this polariscope,   fringe patterns 
will  be  obtained which can be  used to evaluate the  stress differences in the 

radial and tangential directions.    The second polariscope positioned with 
its axis 9ÜU from the first will be used to obtain stress differences in the 

radial  and axial  directions. 

Figure   i shows the details of the model.    Hysol 4Z90,   an epoxy resin, 

was selected for fabrication of the model since its stress optic coefficient 
is nearly constant within the temperature  range under consideration and 

also it possesses a high figure of merit (fringe/inch     F).    The lower cylin- 
drical  section shown in Fig.   i consists of a 0. 37S" test specimen which is 
sandwiched between two plane polarizing sheets which act as polarizer and 

analyze r for the polariscope.    On either side of this unit is placed a larger 
cylindrical piece made of the same material as the test specimen.    The 
temperature on the internal  surface of the tube is not a function of location 
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PHOTOELASTIC MODEL FOR STUDY OF 
THERMAL STRESSES IN GUN TUBE 

PLANE POLARIZING 
SHEETS, AXES 
CROSSED WITH 45* 
ORIENTATION   TO 
EDGES 

PHOTOELASTIC 
PLASTIC 

3.60 
DIA 

PHOTOELASTIC 
PLASTIC 

PHOTOELASTIC 
PLASTIC 

PHOTOELASTIC 
PLASTIC 

PLANE POLARIZING 
SHEETS, AXES 
CROSSED 

NOTE: 

ALL PHOTOELASTIC PLASTIC 
SECTIONS FABRICATED FROM 
HYSOL 4290. 

VIEWING 
DIRECTION 

VIEWING 
ÖIRECTION 

FIG. 3 

ASSEMBLY 

7.97 



UU-   .1   I),II lu    il.ir   lime,   lie vc rtlli'lr.SS,    tllf   licit   lluw   Will   l)«'   IWU   (ill IUM1 Siuniil 

ll(',ir the rmlri ni  ilic tube.     Tlii' f y 1 UHIrical end wcctiunb then pruvitlt; a means 

ol' .■limm.iliiiL; any axial heal flow in thf trat apt'Cimfn lucatcd in the center. 

I'lir Htrrssrs in the axial direction will be ubtained by interpretation of 

inr  fringe  patten; in  the material  between the two lon^ polarizing sheets in 
tin   upper  seetum ol the  model.      The  polarizing sheets have been cut with 

their axes at -IS0 to the  axis ol the tube to allow maximum light transmission. 
Step shaped pieces which approximate the outside  surface of the tube were 

used to allmv the  light  beam to pass through the  model without being deflected. 

To check tiie elTecl  that this break in geometric boundary has on the stress 
distribution two  small  polarizing sheets were placed around a piece of photo- 

elastic  material  and imbedded in the center of the  tube wall  as shown on 

Fig.    J.     After thermal  loading,   the  fringe pattern, in the  small test specimen 

and in the larger circular teat specimen could be observed by viewing the 

model  along its axis.    Good correlation of the two fringe patterns would in- 
dicate  relatively little change in the stress distribution due to altering the 
boundary.    The stress distribution obtained from viewing the model at 90° 

to the axis of the tube could then be considered to be the same as that which 
exists in the unaltered region of the model. 

THERM AL-ELECTRIC AL ANALOGY 

Theo ry 

Consider the one dimensional unsteady conduction equation written in 
rectangular coordinates 

^1 9 (16) 

5x; a d 

where    x   is the distance along the heat flow path.    If we consider an elec- 

trical  current carrying cable of negligible inductance which has its proper- 

lies of resistance and capacitance uniformly distributed along its length,   the 
expression which relates the voltage to various points along the cable is 
given by 

d V -  RC 
d^ dr 

(171 

where    V   is voltage,    R   is  resistance,    C   is capacitance and   x   is the 

distance along   the current flow path.    From the similarity between equa- 
tions (16) and (17) it is apparent that a solution for the temperature would 
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be identical to a solution for the voltage if    I     -   RC.    Therefore,   the heat 
(X 

transfer system can be imitated by an electrical cable.    In practice,   the 
electrical cable is replaced by series  resistors and parallel capacitors 
which is equivalent to lumping the resistance and capacitance of a sec- 
tion of the cable at one point.    A known voltage or current is impressed 
upon this circuit and the resultant voltages are measured at the various 
nodal points.    The theory of the method is extensively discussed in ref- 
erences 6 and 7. 

The geometrical configuration under study and the corresponding elec- 
trical circuit are shown in Fig.  4.    A thermal resistance may be 

to Boundary 
b   Condition 

Fig.  4.    Electrical analogy to heat /low through hollow cylinder. 

defined as 

R. =  ' 
k  A (18) 

where   k   is the thermal conductivity and   A   the area through which the 
heat is flowing.    This can be interpreted as a resistance to heat flow just 
as an electrical resistor is a resistance to electrical current flow.    Simi- 
larly,   a thermal capacitance can be defined as 

/ 
A c (19) 
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v'ui-rr  P ifi ilrüsilv .mil i      ib  S[)c( itu   licit.     C.  is analu^uus lu .in L-loclriiral 
, ,,,, ,, itm-.     Willi tlicHr (Icliiutioii.s,   rijuatinn (lb) can hi- written 

—--   -    j   , ; i'      ^ t _ Rr-       d t (20) 
{   •■■ r' i. ,-' c 

usm^ tiu' de t'inition lor thermal di I'lusi vity, QJ )<.        .     The m-cussary 

cinulitinn lor analogy may Ijf rxpri'sscd .is R(Ct   -   RC.    It is often convenient 
to chan^i'  tiic  sralr of some of the  physical  (juanli tie s.     Equation (17) may be 

rew ritten as 

v     V     -   (um  R)   (£.) 2 V 
^^ ,11 ^(n T   ) (21) 

The  scale  factor    n   enables  scale changes in the time base.     The scale fac- 
lor    in    is employed to allow tin' use of standard circuit elements.    Without 

its use,   values of resistance would be  relatively small (order of magnitude 

■SUU ohms) and the values of capacitance would be very large (0. 5 farad).     The 
resistors and capacitors in the circuit in Fig.   4 are given by 

R   - illil 
ka (22) 

PA   c 
C  -    J. 1L 

(23) 

from the  resultant voltage  field,   the thermal stresses can be obtained from 

equation set (H), 

Experimental  Procedure 

A '/Umm gun tube has been chosen for study.    The tube is subdivided 

into ten concentric lubes of equal wall thickness as Paschkis and Heisler 
reported very good correlation for more than 8-1/2 segments.    Since the 
heal propagation through a steel gun tube is quite  rapid,   there have been no 

changes made in the time base between gun and model.    The scale factor 
m   is chosen as   1. •! x 10   .    The internal segment has a resistance and cap- 

acitance of  i-l VK ohms and 2.79 L*-f   respectively.    The values of the ex- 
ternal tubular segment are 2()2K ohms and 4. 7 i£cf.    All other segments 

have values of resistance and capacitance between these limits.    Careful 
selection of resistors and capacitors enables trimming of the circuit ele- 
ments to i 0.1% of their calculated values.    The external convectivc boundary 
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condition in sinuilatL-d by a rcsislaiioe uf 79. r> niügahnis. 

The voltage input imiHt duplicate m uhupe llie teniperaluru-lirnc curve 
of Fig.   I.    The teclmiciue shown in Fig.   S in uaed to accoinpliäh this. 

Input fron constant 
Yoltage DC power 
supply 

Output which 
duplicates desired 
teop-tlnte curre 

Rotating can 

Fig.   5.    Technique for generating non repetitive voltage pulses. 

An oscillograph is used to determine the voltages.    High sensitivity 
galvanometers are inserted into the circuit immediately after each re- 
sistor.    Each galvanometer is calibrated in Ixn/inch deflection.    The 
voltage drop in each section is obtained by multiplying the resistance of 
the section by the current flowing through it. 

PROGRESS THUS FAR 

Fhotoelastic Approach 

At present one smooth bore model has been constructed with a radius 
ratio ecpial lo 1.8.    No reportable data has yet been obtained,   but prelimi- 
nary investigations indicate data taken from the model will correlate fair- 
ly well with the theoretical work.    Difficulty is experienced in controlling 
the bore temperature according to Fig.   1 for more than three shots.    It 
is hoped that satisfactory results could be obtained for ten shots. 

Thermal Electrical Analog 

The circuit for a smooth bore tube has been designed and constructed. 
Standard carbon resistors and paper capacitors were used as circuit ele- 
ments.    The reliability of the circuit has been checked with a constant 
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•i'li.i:1/- iiipul,   t u !• re SIUJIKII ii^ tu a iciiist.inl bore Ifnipir ralure,   and tin; rt*- 

■   ;lts arc willmi l"/ii ul' llif r all'ulati'd vaiui'S for Ihf majur portion of the 

w .\\\  tlm kiu'ss and not »• xicrdln^  i% at any point.    The function generator 

siunvn sihcinatually in l'"i^.   ^ is lii'in^ const rurtcd and no serious prob- 
liMiis an' ant ic ipati'd in coiiipli'tion id  this phase ol the project. 

SOUFE OF AN TICLPA i'l'd) LXPIORIMEN TS 

The photoel.istic  iiu'estiRation will e!uoni])ass construction and testing 

of at  least  two models.     One  has already been fabricated and tin; other 

would have the same overall dimensions but would differ from the first in 

that it would be   rilled.    Correlation between smooth bore tube and theoret- 
ical  solution will provide confidence that the photothermoelastic technique 
will yield accurate  results for the  rifled tube,   which will be studied during 

the second phase of the experimental program,   and for which case other 

methods are unavailable.    If time permits,   other rifled tubes with a variety 
of radius  ratios will  be  investigated. 

It is expected to employ the thermal-electrical analog to smooth bore 

tubes only,   as considerable difficulty is experienced in deducing the stres- 
ses in a rifled tube from the temperature field. 
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DISCUSSION 

Dr.  Kumar:     I just wanted to comment on the fine work thavt Lt.  Mielke has 
done.    One of the project investigators in our Office,  Dr.  Frocht,  has been 
working on photoelasticity and I am sure you are familiar with his work. 
The interesting thing is that he is considering plastic deformation at the 
same time.    As the presentation was made today,  this was strictly thermo- 
clastic study of the gun tube.    It will be very interesting to see how possible 
thermoplasticity could be introduced into it.    Maybe just ideally plastic 
assumptions may be made.    If you can find a suitable   material that will 
fit the gun material that you have used as far as the photoelastic analog is 
concerned,   that would be extremely remarkable.    I enjoyed your presen- 
tation; it was very fine. 
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i; UM PAR ATI VE FORMING TECHNIQUES 
FOR TITANIUM HELMETS 

1 li! Icn E.   Aguir 

AHS'l'RACl' 

Titaniuin allnys,   uii a .slrcngth-lu-wcn^lil basis,   uf fe r    the bust res- 
istaiuc to hallislu   |H-iU'tration ul all kiunvn inctullic armor malurials. 
Dilticully i'xpi;riciu:t.'d in cold deep-drawing ui titanium helmet shells,   led 
to the investigation ot three methods ui forming:    hoi deep draw,   spinning 
and high-energy loriiung.    As a result ol this work,   the feasibility of hot 
deep-drawing helmet  shells  from titanium sheet material  at a temperature 
of 1 iUU0E was established.     The  spinning process was not successfully 
brought to final forming.    Six helmets were successfully fabricated from 
i percent Mn complex + ■■} Al titanium alloy sheet of ,075 and .100 gages. 
Forming was accomplished at elevated temperatures using sand as the 
transfer medium and pistol powder for the explosive.     Ballistic capabili- 
ties of the finished helmet shells were evaluated using the GE fragment 
simulator lest.     The translation of the results of this investigation into a 
feasible technique adaptable to production fabrication will require additional 
w o r k. 

A review of the personnel armor protective  requirements for future 
warfare conditions determined the  need for new and improved materials 
and forming techniques in the production   of the combat helmet. 

Materials studies revealed that titanium and titanium alloys exhibited 
belter strength-lo-weight ratios than the more common armor materials. 
Ballistic, testing of the heavier gage  titanium plate materials  showed ex- 
cellent resistance to penetration by both fragment simulating and armor 
piercing projectiles; however,   the investigation also revealed that the 
ballistic performance of titanium materials could not be extrapolated with 
any degree of accuracy.     Therefore,   lower gauge sheet material of the 
more promising alloys were evaluated at Battelle Memorial Institute by the 

Helen E.   Agcn,   Mechanical Engineer,   Quartermaster Research and 
Engineering Command,   U.   S.   Army,  Natick,   Massachusetts. 
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Quartermaster Corps.    The ballistu:  resultb showed the same marked 
superiority as was witnessed in the armor plate studies.    It was determined 
that further work should be conducted on experimental helmet shapes fab- 
ricated from titanium alloys. 

Concurrently with the materials study, an investigation was conducted 
on new and improved methods of forming helmets.    It was observed that 
the standard helmet shell varied in thickness as much as 30 per cent be- 
tween the rim and crown.    The ballistic protective capability decreased 
proportionally as the thickness of the corresponding helmet areas.    It is 
believed,   however,   that this variation in shell thickness can be overcome 
by the utilisation of new and improved forming techniques. 

An early attempt, in FY^ to cold draw titanium alloy helmets was 
not successful; however,   by 19^9 the advancements in the state of the art 
of forming warranted another attempt.    Three methods of forming were 
investigated hot deep draw,   spinning and high energy forming. 

For the hot deep draw process,   commercially available 6 ALi-4V 
titanium alloy was selected and procurred in sheet form 0. 076 inch thick. 
During the forming operation,   the dies were heated to a temperature of 
approximately 1300 degrees Fahrenheit.    The completed shell was formed 
in three steps.     The crown was deep drawn the entire depth of six inches 
in a single draw.    Then the brim was shaped to the proper contour.    Final- 
ly,   the outer edge of the brim was handtrimmed.    The finished shell was 
comparable in weight to the M-l helmet. 

Seven shapes were successfully drawn. Most of the shapes formed 
had wrinkled brims. It was believed that this wrinkling at the brim could 
be eliminated by improving the method of securing the blank so that equal 
pressure would be applied in the brim area during the deep draw process. 

A check of the thickness variation throughout the crown area of the 
shell showed thinning in the order of 10 per cent as compared to the 30 per 
cent thinning witnessed in the fabrication of the Standard,  Hadfield Steel 
M-l Helmet. 

The result of this experiment determined the feasibility of hot deep 
drawing titanium helmet shells. 

The spinning process is one of the simplest methods of metal working. 
Basically,  it is the pressure forming of sheet metal or light plate on a 
rotating chuck or die.    The shaping being performed on a lathe,   the form 
is of necessity concentric about an axis.    The adaption of the spinning 
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li-i liniqia-  In tin-  [irfloriiiinn u[ litaiuuni hcliucla was atlüiiiiJlud.     Two li 
,il,iv,s,   (IAL-IV .nid •IAL-Z.SN,   wiTc prucurccl in U, 1Z5 inch thick sheets. 

Forming svas ai t'»>iii[)lislu'cl tjy placing litaiiiuni alloy discs,   in a 
l.itlu',   against  J linni.splu1 rical mandrel of tile same concavity as the M-l 
r.clmct.     As thr  lathe   rotated,   an external pressure was applied to the 
disc:.      The disi   was heated to 1ZUÜ degrees Fahrenheit throughout the 
spinning process.    Six hemispherical  shapes of each of the two alloys were 
fabricated.      The spun shapes were (J. U?^ inch thick. 

Final  shaping,   using Government furnished dies,   could not be ac- 
complished because the dies were designed for Hadfield steel helmet fab- 
rication using  sheet material  O.U-li inch thick.     The  space between the 
ring die  and the  punch die would not permit insertion of tile 0.075 inch 
thick spun hemispheres.    In addition,   any attempt to bring the existing 
dies up to the forming temperature of 1^00 degrees Fahrenheit required 
for funning would have annealed the dies,   making them useless.    Since 
this method allowed no promise of adoption to mass production,   further 
development was abandoned. 

The materials investigation showed the 3 per cent Mn complex 
i    lAL titanium alloy had the best ballistic characteristics of all the al- 

loys tested; therefore,   it was decided to use this material for the high 
energy forming experiments.    Titanium sheet material was procured in 
two thicknesses; the 0.07S gauge,  which is comparable in weight to the 
0. 044 gauge Hadfield used in the fabrication of the M-l helmet shell,   and 
the 0.100 gauge,   which is comparable in weight to the one-piece helmets 
of the European countries. 

The   mic roslruclure of the basic annealed material was typical of 
an alpha and beta stabili/.ed alloy with a Rockwell C 36. 5 hardness. 
Material testing predicted a low rate of formability at room temperature 
due to the small spread space between yield (135, 000-145, 000 PSI) and 
ultimate (150, 000-160, 000 PSI) strength.    Elevated temperature bend tests 
indicated a forming temperature above 1050 degrees Fahrenheit and hot 
dimpling tests set 1^00 degrees Fahrenheit as the most desirable forming 
temperature.    Solutioni/.ing did not occur at forming temperatures nor 
was liiere any evidence of aging when the material was exposed to temper- 
atures between 950 degrees and 1^00 degrees Fahrenheit. 

An experimental Kirksite die shaped to the contour of the M-l hel- 
met was fabricated to develop suitable forming techniques and to ascertain 
such requirements as si/.e,   shape,   and type of explosive charge.     Early 
tests conducted witii this die confirmed the previous assumption that this 
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mali-rial tumid not !)»■ cold forim;d.    In addition,   tin; tiut:usaity for a two 
»tam' lorniing proci'durc rir<[uiriiij{ two si:l.s of dies was cHlablishud. 

A lu'tnisphtTical cut:,   of llic same diamuter as the lu.dmet,   was dc- 
sigmnl to preform llu; blank to the width and depth of tin; shell.    The second 
«lie,   identical in shape to the M-l helmet,   was designed for the final form- 
ing of the finished shell.    Sim-lJly-Trol temperature control units were 
used to control the temperatures of the upper and lower sections of the 
forming equipment.    Sand contained in a closed hopper was used as the 
energy transfer medium and pistol powder was the explosive. 

The equipment developed is depicted in Figure I.     The procedure in 
forming the titanium helmets consisted primarily of pre-heating the dies, 
positioning the prepared blank,   putting a limited amount of sand in the 
hopper for heat retention,   pulling a vacuum between the blank and the die, 
positioning of a prepared charge,   filling the hopper with sand and firing 
the charge.    Six helmets,   three from the ü. Ü7S gauge and three from the 
0.100 gauge material were successfully fabricated.    An average of ten 
detonations was required to form each helmet,   (Figure I).    The thickness 
variation in the crown area was greater than that evidenced in the M-l 
helmet,   (Figure i). 

Although the process of high energy forming investigated proved im- 
practical and costly,   it is significant inasmuch as it established the feas- 
ibility of forming helmets from titanium. 

Evaluation of the finished helmets showed no adverse ballistic char- 
acteristics resulting from forming.    Approximately bQ per cent increase 
in protection was offered by the titanium shells formed from the 0.075 
gauge material and those formed from the 0.100 gauge offered up to 80 per 
cent increase over the standard M-l shell. 

Because of the superior ballistic, performance of the titanium helmets 
as compared to the standard Hadfield steel shell,   further work will be di- 
rected to the development of an adequate titanium helmet forming technique. 
Attention is being directed to a fabrication procedure using a combination 
of deep drawing and high energy forming at elevated temperatures.    The 
deep draw method is suggested for the preforming to maintain a closer 
tolerance in the crown area of the helmet.    Final forming is to be accom- 
plished by an explosive gas method.    The substitution of the explosive gas 
technique is proposed jn order to eliminate the detrimental aspects of gun 
powder detonation.    It is expected that the combined techniques will pro- 
vide a production method of fabricating helmets with more rigid thickness 
tolerances. 
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TITANIUM HELMET SHELL FORMING DATA 

Hi-lnu't No. Sh» ct Gage Re Hard Wt.  (o/) Thick Variation 

(Crown Area) 

1 07 S ■15 iZ-S/K .063-.076 

L Ü7S 4 5 iO-l/Z .0S7-.Ü7[i 

i 100 56. S 59   1/Z .071-.087 

4 100 57 58- 5/4 .071-.083 
S 100 59. ^ 59-1/Z .071-.090 

IIADFIELD STEEL HELMET SHELL DATA - AVERAGE 

Ho In iet Sheet Gage        Re Hard Wt.   (o/,)        Thick Variation 
(Crown Area) 

M- 044 Z8-50 Z9-3/4-33 031-.041 

FIGURE 3 
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DISCUSSION 

Mr.  Charles J.   Kropf - A TAG,   Dotruit Ararnal:      To what extent can this 
same technique you have been describing be applied to other military items 
that you might visualized 
Mry.   Auen:     Well,   most ol the tethmques in titanium forming were for a 
shallow draw and the explosive method is very simple and can be applied 
to most military end items.    But when' we have a very deep draw,   as with 
the helmet,   the work will be confined to this area alone. 
Dr.   Kumar.      1 was wondering about the comment you made concerning the 
thinness of the helmet in a particular ana.    Can this be possible controlled 
by choosing an initial plate whu h is of variable thickness instead of taking 
a plate which is of uniform thickness.    I  realize that this will not be prob- 
ably very economical but would insure   that the end produce would have more 
thickness in the area where it is needed. 
Mrs.   Agen:     This has been considered,   but we had such good results with 
hemispherical shaping that additional expenses seemed unjustified. 
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!\ rUOlHT.TOUY CüMMKN'l'S BY   l'Hl.'; CHAIRMAN,   SESSION IV 

11,   Bci'iivvki'S^ 

I'l'uportii'S DI' in.itr rial s an.- dfUTinim!«! in li-nsion U'StH.    In the upper 

..I imint  rc^nni wc havr nhvious over shooting ul stretja which for most 
.qjpl icatinus is nut very  s i ^m lir anl.     I'imphasis has tlu-i'i.-fu iv iu'cn laid in 

this itiiH'linjj; on ihr lowrr vu'ld point stress      But it you observe stress- 

strain inrivases .is the  temperatures lowered very considerably,   so that 

what we are ascribing to a rate of strain effect is  really an effect of work 

hardening in very many  applications.     Many years ago,   Srohmayer observed 
that the  ctfectcd yield point in the material  was much closer to the  yiedd 

point  under  fatigue conditions,   namely,   what he observed was the endurance 

limit.    Concerning tins I am thinking especially of body centered cubic ma- 
terials.      There are complications with materials like lead,   aluminum,   and 

copper which 1  .im not discussing at all.     I think then in many cases in de- 
sign we  should be concerned more with the limit that is nearer the fatigue 

limit.    Now in the tension tests we do a lot of work; we develop a lot of 
heat to get a lot of temperature.     The temperature  rise is markedly de- 

pendent upon the temperature itself at which we are making the test,   the 

ambient   temperature,   if we are going to low temperature testing,   because 

the  specific heal is way down there.     It is very difficult to make  an iso- 
thermal test under low temperature conditions.    Once we get past the ten- 

sile stress our specinx-n begins to neck.    When it necks,   it not only develops 

its stress concentration which is very large in general before breaking, 

but the  strain rale goes up,   too.    If you thought you had isothermal condi- 
tions in general while you were getting up to the tensile point,   you'll hardly 

have them once you've gotten well past the tensile point.    A very small 
proportion of your entire gage length will actually be  strained.    You use a 
specimen several inches long and you may find that something like five 
hundreths of an inch   of it is actually being stretched.    You would have 

to slow the machine way down if you wanted to preserve isothermal condi- 

tions,   and on the other hand what you are really getting as you approach 

breaking is a very high rate of strain test under static conditions.     To add 
to these complexities,   very often people will put a little taper in the speci- 

meii to begin with.     Tills will give you somewhat erratic stress strain curve 

but you will have even worse results at very low temperatures.    You'll get 
brittle fracture and much lower stresses than you would normally expect. 

Perhaps what I am saying is rather obvious to you all.    I read in a little 

book by Max Borne - that greatness of Einstein's work was that he based all 
his theory on fact - fact was obvious to all but noticed by none,    I hope 
that we all try to do a little Einstein hen- this afternoon. 

::: Dr.   Reinier Beeuwkes,   Watertown Arsenal Laboratories,   Watertown,   Mass. 
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EXPERIMENTAL DYNAMICS OK MATERIALS 

George Gi-rard- 

The general objectives of this presentation are concerned with various 
experimental techniques used to obtain dynamic stress-strain data in the 
yield region for various materials.    A general review and critique of one- 
dimens'onal experimental techniques utilized by various investigators is 
presented from the viewpoint of plastic wave propagation.    Specific experi- 
ments concerned with plastic wave propagation are then considered and 
conclusions drawn from such experiments concerning the dynamic stress- 
strain properties of materials are presented. 

An experimental technique for two dimensional structural elements is 
then presented and results on the dynamic, stress-strain characteristics of 
several materials are presented. 
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DISCUSSION 

R,   c;.   Cu'ltliniu-lu'r,   New York Uiuvrrsity:    Did yuu include bending stresses 
wlu'i' yen calculated your stresses from displacements?    One would have to 
take the derivatives to include the  stresses due to bending. 
Dr.  Gerard;     This I presume  refers to the diaphragm thüt we showed. 
Mr.   Geldmacher:    Right. 
Dr.   Gerartl;       The diaphragms were extremely thin; they were something 
in the order  . 010 inches and had about a IZ inch span and when we calculated 
the bending stresses in there  they were extremely small,   particularly if 
we got out into the large deflection region. 
Mr.  Geldmacher:      You could ignore the bending stresses? 
Dr.   Gerard:     Yes,   that's  right.    Incidentally,   we found out also that we 
could ignore any dynamic effects of the diaphragm because from the de- 
flection measurements we found then' was a constant velocity process after 
the fi rst motion. 
Mr. Geldmacher: The reason 1 ask is that anyone who has tried to get 
bending stresses from deflection measurements is probably running into 
the same difficulty that we have because it is almost impossible to make 
that extra differentiation to get the stress. So your results are very far 
off. I thought you might have had a new technique here that would let us 
get stresses from the deflection curve. 
Dr.   Gerard;      We are strictly concerned with the   membrane situation. 
Mr.   Geldmacher;      Right. 
Dr.   Eugene A.   Ripperger,   University of Texas:     I would like to ask two 
questions.    In that slide in which you compared the theoretical and the 
measured velocities,   the theoretical velocities were computed simply as 
the square root of E/       ? 
Dr.  Gerard;     Yes,   the square root of E        and E    was the static value ob- 

tained with this loading cycle and particular material. 
Dr.  Ripperger;      Well,   then the question that I really wanted to ask was; 
The ;curve fen- the theoretical  results had some curvature along that lead- 
ing step,   so to speak,   and I would think that this would be a straight verti- 
cal line.    Was not the static modulus constant up to the point of preloading? 
Dr.   Gerard;     Yes,   but the  reason that the theoretical line was curved and 
was not a straight vertical line was because of the fact that we were using 
the three dimensional theory which includes a dispersion effect. 
Dr.   Ripperger:      You have answered my question satisfactorily; now,   let 
me ask you the second one.     in comparison with the velocities where you 
were superimposing the small pulse on the pre-stressed specimens,   it 
wasn't clear to me whether the plastic strain that you were showing was 
the strain due to the small pulse or it was the  strain which you had in the 
specimen before you sent the pulse through it. 
Dr.   Gerard;      Those were strains which resulted from the pulse. 
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A METHOD FOR RAPID DYNAMIC EVALUATION 
OF LARGE WEAPON COMPONENTS 

T.   F.  MacLaughlin* and J.  P.  PurtclP 

ABSTRACT 

A description is ^iven of a hi^h energy impact machine which closely 
simulates the firing of large weapons,   and is used to dynamically evaluate a 
variety of weapon components.    Dynamic stress analyses and fatigue life 
data are obtained by simulated firings at a rate of 100 per minute,   making 
economically possible realistic   life estimates.    Problems in simulation and 
instrumentation are also discussed. 

INTRODUCTION 

During the late 1800's many design features of heavy artillery weapons 
with which we are familiar today came into being.    The principles of breech 
loading,   rifled gun tubes    fragmentation projectiles and the first recoil mech- 
anisms were developed prior to the turn of the century.    From 1900 to  the 
present time,   in spite of many design improvements and modifications,   the 
fundamental principles of many of our artillery weapons have remained rel- 
atively unchanged. 

In recent years,   however,  much effort has gone into reducing the 
weight of large weapons,   thereby increasing mobility without reducing effec- 
tiveness.    Watervliet Arsenal engineers have achieved weight reductions up 
to 50% in weapons using kinetic, energy ammunition,   while still increasing 
range and rate of fire.    To accomplish this,   new types of ammunition fired 
at greatly increased chamber pressures have been employed.    In addition, 
the introduction of still a different type of ammunition has made possible 
phenomenal weight reductions, for example,   six to one in one particular 
system with even greater lethality being obtained. 

These factors naturally have resulted in a departure from traditional 
design concepts,  especially with regard to breech components,   necessitating 
more sophisticated stress analysis and closer evaluation of component fa- 
tigue character! stirs. 

■f T.   F.   Mac.Laughlin,  Research Mechanical Engineer,  Experimental 
Mechanics Laboratory,      Watervliet. Arsenal,    Watervliet,  New York. 

** J,   P.   Purteli,  Chief,  Experimental Mechanics Laboratory,  Watervliet 
Arsenal,   Watervliet,   New York. 
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DESCRUM'ION OK 1MPACT MACHINE 

Fur tin; past ti'ii years a series uf lii^li energy impact luachinus have 
been ilcvolupfd at Watervhel Arsenal   tor dyuaiiiically t.-valuating the breech 
(.■umpoiuMits i)t \aru)iis heavy weapuns.     'I'liese mai.hines have been designed 
to repetitively simulate ai tual  liniiL; load pulses at a rate such that rapid 
evaluation is possible. 

Two steam-driven single-acting pile hammers act as energy sources 
for the machine currently in operation.     The smaller of these hammers may 
be equipped with either a 1UÜU-  or a SüOü-pound weight which can be dropped 
from a maximum height of -iZ inches,   and is capable of a maximum striking 
energy of 17, SOU foot-pounds.     The larger hammer contains a 10, 000-pound 
weight which can be dropped from heights up to 39 inches,   producing a max- 
imum striking energy of 5Z, "SOU foot-pounds.    Both hammers deliver 50 to 
100 blows per minute,   depending on the drop height. 

The impulse delivered by the hammer is transmitted to the test 
specimen through a piston arrangement and a pulse-shaper,   the configura- 
tion of which depends upon the particular weapon component being tested. 
The pulse-shaper is needed in order to simulate the load pulse rise time 
and maximum force experienced in actual firing.    In general,   it consists 
of a fluid chamber acting as a liquid spring whose spring constant may be 
adjusted by varying the fluid volume. 

The specimen holders consist of simulated shortened gun tubes, 
known as tube adapters,   to which the breech components are attached as 
m the actual gun.     The adapters are shrink-assembled or screwed into the 
test machine,   and can be readily changed for different specimens. 

The entire machine  rests on an eight foot cube of concrete which 
is set into a concrete shell located on bed rock beneath the laboratory 
floor.    Fabrica insulating material is located between the cube and the shell. 

A new impact machine,   which will be capable of producing a maximum 
striking energy of 60,000 foot-pounds,   is currently being designed at 
W.Uervliet Arsenal.     This new machine will be used for dynamic evaluation 
of breech components for future weapons having higher performance char- 
acteristics than today's weapons. 

FATIGUE TEST CONFIGURATIONS 

The high energy impact machine has been used to evaluate fatigue 
and stress distribution characteristics of breech components for a number 
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of different   weapons.    The first type of component to undergo testing was 
the breech ring of a sliding block type breech mechanism.    Figure 1 shows 
schematically the test assembly for this specimen.    It can be seen that the 
fluid chamber provided force magnification as well as pulse   shaping.    The 
strain gaged load cell was calibrated in the machine by applying known 
amounts of static fluid pressure to the fluid chamber and correlating strain 
with load.    The bottom of this cell was cartridge-shaped so that the load 
would be distributed to the test specimen in approximately the same manner 
as in actual firing. 

Another component to be impact fatigue tested was the coupling of 
a split chamber breech,   illustrated in figure 2.     The significant difference 
in this specimen from that of the previously described test was that the 
coupling was of mjc.h lighter construction and was sensitive to lateral pres- 
sure as well as axial thrust due to firing.    This prompted a relocation of 
the fluid chamber such that this lateral pressure would be simulated.    The 
fluid chamber between the upper and lower pistons was removed in order 
to obtain the proper pulse duration.    The correct peak load was obtained in 
spite of the loss of the force magnification feature,  by improving the bear- 
ing surfaces on the pistons and increasing the drop height to nearly its max- 
imum value.    Load pulse monitoring was accomplished by strain gages 
which were mounted on the piston and breech chamber and were calibrated 
in the machine by static fluid pressure measurements as before. 

Figure 3 shows the impact machine configuration for the screw block 
type breech mechanism,  which was very similar to that of figure 2,   except 
that a single piston was used,  providing a more efficient force transfer 
from falling weight to specimen. 

Finally,   a comparison of the fatigue lives of various types of mor- 
tar baseplates has been made,   using the 1000-pound weight with the smaller 
hammer (figure 4).    This test differed from the breech component tests 
in that (I) relatively low thrust levels were required (approximately one- 
twentieth that of the breech component tests),   and (2) no fluid chamber was 
needed to obtain the proper force-time pulse due to the springiness of the 
baseplate itself.    Also,  it should be pointed out that although the firing pulse 
was simulated,  other field conditions were not, namely,  angle of firing and 
means of supporting the baseplate.    These factors were not considered sig- 
nificant due to the comparative nature of the test. 

ANALYSIS OF IMPACT MACHINE 

A vibrational analysis was performed on the impact machine in order 
that fluid chambers and pistons could be readily redesigned for different 
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of different   weapons.     The first type of component to undergo testing was 
the breech ring of a sliding block type breech mechanism.    Figure 1 shows 
schematically the test assembly for this specimen.    It can be seen that the 
fluid chamber provided force magnification as well as pulse   shaping.    The 
strain gaged load cell was calibrated in the machine by applying known 
amounts of static fluid pressure to the fluid chamber and correlating strain 
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fluid chamber between the upper and lower pistons was removed in order 
to obtain the proper pulse duration.    The correct peak load was obtained in 
spite of the loss of the force magnification feature,  by improving the bear- 
ing surfaces on the pistons and increasing the drop height to nearly its max- 
imum value.    Load pulse monitoring was accomplished by strain gages 
which were mounted on the piston and breech chamber and were calibrated 
in the machine by static fluid pressure measurements as before. 

Figure 3 shows the impact machine configuration for the screw block 
type breech mechanism,  which was very similar to that of figure Z,  except 
that a single piston was used,  providing a more efficient force transfer 
from falling weight to specimen. 

Finally,   a comparison of the fatigue lives of various types of mor- 
tar baseplates has been made,   using the 1000-pound weight with the smaller 
hammer (figure 4).    This test differed from the breech component tests 
in that (1) relatively low thrust levels were required (approximately one- 
twentieth that, of the breech component tests),  and (2) no fluid chamber was 
needed to obtain the proper force-time pulse due to the springiness of the 
baseplate itself.    Also,  it should be pointed out that although the firing pulse 
was simulated,  other field conditions were not;, namely,  angle of firing and 
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ti'St.s.     The uiai'luiu- and tin' sjifi. imrn were ri.'prusiMilud by a soriea ul 
springs and masses whuh fi-iiuiH'd lu llirtn; or four decrees uf freedom, 
depending un tlit; test,     l-'igurr  S illustrates the  spring-mass representa- 
tion tor the lest arrangement shown in figure 1,     Tlie analysis was ac- 
complished by the use of well-known vibralional methods ,   and a solution 
was obtained for the  furce-tune pulst' experienced by the  specimen. 

The results of applying this analysis to the mortar baseplate test, 
which reduced to a three-degree-of-freedom system,   are represented in 
figure 6.    It is seen that good correlation was achieved with regard to 
pulse duration and maximum force-. 

EXPERIMENTAL PROCEDURES AND RESULTS 

A typical test procedure for dynamic evaluation of a breech mechanism 
consists of the following phases. 

1.    Selection of a series of breech components.     This may involve 
a comparison of alternate design features,   or repetitive tests 
on several identical components in order to determine more 
accurately the fatigue life, 

2..   Static Test.    This phase consists of pressurising the fluid cham- 
ber,   locating the critically stressed regions,   and determining a 
static stress-strain analysis in these regions.    Brittle coating 
and photoelastic coaling techniques are employed along with strain 
gages and the appropriate switching and balancing units and strain 
indicator. 

i.    Dynamic  Test.     The impact machine is used to subject the test 
specimen to repetitive simulated firing pulses.    Strain gages 
mounted in critically stressed regions are monitored   by oscil- 
loscopes or oscillographs.    Cathode followers and oscilloscopes 
are used to record traces from pressure gages and accelerometers. 
The falling weight interrupts a light beam entering a photocell, 
triggering the oscilloscopes and activating a counter.    At cer- 
tain intervals during the fatigue test the machine is disassembled 
and the specimens undergo magnetic particle inspection for fa- 
tigue cracks. 

The degree of simulation achieved by the impact machine is demon- 
strated by figure 7,   which shows a typical comparison of traces obtained 
from a strain gage mounted on the breech block of the screw block type breech 
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iMci.lianisni (t'i^urr   i).     I'u obtain llil.s data,   <i ^a^url breech mechanism 
whioli had bfen lestod on Ihu impact machinu was taken to Aberdeen 
Proving Ground and strain recurdiu^a wert: made during actual firing. 

In ortler to obtain a realistic, life estimate uf a given component, 
a statistical technique tor the anlaysis of small sample sizes is employed 
"'    ,   since fatigue testing many identical specimens is economically un- 
feasible.    Using fatigue life data obtained from  relatively few specimens, 
this technique provides a means of estimating the safe life for various 
values of reliability and statistical confidence.    For example,   it may be 
desired that a component be .9999 reliable (i,e. ,   no more than one fail- 
ure out of lü, ÜÜÜ specimens is tolerated).    By conservatively estimating 
the failure distribution from the available experimental data,   it is pos- 
sible to select a rated life corresponding to a given statistical confidence 
level.    The statistical confidence is defined as the probability that the 
predictions are on the conservative side, 

CONCLUSION 

A dynamic stress-strain analysis of a given breech mechanism is 
obtained,   along with fatigue information which is  used to estimate condem- 
nation limits for the various components.    The accumulation of information 
from various tests provides a valuable guide to the future design of heavy 
weapons.    To obtain dynamic evaluation by means of field testing with live 
ammunition would be prohibitive due to both economic and time limitations. 
At a time when lighter and higher performance weapons are under develop- 
ment,  therefore,   the usefulness of the high energy impact machine has 
been well established. 
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DISCUSSION 

Mr.   Zaroodny,   APG-BRL:     1 am very happy to see that this type of work 
is being taken up seriously and so much of it is being done.    However,  there 
are lots of items in which our experience gained at the proving grounds does 
not support your results.    In particular I would like to mention mortars. 
You said that the pulse on a mortar base plate,   although very short in dura- 
tion,  is more or less simulating the thing by virtue of flexibility of the base 
plate. 
Mr.  MacLaughlin:    I believe that it was simulating the actual response that 
the base plate received. 
Mr.   Zaroodny:    We have measured the response of the base plate and 1 am 
sorry to say that it was nothing like what you infer.    There was only one 
similarity in that the curves were extremely hashy.    What happens is that 
the ground behaves first as though it were a rigid system.     Then this rigid 
system suddenly breaks down and offers only a small amount of resistance. 
Then around the time when the mortar effects the shell there occurs a very 
sudden growth of resistance.    At any rate the phenomenon is not so simple 
as it was indicated by you. 
Mr.  MacLaaghhn:    Thank you very much for your comments.    I realize that 
we are greatly simplifying the situation of the mortar base plate.    I think 
that I can only reiterate what I said before in that we are trying to compare 
different base plates only.    If we were to make a complete analysis on the 
mortar base plates as we do try to do on most of our breech components, 
we would go into much more detail on simulation.    This I readily admit. 
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TKNSILt: IMPACT UN RUBBER AND NYLON 

MaU ulm N.   Fi Is worth,   .1 r. 

ADSL'RACl' 

The program unck-r which tliis work is being done is called "The pro- 
perties ot" materials at high rate of strain."    So tar the attention has been 
mainly on the tensile impaet of polymeric materials at rates where the re- 
sponse is of a wave nature.     This is where the ratio of the impact velocity 
to the velocity of propagation in the material is an appreciable fraction of 
the breaking strain. 

The immediate objective has been to find a means of describing or 
characterising the  response under these conditions.     For example,   to what 
extent is a dynamic  stress-strain curve useful here? 

An apparatus is described capable of delivering a tensile impact at 
velocities of about ISD ft/sec.    Several methods of observing the response 
were used including a photographic technique with a high-speed stroboscope. 

Possible dynamic stress-strain curves may be deduced from the measure- 
ments.    If we assume that such a curve completely defines the response of 
the material we may use the equations and method of von Karman to con- 
struct the wave pattern of the response.    On doing this we find that the con- 
structed response always has more distinct waves and sharper wave fronts 
than the observed response,    In visco-elastic terms this means that an 
appreciable fraction of the  relaxation time spectrum is included in the range 
between the total time of the test (a few milliseconds) and the time required 
for a constructed wave front to pass a point in the sample (several hundred 
microseconds). 

For rubber it was assumed that this delayed response (that is,   delayed 
in relation to the wave front) could be expressed by a creep function.    A 
graphical analysis was made in which the increase in strain due to such a 
creep function was added to the strain constructed from a stress-strain 
curve.     The resulting strain wave pattern agrees with the observed pattern 
much better than does that constructed from a stress-strain curve alone. 

Malcolm N,   Pilsworth,   Jr.,  Quartermaster Research k Engineering 
Center,   Pioneering Research Division,   Natick,   Massachusetts, 
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At low ralos of strain tlif <lfU:rimiiatU)n of tin: variation in the proper- 
tics of materials with the speed of testing is a straightforward matter. 
However,   when the  response of the sample is dominated by inertial effects, 
the observation of matt-rial properties is more of a problem.    For tensile 
impart this situation arises when the ratio of the velocity of impact to the 
velocity of propagation of a strain pulse in the material is an appreciable 
fraction of the breaking strain,   since this ratio determines the pulse height. 
The object of the present work on two representative polymeric materials, 
a rubber strip and a high-tenacity nylon yarn,   is to determine a method of 
characteri/.ing the response of such materials to tensile impact.    Much 
of this work appears in a recent report . 

It is convenient to describe the  response of materials with a stress- 
strain curve.    If the stress can be applied uniformly throughout the sample 
this is correct.    If inertial effects prevent, uniform stressing there are lim- 
itations.    If we use a stress-strain curve in such a case we are assuming 
that the initial response of the material is so rapid as to be considered in- 
stantaneous compared to the.time scale of the experiment and that any sub- 
sequent creep is so slow that it may be ignored for the time of the experi- 
ment.    Experimental techniques designed to check this assumption were 
used.    Also there are other ways to examine the likelihood of materials 
responding in this way.    Even if it is indicated that a dynamic stress-strain 
curve is not completely correct,   it may still be useful. 

If we assume that the material obeys a dynamic stress-strain curve, 
the response to a tensile impact may be calculated by a method of char- 
acteristics as given by von Karman   .    The procedure described in this re- 
port is to obtain enough information to estimate such a dynamic stress- 
strain curve and also to get some measure of the response.    The calculated 
and measured responses may then be compared. 

An apparatus was constructed,   as sketched in Figure 1,   that uses 
heavy rubber bands to accelerate a slider along tracks.    The sample is 
placed between the tracks and fastened to a T-shaped head mass.    Pro- 
jections on the bottom of the slider strike this head mass at about 150 ft./sec. 
Several methods have been used for observing the response.    In one method, 
the sample is fastened between the head mass and a lighter tail mass. 
The motion of the tail mass is a measure of the force at the tail end of the 
sample,   and the distance between the masses is a measure of the average 
strain.    The force at the tail end may also be observed by means of a cali- 
brated weak link. 

At present we are using high-speed photography to observe the local 
strain.    The sample is illuminated with an Edgerton,  Germeshausen and 
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Grier No. SOI High-Speed Strubuscopu. The vvvrti is pictured in a still 
camera, the images being separated with a moving mirror. Regularly 
spaced,   contrasting marks are made on the sample. 

The best pictures so far have been made with the rubber strip.    This 
was white natural rubber with a Ü.Ü80 inch square cross section.    Figure 

Z is a picture of an impact on a sample 10 cm long with marks every centi- 

meter.    The impact was at 13H ft/sec.    The picture was taken at a strobe 
rate of ZOOO/sec at f/U on Polaroid 3000 film.    At the upper left the sample 

before impact may be seen.    The path of the slider is from upper left to 

lower right.    Near the middle of the picture it passes out of the region il- 
luminated by the strobe into a region with steady light.    Down the left side 
may be seen the successive images of the rubber sample as it is stretched. 

The sample failed at the moving end in about 10 millisec.    It is interesting 
to note how rapidly it retracted after failure.    This velocity was measured 

at 525 ft/sec.    Fixed targets drew the white lines at the ends of the picture 
which serve as calibration marks to correct for the distortion introduced 
by the motion of the plane mirror. 

Measurements were made from this picture to get strain-time-position 
data.    The results are shown in Figure 3 with time and position as coordi- 

nates and strain as a parameter.    (Position is defined as numerically equal 
to distance on the unstrained sample,  measured from the fixed end. ) 

The initial pulse and the first reflection from the fixed end are well 
defined but after this the strain hardly seems to proceed as a pulse at all. 

From values of the propagation velocity,   from the value of the strain on the 

plateaus after a pulse,   and by comparison with a slow-speed stress-strain 
curve,   a possible dynamic stress-strain curve may be deduced.    Assuming 

that the material obeys this curve we may calculate the response as men 
tioned above.    This is shown in Figure 4. 

The calculated values for the initial pulse and the first reflection agree 

well with the measurements.    Also the general level of strains and the times 
required to reach them agree reasonably well.    But after the first pulse 
and reflection the wave shapes are markedly different.    The calculations 

give curves of increasing sharpness until finally they become shock waves. 
No such sharp pulses were observed. 

This could mean either that we have not used the correct stress- strain 
curve or that, it is not correct to assume the material obeys a fixed dynamic 

stress- strain curve.    Even if a curve had been assumed without the steep 
portion that accounts for the calculated shock fronts,   the calculated pulses 
would still be well defined.    This means that although the larger portion of 
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Figure 3.    Rubber impact.    Position vs. Time,  showing lines of 
constant strain. 
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Figure 4.    Position-lime diagram tor a rubber impact calculated 
from cliaracteriatics. 
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the change in .strain may bv uccurrinj« in times too short t(j observe here, 
thfcre is still an appreciable change of strain in the millisecond region. 

A modified calculation was made to see if we could get better agree- 
ment with the observed strain pattern.    For this,   pulses from a stress- 
strain curve were combined with the creep occurring after the passage of 
each pulse.     The rate of this creep was estimated from the difference be- 
tween the data and the calculated pulse values.    This calculation (Figure 5) 
gives considerably better agreement with the data than results calculated 
from a stress-strain curve alone. 

So our experiments indicate that the initial response of rubber does 
not all occur in times shorter than a millisecond.    There are some con- 
siderations that confirm this conclusion.    In viscoelastic terms our re- 
quirement of an instantaneous response in times shorter than we can ob- 
serve and with no measurable change in the time scale of the experiment 
means a relaxation-time distribution curve with a peak in the microsecond 
region,   almost /.ero in the millisecond region and a rise again for longer 
times.    Most viscoelastic materials have more continuous relaxation-time 
spectra than this. 

For some materials,   of which rubber is one,   the principle of time- 
temperature equivalence allows us to construct a curve of the time re- 

3  4 sponse of the material    '    .    To do this the creep is measured over a wide 
range of temperatures.    The response at low temperatures and in moderate 
times is similar to that at higher temperatures and much shorter times. 
With the proper procedure a curve may be constructed to represent the re- 
sponse at a single temperature (Figure 6).    Since the time scale extends 
from 10" ' to 10    seconds,   a log scale must be used.    The curve is sigmoid 
in shape,   rising very rapidly in the microsecond region and having a very 
gentle rise,   linear with log-time,   above a second or so. 

In order for an impact-response calculation based solely on a stress- 
strain curve to be correct,   the rapid rise in this sigmoid curve must occur 
in a few microseconds and the linear region must extend below a millisecond. 
This would correspond to a relaxation-time spectrum with an isolated peak 
in the microsecond region.    This does not seem to be the case.    Although 
temperature-creep tests were not made on the present sample, published 
curves (Figurcb) for similar rubbers    show that the strain is still increas- 
ing fairly rapidly in the millisecond region.    Since there is appreciable 
change of strain with time within the time scale of the impact,  we cannot 
expect to see well-defined pulses throughout the test and,  as noted above, 
we did not. 
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Figure 5.    Pusition-time diagram for a rubber impact obtained by 
combining characteristic calculation and creep. 

336 



1\ 1     " 1 " 1 " I   " 1          " I " 1  " r 1   ' o 

n { a*. 
—\ o u 

ai 
H 
•H 

1    \ \ <u 

— 
M 

2 
1   B 

•H 
•(J   CO 

J>   o 

i 

\\ 

■ ■ 1 o 

m
i
n
e
d
 

p
a
c
t
 
f 

p— \\ 

\\ 

— 
u B 
0) -H 

■P 
<D   fn 
-a   0) 

•p 
OJ CM 

i— \ 
\ 

To U   cd 

* 
■^ ^  TJ 

cd ai 

\\ «    <0 ft m 
f 

\ F
T
E
R
 

IP
AC
T 'si 

i    o 

E cd 
0)   0) 
-P  B 

S ft 

[— 
\ 

\ 

7    O 
ObJ 

O   0) 
O   0 

-p 
cd • 

\ 

V 

2U z r
u
b
b
e
 

v
a
l
e
n
c
 

ho
wn
. 

1— 
4 

^v 
\^ 2»- 

u
r
a
l
 

e
q
u
i
 

so
 
s 

X M ^^,^ 
• s ^-,,,^, i • 

-P        H 
cd 0) cd 

1- 
Z > 

c 
9 

^ x 2 

1 f* 

ö 5 P   CQ 
CM ^ -H 
O a) 

h  a) 
ft <D H 
0) ft ft 

\ 

\ 

b 

1 • i   ■ 6.
 

Cr
e 

t
e
m
 

s
a
m
 

A 1 - 0) 

1 j_ 1 1 1 1 1 i 1 Jt. •H 

o o o o O o o o o o O "" o o> CO N <D IO ^r 10 M M 
^^ 

NIVU1S mnmaninoa *o% 

337 



Aaotlu'i- cxpi'n inriital li'ilinKHU' was usrd tu im-asuro how much llie strain 
clumgi'S m tlu1 tune sralr ul an impart i-xpi-rimuiU.    Fur this a long rubber 

riampl«.' was usi-d so that ihrrc would be no rcflcctiün from the fixed end in 
the time that the sampli/ was observed (about 10 millisei:).     The initial pulse 
was the same as with a short sample but once the observed portion has 
reached the  velocity ul' the  head it  moves with constant strain except for the 
small  amount  of ere«.]) which we want to measure.     This creep was about 
at the limit of our accuracy,   and fairly-elaborate smoothing techniques were 
required to get a reasonably-accurate determination. 

The rale ol creep measured was reasonable in comparison with time- 
temperature determined curves (see Figure 6) but was somewhat less than 
that used in the above calculation combining stress-strain determined pulses 
with creep.     This must, mean that creep or observable change in strain is 
not the only thing that is preventing the occurrence of sharp pulses.    After 
the initial pulse passes,   the material continues to relax slowly.    Some of 
this relaxation will appear as creep but some will appear as a temporary 
decrease in stress.     The actual stress level will of course be always in- 
creasing but the  relaxation tendency will have to distribute itself along the 
sample at propagation velocities and so should have a smoothing effect on 
the strain-wave pattern. 

So far it has not been possible to get pictures with the nylon yarn good 
enough for an analysis as with the  rubber,   because the smaller cross   sec- 
tion of the yarn makes it a poorer photographic subject,   and the much- 
smaller strains make accuracy more difficult.    However,   tests were made 
that should help us to decide whether nylon yarn as well as rubber has ap- 
preciable creep during the time of an impact test.     The yarn was 1066-denier 
high-tenacity nylon.    It was impacted at 160   ft/sec. 

These tests enable us to compare the shape of the first pulse in the 
nylon with that calculated from a stress-strain curve.     The stress-strain 
curve for this purpose was obtained from the motion of a tail mass.    Strictly, 
this will not give- a stress-strain curve since it measures strain averaged 
over the whole sample and stress at just one end.    However,   if the pulses 
in the nylon tend to smooth out as they do in the rubber (and the photographs 
obtained indicate that they do smooth out),   a stress-strain curve determined 
in this fashion should not be much in error.    In any case only the lower part 
of the curve is used here and it differs little from a static curve.    Assuming 
that this curve determines the response of the material,   the strain-wave 
pattern may be calculated.    From this the stress at the fixed end may be 
determined as a function of time. 
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This  stress was mcisurrd hy im-anb uf "wt'ak links".     The  sample was 
lu:l(l at llu- tixi'ii end by a weak link lormed by oiu- or more strands of fine 
coppi-r wire.     The furce to break one strand was known.    From a series of 
tests with various numbers of strands in which the time to break after the 
initial impact was measured,   the stress-time curve at the tail was determined. 
This seemed to work well  for the initial pulse but at greater stresses then- 
was excessive scatter.     This measured curve was corrected for the esti- 
mated time it took the weak link to break after it was loaded.    The calcu- 
lated curve was corrected for the small but finite time it took the head mass 
to reach full velocity,   and the two curves are compared in Figure 7. 

The level of stress after the passage of the initial pulse agrees very 
well for the measured and calculated cases.    However the calculated stress 
rises more sharply than that measured.    So the material does not respond 
as  rapidly as the calculation from a stress-strain curve indicates. 

To summarize we may say that a stress-strain curve may be used to 
determine the over-all impact response of both materials studied,   rubber 
and high-tenacity nylon yarn.    Such an analysis,   however,   indicates steep 
wave fronts that would require more rapid response than the materials ex- 
hibit.    So for a complete picture of the response we must include some 
s 1 ower-acting mechanisms. 
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HIGH LOADING RATE TESTING MACHINE.   DEVELOPMENT 
AND TYPICAL MATERIALS TESTING APPLICATIONS 

T.   M.  Roach,   Jr. * 

ABSTRACT 

The Ordnance Ui-sign Engineer is uflen faced with problems for which 
it would be advantageous to have dynamic strength data available for use in 
designs where the maximum load is applied to the design item on a scale 
measurable in milliseconds.     This paper covers the design,   development 
and testing applications of a high loading rate tensile testing machine that 
was constructed and delivered to this Arsenal by the Hesse-Eastern Divi- 
sion of Flightex Fabrics,   Inc. ,   in order that this dynamic strength data 
could be obtained.    The testing machine to be discussed is capable of mak- 
ing tension or compression tests in which the time to reach a desired stress 
level may be varied from one second down to five milliseconds.    It is pos- 
sible to apply a preset value of stress and maintain this stress at a con- 
stant level until yielding of the specimen occurs.    Tests to fracture may 
also be performed and stresses up to 300. 000 psi may be applied to a . 250 
inch diameter specimen.    Provisions are provided for testing specimens at 
various temperatures from -65  F to 300oF.    A number of special carburized 
steel specimens were taken to fracture in the low millisecond time range, 
in order that the effects of carburization depth could be assessed.    The re- 
sults of this series of tests are reported.    Also discussed are the dynamic 
tests performed on two component items,   shot-start and shock screw,   and 
several pearlitic malleable iron specimens. 

INTRODUCTION 

Scientists have recognized for some time that a difference exists be- 
tween the mechanical properties of metals under dynamic and static con- 
ditions of loading.    Investigations of this relationship have shown that in 
most cases an increase in the loading rate raises both the yield and ulti- 
mate strength of the material. 

A phenomenon which should be considered important to the Ordnance 
design engineer whose item is loaded to peak stress in the low millisecond 

*T.   M.  Roach,  Jr.  Physicist,   U.  S.   Army Munitions Command,   Picatinny 
Arsenal,   Dover,  New Jersey. 
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rangi' la "(li'layi'd yielding. "    When icrtain metals,   iJarticularly mild steel, 
arc lauded rapidly to a omstant stress level above the yield stress,   a time 
delay for initiation of plastie flow is exhibited.      It was after a review of 
this work,   reported by  Urs.   Clark and Wood,   that the Metallurgical Coordi- 
nation Committee of Puatinny Arsenal  recommended that arrangements be 
made to have a typical shell steel tested in their machine at the California 
Institute of Technology.     Dr.   Rolf Weil of the Arsenal's Engineering Re- 
search Section,   visited Urs.   Clark and Wood in 19^6 and used this machine 
to perform a series of tests on a typical shell steel which had a static yield 
strength of KS, UOü psi.    Yield delays of 7 milliseconds were obtained with 
loads of about 94, ÜÜ0 psi at 10    psi/sec loading rates.       After these en- 
couraging results were obtained it was decided to obtain a high-loading rate 
testing machine for use at Picatinny Arsenal. 

MACHINE REQUIREMENTS: 

The following machine requirements were established by the Arsenal's 
Metallurgical Coordinating Committee: 

a. The machine shall be capable of making tension or compression tests 
in which a stress is  rapidly applied to a specimen. 

b. The range of lime to reach a desired stress level shall be from one 
second down to five milliseconds.    If the capability to apply the load faster 
can be incorporated without unduly complicating the design,   this would be de- 
sirable. 

c. It shall be possible to apply a pre-set value of stress and maintain 
this stress at a constant value until yielding of the specimen occurs.    The 
applied stress shall be able to cause fracture,   but it shall be possible to 
apply a stress which does not. 

d. The load system,   including the specimen,   must be critically damped 
and should remain so at the various elongations in the specimen to be tested. 

e. The specimen dimensions and the load system shall permit applications 
of a stress up to 300, 000 psi. 

f. The specimen shall be short enough so that up to necking down,   the 
stress is approximately uniform over the gate length at any instant. 

g. There shall be provisions for testing specimens at various tempera- 
tures from   -65ÜF to 300ÜF. 
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h.    A permanent test recurd shall be made as part of the testing pro- 
cedure. 

i.    No components of the machine shall be damaged when the specimen 
fractures. 

j.    The machine shall allow the stress to be applied in two steps above 
an initial value,   applied in the manner required in "c" above,   and shall be 
able to re-apply a second stress within SO milliseconds after the stress has 
been removed. 

A basic machine design that, appeared to be capable of meeting the a- 
bove specifications was conceived  by the Hesse-Eastern Division of Flightex 
Fabrics,   Inc.  Everett,   Mass,   and submitted to Picatinny Arsenal.    The 
proposed machine included a loading system that depended on a balanced 
pneumatic-hydraulic pressure arrangement; it was planned to introduce 
compressed gas on one side of the system,  which would be held in equilib- 
rium by a volume of fluid at equal pressure on the opposite side.    With this 
system linked to a test specimen,   rapid loading was to be accomplished by 
quickly venting some of the fluid out of the operating cylinder.    In the basic 
proposal,  loading time was to be controlled by the variable restrictions and 
quick operating electrically controlled valves.    Sequencing of valve actions 
were to be initiated and timed by electrically operated,  adjustable time de- 
lay relays.    The maximum loading rates requested in the specifications in- 
dicated a need for very high speed valve actions. 

The operating cylinder and piston was designed with sufficient stroke 
length to allow application of successive rapid loads,  and also to accomodate 
elongation of ductile specimens.    Two accumulator tanks were to be in- 
cluded,  with a system of manifolding and valving to allow two step or two 
pulse load patterns. 

MACHINE CONSTRUCTION: 

After the machine design was formalized to a point where all major 
dimensions and operating parameters were established; sketches of the 
various detail parts and sub-systems were prepared.    This design was sub- 
mitted for Arsenal approval and at this time it was decided to build a bread 
board version of the test machine.    After assembly of the machine had pro- 
gressed to a point where it could be considered operational,  preliminary 
tests were conducted to determine the spring constant of the machine and 
damping requirements.    Some design deficiencies were revealed in these 
tests and changes were introduced which served to correct these problems. 
The instrumentation system for read-out of load and strain data was also 
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sein U'd at  this tmw.      Thi-  1 ran-sdiuii-rs  srltJcli-tl vvt-T«:  a Baldwin-Lima- 
I laim llon-Slll   rrsistain r  .strain ga^c  scpafablL' i;xU'n.suini;U: r to measure 
strain,   and a Cux and Stcplu-ns  resistance strain ga^e litad cell tu measure 
load.     A Tektronix dual beam oscilloscope was selected fur signal display. 
The original instrumentation system lor displaying the transducer outputs 
on the oscilloscope proved to be troublesome and was discarded.    Two Tek- 
tronix,   type U plug-m units,   which provide excitation voltages for the 
strain gages or transducers,   were substituted.    A stainless steel cylindrical 
enclosure was fabricated to surround the specimen and provide a heat shield. 
This unit is fitted with a 7SC) W calrod heating element that was shaped to 
surround the gage length protion of a standard tensile specimen.    A copper 
constantin thermocouple operating a millivoltmeter pyrometer was pro- 
vided for sensing specimen temperature.    Low temperatures may be a- 
chieved by placing an acetone and dry ice bath,   or other type of coolent in 
the specimen chamber. 

Figure 1 shows the testing machine and associated recording equipment 
and Figure i the  piping and valve  layout, 

EVALUATION TESTS: 

Machine evaluation tests were performed prior to acceptance and all 
the  required operational tests were performed satisfactorily except the 
capability to apply the desired load to a specimen in five milliseconds.   It 
was suggested at this time that a burst or rupture disk technique be tried. 
The disk would be designed to fail at a predetermined pressure level,   and 
provide the  required fast rise times.    A burst disk holding fixture was de- 
signed to hold the burst disk,   and loading times of less than five milli- 
seconds were obtained using this system.    At the present time a new tech- 
nique is being investigated that will permit a single thickness rupture disk 
to be used through the entire pressure range. 

Illustrations of the various loading modes are shown in Figure 3. 
These are reproductions of the Polaroid test records.    Record (a) was ob- 
tained with the machine selector switches set for the "load and hold" con- 
dition of loading,   (b)   was obtained with the selector switches set for the 
"load and unload" condition,   (c) is the result of a "two step" loading selec- 
tion and (d) shows the "load,   unload and reload" condition. 

EXPERIMENTAL RESULTS: 

1,    After machine installation was completed in the Engineering Sci- 
ences Laboratory at Picatinny Arsenal,  tests were made to check machine 
performance.    Two typical load to fracture records that were obtained 
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during llu'Sf tfsts ari' shown m I'iguri'   1.    Rcronl (,i) «jhuws lailun- uf a 
nu-dium tarliun stin-l  spci-1 me n willi an applied piston pressun- (jf  i7S psi. 
Tlu.'  peak  load in tins rase was -1, S11Ü pounds,   cqui valiMil to a luaxiniuni 
stress U'vid of lM, I'UU psi.    Rci-ord (b) shows failuru of an aluminum alloy 
with the samt' maclüiu" loading of iTS psi.    Tlu; peak load in the case was 
3,4SÜ pounds,   equivalent to a maximum stress load of 70, 400 psi.    The 
specimens used to check initial machine performance were supplied by the 
manufacturer.    Static  strength data was not made available. 

L.    It was requested by Dr.   Rolf Weil,   of Stevens Institute of technology, 
soon after machine installation,   that a series of special carburized steel 
specimens be taken to fracture in the low millisecond time range.    Figure 
5 (a) shows the load and strain record for an SAE 1045 steel specimen that 
had been carburi/.ed for a six-hour period.    The peak load for this speci- 
men was 7700 pounds,   which is equivalent to a maximum stress level of 
157,000 psi.    Record (b) shows the load and strain traces for a specimen 
that had been carburi/.ed for a nine hour period.     The peak load in this case 
was 6400 pounds,   equivalent to a maximum stress level of 130, 000 psi. 
Figure 6 (b) shows the type of teat specimen used in this series of tests. 
Type C-7 wire strain gages were bonded to all carburized specimens.    The 
records obtained in this series of tests clearly showed the effects of the 
depth of carburix.ation on fracture strength.     Dr.   Weil has evaluated this 

work and has incorporated it in a detailed report (Confidential). 

3. Several pearlitic malleable iron specimens (this material used in 
the 105mm,   M44<i shell) were taken to fracture in the low millisecond range. 
In the test record shown in Figure 7 the peak load is 4000 pounds,   equivalent 
to a maximum stress level of 81, 600 psi.    This work was requested after 
the question had been raised as to whether this material could possibly 
have a variant dynamic fracture  strength or even be stronger under static 
loading conditions.    At the present time a program is under way to test 40 
specimens of this material both statically and dynamically.     Test specimens 
are being taken from four different projectiles and both tensile and com- 
pressive tests will be performed, 

4. It was requested that a number of shock-screws be taken to fracture 
in the low millisecond time range.    Figure 8 shows a particular type of 
failure that was encountered in these tests and Figure 9(b)  shows a typical 
test record for this item.    The drawing of the shock-screw in Figure 8 was 
made six times actual si/.e as the screws overall length is only 11/16 inches. 
This item is part of the fin assembly on an artillery round and its function 
is to prevent the fins from opening prematurely.    As both Watertown Arsenal 
and Picatinny Arsenal manufacture these screws,   samples from each in- 
stallation were included in the test group.    Of the twelve screws tested only 
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um; faili'd tu neck down lusfoff fracture,   and it is felt that the screw could 
have cocked ii\ the holding device and permitted a bending condition to ex- 
ist.     The maximum stress level in this case was Wi, 000 psi and was the 
highest stress measured for the group.     The average maximum stress for 
the Watertown Arsenal screws was 179, 300 psi and the average for the 
Picatinny Arsenal screws turned out to be 179, 000 psi. 

5. A number of shot-start components were fractured in the low milli- 
second range.    The function of the shot-start,   shown in Figure 6 (c),   is to 
retain the projectile in the cartridge case until the propellant gas pressures 
reach a relatively high value,   at which point the shot-start fractures and 
the projectile takes off.    A load to fracture record for one of these compon- 
ents is shown in Figure ') (a).    The peak load was 8, 300 pounds,   equivalent 
to a maximum stress of 170,000 psi.    The rise time to this stress level 
was eight milliseconds.    A static fracture test was performed and the peak 
stress was found to be 171, SOO psi.    These items are manufactured from 
SAE 4140 steel.    A second group of these components,   made by a different 
manufacturer,   are being evaluated,   and preliminary results indicate they 
are stronger.    One shot-start was loaded to 8800 pounds (load and hold) 
with no fracture or apparent elongation,    A second item fractured at a load 
of 10, 000 pounds,   equivalent to a maximum stress of 204, 000 psi. 

6. An experimental investigation which involves the dynamic loading 
of small aluminum and steel beams is being conducted by the Dynamics 
Unit at Picatinny Arsenal.     This work is being sponsored by the Air Force, 
with the analytical work on this program being assigned to a group at the 
Massachusetts Institute of Technology.    The M.I. T.  analysts have re- 
quested that coupons of the three materials used in the explosive loading 
tests be fractured statically and at various loading rates.    Figure 6 (a) 
shows a typical coupon specimen with a foil type strain gage bonded at the 
midpoint of the gage section.    The three metals to be tested were (a) SAE 
1100 steel (b) 6061-T6 aluminum (c) Z0Z4-0 aluminum.    Ten coupons of each 
type of alloy were prepared and instrumented with foil type strain gages. 
Figure 9(c) shows a load and strain record for one of the 6061-T6 aluminum 
specimens.    The peak load,  which was reached in approximately five milli- 
seconds,   is 3,100 pounds,  which is equivalent to a maximum stress of 
49,700 psi.    As only four 6061-T6 aluminum specimens have been fractured, 
all in the 5-8 millisecond time range,  no data is available at this time for 
noting rate effects. 
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CONCLUSIONS 

Tin' lii^li loailiii^ rat«1 testing luacliinc described in thia paper has prov- 
en to be a very useful tool in research tasks and in the inyestiyations of 
parts,   lompoiuMits and subassemblies of various small Ordnance structures. 
This machine has proven it can meet the  specifi'c performance specifica- 
tions,    It has been shown,   using the  rupture disk technique,   that the time 
required to reach a desired stress level can be less than the required five 
milliseconds.    In one of the shuck screw fracture tests the peak stress was 
reached in three  milliseconds. 
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DISCUSSION 

Dr.  A.  G.   H.   Andersen,   Watertown Arsenal:      I would like to ask what is 
the actual  fastest speed that you have? 
Mr.   Roach:     Dr.   Andersen,   two milliseconds is the best and we hit that 
once and we have hit three milliseconds several times. 
Dr.   Andersen:     You do expect eventually to get down to the millisecond 
range. 
Mr.   Roach:    It Is two millisecond I am talking about. 
Dr.   Andersen:     I should say microsecond range. 
Mr.  Roach:    No,   this machine will not go to the microsecond range.    We 
ask in the specs that it go down to five; we hope for better and with the 
burst disc we are down to Z and 3 milliseconds. 
Dr.   Andersen:      You don't expect anything better than that? 
Mr.  Roach:    I think that is all they are going to get out of this machine. 
Dr.   Andersen:     There seems to be a stopping point for most of these ma- 
chines that we have heard about lately. 
Mr.  Roach:    Right. 
Mr.  Robert Schwartz.,   Munitions Command,  Dover,   N.  J,:     Many years 
ago we conducted a great deal of dynamic loading tests,  perhaps not on 
machines but I recall that we had an artillery shell pretty well instrumented 
where we got the actual dynamic stress under loading conditions,   so we 
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had pretty realistic coiulitioiiö as to what is happeninj» during the maximum 
stress conditions when tiring in a gun.    llow do these latest static machines 
compare with the  realistic gun firing conditions that we are trying to simu- 
late to get some data forv 

Mr.   Roach:    Well,   the shell is so designed that it is assumed that the 
stresses are of a certain magnitude.    In the gun firing the idea is to check 
the calculated values.    You instrument the shell in the critical region under 
the rotating band and you measure your deflections and the corresponding 
stresses.     We have found close agreement for the  rotating band but back 
under the band you have a definite yielding in most cases and at the present 
time we are studying the filler supporting effect.    In other words we have 
slimmed down the artillery shell; thinned the walls down by a factor of 
three    and waited for the filler to start supporting it.    The idea was to in- 
troduce the filler into the theory by letting the filler support the walls that 
are starting to deflect and even if they go a little plastic,   it won't hurt any- 
thing.    It is a one shot item.    I don't know if this answers your question 
exactly,   Bob,   but what we are trying to do is to measure these things under 
actual firing conditions,   check the designer out this way,   hoping that we 
are helping him. 
C.  Kropf,   U.  S.   Army Tank- Auto Cinil,   Centerline:    It was interesting to 
note the effect of the increased case depth on the deterioration of the dynamic 
yield strength.    I am w i i de ring if any evaluation had been made regarding 
the quality of case depth. 
Mr.   Roach::     Was this in the work done by Dr.   Wald? 
C.   Kropf:      Yes. 
Mr.  Roach:    He has done a pretty thorough job of analyzing these records. 
He was going to speak here today but his report was confidential and that 
knocked it out but he would have probably included some remarks on this 
because I know he has done a thorough analysis. 
H.  Cadle,  Springfield Armory:      1 would just like to comment on the Q units 
that are used in the dynamic loading at. times.    We found that you have to 
be a little bit careful as you get down to frequencies lower than what you 
have been having so far.    At 6 KC the Q unit has a 3 DB shift and we found 
that m. a half a millisecond rise time we did not get good response. 
Mr.  Roach:      It is interesting that you mention this.    We were fortunate in 
having three Q units and we found one of them was not performing satisfac- 
torily so we pushed it aside and we checked the other two out completely, 
and we were satisfied with them. 
Abraham L.   Dorfman,   Pic atinny Arsenal:   In response to Bob Schwartz's 
question,  1 think,   Tom,   correct me if I am wrong,  in setting the specifi- 
cations for that piece of equipment the 5 milliseconds or better was based 
upon the actual results of firing bursts. 
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Mr.   Rniu'li:     That w.is tlu- idea. 
Mi .   Dorlman:      I think that answers your question,   Bob.    This is the order 

of time that we are experiencing in firing. 
Mr.   Roach;     Right,   that was it. , 
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A MEDIUM-SPKED  TENSILE TESTING MACHINE ANÜ ITS PERFORMANCE 
IN TESTING OF SOME ORDNANCE MATERIALS 

Dr.   A.   G.   11.   Andersen* 

ABSTRACT 

A pneumatic tensile tester,   recently designed and built at Watertown 
Arsenal Laboratories,   has a load capacity of 12,000 pounds and an idling 
speed of about   U)0 in. /set:,   over a  i-incli  stroke,   at SOO psi nitrogen or 
less than half the allowable maximum pressure. 

Loads and strains may be recorded by oscillographs or oscilloscopes. 
The scope can be triggered through an electric   circuit by an internal,   auto- 
matic poppet valve in the main gaspcrt.     External,   auxiliary diaphragm 
valves are actuated by solenoids.     Excess energy of piston assembly.,   after 
a tensile rupture,   is absorbed through rapidly damped oscillations between 
two air cusions at opposite ends of the cylinder. 

The machine is mounted on a carriage  resting on springs and Barry- 
mounts so that operation at full load tr'-nbiuUs negligible vibrations to 
the floor.    Weight of machine and carnage is 700 pounds; base,  600 pounds; 
and steel safety cabinet    400 pounds. 

Short descriptions and a number of illustrations are presented which 
show typical actions of the machine and results of various tests recently 
performed on ordnance materials, 

INTRODUCTION 

Dynamic testing of mechanical properties of materials began in the early 
years of this century and has,   in recent years,   become of increasing interest 
to the U.   S,   Army Ordnance Corps.    Jt  is interesting to note that in 1936 
Watertown Arsenal constructed and applied one of the early dynamic testing 
machines. 

Since the advent of electric resistance strain gages and oscilloscopes 
in the materials testing field    the techniques of high-speed testing have 
advanced rapidly.    This development has continued at a fast pace since the 
early days of World War II. 

Dynamic; testing includes a large variety of testing techniques depending 
mainly upon speed,   cycling,   temperature and motive power.     Dynamic testing 

*Dr,   A.  G.   II.   Andersen,   Materials Engineering Laboratory,   Watertown 
Arsenal,   Watertown,   Massachusetts. 
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equipnu'iU,   ari'ordin^ tu its oljjeclivea,   teiuis to be- hij^lily specialized.     Al- 
though a lumiber of m.u Inms of different designs have been developed,   for 
medium-speed testing,   few of these are commercially available.    Probably 
no generally preferred type of medium-speed machine exists today,   although 
piston-type machines actuated by inert gas,   seem to predominate in current 
usage in the loading rale  range pertaining to much ordnance materials testing. 

Characteristic  features of dynamic testing apparatus generally,   are 
the ranges of rates ol loading  and straining.    With reference to rates of 
straining,   three distinctive groups of equipment are recognized: 

1.      The Hopkinsun bar type of testing for studying the truly high-speed 
dynamic  reactions of metals - the elastic and plastic wave phenomena. 

L.     The high-speed tensile testing machines,   operating at strain rates 
from roughly 10 per second to 1000 per second and higher. 

3.      The medium-speed tensile testing machines,   operating in the range 
of 0. 01 per second to 100 per second. 

While it is customary to state the strain rate ranges obtainable with specific 
dynamic tensile testing equipment, the strain rates themselves are not char- 
acteriritics solely of the equipment. 

With dynamic testing equipment that transforms a negligible proportion 
of the applied kinetic energy into strain energy,   the strain rates are definite 
characteristics.    This is not usually the case with piston driven machines 
arranged to start the straining of specimeno from rest.    In these machines, 
the rates of strain attainable,  depend upon properties of the specimens as 
well as on the loading rates.    Maximum load and loading rate rather than 
strain rate characterize any of these machines. 

Various means are used for driving the tensile testing machines.    The 
fastest machines are piston-type machines driven by explosive charges,   im- 
parting strain rates claimed to reach Z5, 000 per second.      Rotary drum-type 
machines have produced strain rates up to 1000 per second.    Pendulum im- 
pact machines have been reported to operate at 150 per second.    Piston-driven, 
pneumatic and hydraulic machines usually are limited to ranges below 100 
per second. 

GENERAL CHARACTERISTICS OF THE TESTING MACHINE 

The Fast-Acting Tensile Tester,   designed and built at Watertown 
Arsenal,  has components arranged essentially similar to those of the ordi- 
nary hydraulic tensile testing machines by which a piston,   connected to the 
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upper crosshead,  is made to strain tht; specimen.    However, this machine 
utilizes high-pressure j>as for driving power.    A diagram of the machine is 
shown in Figure 1. 

Power is supplied according to a principle commonly used for dynamic 
piston-driven testing machines in that the piston is held stationary by balanced 
pressures on its two sides and made to move by unbalancing the pressures. 
The load capacity of the machine is \1, 000 pounds in tension between cross- 
heads,    With specimens secured tightly in the grips,   loading rates of 5KLb 
per millisecond have been achieved during rise times of 2 m sec.   more 
commonly,   rise limes of 3 to H milliseconds at loading rates of 1 to 2 KLb 
per milliseconds have been employed.     The strain rates obtained on high 
strength,   low modulus alloys with these loading rates were between 2 and 7 
in. /in,  per second.    These rates can be considerably increased when slack 
is allowed to occur between the crosshead and the specimen grips,  thereby 
causing the moving components to acquire kinetic energy before engaging 
the specimen. 

Load,   strain and crosshead travel data can be photographically re- 
croded on an oscilloscope,   triggered thrt agh an electric circuit by an in- 
ternal automatic poppet valve in the main gasport.    External valves actuated 
by solenoids provide convenient control of the gas flow through the machine. 
The machine is mounted on a carriage flexibly supported by springs on a 
heavy base resting on Barrymounts so that operation at full load transmits 
negligible vibratioas to the floor.    Surplus energy of the moving components 
is absorbed by rapidly damped oscillations of the piston assembly between 
two air cushions forming at the extreme ends of the cylinder. 

DESCRIPTION CF THE MACHINE 

Assembly 

The machine consists of a cylindrical stanchion containing all mobile 
components excepting supports,   a base,   a mounting platform,  tie rods,   and 
a beam for securing the stanchion to the platform (Figure 2) and electric 
controls. 

The stanchion assembly (Figure 3),  consists of a cylinder with a pis- 
ton in its lower end,   a frame terminating in a cap in its upper end,   (2,  Fig- 
ure 3) and near its middle the lower platen (x-5.   Figure 3).    The cylinder 
has eight gasports interconnected by four vertical passages shown in (Figure 
3,   F-l,   F-2,   F-3). 
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The piston is provided with a cuiuiectin^ rod (4A,   Figure   J) having a bore 
into which is fitted a spring with guide rod (4D,   Figure  3. )   This bore also 
contains,   slidingly,   the stern of the: poppet valve head (4E,   Figure  i).    The 
piston rod passes through a bushing in th<' cylinder head and is connected to 
a circular table carrying two posts (Z,   Figure   J) terminating in the upper 
platen,   (Z-E.   Figure   i).    The posts pass freely through slots in the lower 
platen.    The platens carry accurately aligned ball and socket joints (2B, 
Figure  i) with stems to receive the specimen holders,   [21,   Figure 3). 

At. the lower end of the stanchion,   the cylinder is closed by a block 
and sealing rings shown in (S,   Figure   '>).    Thrcugh the block runs a 1-inch 
diameter bore terminating in the electrically tPSulated valve seat (5c,   Figure 

*;. 

The stanchicr rests on a platform of structural steel (18,   Figure 2) 
and is secured thereto by two tie rods and a girder (41 and 40,   Figure 2). 
The platform rests on springs carried by the base (14,   Figure 2) and guided 
by four posts (16,   Figure Z) which extend from the base through holes in the 
platform.    Springs are similarly provided above the platform,   and are held 
in place,  by the railing (Z4,   Figure Z) attached to the posts. 

As a safety measure,   the cylinder is covered by a 1/4-inch steel shell. 
All parts of the machine- below the top level of the cylinder are located with- 
in a steel plate cabinet whose topside deck forms the work table of the ma- 
chine.    The plates are of various gages,   from 1/8 to 1/4 inches,   according 
'.c safety considerations.    The base and carriage are welded structures of 
steel plate and channels,   as can be seen in Figure Z.    The railing and spring 
stops,   visible above the carriage,   a^e woHed alimmum tubes. 

The piston,   shown in Figure  3,   is aluminum alloy 70 75-T6 except for 
the steel bushing in its topside.    The yoke is of titanium alloy 6AI-4V (1Z0, 000 
psi y.S. ) and weighs 2b pounds.    If it were made of steel of the same strength, 
its weight would amount to 42 pounds.    Howe vet,   the higher rigidity of steel 
could possibly be beneficial. 

Specimen Holders 

Grips are provided for round specimens and for two types of flat test 
pieces,   viz.,   with and without pin holes,   respectively.    An adjustable com- 
pression head and pressure transducer are available.    When used,   these 
are mounted between the lower platen and the movable table.    Buffers tipped 
with rubber are provided for use with the pressute-head,  in order to stop 
the table and piston assembly from appreciable motion in case a specimen 
should collapse. 
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Provision has also been made for hydrodynamic testing; intensifiers, 
with pressure manifolds for pressure gaKe3 an(l tubular specimens are 
available,   but have not yet been put to use. 

Dimensions and Weiehta 

The net floor space required is 4t>. i x 47. 5 inches,   not including the 

space required by the 9-inch diameter nitrogen cylinders.    The height to 
the work table is 41 inches and the over-all height of the machine is 75, 5 
inches. 

Weight of Components Pounds 

(i) Piston and Yoke Asacmbly with Transducers 
(Z) Testing Machine,   less (1) 
0) Testing Machine Proper (net.) 
(4,1 Carriage,  including Overhead Girder and Tie Rods 

(5) "Floating Unit (3) and (4) 
(6) Base with Attached Accessories 

(7) Net Weight,  without Steel Cabinet 
(8) Steel Cabinet 
(9) Total Floor Weight 

36 
262 
298 
402 
700 
600 
1300 
400 
1700 

OPERATION OF THE TESTING MACHINE 

Activated by high-pressure gas,   the piston complex (Item I above 
listed) will be impelled upwards and the cylinder will recoil.    In order to 
take this downward thrust,   the cylinder is attached to a carriage which 

rests on springs fixed to a heavy base.    The piston complex may,  after the 
specimen is broken,   posses high kinetic energy.    Its motion can be stopped 

and reversed by a cushion of trapped gas in the cylinder head and this action 
impels the machine and carriage upwards.    Hence,   springs are provided 
above the carriage to take its upward thrust.    The carriage thus "floats" 

between two sets of springs held in position by sturdy rods that pass with 
loose fit through holes in the carriage.    Therefore,   these are secured in 

position between the carriage and an overhead girder by means of two tie 
rods.    This arrangement is illustrated by Figure 2. 

A sectional view is shown by Figure 3 from which the functioning of 
the machine may be understood.    Dry nitrogen gas is lead into the cylindri- 
cal space beneath the poppet valve head,   designated as 41 in Figure 3,    This 
chamber is connected through a valve to an accumulator,   shown in Figures 
4 and 5,   which can be safely charged with nitrogen up to 1200 psi. 

Ordinarily,   only a small pressure under the valve head would be re- 
quired to lift the piston assembly enough to let the high-pressure gas es- 
cape past thr valve into the, space under the cylinder and thereby impel the 
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pisUm upward.     Iluwcvcr,   thi'  slight  nuitiDii ut  tht-  popiJi'l valve head rt;- 
iiuiri'd tu iuitiatt' this rvciit,   us previ'iitrd by tin: admiltam <: uf low-pressure 
air through rhaimrls ( iFI  m Figure   i) into the  spai:e between the cylinder 

head and the piston's upper laee.     The  ratio uf the areas of the piston face 

and the valve opening is ^0:1,   so that an air pressure 1/ZÜ the nitrogen pres- 

sure is needed to balance the forces on the valve and piston.    With a some- 

what higher ratio of air pressure to nitrogen pressure,   say 1/1S,   the valve 
will  remain securely seated.     The 1:1S force seating the valve may be aug- 

mented by putting the specimen under more or less initial tension. 

In time,   however,   wear and tear will cause gas to leak past the pop- 

pet valve.     Therefore,   arrangement lias been made to vent the space under 
the piston,   above the valve,   to the atmosphere through the fitting 5K,   Fig- 

ure i,   and a three-way valve connected thereto. 

Upon "striking," the accumulator valve (A,   Figure 4; D-998,   Figure  5) 

opens,   the air pressure above the piston is dumped through the dump valve 
(B,   Figure -l; C-194S,   Figure  S). 

Thus,   with the dump valve and the accumulator valves open,   the force 
under the poppet valve: increases and the force on the cylinder top decreases 
until the former exceeds the latter.     With a tight specimen,   the  resisting 
force of the specimen may prevent the poppet valve from opening.    Positive 

action is nevertheless assured,   for now the vent of the three-way valve is 

automatical!v closed and a small stream of high pressure gas is let in un- 

der the piston,   through this valve.     The entrance of this gas causes the 
piston to move up slightly.     Tin; poppet valve stem which slides in the pis- 

ton rod is depressed by a slight spring pressure (see Figure 3),   but pressed 

upwards by the difference in pressure acting on the upper and lower faces of 
the puppet valve head.     The   latter pressure exceeds the former and the pop- 

pet valve head moves up in unison with the cylinder,   thus initiating admis- 

sion of the main stream of high pressure gas through the poppet valve open- 
ing. 

Now,   the piston assembly with the poppet valve assembly retracted as 

shown in Figure 6 moves upward impelled by the gas pressure,   until it 
reaches the portholes  iFI and }FZ,   Figure 3,   and moves toward their upper 
edges.    Communication is thereby established between the accumulator and 
the surge tank (shown in Figures 4 and S) so that their pressures tend to 
equalize.    Moving past the portholes,   the piston traps and compresses the 
gas in the upper portion of the cylinder forming thus a spring cushion that 

reverses the direction of motion of the piston.    The entrapped gas reaches 
a higher pressure than that in the system generally and,   through a channel 
in the piston rod,   (104,   Figure 6) it transmits pressure to the top surface 
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Figur« 6.  CYLINDf.R AND PISTON WITH VALVE ASSEMBLY RETRACTED 
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ul tin- poppet valvi- .slt-m.     This prcssurtr,   .lidcd .SOIIK.-WII.II by the spring 
('113 i)f' Figure   i),   ovtsriHiines the inertial furce between the poppet valve 
head and the piston,   causinj» the poppet valve assembly to move downward 
to its extended pusition ahead of the piston as shown in Figure 7.     The parts 
.ire proportioned so that the valve head becomes sealed when the piston's 
lower face passes the portholes (iFi. of Figure   i).    The gas entrapped be- 
tween the piston and the closure (5 of Figure;   i) aided by the spring {4D of 
Figure   i) keeps the valve closed and the compressed gas,   acting as a spring 
cushion,   finally  reverses the motion of the piston,   completing the  first 
cycle during the  upstroke of which the  specimen <dJ was  ruptured. 

A second cycle commences without  active pressure in the accumulator 
and is followed by additional cycling until the energy of the  system is  re- 
duced to zero.    The damping process may be influenced by releasing more 
or less gas through the surge tank valve to the atmosphere, 

LOAD AND STRAIN GAGES 

The  specimen to be tested (ZJ,   Figure  3) is attached through tubular 
adapters (ZH,   Figure i) to ball and socket joints in the crossheads.    One 
adapter also serves as load transducer and is supplied with four SR-4 gages 
connected to form a complete bridge i urcuit.    Small strains are measured 
by SR-4 gages attached to 'he specimen,    Crosshead travel can be measured 
by means of a linear potentiometer gage or a differential transformer gage, 
attached to the frame,   and actuated through a wiper and rod attached to the 
uppcr crosshead. 

The outputs of the gages are fed into an oscilloscope triggered by a 
battery current through the poppet valve head and the electrically insulated 
valve seat.    When the valve head raises from the seat,   it acts as a switch, 
breaking the circuit,   thereby energizing a thyratron which triggers the 
scope. 

THE PNEUMATIC SYSTEM 

A functional diagram is shown schematically in Figure 4 and a ' ^yout 
of the high pressure lines in Figure S.    All pressure lines,   leading to and 
from the cylinder mounted on the floating carriage,   are flexible,   extra- 
strong braid tubing.    All other high-pressure lines are extra-strong steel 
pipe and fittings.    The high-pressure valves are rated at 6000 psi hydraulic 
pressure    but it is recommended that their use be limited to 1500 psi gas 
pressure.    The positions of the valves can be seen in Figure 5.    For the 
sake of convenience,   the operating valves are electrically actuated from a 
central switchboard. 
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Figure 7. CYLINDER AND PISTON WITH VALVE ASSEMBLY EXTENDED 
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Ri-ftrrriiiH tu Figuri: 4,   low-prt-ssurt- air is charged into Ihi: cylindur 
lit;ad fri)iii a l()U pai air main.    The air passes thruugh a cleaner-pressure 
regulator unit before it is admitted to the cylinder through a l/4-inch pipe 
and solenoid valve.     This air line contains a check valve,   a blow-off valve 
and a pressure gage (shown in Figure 4), 

The nitrogen gas is supplied from a commercial tank provided with a 
gage and regulator.    It is charged into the accumulator through a l/4-inch 
pipe by means of high-pressure solenoid valve and this line also contains 
a check valve,   blow-off valve and pressure ^age.     When charging,   the ac- 
cumulator valve A may be kept open and ^as at any pressure up to about 
9ÜÜ psi introduced in the  space under the poppet valve head.     Valve A is 
then closed while the accumulator is being charged to any desired higher 
pressure,   up to 1ZÜÜ psi.    The 9ÜÜ psi limit,   stated above,   is determined 
from experience as the- pressure at which the poppet valve might open pre- 
maturely. 

The quantity of gas thus charged remains in the accumulator until re- 
leased through the diaphragm valve A and the 1-inch flexible tubing leading 
to the space under the poppet valve. 

At the instant of striking,   the air above the piston in the cylinder head 
is dumped through the 1/Z-inch valve B into the surge tank and then through 
a throttling valve and exhaust muffler to the atmosphere.    The three-way 
valve,   already   referred to,   which,   before striking,   vents the space in the 
cylinder under the piston  and,   during striking,   injects high-pressure gas 
.nto this space,   is a 1/Z-inch diaphragm valve designated C,   in Figure 4. 
The vent line from valve C contains a safety valve and also a l/8-inch sole- 
noid valve E used only when prestressing a specimen.    The valve D is a 
1/ü-inch valve which is used mainly for quick pressure release when called 
for.    All valves are normally closed and will open and remain open only 
when energized.    The three diaphragm valves are actuated by low-pressure 
air from the main.    The auxiliary air line leads through a cleaner-regulator 
unit into three l/4-inch branch lines.    Each branch contains a solenoid pi- 
lot valve which,   upon opening,   supplies air at 35 psi to activate its master 
diaphragm valve.    It should be noted that valves A,  B and C are compara- 
tively slow acting.    The fast action of the machine depends upon the poppet 
valve which functions suddenly,   only after the slower valves have passed 
gases enough to create excess pressure under the piston.    Thereafter, 
these valves sustain the pressure difference.    Adequate functioning of the 
machine requires that all joints in the pneumatic system are tight. 

Figure 8 illustrates the main seal arranged according to P.  W.  Bridgman's 
principle of the unsupported area.     The figure also shows the seals required 
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for the insulated valve seat and its electric lead wire,   likewise according 
to Bridgman.    The bushing for the piston rod is provided with a rod seal 
and the piston contains two piston seals as shown in Figure 3. 

SWITCHING SEQUENCES 

The electric wires from the solenoids are brought into a switch box 
situated on the deck of the machine.    The solenoids on the charging valves, 
S-4 and S-5,   are connected to individual switches on the panel of the switch 
box.    All three solenoids,   S-l,  S-^i,   and S-3,   in the auxiliary air lines that 
operate the diaphragm valves are wired to a compound,   rotary switch as 
well as to push buttons on the switch box panel.    There is also a main power 
push button switch. 

By turning the knob,   with the power supply off,   the rotary switch may 
be set at position U at which all solenoid circuits,  except D,   are closed. 
Closing the power supply switch thereupon energizes the solenoids and opens 
the valves.    The switching schedule is shown in Figure 9. 

Valve A opens and admits high-pressure nitrogen under the poppet 
valve.    Simultaneously,  both the valves B and C open.    With these valves 
open,   as already described,   the air in the cylinder head is vented,   the gas 
vent from the cylinder bottom closes and high-pressure ^as enters under 
the piston driving it,   and the yoke to which it is attached,   upward.    A pre- 
load can be put on a specimen by tightening the grip adapter and by pre- 
charging gas directly under the piston by manipulating the auxiliary switch 
la which controls valves C and E.    When it is desired to dump the pressure 
abov* the Valve A in order to limit the duration of a pressure impulse,  the 
rotary switch setting will proceed as from position II to III,   thereby closing 
A and C while opening D.    Experience shows that for short impulses this 
operation requires an electronic timing device,  which presently is under 
study. 

Various loading rates may be obtained by varying the pressures and 
judiciously operating the switches.    More direct means for control of speed 
are,  however,  being studied. 

TESTS ON DAMPING AND ON VIBRATIONS OF THE MACHINE 

By use of the machine for tensile and for compressive testing,  the 
lower platen is struck by a force reacting to the load on the specimen. 

When a specimen is to be struck without being fractured as is often the 
case in compression and in multiple blow tensile testing,  the piston com- 
plex immediately comes to a stop while the energy employed is dissipated 
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through tho specimen and machine. 

But,   when rupture occurs in tension of specimens having high strength 
and low ductility,  the piston may travel an additional 3/4-inch or so under 
high gas pressure andthus acquire say,   250 Ft. Lb.  of kinetic energy.   This 
energy could deliver a disturbingly severe blow to vital components,   if it 
were not dissipated gradually.    This is done,   as already explained,  by 
rapidly damped oscillations of the piston complex.    Figure 10 illustrates 
this by photographic oscilloscope traces of piston travel versus time; these 
were obtained while running the machine without a specimen in the grips. 
The maximum speed shown here is ZS Ft.   per second corresponding to a 
kinetic energy,   1/Z m v    - 250 Ft Lb. 

The vibrations which occurred under similar circumstances were reg- 
istered by an accelerometer attached to the stanchion and recorded as os- 
cilloscope traces of acceleration versus time.    These are illustrated by 
Figure 11.    The recorded maximum is 5G's. 

In Figure 12 are shown the traces of vibrations occurring during com- 
pression testing of a plastic specinnen.    In this case the accelerometer was 
affixed to the frame well above the lower platen.    The maximum accelera- 
tion shown here is 6 G's. 

Some materials will collapse during compression; in such an event, 
the piston complex must immediately be prevented from proceeding under 
pressure and gaining excessive momentum.    This is done by placing suit- 
able buffers adjacent to the pressure head.    These,  in suddenly stopping the 
motion transmit the force acting on the piston through the lower platen to 
the frame.    Severe vibrations in the machine may arise therefrom.    Some 
oscilloscope traces of such vibrations may be seen in Figure 13 to reach 
ISG's.    Such,   rather excessive,   accelerations ?.re preventably by use of 
suitable buffers and careful avoidance of higher loads than necessary for 
the purpose at hand. 

SOME DYNAMIC TESTING OF MATERIALS AT WATERTOWN ARSENAL 
LABORATORIES  

The Fast-Acting Tensile Tester has been used on Research and devel- 
opment projects for tensile testing of alloys at temperatures ranging from 
-650F to + 170oF; multiple blow tests have been made on notched specimens 
at room temperature;   compression tests on metallic and on plastic speci- 
mens at room temperature have also been done. 
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SPECIMEN: HONE. FREE RUN BETWEEN AIR PILLOWS; ACCELEROMETER 
CLAMPED TO LOWER PLATEN 
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Figure II. OSCILLOSCOPE TRACES OF VIBRATIONS 
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SPECIHCN: EPOXY, MEM« OR.10, REINFORCED 6LASS (E-7). 
ACCELEROMETER ON FRAME; CLAMPED ON TOP OF LDT FIXTURE 
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Figure 12. OSCILLOSCOPE TRACES OF VIBRATIONS 
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SPECIMEN: NONE. STOPS ON TABLF, UNDER LOWER PLATEN. 
ACCELEROMETER ON FRAME CLAMPED TO TOP OF LTD FIXTURE 
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Figure 13. OSCILLOSCOPE TRACES OF VIBRATIONS 
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Typu'iil tr.ucs ul Ifusilc luaii aiul «train vorsus Imu; in a uranium 
.illny tan br seen in Fi^urt-  II; a sliuws strain as in/in,   whili: b shows cross- 
hv'.id (list.line; twu si Dpi-s were usrd in landein.     This distance can often 
In.! used to calculate an approximate strain before maximum load is  reached, 
taking into consideration that the total extension of the whole specimen is 
involved.     Tins,   ot course,   contrasts witli the strain measured over a 0. iiS- 
inch length tit the middle id' the specimen as shown in a.    It is noted in b 
that the crosshead speed is nearly uniform until after maximum load has 
been reached; this indicates that the speed is virtually unchanged during 
general and local extension of the specimen.    Consequently,   the true strain 
takes off at the very high rate observable in a during localized extension. 
It is not until the specimen,   in breaking,   releases its load,   that the cross- 
head speeds up, this is quite apparent in b.    Sometimes a specimen will 
break while the load is on the increase; this is shown for a notched speci- 
men in Figure IS.    The hash seen on the load baselines indicates shaking 
of the transducer as its load is abruptly released during fracture of the 
specimen. 

Figure 16 is another instance of using two scopes in tandem.    The pic- 
ture at the left shows that the strain gage failed at 0. 85% strain.     To the 
right the LDT trace shows how the piston complex is momentarily retarded 
near the maximum load and accelerates at fracture.     The gap in the trace 
indicates merely that the active core went beyond the cylinder of the LDT. 
The low load trace after fracture indicates that the base line was set at a 
small preload. 

In order to obtain stress-strain curves from the load-strain-time dia- 
grams,   the films were put into a photoenlarger and the traces projected on- 
to suitable coordinate paper so that they could be traced off in pencil.    The 
coordinates were supplied with scalars representing stress and strain. 
From these diagrams crossplots of stress versus strain were finally made. 
An example of this from the trace in Figure 14a is given in Figure 17,    This 
process is rather cumbersome. 

When no especial interest is attached to individual variations of stress 
and strain with time,   x-y records of stress versus strain can be made.    A 
comparison of the two types of records are shown in Figure 18a and b,   which 
were obtained on a uranium alloy,   at -65ÜF,  using two scopes in tandem. 
Figure 18£ and d show stress-strain traces supplied with timing indications; 
the specimens were cut from the uranium alloy and were tested at 720F and 
-20oF,   respectively. 

Examples of repeated tensile loading tests are shown in Figure 19 which 
gives traces of load versus time taken on notched specimens of titanium alloy. 
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Figure 15. OSCILLOSCOPE TRACES OF LOAD AND HEAD TRAVEL 
VERSUS TIME 
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Figure 23.  STRESS STRAIN CURVES,  COMPRESSION,  DYNAMIC 

Page 392 



Figure 2^.  STRESS STRAIN CURVES, COMPRESSION, STATIC 
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Il , ,,11 I»- si-i'ii Iruni Kinuri' iO that the number of strikt;s (cycles) required 
to  hivak the  spfi inicns uufciscd Irmii 1 at Z-1U  KSl tu 1/6 at 161 KSI. 

Anutlu-r cxami)!»' of tin- kind of information obtained is given in Figure 
1\.     This shows how the  strength of a uranium alloy at room temperature 
increased as the strain rates were increased,   both on smooth and on notched 
specimens.    Similar graphs for -Z0   F and -6S   F show quite different vari- 
ations and taken together these graphs give important information of the ef- 
fect of note lies and stress concentration on the over-all load carrying abil- 
ity of alloys.     Lack of space permits no further discussion of this,   but ref- 
erence is made to (T-SU96 Aft Joint,   Sections III,   V,   V1I1,   WAL June 1962. ) 
A number of compression tests have been made on the uranium alloy and on 
various plastics materials.    Examples of the traces obtained are given in 
Figure 11 which represents the alloy.    The dynamic stress-strain diagrams 
obtained from Figure lie and d are shown in Figure Z3,   and the correspond- 
ing quasi-static  stress-strain curve is shown in Figure 14. 

The examples with illustrations,   given above will indicate the working 
and capability of our Fast-Acting Tensile Tester to accomplish one phase 
of the investigation of dynamic properties of materials at Watertown Arsenal 
Laboratories. 
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DISCUSSION 

Questioner:  How much does this machine cost? 
Dr.  Andersen:     That is an engineering question.    As you know,   an engin- 
eer is a person who can produce a machine at lower cost than his compet- 
itors.    I should say that this machine has been used for many purposes. 
It   is not only the building of the machine that figures in the cost but all the 
little side issues we have been able to do and frankly,  they have never 
shown me the cost of these items.    I don't think they would be excessive 
but to answer your question,  I do believe you could build this machine for 
$20,000. 
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A NEW CONCEPT FOR STUDYING PRESSURE VESSEL CONFIGURATIONS 
UNDER HIGH PRESSURES AND LOADING RATES 

T.   E.   Davidson'and D,   P.   Kendall"" 

ABSTRACT 

This paper discusses the design and operation of a newly developed 
testing system for hydrodynamically producing pressures up to ^0, 000 psi 
in full scale pressure vessel configurations.    Rise times of 3 milliseconds 
can be obtained in large vessels and considerably shorter rise times are 
possible in smaller vessels. 

Two existing systems are described and an analytical method of de- 
termining the pressure-time response for any similar system is presented, 
Several experimental pressure-time curves arc  shown and compared with 
the computed curves. 

The possibility of using such a system as a basis for a high strain 
rate tensile testing machine is discussed. 

LIST OF SYMBOLS 

M 
V 
L 
A 
P 
ci 

r 
f 

- mass of fluid,   lb mass 
= volume,   cu in. 
- length of each feed pipe, in. 
= cross sectional area, sq in. 
= pressure,   psi 
- average weight density of fluid,   lb per cu in. 
- mass density of fluid,   lb mass per cu in. 
- mass density at zero pressure 
- friction factor 

T.   E,   Davidson,  Chief of Physical and Mechanical Metallurgy Laboratory, 
Watervliel Arsenal,   Watervliet,   New York, 

D,   P,   Kendall,   Project Engineer in Physical and Mechanical Metallurgy 
Laboratory,   Watervliet Arsenal,   Watervliet,   New York. 
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V M-Kn ity   "I   ll.il'i  ill  [jip'.'.    '.11.    per   sei 

1)      •:  msidi: (Uamctir ol pipe,   in. 
C      = cimslanl,   i u m.   pur psi 
F       -  velocity lob.s cuiiflicu.'iit,   psi  stii'.^ pur in. 
g      - ucculcratmii dui; lu gravity,   m.   |)(;r mtc1* 
I        ' lime from opumr.f; ol U-t:<l val^'t;,   set 
k       - cumprussibillty u! I'KIMI,   SIJ m.   pet  11J 

( )s - specimen 
( )v - valve 
( )a - accumulator 
( )p = pipes 
( )ü = initial condition 

INTRODUCTION 

i 

It is oilen desirable,   and i.n some cases necessary,   to evaluate design 
parameters,   study materials,   and determine the operational characteristics of 
components in the laboratory under simulated service conditions.    The desir- 
ability of such a procedure increases with the complexity of the component and/ 
or the extremeness of the service conditions where accurate theoretical solu- 
tions are impractical.    This report discusses the design and functioning of a 
hydrodynamic pressure system capable of producing internal pressures in a 
wide variety of pressure vessels.    Press ires up to 50,000 psi can be produced 
in less than 3 milliseconds.    The original intent of this system was to simulate 
the pressure and pressure rise time in cannon type weapons,   thus permitting 
the laboratory evaluation of the dynamic stress conditions,   strength,   and low 
cycle fatigue life characteristics of components and materials associated with 
new weapon concepts without the high expense of actual firing.    This type of 
system,   however,   lends itself to a wide variety of studies into the dynamic 
stress-strain conditions and fatigue characteristics of pressure vessel type 
configurations subjected to high loading rates and high pressure. 

A system for producing high loading rates in pressure vessels must 
consist of two basic segments, a means for storing the required amount of 
energy and a means fcr rapidly  releasing this   inergy and transferring it to 
the interior of the specimen.    The following three basic methods for the stor- 
ing of energy were, considered: 

1.    a moving mass,   accelerated by a prime mover and/or gravity,   which 
has the advantage of being capable of high cyclic loading rates; 

Z. gas charged accumulator which has the advantage that an accumu- 
lator of moderate volume need only be pressurized to slightly more than that 
required in the specimen; 

3.    liquid charged accumulator. 
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'Ihr latl.rr approaili,   i Dti.sistin^ ol J. liquid clmr^iid accumulator with 
a hi^h voUu ily rtli-asi- ami fluid traiisiiT systuin,   was chosc-n hasud ou the 
toll i'wi nji i. ui'.si do rat ions. 

1.     Flexibility 

Since it is a purely hydraulic system,   it can be used to test vir- 
luallv any component under hydrodynamic loading conditions by  simple piping 
moditications.     The peak pressure can be varied over a wide range of values 
by simply changing the accumulator charging pressure.     The rate of loading 
can be varied by changing orifice or pipe sizes.    High or low temperature 
capabilities can easily be added by heating or cooling the specimen without 
greatly affecting the remainder of the system. 

L.    Control 

Very accurate control and reproducibility of peak pressure is in- 
herent in this type of system since the peak pressure is directly a function 
of the compressibility of the liquid and the charging pressure.     The former 
is very neariy a constant at any given pressure and the latter involves meas- 
uring and controlling a constant hydrostatic pressure; a rather simple instru- 
mentation problem. 

3. Delay Time Capability 

As opposed to the moving mass,   impact type system,   the hydraulic 
system produces the desired pressure and maintains this pressure for any 
desired time interval.     This permits the study of delay time phenomena. 

4. Safety 

The hydraulic system offers the advantages over the gas system 
of much greater safetV; due to lower stored energy and fewer seal leakage 
problems. 

Fluid Transfer Analysis 

Prior to discussing the design and functioning of the individual com- 
ponents of the system,   it is important to consider the controlling parameter- 
--the fluid transfer from the feed accumulator to the specimen.     The follow- 
ing is an approximate solution to the fluid transfer problem. 

The following assumptions were made in the solution of the problem: 
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1,     The compressibility uf the fluid (water) is a constant between 0 
and the maxiinum pressure tu be used and is j;iven by: 

AV/V..     =   k (1) 
P 

L.    Any volume changes due to dilation of the accumulator and the pip- 
ing are neglected, 

5 
3. The Reynold's number for the pipe flow exceeds 4 x 10  •    There- 

fore,   the friction factor may be considered a constant. 

4. The pressure in the pipe is equal to the pressure in the specimen. 

The change in mass of fluid in the accumulator during fluid transfer is 
given by 

A Ma    =       Po    k (Pao  " pa)   Va {2) 

The change in mass in the pipe is 

AMp   .     pok Ps Vp (3) 

The change in mass in the specimen due to compression is 

AMSC   =     po k   Ps   Vso (4) 

and that due to dilation is 

AMsd   =      po (1+ k Ps)  ks  Ps   Vso (5) 

where ks   is defined as the change in volume of the specimen due to dilation 
divided by the initial volume. 

The total change in mass in the specimen thus becomes 

A Ms     .       Po  Ps   Vso       kf (l + kPs)   ks (6) 

Since the change in mass in the accumulator must equal the change in mass 
in the pipes and specimen 

MPao   -Pa)Va=Ps   [k(Vp+ Vs) + ks Vs(l + kPg)] (7) 

For the conditions of this test we may neglect the kPs of the (1 + kPs) 
term in eq.   7.    This will result in an error of less than five percent and will 
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thus allow thf lulluwiii^ c unslanls lu be defined: 

Ca   -k Va 

Cä   - k(Vp  + Vb)   +ks Vs 

Equation 7,   therefore,   becomes 

Ca (Pao - Pa)   =  Ca  Ps 

(8) 

(9) 

(10) 

or 

Ps   =Pao- (l+^-a)PS 
^a 

(ID 

The pressure difference between the accumulator and the specimen may 
be considered to be composed of three factors,   namely:   (I) velocity head 
loss in the feed valve,  (2)  a frictional head loss in the pipe,   and (3)  a veloc- 
ity head loss on entry into the specimen.    These are given by the following 
equation 

_d 

2g 
ikv 

D      P 
2  +  v24_F    v2 

T Vp -f-       t    v       Vy 

where Fv is a velocity loss coefficient for the valve. 

(12) 

From continuity of flow requirements 

^ . i 

^v 
vv; MVPJE)-=VP 

D 
<T^4 

Therefore 

P    -   P a s 
d 

2g 

Letting 

_d 

2g 

in eq.   14 yields 

it+ I+FV {re.f 
D D, ' 

fL + 1 + F       (   P\ 

Dr 

(13) 

(14) 

(15) 

P    -   P    =   F v a s p 

From continuity of flow entering the pipes 

1      dM =  A    v 7- —   p p 

Combining eqs.   16 and 17 yields 

(16) 

(17) 
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V 

)       \> 

I .IM) •' 
(18) 

and combining eqa.   11 ami 1H yit.-lils 

^- TA yp--,i+^p' (19) 

From eqs.   j,   6 and 9,   the mass of fluid entering the pipes is given by 

M  = Po Cs    Ps (20) 

therefore, •„   since P --       Po (1 +  kPs) 

dPs    =    Ap(H-  kPs)       pd + ^sjp 

dt TT (21) 

Again neglecting the kPs  term,   separating variables and integrating 
from 0 to Ps   and 0 to t gives the following equation for the pressure time 

curve in the specimen. _       

/Pao-   U + Üi)Ps r 
(22) 

ao 

A,- 

2CS     ff 
(!■+   Cs 

DESCRIPTION OF APPARATUS 

High Speed Valve 

In order to release the energy stored in the accumulator into the test 
specimen in the required loading time,   a valve which has the following oper- 
ating characteristics is required:   (1)  opening time must be less than one 

millisecond,   (2) time of opening must be controllable within one-half milli- 

second,   (3)  must be capable oi withstanding the maximum accumulator 
pressure used both in the closed and open position,   and (4)  must have a 
volumetric flow capacity of in excess of Z, 000 gallons per minute. 

In order to obtain these requirements,   a pilot operated valve uti- 

lizing the differential area principle was designed.    A schematic diagram 
of this valve is shown in Fig,   1.    The operation of the valve is as follows. 

A pilot pressure of about 8 percent of the accumulator pressure ic intro- 
duced into the area under the plunger which is sufficient to hold tbe  valve 
closed.    The valve may now be opened by either of two methods.    The pres- 
sure under the plunger may be released or a pressure equal to or greater 

than the pilot pressure may be introduced above the plunger through the trig- 
ger port.    Either of these actions will cause the net force on the plunger to 
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bi;i uiiu' downward.    As tin- plunder hu^iua lu move,   the high pressure fluid 
at the  seat will muve  into the area ahuve the plunger,   which will accelerate 
rapidly downward,   compressing the fluid beneath it.     The volume of fluid 
under the plunger is enough so that the compression of this fluid will allow 
the plunger to move far enough to uncover the outlet ports.    Either liquid 
or gas may be used as a pilot pressure fluid depending on the pressures in- 
volved and the compressibility requirements.    This means that a high flow 
rate out of the bottom of the valve is not required,   allowing the use of small 
orifice tubing and valves in the pilot pressure system.    In order to prevent 
premature firing of the valve in case of leakage at the seat,   the trigger port 
is vented to atmosphere through an air operated dump valve which is closed 
just before the valve is fired. 

Pressure Release Valve 

Along with the requirement for building up a maximum pressure in 
a given period of time,   it is also necessary to relieve this pressure after 
a specified time and at a given rate.    For the particular test described 
herein,   the time at pressure and decay rate should closely approximate that 
associated with the actual firing of the weapon involved near the maximum 
pressure. 

The pressure  release valve is identical in principle and operation to 
the feed valve.    It is opened by a hydraulic "feed back" circuit connecting 
its trigger port to the feed valve trigger port.    The required delay time for 
the opening of the release valve may be obtained by either of two methods. 
For short delay times,   an adjustable orifice in the feed-back line may be 
used to throttle the flow to the release valve trigger port and produce the de- 
sired delay time.    A solenoid operated valve in the feed-back line controlled 
by an electronic time delay circuit can be used to produce any desired delay 
time. 

Description of Operation 

The system consists of three primary segments,   (1)   an accumulator 
with a high speed valve,   (Z) piping for controlled fluid transfer to the spec- 
imen,   and (3)  a high speed pressure release valve.    A schematic of these 
components assembled into the final system,   along with the test specimen, 
is shown in Fig,   Z. 

It may be helpful now to consider the sequence of functions that occur 
when an attempt is made to produce a desired pressure-time curve.    Initially 
the*accumulator is charged to the required pressure using an external,  high 
pressure pumping system.    The exact accumulator pressure,   of course,   is 
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controlled by the desired maximum pressure in the specimen. The high speed 
feed valve, which is located just below the accumulator and built integral with 
it, is fired by either of the two methods previously discussed. Fluid now flows 
out of the feed valve and into the test specimen until an equilibrium pressure 
is attained. The volume of fluid transferred during this process is kept to a 
minimum by steel filler bars which occupy most of the volume of the test speci
men. The remaining volume is pre-filled with fluid at atmospheric pressure. 
The fluid is generally piped into both ends of the specimen to assure uniform 
pressure distribution and to reduce external reaction forces produced by the 
acceleration of the fluid. 

Wren the test pressure is reached in the specimen and after the de
sired delay time, the high- speed release valve is opened by the flow of fluid 
through the line connecting the trigger port of the feed valve with the trigger 
port of the release valve. 

RESULTS AND DISCUSSION 

There are currently two hydrodynamic testing systems in operation 
at Watervliet Arsenal. The first of these systems has a rated accumulator 
pressure of 60, 000 psi and an accumulator volume of 522 cubic inches. It 
is currently being used to perform a dynamic analysis on the chamber sec
tion of a new type, large caliber cannon. It was designed to simulate the 
pressure-time response encountered in actual firing. The experimentally 
obtained and the actual firing pressure-time curves are shown in Fig. 3. 
Good agreement is shown in the pressure rise and initial p .... rt of the pressure 
decay portions of the curve. Due to reclosing of the release valve, the com
plete pressure decay portion of the firing curve is not duplicated. If de
sired, minor system modifications could be made to reproduce this portion 
of the curve. 

Also shown in Fig. 3 is the calculated pressure rise curve as given 
by eq. 22 using the following constants: 

k* = 2. 22 x 10-6 {psi)-l 

vP = 50 cu. in. 

vs = 22 cu. in. 

v = 522 cu. in. a 

*Linear approximation of the compression curve for water between 0 
and 50,000 psiO>. 
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• 

• • 

• 

ks = 5. 36 x 10- 6 (psi)-1 ( 3) 

Dp = 0. 75 in. 

D = 0. 50 in. v 

f = o. 02.4 (2.) 

Pao = 44, 000 psi 

L = 56 in. 

The computed and experimental curves are in good agreement with 
respect to total rise time and peak pressure. The difference in shape of the 
curves is probably due to the inertial forces involved with accelerating and 
decelerating the fluid which were neglected in the theoretical analysis. 

The second system has an accumulator pressure rating of 30, 000 psi 
and a~ accumulator volume of 675 cu. in. It is designed for general purpose 
testing of thin-walled pressure vessels at pressures up to 2.5, 000 psi and 
strain rates up to 10 in/in/ sec. It utilizes compressed nitrogen gas as a 
pilot pres~ure fluid and an electronically controlled solenoid valve in the 
feed-back line to produce delay times variable from one millisecond to one 
second. 

The actual application of this system to date has been restricted pri
marily to simulated service testing of thin-walled recoilless ri.fles and mor
tars. The pressure time response obtained in one such test is shown in 
Fig. 4 along with the calculated pressure rise curve from eq. 2.2.. The fol
lowing constants were used in this calculation: 

k* = z.. 85 x lo-6 (psi)-1 

vP = 3. 0 cu. in. 

vs = 17.5 cu. in. 

va = 675 cu. in. 

ks = 2.1. 3 x 1o-6 ( ')-1 (3) ps1 

*Linear approximation of the compression curve for water between 0 
and 2.0, 000 psiO ). 
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I) . il i 111. 

l.)v      =   . i7S in. 

OZH U) 

Pao     -   10, 000 psi 

L -    10 in. 

Good agruoment. is scon with rcbpuct to the pressure  rise time.     The 
peak specimen pressure exceeds the calculated equilibrium pressure due to 
the fact that the inertia of the fluid causes the flow from the accumulator tc 
the specimen to continue momentarily after equilibrium is reached. 

One special specimen was tested to determine the feasibility of ob- 
taining very short rise times.    This specimen had a 1 in.   inside diameter 
and 9 in.   length.      Vs was Z. 04 and ks was 4.63 x 10     ,    The calculated rise 
time,   using these constants and all other values from the previous example, 
is 0.6Z millisec.     The actual rise time was about 1 millisec. 

SUMMARY 

A hydrodynamic. testing system has been developed for studying a wide 
variety of pressure vessel configurations at a wide variety of pressures and 
rise times.    This system is adaptable to testing vessels ranging from sec- 
tions of large caliber cannon to specimens of thin-walled tubing.    Pressure 
rise times can be as thort as 3 milliseconds on large,   thick-walled vessels 
or less than 1 millisecond on smaller specimens. 

This type of system offers the possibility of developing a high strain 
rate tensile testing machine by replacing the pressure vessel with a hydrauhi. 
piston and cylinder.    Such a system is currently being constructed for use 
with the existing  30,000 psi system.    The expected maximum strain rate for 
this system will be between  10 and Z0 in/in/sec at 60, 000 lbs.   force.    The 
use of the 60, 000 psi system with a small diameter piston can theoretically 
produce strain rates as high as 500 in/in/sec at 60,000 lbs.   force. 
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I'.i: q al   Addfis^ 

MATERIALS RESEARCH 

riic Iionorahli' Finn .) .   Larsen 

Assistant Secretary uf the Army (R &   D) 
Department uf the Army 

Washington Lh    D.  C. 

It is interesting to note from the program of your Conference,   primär- 
ilv concerned with the dynamic behavior of materials,   that work in this 
field has been increasing in complexity and sophistication quite rapidly dur- 

ing the last few years.    This is rather natural since demands made of ma- 
terials    and requirements in the structures we build from these materials. 

have been increasingly severe.    These severe demands have in turn led to 
considerable progress in two different areas--the area of improved mater- 

ials and the field of work in which yuu are engaged    i.e.,   a better under- 
standing of the dynamic behavior of materials and the structures we build 

trom them. 

It would be completely inappropriate for me to address you in the field 

m which you gentlemen are expert.    Therefore,   I  should like to discuss a 
number of experiments in the materials research field,   and I hope that the 

majority of you will not have  read written accounts of them. 

You will  recall that  some of the first experimental evidence of mater- 
ials with unproved strength were the "whiskers" which formed inside some 
teleplume equipment.     When these whiskers were tested it was found they 
had tensile strengths many times greater than the materials from which 
they had grown.     They were single crystals ol high purity.    At about that 
same time    metallurgists and solid state physicists began to have a better 

understanding uf dislocation theory and reah/ed that the number of dislo- 
cations found m a piece of material could be correlated to the strength of 

that material.    They also reah/ed that the presence of impurities found in 
most materials made it impossible to achieve an extremely lew number of 
dislocations per cubic centimeter. 

Tins was also about the time that germanium of high purity was first 
being produced for Uansistors.     The normal limit of chemical purity at 
the time meant that we could reduce impurities to about one part per million 
in a typical material.    Refining techniques applied to transistors easily 

brought this to one part in 1Ü0 million,   and with some care brought it to one 
pa rt in a billion. 
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Tlu'M   wiriuiis  t.i> tci-s mad.'  pcssihlf ,11. nit»'re sling i'xpf rinitMil.     A 

Ihn   slue nt  i;f IIIMIU i.iii uil)iiiit  ihr  (ii.mii'tcr i-l  .1 (juarter was plated ac ross 

twu paiallrl   rods  scparaicd so tin'  j^f niiaiiiuiii di.si    i-cstrd un thr  ruda.     A 

tin id  rod,   paiallrl  in and hctwccn  Ihr nthcl   two     was plated on top ol  the 

tlisi   and prrssfd down,   bi'iidinj; tin- yrruiai min «list   until it bruku.    Mt-as- 

uring tin- amount  til  hiTtlm^ thf tlist   1 ould will.stand wi'lun.t  brcikm^    was 

an mdifatum oi  its  strfnglh.     Di'spilf  the use  t.t Ingh   purity ^i-rinaniuin the- 

strt'ii^th w.is not  apprrt 1 ably dillfmnt  Irom normal  ^i-rmaniiim.     As with 

most matt1 rials    the rxpr rum-ntal  strt'ii^th. was abuut uiu1 percunt ul the 

Uu-oci'tical  st ri'i^ll'..     TIUMI    one ol thn nudallurgi sts cundutting ihv expen- 

nu-nt  realized that under stress    dislotations im^ratt'.    It was theorized 

that these were migrating tu the  surbue  and that concentrations of the dis- 

locations were leading to minute surface cracks which propagated through 

the disc  and caused failure.    All this happened more than 5 or 6 years ago 

when dislocation theory was not as well known as it now is. 

The experiment was then modibed so that the disc was  stressed in the 

same fashion as before    but the  stress was applied while' the disc was gently 

heated--this was done to facilitate migration of the dislocations to the sur- 

face--and was placed in a solution which would slowly etch away the sur- 

face of the germanium disc.    The .strength was again measured by the angle 

to which the disc  could be bent before breaking.     This time,   strength was 

increased by a fact ir oi  i(J- -m other words    the strength was changed from 

1/1ÜÜ of the theoretical strength to 1/3 of the theoretical strength.    This 

was accomplished by forcing the dislocations to migrate to the surface and 

then etching that surface layer away more  rapidly than the dislocations 

could accumulate and lead 1o crack failure. 

Experiments of this type have increased our knowledge and under- 

standing concerning the strength of materials.     We at least have shown that 

very pure materials with tew dislocations will have many times their original 

strength,   if we t an keep the dislocations from piling up at. stress concentra- 

tion points.    At present,   I still have not  seen automobile fenders of great 

strength which are as thin as tissue paper, nor have 1 seen the steel frame- 

work of a skyst raper  rediued to soda-straw size.    We do.   however,   have 

indications that these kinds of things are possible.    Undoubtedly someday 

they wi 11  be  ac hi eved. 

During most ol the known history of the human race,  teramics played 

a significant role.     They have been used for simple containers.,   such as 

dishes,   and,   ol course,   made possible some of the art forms we see around 

us.    It has been only during the last ten years that the understanding of 

ceramics has progressed to the point that significant engineering of the ma- 

terial could be achieved.    Jt is today possible to take samples of ceramics, 
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.nid von iirr well .iw.iic llial  lluy '''c uidnüinlv i'xt rcincl y britlli;,   and bend 

tlifsc  s,iiiii)li's  ,it   ngltt  anjih's.     I  luve  srtii manv [li'ii.'S with ubuul  th«'  samu 

i russ- sei. tlun arc.i .is lliat ul .1 pciu il aiui only twu ur ihrer ine he's long 

lu'iit  ID m(.)l"^,  tli.m  n^lil  .ingles.      Ilus Uni     is  ri'laliui to tlu1 1 onccnt ration 

ot  eh sloi atlons 011 llir  surlaic  to ,1 ])oint  where  llu'y become  significant  im- 

pel-tec ti on.s .     It  is pos si hl e  tii s h r 1,11 e  1 r e ,il   sample pieces of 1 e r ami ( s of 

the  ty|)e i  have  mentioned     bend them,  then either deliberately introduce 

surface impe rfeetions or  simply  letting normal handling do so.     After this 

has occurred,   the piece will  again be quite brittle  and will  snap if moderate 

pressure is applied.     The  surface treatment can be  repeated and the piece 

can again be  readily deformed without breaking.    In this case    it  seems 

that we are dealing with surface imperfections that lead to crack failure 

and that the   surface cracks  rapidly propagate through the ceramic.     It is 

rather interesting to note that the  significant work which led to a better 

understanding of ceramics    such as magnesium oxide    was performed pri- 

marily on silver chloride crystals.    It has the happy facility of behaving 

very much like the magnesium oxide and some other ceramics,   at the same 

time being transparent except at the points where dislocations are introduced. 

These dislocations can then be photographed    even deep inside the crystal, 

and their migration studied as stress    heat,   or other environmental con- 

ditions are changed. 

The implicaticns of ductile ceramics as a regularly used engineering 

material are tremendous.    It would mean that ceramics,   in addition to 

great compressive strength and ability to withstand high temperatures 

which they already possess,   could be formed in the  same manner as the 

metals we  regularly use.     Machineable ceramics would make possible new 

engineering concepts of major significance.    In addition    ceramic raw ma- 

terials sell for only a few dollars a ton.    If we can obtain ductility without 

appreciable additional cost,   we will accomplish one of the most revolution- 

ary steps possible in the-material  field. 

Another area 111 which materials knowledge has advanced appreciably 

in recent years is that of corrosion.    In this case,   we are ordinarily con- 

cerned with improving the  resistance of a material to corrosion or improv- 

ing the oxidation characteristics of the piece of material.    We are all ac- 

quainted with the fact that aluminum oxide forms rapidly    adheres to the 

surface    and effectively prevents continued oxidation of the aluminum under 

the oxidized layer.    It is important to recognize that the layer of aluminum 

oxide is effectively sealing the surface so that fresh aluminum atoms do 

not migrate through the oxide layer to the surface.,   nor do the oxygen atoms 

from the atmosphere migrate through the oxide layer into the aluminum 

structure which lies below.    What is there about the molecular arrange- 

ment of this aluminum oxide layer that effectively prevents the migration 
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ol Imlli aliiiniiHiin .md nxy^cn thruugh if     As you kiiuw,   this is IIKJSI UII- 

usu.il,    KuHting DI iron prufri'ds .it a rapid rale wliftlu-r th«- uxith; film 
spalls utt or not,   snur the oxnlc  lilin ran \>v   readily pc net r.itifd by oxyj>t;n. 

Fur  soini- years  studirs of a  inimlx-r ol diflcrciil niali'rials liavi; beon madu 

by jilanng a small puTi' of nuldi: metal,   siuh .is ^old,   un thu surface of a 

fri'sh piiTi1 of malf rial --thru exposing the sample to an oxidizing atmos- 
plu-re and learning wlm h   ul  tin- two possible migrations predonnnates; 
i.e.,   whether oxygen moves   readily through the  surface  and into the ma- 
terial,   or whether  fresh atoms  from the  material  move  tu the  surface. 
The gold wire  remains as a marker which indicates the original surface. 
These studies have advanced our understanding lu the point where metal- 

lurgists are today working with surface additives with the idea of creiiting 

a molecular pattern across the surface which behaves in the same fashion 
as aluminum oxide.     When this is accomplished,   it should give us greater 

flexibility in our designs.     We could then select materials according to our 

structural design needs without being concerned with the corrosion process 
and give them a coating of much mure durability and permanence than the 

paints we often are  required to employ. 

We should also recognize that a great deal of progress is being made 
in the fields we ordinarily think of as more purely the domain of the chemist. 
Today chemists can at will,   produce long-chain plastic molecules and then 

can cross-link these long chains to a point where plastics have vastly in- 

creased ability to withstand high temperatures.    Yuu will  recall that some 

of the early experiments which resulted in this capability were accomplished 
by exposure   of plastics to radiation from an atomic pile.    I believe that 
cross-linking of long chain molecules is being routinely done with many 
plastics today in the laboratory without the necessity of using the  radiation. 

It is,   of course,   quite obvious that when we allow ablation to occur,   plastics 
can withstand conditions that metals cannot.    In fact,   some of our reentry 
vehicles would be destroyed if it were not for the development of success- 
ful plastics. 

It has been of some interest to note that these sessions have dealt with 
the problems which arise when explosives are used,   as well as the utiliza- 

tion of explosives in deliberately deforming materials.    I am sure the studies 
at Picatinny Arsenal which have already been presented to you in regard 
to explosive deformation will make even mure useful the processes which 
today are carried on to explosively form shapes as complex as the ogive 
surfaces of missiles. 

I. believe that explosive formation,   whether performed by primacord 
explosion or an electrically exploded wire is one of the fine examples of 
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ihr kind t>l work you arc duing winch has vt-ry quickly reached cummcrcial 
appluatuni.    In lad,   many manufacturers are using these processes for 
mass production and achieve tolerances which are better than they could 
have achieved with spinning or similar techniques previously used. 

It has been a very great pleasure to participate to a minor degree in 
this program.    1 am confident that the exchange of information you are a- 
chievmg    will be extremely worthwhile for every one of you,     and will en- 
able you to return to your laboratory with ideas that will eventually benefit 
the Army in a great variety of ways. 

Thank you. 
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DYNAMIC: HkllAVlüR ÜK ROCKS UNÜER CONFINING PRESSURE 

Fred A.   Üonatlr- 

ABSTRACT 

FrriuaiuMU dt;furiiiatiun in rock results from the action of differential 
stress and may be expressed as fracture,   flow,   or a combination of the two. 
The strength and ductility of rock change markedly under the influence of con- 
lining pressure.    As all rucks at some depth below the earth's surface are 
in effect subjected to confining pressure,   experimental data on the failure 
characteristics of rocks that ignore this variable may be misleading,   per- 
haps meaningless,   if applied to below-surface situations. 

The ultimate strength of a rock may increase several hundred to sev- 
eral thousand per cent with increasing confining pressure; for many rocks, 
this increase appears to be nearly linear.    Similarly,   the ductility increases 
appreciably with increased confining pressure for most common rocks.    The 
increase in ductility is commonly accompanied by a change in mode of de- 
formation from fracture to flow. 

Temperature and strain rate also greatly influence the strength and 
ductility of rock.    The strength of many common rocks is markedly de- 
creased and the ductility is strongly affected by changes in temperature or 
strain rate.    The ductility is normally increased with increase of tempera- 
ture or lowered strain rate. 

The presence of planar anisotropy may have a marked effect on both 
the breaking strength and the angle of shear fracture in rock.    Curves of 
breaking strength versus inclination of anisotropy are commonly concave up- 
ward and parabolic in form.    Shear fracture tends to develop parallel to 
well-developed planar anisotropy for inclinations up to 45°  -   60° to  the di- 
rection of maximum compression. 

INTRODUCTION 

Broadly defined,   strength is the resistance offered by a material to 
failure,    A rock is said to be strong if it can sustain great stress without 

;':Fred A.   Donath,  Associate Professor of Geology,   Columbia University, 
New York,   New York. 
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! r ai t'.i n n^ ur v .fid, n^.    ' St i fti^tli"   ihcd willit ill a (juiilifyinj» adjiM.ti vc or wi th- 

iiil spi'i itymn ÜU' i iiiKliUui'b  iiiuli-r wliK b  a rm k has biM;r  (iclurmed has  ti() 
priTisc  im.'aiiiij;,   huwffr,   as llu- niaxiiiium  stress it  (an withstand is  strung- 

ly dt'pemit'tit mi the conditions ui drfonnation.     The   res.stanr.c- that  a. rock 

oltVrö to do.torination inay be  sat.isfai torilv dibouasi-d in terms of its yield 

strength and iis  alt iinatv  st r ei.gt.t'.     Large pe rmai.ct.t def ■. rnia'.u i   results 
from tlie  at. tun,  ol dillerential   stress,   the (hfterei' e be'wei ■. the  maximum 
and least priii« ipal  stresses- hydns'a'M   stn-ss  reduces pert- space and pro- 
duces volume change only.     The yield stress of a material ^ the stress dif- 
ference at the onset of permanent strain.    It is usually u.dehnte in rocks 
owing to the lack of a marked break in the stress-stravn curve,   and it is 
often preferable to specify the stress at. a given small  strain.    The ultimate 

strength is the maximum ordmate of the stress-strain carve   .t is the great- 
est stress diftereme the material ( an withstard under the ccnd^tions of de- 

formation. 

For many applications,   ar. equally .mportar.» property by which the 
behavior of rocks can be judged is ductility,   a measure of the ability of a 
rock to sustain large permanent deformation without faulting.    The ductil- 
ity of an experimentally deformed rock is determined from the stress-strain 

curve lor a particular test.    This curve,,   lead per  um» area applied to a 
specimen versus ensuing strain,   is normally plctted with per cent shcrten- 

ing (dimensionless) as the abscissa and true differential stress as the   ordi- 

nate.    True stress is based on actual c rcss-secüonal area of a specimen 
at a given strain,   not on original c ross ■ section.    The ductility for a partic- 
ular test, is the per cent  strain before faulting.    The behav'or cf a given 
rock under certain imposed conditions can be described as:  very brittle, 

behaves elastically to the point of rupture,   strain before rupture less than 

I per cent,  brittle,    rupture preceded by  negligible  flow.    1 to S per cent 
strain, moderately brittle or transitional, faulting follows minor flow,   Z to 

8 per cent  strain   moderately ductile     significant flow pre.< edes faulting..   5 
to 10 per cent, strain,  ductile,   How is     - r:.j r. ions with time and exceeds 10 
per cent,   perhaps several hundred per cei i (cf.   Gnggs and Hand.i.n,   I960, 
p.   349:   see also,   Haidi r and Hager,   19Ü7,   1958, Heard,   1960. Pater son. 

1958). 

A third property useful it   describing the behavior of deformed rocks 

is the mode of deformation.     The two basic modes are fracture and flow. 
Fracture is deformation with complete loss of cohesion; flew is any defor- 

mation,   not instantly  recoverable,   without permanent loss of cohesion 
(Handln and Hager,   1957,   p.   i).    All fractures are either extension or  shear 

fractures,,   depending on whether initial movement is perpendicular or par- 
allel to the fracture surface,   respectively (Gnggs and Handln.   I960,   p. 
348).    The mode, of deformation is a reflection of the duct.iht.y of the deformed 
material. 
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'1 he inaxLiuuin r (.'inprcssi vc slrcss tlial. a ruck can sustain befuro 
Imilling or IKSII^ (clifSiDi; is  strongly dupiMidunt on tlic inagnitnili; of min- 
inuim lompri'ssivc  stress.     In ordinary »'ngincL-ring coinprcssiun tests the 
nnmnuiin stress is atniosphc ru' pressurr, in experimental rock deforma- 
tion the minimum stress during a eompression test is confining pressure 
induced by means of a pressure vessel.    A cylindrical rock specimen is 
placed between a piston and anvil,   suitably jacketed,   and inserted in   a 
pressure vessel.    Radial stresses are exerted on the rock cylinder   by 
liquid surrounding the specimen within the vessel; these stresses are re- 
ferred to as confining pressure.    Axial stresses are induced by the move- 
ment of the piston into the vessel tu compress the specimen between pis- 
ton and anvil.    Differential stress acts on the specimen when the axial 
stress exceeds or is exceeded by the radial stresses (confining pressure), 
and specimen strain is reflected during the course of the experiment by the 
displacement of the piston with respect to the body of the vessel. 

Two basu   types of test are common in experimental rock deforma- 
tion:   the compression test,   in which the axial stress exceeds the confining 
pressure, and the extension test,   in which the confining pressure exceeds 
the axial stress.    A compression test is made by increasing the axial load 
while maint; Hing a constant confining pressure.    An extension test is made 
by  subjecting the specimen to a given confining pressure,   then reducing the 
axial load while holding the confining pressure constant. 

EFFECT OF CONFINING PRESSURE 

Increased confining pressure commonly increases the ultimate 
strength of rocks several hundred to several thousand per cent.    Figure  1 
illustrates the increase in ultimate strength as a function of confining pres- 
sure for several common rock types; data are from Handln and Hager (1957). 
The Mettawee slate and Oil Creek sandstone are both brittle rocks and 
though the sandstone sustained better than 10,000 bars     differential stress 
under Z000 bars confining pressure,   the slate showed an ultimate strength 
very similar tc many shales,   about 3300 bars.    Both have high crushing 
strengths at atmospheric pressure.    At 1000 bars confining pressure the 
Hasmark dolomite has an ultimate strength of about 5400 bars,   a 400 per 
cent increase ever its '.rushing strength.    In general,   dolomites tend to be 
strong at all pressures, many have crushing strengths of the order of 1500 
bars and ultimate strengths exceeding 7000 bars under confining pressure 
of 2000 bars.    The Muddy shale.   Barns sandstone,   and Fusselman limestone 

I bar equals 14. 5 lbs/in 
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arc br.il.K' at alinubpK'r,i; pros'-urc and have crushing strungths frum weak 
ti. inoderati'ly slroi.^.    AH  slow uu.roaacä in ultimate slrengtli of several 
hundred per cent.    With '.lu- exeeptiun of the Muddy shale,   the increase in 
ullimale strength of each of these  tucks appears to be a nearly linear func- 
tion of confining prossure, 

Sinülarly,   the ductility uf many rocks increases markedly with in- 
creasing confining pressure.    For some rocks,   ductility increases only 
moderate amounts; for a few,   it increases but slightly.    The increase in 
ductility as a function of confining pressure is shown in Figure L for sev- 
eral common rock types; data are from Handln and Hager (1957).     The 
Mettawee slate and Oil Creek sandstone are brittle at all confining pressures 
to 2000 bars.    Hasmark dolomite is brittle at atmospheric pressure,   but 
shows transitional behavior at higher confining pressures.    Blaine anhydrite 
shows moderately ductile behavior at, higher confining pressures,   though it 
also is brittle at atmospheric pressure.     The Barns sandstone is brittle un- 
der confining pressures to 1000 bars,   but becomes very ductile at Z000 bars 
confining pressure.    Like; most rocks,   the shale and limestone are brittle 
at atmospheric pressure, however,   in sharp contrast to the more brittle 
rocks,   they show increasing ductile behavior with higher confining pres- 
sures.     The limestone is very ductile even at a confining pressure of 1000 
bars.    Shear fractures in dolomite typically develop at angles of 20    - 30 
to the direction of maximum compression; shear fractures in the more duc- 
tile rocks typically develop at angles of 30° - 40°. 

Under atmospheric confining pressure most rocks are brittle and 
fail by either extension cr shear fracture; under increasingly higher con- 
fining pressures,   the same rocks may  fail by distributed shear and,   ulti- 
mately,   by uniform flew.     This transition from brittle to ductile deforma- 
tion as a function of confining pressure has been nicely demonstrated by 
Paterson (195H) for a coarse-grained,   very pure marble.    Longitudinal ex- 
tension fractures and simple shear fractures developed in specimens of the 
marble deformed at confining pressures below 100 bars; conjugate shear 
zones were favored at pressures from 200-300 bars,   and distributed shear 
and uniform flow prevailed for confining pressures above. 450 bars.   Pater- 
son concluded   that for this rock one mile of overburden,   the equivalent of 
about 400 bars pressure!,   would be sufficient to induce distributed shear or 
flow rather than a simple shear or shear zone. 

EFFECT OF TEMPERATURE 

Griggs and others (I960) have investigated the strengths of granite, 
basalt, dolomite, marble, and several other rocks under 5000 bars confin- 
ing pressure and temperatures from 25° to 800° C.    Some of the results 
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arr shown in Finuit-   i which iy a \Aui of ullimatu strength versus tempera- 
turc,     Tlu' ultimati1 slrenglh uf marble is affected must and decreases by 
about 8ÜÜ per cert.    The strengths uf granite and basaltboth decrease mark- 
edly, basalt is especially afflicted at. temperatures abuve 600° C.     The ul- 
timate strength of dolomite decreases by less than £00 per cent from room 
temperature to 800° C. 

The variation of ultimate strength and ductility with temperature for 
several rocks tested at £000 bars confining pressure are shown in Figures 
4 and S; data arc from Handln and Hager (1958).    According to Handln and 
Hager,   heating may reduce the ultimate strength by lowering the yield stress 
without affecting the shape of the stress-strain curve.    An example of this is 
Yule marble.    Heating may also lower the ultimate strength by reducing or 
eliminating the work-hardening effect  .    This is the case for Wolfcamp lime- 
stone at Z000 bars and 300° C.    In contrast,   Increased temperature may raise 
the ultimate strength by increasing the ductility In work-hardening rocks, 
thus permitting greater strains and hence greater differential stresses.    This 
behavior Is restricted to rocks whose increased ductility Is not accompanied 
by annealing, It is observed in certain dolomites.    Paradoxically,   the ulti- 
mate strength may also be augmented by introducing work-hardening,   owing 
to a change of the deformation mechanism.    Deformation in certain rocks 
at low temperatures may be cataclastic and therefore Involve Internal fric- 
tion.    At elevated temperatures intragranular flow predominates over inter- 
granular,   but the temperature may not be high enough to allow annealing. 
Hence,   the material work-hardens and raises the ultimate strength above 
its low-temperature value.    Blalne anhydrite provides an example of this 
type of behavior.    The effect of temperature on the ultimate strength of shale 
is very large,   but. the flow mechanisms,   other than macroscopic shearing, 
are unknown. 

Increased temperature generally Increases ductility.    Apparently, 
however,   increased temperature can lower the ductility of certain rocks, 
or lower it slightly before increasing it.    Both the Muddy shale and Luning 
dolomite show slight, decreases in ductility with temperature Increase to 
300° C.    The explanation for the Muddy shale is possibly that high tempera- 
tures allow more compaction under the hydrostatic pressure Imposed on the 
specimen during "set-up" procedures.    The specimen would then presum- 
ably compact less under subsequent application of differential stress.    The 
limestone and anhydrite show typically large Increases in ductility with 
increased temperature. 

"*" Work-hardening refers to the observed effect that each Increment of perm- 
anent strain requires an additional increment of stress difference. 
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I he  r I In I   i>I  I cdl I n^ w.i-i   liiiii«! I)\   1 land] 11 ai,<l Hd^ur  (19^H) to i on- 

sislc'.tU   rr(h;i r  tin"  v.i'ld slit-ss ^ a f h 11 ra r i 1 v dcliiu-d as l.lu- differential 

st i i■ s ^  at. '"/„ btrain) id  thr   i m ks  icslrd,   iliou^li llu; CIICLI  diflcrs  fruin unu 

rink u. aiuit.lu'r and dittrrs wiih iftifimii^ prcsbun- fur any oiif  rcn.k.    The 
cltfit  ol li'iupt'rat ii r c mi tin' yudd stress id  si-vural    rocks is  summarized 
i p  Figure  t).    Ii   i i r' a, i   ma't- n al s,   vi' 1 du ^ i s as si i ■ aU-d w, 'h  11 t.r ac rys- 

talinu- ^lidm^   the i ritual  resulved shear stress un ^hde plar.es decreases 

with iiu reasm^ temperali re; and it is thus nut surprising to observe a re- 
diution uf yield stress in materials lor wlm.h this is an important mechanism 

id delormat u.n.     The  lowered yield stresses  lor  dolomite,   limestone,   and 
marble possibly   n tlei t  in part  the  etfetts oi '.einpetalure on mlracrystalline 
gliding.     In  sandstone,   flow is oatai lastic  and the yield stress is  scarcely 

influenced by heating.   Although the temperature effect un the ultimate strength 

of shale and siltstone is very large,   its effect on the yield strength is amall. 
Tile flow mechan^ms  are   .nknown. 

Heard ^1960} I as investigated the transition from brittle to ductile 
behavior in Solenhofen limestone as a (unction of pressure and temperature. 
Figure 7  shows the boundary between brittle and ductile behavior of jacketed 
specimens m compression and extension from room temperature to 700° C. 

Interestingly,   the limestone becomes ductile in compression even at atmos- 
pheric confining pressure at high temperatures.    The brittle-ductile transi- 
tion is defined by Heard as that point at. which  i-5 per cent strain can be in- 
duced without notable loss of cohesion.    Also of interest is the fact that 
Solenhofen limestone is brittle in extension at a considerably higher confining 
pressure than that required to make it ductile in compression. 

EFFECT OF STRAIN RATE 

Less is know   abcu.l the effect of strain rate on the strength and duc- 
tility of rocks tha'i about the other common variables, until recently,   prac- 

tu ally i.othii g was known,    Robertson (195^) observed that sharply increased 
strain raU- greatly increased the yield strength of rock.    Thus,   the effect 

of higher  strain rates is to raise the stress-strain curve,   as illustrated in 
Figure 8 (from Serdengetti  and Boozer,   1961).    An excellent study by Heard 
(m press) pi ov des the most, complete body of data on the effects of strain 

rate and temperature on the deformational behavior of rock.    Heard studied 
the effects ol strain  rates from  10 per cent, per second to 10       per cent per 

second and temperatures from lbv C,   to 500° C,   on Yule marble.    Two of 

his sets of curves are reproduced as Figures 9 and 10.    Although the effect 
of strain rate is very noticeable even at; room temperature (Fig,   9),   it be- 
comes remarkably influential at high temperatures (Fig,   10).     The greatest 
differential stress that. Yule marble can sustain when deformed at 500° C, , 
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SüüÜ bars continin^ prossure,   and at a strain rali; i)f 1Ü" J pur cent per sec- 
ond is,   m tact,   almost as low as what it can sustain in ordinary tests at 

room temperature and pressure.     The i rushing strength of Yule marble is 

approximately 400 bars. 

EFFECT OF AN1SQTROPY 

It is apparent from comparison of the ultimate strengths and ductil- 
ities of different rock types that the mineral and rock composition is a most 

important factor in the deformational characteristics of rock.    One of the 
more influential physical aspects of rock that affects its deformation be- 

havior is planar ani sotropy--the presence in the rock of stratification, 
cleavage,   schistosity,   or layering of some type. 

Planar anisotropy can have a pronounced affect on the strength of 
certain rocks as demonstrated in a recent study by Donath (1961).    One-inch 
diameter cores of slate,   shale,   limestone,   and several other rocks were 

cut at angles of 0°,   15°,   10°,   45°,   60°,   75°,   and 90° to the plane of anis- 
tropy for each rock.    The cores were trimmed to 2.-1/Z inch lengths,   and 
subjected to ordinary compression tests under several different confining 

pressures.    Results for the slate are shown in Figure  11.    Curves of dif- 
ferential stress at rupture versus inclination of anisotropy are concave up- 
ward and parabolic in form.    In slate,  cores cut at 90° to the cleavage show 

the greatest breaking strength; cores cut at 30° show the lowest breaking 

strength.    The breaking strength for the 90° orientation,   for compression 
perpendicular to cleavage,   is nearly ten times as large as the breaking 
strength for maximum compression inclined at 30° to cleavage.    As would 
be expected,   increased confining pressure produces a noticeable upward 

shift of the curves. 

Figure 12 shows the effect of cleavage on the angle of shear frac- 

ture in slate deformed at. three different confining pressures.    Data points 
along the line indicate that shear fracture developed parallel to cleavage; 
this is the case for the 15-,   30-,   and several 45-degree orientations.    The 

predicted 30-degree angle for Isotropie material is lowered appreciably 
by cleavage oriented parallel to the specimen axis.    Some effect of cleav- 

age appears to be present, even in the 60- and 75-degree orientations,  but 
for cleavage oriented at 90othe fractures are inclined at about 30° to the 
direction of maximum compression.    Results from tests on other rocks in- 
dicate that increased ductility reduces the effect of anisotropy on shear 

fracture. 
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DISCUSSION 

Jarnos 11.   Flan.i^an,   QM,   R^E Command,   Natick:   Can y(ju tt-ll ua some- 
thing about the jacketing  materials that were used in confining the pressure 
stress; and can you say something about the  reproducibility of rock data? 
Can you repeal the data on difterent samples'1' 
Prof Donalh;     Well,   to answer your first question the jacketing material 
commonly used at the higher confining pressures is thin walled copper 
tubing of the order of nine thousandths inch thickness.    This has a very 
negligible strength endurance for the  rock and often does not affect the re- 
sults when plotted as a stress-strain curve,    To answer your second ques- 
tion -  This is pretty much a function of the individual apparatus,   the method 
of preparation of specimens.    I can speak for our own work which showed 
very good reproducibility and we do take considerable care in preparation 
of specimens.    We grind off the ends and the end surface is perfectly nor- 
mal to the axis of the specimen so that there are no bending moments pre- 
sent,    I would say that reproducibility for rocks which are fairly consistent 
in their general properties is good.    We try to pour all the specimens from 
the same block for a given test series.    Thu reproducibility variation is 
probably less than 1%. 
Mr.   Zaroodny,   APG-BRL:     Very fascinating subject filled with fascinating 
information.    My interest is directed not so much toward the problem of 
the homogeneous structure as toward the nature of propagation of cracks. 
Is there something known about what causes the cracks? 
Prof Donath:    Well,   the fracture occurs,  of course,   only when the material 
is behaving in rathej- a brittle fashion and we do find a transition from very 
brittle behavior to a very ductile one.    We don't know very much about the 
propagation of fractures.    There is an experimental study being carried out 
at this time under confining pressure,   on the propagation of fractures by 
Prof Grace who has been working at Dunbar Laboratories at Harvard the 
past year.    He machined the dumbbell shaped specimens to get away from 
the enu effects and he has found a very close correlation between the orien- 
tation and propagation of fracture and grain boundaries.    Grain boundaries 
seem to influence very strongly the direction of propagation of the fracture. 
In theory,  of course    one can predict the orientation on the basis of stress 
distribution,  but when you look at the rock itself you expect to find the pro- 
perties of the material and the properties of individual grains and their re- 
lationship to one another. 
George Kayc, Picatinny Arsenal: Where does the application of these rocks 
lead as compared to the material of concrete which is being used throughout 
the construction industry? 
Prof Donath:    You mean what are the engineering applications of studies 
like this? 
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Cuurgc Kayt*:     Ri^ht. 

Pro! Donalli;     A vrry obvious application,   perhaps not so obvious to this 
^mup,   is the effect on drilling rates.    A j^reat deal of research has been 
put into the technology of drilling itself,   but just the slightest increase of 
the efficiency of drilling would save millions of dollars for oil field opera- 
tions.    As you can see from the  results I presented here,   even the slightest 
increase of confining pressure causes tremendous increase of strength. 
This is something that may not be anticipated during drilling or for that 
matter during excavation at shallower depths where drills are not being 
used.    These are some of the applications you inquired about. 
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ERRATA 

Paper entitled "Correlation of High Loading Rate 
Reactions with Low Rate Tests in Metals" by Coy M, 
Glass. 

Please read   Fig.   1 in place of Fig,   3 on page 

Please read   Fig.   ? in place of Fig.   S on page 

Please read Fig.   3 in place of Fig.   7 on page 
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CÜRRKLATlüN OF HIGH LOADING KATE REACTIONS 
WITH LOW RATE   TESTS IN METALS 

Coy  M.   GIüSH" 

ABSTRACT 

Changes in a tunsilc specimen during neck-ciown,   wh(4n the load is a- 
bove the ultimate tensile stress,   are found to be functions of the rate of 
application uf load,     The neck remains volume constant,   and the rate of 
change of dimensions within this volume may be measured from photo- 
graphs taken during the test. 

Analysis of the neck region provides a basis for calculating energy- 
volume relations as a function of strain rate.    Using these relations,   and 
a high velocity stress-strain curve (described in previous papers),   a pre- 
diction may be made of metal  reaction under explosive loading. 

In this paper,   annealed polye rystalline copper,   and single crystal cop- 
per specimens are compared,   using the above analysis.    In an experimental 
arrangement using explosives,   specimens are necked-down and fractured, 
and the energy distribution in the stress pulse,   during necking and fracture, 
are compared to the process occurring daring slow rate deformation. 

INTRODUCTION 

In the field of high velocity loading of metals,   the concepts currently 
in use to describe the reaction of metals to explosive loading are insuf- 
ficient in scope or case of solution for predicting a number of reactions. 
For instance,   equations of state derived from hydrodynamic considerations 
do not take into account heavy preferred orientation in a metal,   because of 
experimental and theoretical difficulties.     The approach taken by some in- 
vestigators has shown that,   under the conditions of measurement,   Hugoniot 
curves (for compression) for single crystals and polycrystalline specimens 
of the same metal (eg: copper,   alumiur.m,   etc.)   are identical.    No method 
is available lot predicting,   fur instance,   the shear or  release wave depen- 
dency on crystal lira; properties,   and,   in the case of high pressures,   the 
reflected tensile waves are still considered in the hydrodynamic method, 

'Coy M,   Glass,   Ballistic Research Laboratories,   Aberdeen Proving 
Ground,   Aberdeen,   Maryland. 
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Solid iiu-c haiiics has lieeii reasonably successful in flescribing a num- 
ber ol one (luuensional problems in the area of ilynamic loading.    However, 
as the problem deviates from one dimensionality,   the difficulty of solving 
the equations becomes insurmountable,   particularly if material properties 
are related to the stress tensors in an effort to describe the metal  reaction. 
In some areas of impact  deiormation,   Bell has been very successful in 
describing metal  reactions and relating them to G.   I.   Taylor's stress- 
strain parabola, 

However,   in general the area of metal  reaction under high rate load- 
ing is virgin territory,   where the impencal experimental approach is 
still more rewarding than the theoretical one. 

The work reported here describes some results from a long range 
program designed to obtain basic information on the affect of metal pro- 
perties on high velocity deformation.    It is the aim of thi s work to define 
parameters important in the high velocity area,   and to relate these para- 
meters to easily measurable,   and predictable,   low rate properties.    The 
following sections contain brief descriptions of the various aspects of the 
work.     Detailed analyses may be obtained from various open literature 
publications,   BR L reports,   and contract progress reports.    Several of 
the latter are currently in process of publication,  or are being prepared 
for publication. 

CRYSTALLOGRAFHIC INFLUENCES 

In low rate testing of metals,   slip systems and fracture modes have 
been defined for various crystal structures.     For instance,   in face centered 
cubic materials deformation takes place onjlllj type planes,  in   [lOOjtype 
directions in these planes.    Cleavage of these crystals occurs onjlOOl  planes. 
In polycryslalline specimens,   heavy preferred orientaticn will alter strength 
properties,   depending on the direction of stress application compared to the 
direction or preferred orientation. 

A.    Expanding Cylinders of Aluminum 

The analysis of low rate tests has led to a prediction of the results 
of high rate testing,   if one assumes that metals do not act as fluids. 
Figures 1 through 4 show the results.    Single crystal cylinders of alumi- 
num (3  8" I. D.   - variable O.   D. ) are loaded internally with explosive, 
and framing camera pictures (at the rate of ICr frames per second) are 
made of the cylinders as they expand.    Figure 1 shows a single crystal 
expanding,   and it is easy to see the non uniform deformation. 
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FIGURE 7.    FRACTURE  SURFACE AND INTERSECTION  OF  DEFOR 
MATION   PLANES SHOWN  ON  A STEREOGRAPHIC  NET  FOR 
CRYSTAL   NO.  17. 
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RADIAL   SURFACE   EXPANSION- MILLIMETERS 
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Fi^uri' 1 shows a 1'rarlurrd sin^U' i ry.stal aiul a fractured pulycrys- 
lallim- spci. iinoi»,   DI' llu- saim- dimensions.    Note the symmetry of frac- 
ture in the case of the single crystal,   and the generalized deformation in 
the polye rystalline sample.    C rystailu^raphic analysis,   usinjj X-rays and 
metallographic observations,   are seen in Figure 3.    The single crystals 
deform on | HI | [HUJ    slip systems,   and fracture on / 100 | planes,   exactly 
as in slow rate tests,    Figure 4 shows the results of analysis of the ex- 
pansion of the cylinders along two radii,   45° apart.    The single crystals 
are deforming anisotropically on the first tensile reflection of the shock 
wave. 

The important point to note is that the pressure on the outside sur- 
face of these cylinders is approximately 1. S x 10    psi,   while the strength 
of the metal is only approximately 4 x 10    psi.    At stresses two order of 
magnitude greater than the strength of the metal,   it still deforms crys- 
tallographically. 

B.    X-Ray Analysis 

If the analogy is carried further,   into polycrystalline specimens con- 
taining preferred orientation,   analysis shows that in pressure ranges a- 
bove ZOO kilobars (or 3 x 10    psi),   the preferred orientation alters the de- 
formation and fracture just as in the single crystal tests. 

By making use of recrystallii^ation experiments,   where stress-grain 
distributions are correlated with strain analysis from X-ray studies,  it 
has been possible to show that annealed and hardened copper reacts dif- 
ferently under high velocity shear deformation.    Annealed materials de- 
form according to a parabolic stress strain relation,   while hardened 
materials deform linearly. 

FRACTURE STRENGTHS 

A second type of correlation is the strength of fracture of metals 
under high velocity loading.    Figure 5 shows an experimental arrange- 
ment for fracturing specimens.    The buffer thickness may be varied to 
give different stresses in the specimens.    The reproducibility of the 
system has been determined as excellent.    Figure 6 shows the remaining 
section of a single crystal that has been fractured by the reflected ten- 
sile wave.    Note that it is necked down at the end where fracture and 
spall occurred.    Single crystals neck down with a non-uniform cross-sec- 
tion.    Polycrystalline metals neck down uniformly. 

Analysis of the strain distribution has been made,   and the ratio of 
cross-sectional area to original area is taken at the main fracture point 
and plottes vs.   distance from the explosive.    Figure 7 shows this plot. 
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Hy ror rrlalin^ distanif with pressure m the  re flee: led tensile pulse,   the 
maximum stress at trae.ture may lie ohlaineü.    Now,   if the point where 
the curves in Figure 7 intersect the line—   - I,   a theoretical strength 

Ao 
is obtained for the metal in the following manner: 

Ignoring the initial specimen compression (which only adds a 
small correction) it is seen that,   at—    - 1,   the specimen fractures 

A o 
without neck-down.    In other words,   no shear flow from the sides 
has occurred.    Therefore,   the metal has fractured in tension by 
separating metal bunds.     The strength value for polycrystalline cop- 
per is Z. 11 x 10    psi.     This may be compared to the original Frenkel 
value calculated from the modulus obtained at low rates: i.e. , — 

Ü n 
where n - 10.    (His value was precisily,    > ).     The theoretical value 
is 1. 7 x 10    psi,   a rather good correlation. 

A surprising implication in this work is that,   at high loading rates, 
high velocity dislocations do not play a role in the deformation.    Macken- 
/.ies calculation of a theoretical strength of ^i. (or     ■T.),   taking into ac- 
count dislocations,   does not appear to hold up at these loading rates. 

CONCLUSIONS 

Numerous other correlations have been made,   but time does not per- 
mit their discussion.    A brief listing is made. 

1.    Using concepts from the theoretical anlaysis of Truesdale's con- 
cerning the velocity of small stress waves in a pre-stressed metal (as 
used by Bell for plastic waves) fracture times have been calculated at 

10       to 10      seconds in the copper specimens just discussed. 

Z.    Results from low strain rate tests,  where motion pictures have 
been taken of the necked section,   (seen in Figure 8),   show the necked 
region to be volume consistent during deformation.    The neck region is 
analy/.ed for strain changes during deformation,   and a high velocity stress' 
strain curve,   seen in Figure 9,  is used to analyze the energy required 
for fracture of the necked down specimens subjected to explosive loading 
(previous section).    Preliminary results have shown that spall and frac- 
ture are stress-time dependent,   and not a function of stress only. 

3.    The last point that will be mentioned concerns hypervelocity im- 
pact.    Curve A in Figure 9 is a high rate curve,   generated from normal 
slow rate data shown in Figure 9,  Curve B.    In hypervelocity impact, 
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tm'lal is lU'lonui'd m .1 region arcjiind Ihv crater.    (Seu Fij{uri' 10).    By 
lusitii; tlu- furvi'b in Fi^urt' l),   and analy/.inji; the targets for strain distribu- 
tions in the affected regions .md the  remainder of the block,   an energy bal- 
ance has been obtained,   between incoming energy in the pellet and energy 
used in the target.    The balance is within experimental error; 3%.    There- 
furr,   not only lias a method been derived for analyzing metal target reaction 
to hype rvelocity impact,   hut we are now in a position to predict reactions 
in untested targets. 

In conclusion, it appears that the problem of high velocity metal defor- 
mation may be attacked in a fairly confident manner through examination of 
low velocity data. A few simple correlations have been derived from theo- 
retical and experimental considerations. 

It remains to carry the data further in obtaining more exact quantitative 
correlations,   and to derive rules that may be used to make general predic- 
tions concerning high velocity metal reactions.    At the same time,   methods 
will have to be found to incorporate the type of results and analyses dis- 
cussed here into formal non-linear mechanics theory. 
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STANDARD TENSILE TEST   SHOWING   SPECIMEN NECK   DOWN 
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CROSS- SECTION OF A COPPER CYLINDER IMPACTED BY A 
Ql8 GRAM PELLET AT 5 KM/SECOND 



RiJSFüNSt: OF CYLINDRICAL SHELLS 

AFOSLl) TO EXTERNAL BLAST LOADING 

William.J.   Scluunati,   J r . :;; 

Af.S 1'RACT 

A n.ctlKul uf prrdictmn pernmnt'iit delunnalion of thin-walled unbtiffenod 
i-ylindricd  SIU-HH cxpoSfd tu exlurnal blast loading from charges of high 
rxiilosivr is prcsi-ntcd.    Lmpirical  ndatious an- derived from a series oi 

firings enmuu-led primarily  at the  Aberdeen Proving Ground,   against  scaW d 
shells.     The average deviation between predicted and actual pressures is 

INTRODUCTION 

The  Terminal  Ballistics Laboratory of the USA Ballistic Research Lab- 
oratories has as part of its mission the determination of the response of 

structures to blast loading. An investigation of the response of thin-walle 
cylinders to external blast loading was initiated as a basic study of simple 
structures that have  many practical  applications, 

A survey id' previous work indicated that some analytical studies had 

been made by Brooklyn Polytechnic Institute   and Columbia University. " 

However,   the loading and boundary conditions were not those of interest 
and there was no experimental correlation.     The Space Technology Labor- 
atories    have conducted tests on Mylar cylinders,   but their loadings were 
uniform and the  rise times were much slower than those obtained from 

4 
blast.     AVCO Corporation    has used sheet explosive applied to segments 

of the surface of a cylinder to obtain deformation.    Southwest Research 

Institute    has also looked at this problem but the experimental work was 
conducted with one model.    Suffield Experimental Station    is investigating 
the details of blast  loading of various simple'  structures including cylinders. 

It was determined that the first part of this investigation be concerned 
with the development of an empirical method of predicting the required pres- 

sure necessary to cause permanent deformation to a spectrum of cylindrical 
configurations and materials.    This paper presents the first results of this 
phase of the investigation. 

William J,   Schmnan,   Jr.,   Aeronautical Research Engineer,   Terminal 
Ballistii s Laboratory,   Ballistic Research Laboratories,   Aberdeen 

Droving Ground,   Maryland., 
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TKS'r ARR ANGI'-.MKNT AND PROCR DUK K 

The cylimlrical shells are fabricateri from 1040 hot-rolled steel sheet 
and 2SC) aiul SOS^-IMK aluminum foil.    The steel shells are formed and 
butt-welded while the aluminum shells are soldered or taped depending on 
thickness.     The shells areclampes over heavy end caps with a heavy rod 
through the center ol these caps to minimize bending.     A typical shell  spe- 
cimen is shown in Figure I.      The diameters vary from 3 to 34 inches,    the 
lengths from Z to 47. 1^ inches,   the thicknesses from 0. 003 to 0. 136 inches; 
giving diameter-to-thickness ratios of 60 to 2000 and length-to-diameter 
ratios of 0. 67 to 10.    Many of the shells are geometrically scaled.     The 
dimensions of the shells are listed in Table I. 

The shells are mounted at a height of 8 feet to minimize ground effects 
as shown in Figure 2.    They are oriented so that the blast loading impinges 
on the shells either along a line pe rpendiculat to the longitudinal axis-lat- 
eral loading or along an extension of the longitudinal axis-longitudinal load- 
ing.    A nose cone is added to the shell for the longitudinal loading orienta- 
tion to minimize disturbance of the flow. 

The blast loading is provided by charges of high explosive ranging in 
weight from one pound to 79, 000 pounds.    The smaller weights are bare 
spherical Pentolite while the larger charge weights are bare blocks of TNT. 
The smaller charges are suspended as shown in Figure 2 while the larger 
charges are placed on the ground. 

The free air blast parameters; overpressure,  impulse and duration 
are determined by use of tabulated data and measured by piezoelectric 
gages for the larger charges. 

A number of shells are positioned about a charge at pressure levels 
that will not cause permanent deformation.     The distances between the 
shells and the charge are decreased until optimum permanent deformation, 
approximately 10"/» of the diameter is obtained. 

RESULTS 

The values of pressure and impulse were determined at those distances 
for which optimum deformation was obtained.    The values for lateral load- 
ing are listed in Table I along with the shell dimensions and are plotted in 
Figure 3.    Iso-damage curves are drawn through those points that repre- 
sent various combinations of pressure and impulse for equivalent deforma- 
tion of a given material and shell configuration.    (See points 2-3-4-5,  14-15-16, 
38-39-40,   etc. )   These curves are the boundaries between the damage and 
no-dam age regions.        The   relationship   between   pressure   and 
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RESl'ONüK OF CYLINDERS KXTOGHJ TO EXTERNAL BLAST LOADINO 

TABLE I.    PRESSURE-IMPULSE DATA FOR LATERAL LOADING 

Charge Charge [ncident Incident 
Dla. Length Thlcknena Weight DiBt. PreDßure Impulse 

Cyl. D L t w d /l    V II        v 

No. (in) (in) (in) (lb) (ft) D/t L/D Material (p°l) i pai-msec) 

1 6.0 0.019 589 29.0 158 2.0 Steel 48.5 86.0 
2 8.62 0.019 1.1 2.5 158 2.87 1040 159 15.5 
5 8.62 0.019 8.1» 7.0 158 2.87 82.4 26.9 
i» 8.62 0.019 64 l6.0 158 2.87 58.O 48.8 

5 8.62 0.019 589 55.8 153 2.37 41.0 85.5 
6 11.62 0.019 1.1 5.0 158 5.87 118 14.5 
7 11.62 0.019 8.4 8.0 158 5-87 60.3 25.4 
8 1U.62 0.019 1.1 3.5 158 4.87 82.4 13.4 

9 14.62 0.019 8.5 9.0 158 4.87 44.8 21.6 
10 18.0 0.019 389 46.0 158 6.0 17.4 65.O 
n 8.62 0.055 8.4 4.5 86 2.87 213 32.6 
12 9.00 0.055 589 25.9 86 3.0 94.0 101 

13 6 18.0 0.019 389 44.0 79 3.0 21.8 67.O 
11* 6 17.50 0.055 8.4 5.8 172 2.91 130 29.6 

15 6 17-50 0.055 64 14.0 172 2.9I 79.2 52.0 
16 6 18.0 0.055 589 28.0 172 3.0 65.O 92.0 

IT 6 17-50 0.076 8.4 3.0 79 2.91 465 35.5 
18 6 17.50 0.076 64 9.0 79 2.91 209 64.0 
19 6 18.0 0.076 589 18.0 79 3.0 147 110 
20 12 35.38 0.076 5Ö9 25.O 158 2.94 85.8 98.8 
21 12 55.58 0.156 589 15.0 88 2.94 i 257 118 
22 2k 47.25 0.156 589 25.O 176 I.98 1 ' 85.8 93.8 
23 2.5 4.5 o.oofl 54.5 23.1 513 1.8 Tin/Steel 19.7 35-2 
2h 6 24.0 0.018 79,000 - 555 4,0 Aluminum* 11.3 2Q0 
25 7-5 7.5 O.O65 589 25.0 119 1.0 Aluminum* 83.8 93,8 
26 7.5 7.5 0.125 589 16.0 60 1.0 Aluminum* 242 117 
27 5 6.0 0.005 589 178 1000 2.0 Aluminum I.87 17.5 
28 3 9.0 0.005 589 200 1000 5.0 5052 H-38 1,76 15.7 
29 3 9.0 0,006 589 106 500 3.0 4.26 29,2 
30 3 50.0 0.006 589 172 500 10.0 1.94 18,2 
31 6 18.0 0.005 589 550 2000 3.0 

■ 

0.82 9.60 
32 6 18.0 0.006 589 150 1000 5.0 I 2.47 21.2 
53 3 9.0 0.006 1.1 16.0 500 5.0 Aluminum 5.53 5.90 
51* 3 9.0 0.006 15.0 60.0 500 3.0 2S0 1.91 5-95 
55 3 9.0 0.006 389 275 500 3.0 1.07 11.7 
36 3 12.0 0.006 1.0 20.0 500 4.0 2.57 5.06 
37 3 9.0 0.010 15.0 40.7 500 3.0 5.24 8.58 
58 3 9.0 0.012 1.1 10.0 250 3.0 7.94 6.02 
59 3 9.0 0.012 15.0 15.0 250 3.0 3.97 10.1 
1+0 3 9.0 0.012 5R9 160 250 3.0 2.07 19.7 
kl 6 6.0 0.012 589 160 500 1.0 2.07 19.7 
1*2 6 11.0 0.012 589 200 500 1.8 1.76 15.7 

* Type of Aluminum unknown 
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LATERAL LOADING 
ORIENTATION 

CHARGE STAND 

FIG. 2 - TYPICAL  FIELD ARRANGEMENT 
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i h.11 IM'  v.-c i j^lit  i JII In1 (Ictf rmiiu'd I rum t lie sc ( ur vc s . 

I'lu1  (lash-dut   liiu'ä  IIIIIIUM I  [uniits   re pre üf r.ti nj^ only  a i:huii^i;  ul  .shell 

length.     (Sri: pointa ^-(>-K,    5-7-^,   itc).     The   rrlutiiiiiöliip bclwucn prus- 

sm-f ami Irii^tii or pn'ssurf aiul len^th-lo-di ainctf r ratio c:an hu (Ictcrnüiidd 

trmii tlii'Si' i'urvi'S,     The   rrLitmnships bi;twi'i;ii pressure  a^ti dianif'.t: r, 

tlui.:knr s s  and niat.ciial can also bi; dt.'tf nnlticd, 

There an' two basic types of deformation patterns from lateral loading. 
The thicker shells deform in one lateral-type pattern as shown in Figure 4. 

This pattern becomes deeper and spreads toward the end caps as the pres- 

sure is increased.    The thinner shells deform in a number of longitudinal 
lobes which increase in length and number with the pressure.    The first 

lobe is shown in Figure S. 

The near vertical dotted lines shown in Figure 3 indicate that the "geo- 
metrical" modeling laws apparently hold for these large deformations.    Re- 

ferring to Figure   i,   Figure b and Table I: point  i represents a cylinder of 

given geometry ( i"  dia. ,   H.6Z"  length,   U. 019" thickness) with a charge 
weight of 8.-1 lb.   positioned at, a distance of seven feet.    Using a model or 
scale factor of we would expect equivalent deformation of a cylinder whose 
dimensions have been multiplied by the scale  factor Z (point 15: 6"  dia. , 
17. SO" length,   0. ü 5S" thickness) with a charge weight of 64 lbs.   (that is: 
Woe dw

3 or dwoc   ^     W and dwC<  ^8.4 00 Z and therefore WZCX K3* 

d„, oC £   X ^  GC 64) located at a distance of 7 x Z - 14 feet.    These two 
points do represent, equivalent, deformation as docs point ZO on the  same 
curve and as do points  Z-14  and 11-18 on their  respective dotted curves. 

There are only two data points tor longitudinal loading. These indicate 
that the critical pressures for lateral loading must be multiplied by a factor 

of .4 where   i. 1   <;  A ^ S. 6. 

The  relationships between the critical pressure and the various para- 

meters have been determined empirically and a graphical presentation made 

so that the critical pressure may be determined if the material and geometry 
of the shell and the charge, weight art; known.    The necessary curves are 
shown in Figures 7 and 8. 

The three curves of Figure 7 are plots of the length-to-diameler ratio- 
LJ/D vs.   critical incident pressure-pt for the three materials tested:  steel 
and the two aluminums.    Each of the three curves is based on a change of 

L/D for a constant charge weight of one pound,   a diameter of three inches 
and a constant thickness: steel - 0.019 in.   and aluminum - 0.006 in. 
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I'lii   ( ui i ( i I lui.  t.u liir h  lii"  \ a r i atiun.s HI  tln'Sc  tli rcc   piiraincti' r,s;    di- 
ami Irr     lim kncs-.  and i liaise  wcij^ill   ,irc  (^IviMl  ill   Fi^uri;  H.      Thu   rt:ciui r(,'(l 
)rrssiirc w<iiil(l thru be. pre s; 

1'       -  i)    K     K    Iv, 
i r 

where V i i   'u al  [jfessure 

[j   -  Ineident  Prussure (Fig.   7) 

Kvv      eor rectum fuclur fur charge weight (Figure 8) 

K.   - < or rei tiun factor fur thickness (Figure 8) 

K[j -  currectiun factur fur diameter (Figure 8) 

As an example cunsider  siiell  16: 

It  is  steed  and L/D   -   i.U,        p     ^1S4 psi 

Also 1) ■   6. Ü D/ i x 10 - Zu and K     = Ü. 57 

t   -   O.UiS  !  x 10 - ~~-£ x 10 = 18.4 and Kt=2. 5i 
0.019 0.019 l 

W -   JH9 Kw - Ü- -79 

The refute Pc r -  p, Kw Kl KD 

- (144)  (0. Z79)  (0.035)  (0. 57) 

Pcr - 6 3.Z psi 

The actual pressure was p^ - 65.0 psi.    Therefore,   the deviation of the pre- 
dicted value from the actual value is     0.3%. 

The average deviatiun between predicted and actual pressures is     6%. 
with a spread of -Z0% to     46%. 

CONCLUSIONS 

The first phase uf an investigation of the response of thin walled cylin- 
ders exposed tu blast  loading has resulted in an empirical method of pre- 

dicting the critical pressure required to cause permanent deformation.     The 
correlation of pre tinted and actual pressures is good with an average de- 
viation of 6%. 

Further testing is planned.    A series of 10 to IZ firings in the 1000 lb. 
to 30, 000 lb.  charge-weight region will be conducted at the Yuma Test 
Station the latter part of 196Z.    It is anticipated that additional data will be 
obtained by participation in the 500 ton firing to be conducted in Canada 
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(luring tlu; summer of \t)i)i.    Sumr prrIimiiiary work has begun un instru- 
im-iiling the .slu;lls with strain and pn-ssurc gagt.'S for more precise deter- 
minations nt  response and loading.     These  results will he  used in the con- 
current analytical  studies. 

This  study is sponsored by the  Defense Atomic Support Agency. 
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DISCUSSION 

Francis B.   Paca,   U.  S.   Army LRDL,   Ft.  Belvoir,   Va:     I would hazard a 

guess that your higher pressures and your larger L/D rate shows that you 

have quite a differential pressure from the front to the end of the cylinder. 

Have you ever tried this same thing in the shock tube where there is no 

change in pressure'' 
Mr.   Schuman;      You are speaking about the longitudinal loading? 

Mr.   Paca:     Yes,   sir. 
Mr.   Schuman:      We have done very little firing with longitudinal loading. 

Most of it has been done with lateral loading.    We will probably run into a 

problem when we get mit) the longitudinal loading. 
Ulric S.   Lindholm.   Southwest Research Institute:     I have a two-part question. 

First,   how did you manufacture the thin-walled cylinders9    And secondly, 

what effect,   it any,   did eccentricity of the cylinder have on the buckling 

pressures? 
Mr.  Schuman:     The steel cylinders we tested so far were cold-rolled and 
butt-welded.     The aluminum ones,   being very thin foil,   were rolled and we 
used an army gun tape to hold them together.    Since we were firing the lat- 
eral orientation,   we have put the seam on the back side,   away from the 
charge,   and it did not effect our  results.     We have obtained,   after many 
months,   very thin seamless aluminum tubing.    But it is quite a procure- 
ment problem   to get it thin enough to be of practical use to us.    We have 
not checked the eccentricity.    We have conducted a fairly simple test for 
now and we were pleased that, the  results have turned our as well as they 
have.    We hope    when we get the instrumented test,   that they will show as 

well. 
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FUUTüKLÄSTIG STUDIES OF DYNAMIC STRESSES 
IN LOW  MODULUS MATERIALS 

P.   D.   Flyun-,   J.   T.   Gilbert1-:1,   A.   A.   Roll--1- 

ABSTRACT 

In 196ü,   the- Frankfurd Arsenal began u new program in dynamic photo- 
elasticily using low modulus materials subjected to either mechanical or ex- 
plosive loads.    High-speed photographic techniques were used to obtain full- 
image dynamic  stress patterns at approximately 7BU0 pictures per second and 
exposures of 1. i ^isec.    Recently,   a dual-polariscope was designed for obtain- 
ing simultaneous views of a specimen at normal and oblique incidence.    This 
paper reviews the techniques developed for this work,   discusses the results 
of fundamental studies on stress distributions under dynamic conditions,   and 
outlines future (dans. 

INTRODUCTION 

When using high-speed photography in dynamic photoelasticity,   the ex- 
posures must be short enough to "stop" the motion,   and the exposure time re- 
quired to prevent blurrino-of the image can be calculated from the speed of 
stress waves,   e.g.,   c - I—-    for longitudinal waves,   where E is Young's mod- 
ulus and Pis the density.''In order to resolve higher order fringes,   monochro- 
matic light must be used because white light and colored stress patterns "wash- 
out" for fringe orders greater than about five.    These two requirements of 
dynamic photoelasticity,  namely short exposures and monochromatic light,  make 
it somewhat difficult to obtain satisfactory dynamic stress patterns. 

In spite of these difficulties,   there has been a good deal of interest and 
activity in dynamic photoelasticity over the past thirty-five years,   and even a 
partial list of recent papers is rather extensive (1-8,   10-13).    One approach is 

P.   1).   Flynn,   Physicist (Mechanics),   Frankfo'd Arsenal,   Philadelphia, 
Pcnnsyl vani a. 
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to usi' "suit'   or low inoilulus phuluolaölit; malorials in wlücli the speed of 
stress waves is   relatively  slow (   i  r* U. UÜ^ in/nsec;) anti conventional high- 

w 

i'ely slow (   i  ^ U. UÜ^ in/uaec) and conventional high- 
speed photography.     Using a Fastax Camera,   Perkins    phejtographed stress 

aves in pliutoelastii   rublii'r and Dally,   Riley,   and Durelli     recommended 
urethane  rubber for dynamic   studies.    Another approacli is to use "hard" or 

high modulus photoelastic  materials (c^-O.l  in/nser) and ultra-high-speed 

[»holography.    Cliristic     and Wells and Post'   used a multiple-spark,   multiple- 
lens camera of the Cran/.-Schardin type-;  Feder,   Gibbons,   Gilbert,   and 

Offenbaehe r    used the Beekman and Whitley high-speed framing camera; 

and Frucht and Flynn   '       employed the method of streak photography.    A 

third approach is to use photoelastic coatings,   and Cole,  Quinlan,   and 
Zandman     used this technique with the Beckman and Whitley 189 camera. 

In general,   the results obtained by dynamic photoelasticily have been 
limited mainly to free boundary stresses and to interior secondary maximum 
shears.    The determination of the individual components of stress is a fun- 

damental problem in photoelasticily,   and the method of oblique incidence 
used by Drucker    to separate the principal stresses under static conditions 

is direct and promising   for dynamic work because it requires only the 
10 measurement of fringe orders,     .    This method was used by the authors to 

deter   line the prnuipal stresses in a low modulus photoelastic material 
il   1Z   13 

subjected to either mechanical or explosive loads. 

This paper deals with the results of basic research in dynamic photo- 

elasticity and with studies of stress wave propagation and impact phenomena 
in two-dimensional configurations.     The objectives were to develop new 
techniques in dynamic photoelasticity and high-speed photography and to ob- 
tain new information on stress distributions under dynamic conditions.    A 
knowledge of such stresses is of fundamental importance in theories oi 

strength and rational design. 

PART 1 

NORMAL AND OBLIQUE INCIDENCE PHOTOGRAPHS FROM REPEATED TESTS 

Equipment and Techniques 

Polari scope.   A lens-type polariscope was designed and assembled 

for this work.    Figure 1(a) is a sketch showing the arrangement of the op- 
tical elements of the polariscope and the mechanical loading system,   where- 

as Figure 1(b) is a photograph of the polariscope with the explosive loading 

system.    The light source was a direct current (7. 3 amps,   1Z0 volts),   small 
arc (4. 5 x Z, 3mm),   500 w.   mercury lamp (Osram,   Type HBO 500) which 
operated in series with a ballast resistor (ZZ ohms).     The lamp was placed 
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at llu' toeus of a rimdcnsrr li'iis (8" diamoler,   10" fucal length) which gave 
a cullinuiU'd lielcl having an efficient uae uf the available light.    The polar- 
izer and aiudy/.er were made from a sheet of plastic laminated circular 
polari/.er (Polaroid,   Type HNCP 57).    A cullector lens (8" diameter,   18" 
focal length) was used to converge the light into the camera lens,   and in 
order to obtain a uniform field,   the camera lens was placed at the focus 
of the collector lens.     The camera lens (Wollensak,   WF-100A,   25.4mm, 
f/Z. 3) was chosen so that the image of the model filled the available frame 
in the camera. 

Mechanical Loading System.     The mechanical loading system sketched 
in Figure 1(a) consisted essentially of a platform to support the model and 
an impact rod for striking the specimen.    The impact rod was guided by a 
vertical ball bushing,   and the height of fall or drop was adjusted by changing 
the position of the electromagnet.    Rods of different length and weight were 
used to vary the intensity of the loading.    The striking end of the impact 
rod was designed to apply a uniform load across the full thickness of the 
model,   and the design used depended on the configuration of the specimen 
under test.    A typical impact rod is shown in Figure 2. 

Explosive Loading System.   Explosive loads were applied to a photo- 
elastic model placed inside a metal firing box equipped with safety glass 
windows,   Figure 1(b).    The axis of symmetry of the photoelastic model was 
placed in line with the axis of the firing head assembly,   and after aligning 
the model,  the vertical position of the firing head was adjusted so that it 
was just in contact with the top of the specimen.    Explosive loading was pro- 
duced by a one grain M52A5 electric primer which was detonated by 135 volts 
D.C.    Details of the firing head assembly are shown in Figure 2.    The blast 
from the primer was transmitted directly to the model through a 3/16" hole, 
and a slot 1/16" wide and 1/16" deep in the end-piece was used to distribute 
the load across the thickness of the specimen in order to obtain plane 
loading. 

Camera.    A Fastax high-speed motion picture camera (Wollensak, 
WF3,   16mm) equipped with a 0.003" slit aperture plate was used.    The slit 
decreased the exposure time and also reduced the height of the frame by 50 
percent.    With a standard aperture plate,   the exposure time is 1/3 of the 
interval between pictures,   e. g. ,   at 7500 pictures per second (pps),   the in- 
terval is I33usec and the exposure is 44^isec.    With a slit aperture,   the 
manufacturer gives the equivalent exposure in microseconds as 1/BS where 
B is the camera ratio (100 for the 16mm camera with a 0. 003" slit) and S 
is the camera speed in pps.    For typical operating conditions of 7500 pps, 
exposures of I. lyisec were obtained.    Such short exposures were more than 
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.uli'qiuito fur photugraphinK slruss waves in low modulus photoelastic mater- 
ials.     Dynamic  slrcsst-s have also been phutographed in hard materials by 
using slit apertures in the Fastax camera,11.    A Faslax "goose" control 
(Model WF-iUl) was used lu operate the camera and tu synchronize the event. 

Photographic Techaiques.    In order to obtain monochromatic light 
h-JblÄ),   either Corning (No.   4-1CU) or Wratten (Nos.   58 and 77A) filters 
were placed in front of the camera lens,   and essentially the same results 
were obtained with either type of filter.    Kodak Double-X and Tri-X films 
were used,   and for our lighting conditions,   the film speeds were approxi- 
mately equal.     Double-X film may be preferable because of its finer grain 
characteristics,  but Tri-X film also gives very good results.    Development 
in either D-7^ or D-76 gave satisfactory results,  but D-72 is preferred when 
making measurements because it produces a higher contrast negative. 

Results and Discussion 

Square Plate Models.     Square plates resting on one edge and loaded 
at the center of the opposite edge were tested as shown in Figure 3.    This 
figure also gives the notation for the coordinate axes and the principal stres- 
ses.    For the results reported in Figures 4-7,   the models were 5-1/2" square 
for the explosive loads and 6" square for the mec'^.anical loads.    The photo- 
elastic models were made from 3/8" thick sheets of Hysol 8705,   a urethane 
rubber compound supplied by the Hysol Corporation of Olean,   New York. 

Stress Patterns.    Typical dynamic photoelastic stress patterns at nor- 
mal and oblique incidence for both explosive and mechanical loading are 
given in Figure 4.    The oblique incidence stress patterns were taken at an 
angle of incidence of 45°,   and the angle betwec-  the refracted ray and the 
normal  to the model was 27.9°.    A Recordar i\..r\ Reader was used to study 
the individual frames,   and these were enlarged twenty times and then viewed 
through a 2. 5x magnifier.    In the explosive loading.   Figures 4(a) and 4(b), 
only the leading fringes could be resolved during the first few frames,   and 
the full stress pattern did not become reasonably clear until the fifth frame. 
By the ninth frame the   initial   stress wave had crossed the plate and was 
being reflected from the support.    For this type of loading only the first 
ten frames were analyzed.    Figure 5 gives the fringe order distributions on 
the line of stress symmetry for the stress patterns in Figure 4(a).    The 
stress patterns under mechanical loading,   Figures 4(c) and 4(d),  were re- 
latively easy to read,   and the first thirty frames were analyzed. 

Fringe Order vs.   Time Curves.      The time at which the event began 
(i.e. ,   time zero) was-determined by plotting the position of the first half 
order fringe versus frame number,  where Frame No.  0 was taken as the 
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last pu lair witlunil  a stii ss patliTii.     Fi^un- (> ^ivi'b llur results fur nor- 
mal iiu-uli'iui- lor both rxplusive and muciiaiucal loading.    With explosive 
loading,   it  is seen that  the leading fringe  travels approximately twice as 
fast  as  it does with meilunucal  loading.     Furthermore,   under explosive 
loading the veloi ity of propagation of the leading fringe decreases some- 
what with increasing frame number,   whereas under mechanical loading 
the velocity is nearly constant. 

Normal and oblique incidence photographs were obtained from repeated 
tests.    For various points of interest on the line of stress symmetry,   fringe 
order versus time curves were plotted by taking fringe order data from 
curves of the type shown in Figure S and by constructing a time scale start- 
ing at the beginning of the event and using the interval between frames as 
measured from tuning marks.    By combining the fringe orders determined 
from normal and oblique incidence at a given point and at the  same time, 
it was then possible to separate the principal stresses. 

Oblique Incidence Method.     The principal stresses pn and qn in fringes 
were calculated from the equations: 

Pn - Clp = (n-na  cos« l/sin^O (1) 

qn - Ctq - (n cos   0   -   necose)/sin  0 (2) 

where C is the stress-optic coefficient,   t is the thickness of the model, 
p     q  are the principal stresses,   n  is the fringe order at normal incidence, 
ne   is the fringe order at oblique incidence,   and 0 is the effective angle of 
oblique incidence.    These equations are valid for a rotation about the q-stress, 

(10). 

Principal Stresses in Square Plates.     The principal stresses at the 
center of the square plates are given in Figure 7 for both explosive and me- 
chanical loading.    The stresses were calculated for the period of time that 
it took the initial stress wave to cross the plate and reflect from the sup- 
ported edge.    It is seen that, the stresses due to explosive loads develop 
much more rapidly than those due to mechanical loads.    From other tests, 
the duration of the one grain M52A5 electric primers was found to be ap- 
proximately 350usec.    Thus the explosive loading time was short compared 
with the time for the passage of the stress wave across the plate,  and peak 
stresses occurred during the passage of the first stress wave.    The duration 
of the mechanical impact,  i, e. ,   the time that the impact rod was in contact 
with the model,  was approximately IZ. 8msec.    Thus the mechanical loading 
time was long compared with the time for the passage of the stress wave, 
and the maximum stresses occurred at times later than those shown in 
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Figure 7.     AddiliuiKil  rrsults .nc ^ivi-n m (li)- 

P r iiuipal Stiräst'hi in Ci re ular  Disk and Rectangular Bar.     A series 
of impact tests were made on a ein ular disk and a rectangular bar as 
sketched m Figure K.     The influence of the height of fall on the  stresses at 
the center ol the circular disk art1 shown in Figure 9.    It is seen that the 
magnitudes ol both p    and qn increase as the drop increases,   and the dura- 
tion of impact appears to be nearly independent of the   height of fall.    The 
effect of the weight of the impact rod on the stresses at the center of the 
rectangular bar are shown in Figure 10.    The use of heavier impact rods 
and a fixed drop increases the magnitude of the qn stresses and the dura- 
tion ot impact but has little effect on the average values of the p    stresses. 
Additional results are given in (IZ). 

PART II 

SIMULTANEOUS NORMAL AND OBLIQUE INCIDENCE PHOTOGRAPHS 

In the oblique incidence method,   the equations for the principal stres- 
ses involve differences between quantities of the same magnitude so that 
small errors in the measurement of fringe orders may lead to large errors 
in the calculated stresses.    When normal and oblique incidence stress pat- 
terns arc photographed from repeated tests,   the results are subject to er- 
rors due to lack of reproducibility in loading as well as difficulties in ob- 
taining values of n and ne at corresponding times.    In order to eliminate 
these sources of error,   a dual-polariscope was designed so that normal and 
oblique incidence stress patterns could be photographed simultaneously. 

Dual-Polan scope 

The dual -polan scope designed for photographing both normal and ob- 
lique incidence stress patterns from a single test on the same piece of film 
is shown in Figure 11.    It consists essentially of two polariscopes whose 
optic  axes intersect at 45 degrees and a system of mirrors for putting the 
projected images into a single camera,   Figure 11(a).    The condenser lenses 
(C.    8" diameter,   9" focal length) and the collector lenses (C^,   8" diameter, 
17.8" focal length) were made of plastic and were supplied by the Fostoria 
Corporation of Huntingdon Valley,   Pennsylvania.    A camera lens of shorter 
focal length (Wollensak.   WF-14ZA,   13mm,   f/1.6) was used in order to ob- 
tain both views of the specimen.    The other optical elements and photo- 
graphic techniques were the same as described in the work with the single 
polanscopc. 
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Rfsuits and Disiussion 

Plalos uf Ilysol KTüS,   S" .stjuarf as in Figuru   '>,   WIM-C aubjected to ex- 
plosivc loading,   Figuri1 11(b),   using one grain M^ZAS fU-ctric primers as bt;- 
fure.    A compU'tt' suqiu'ru:»' of simullaiu'ous normal and oblique incidence 
stress patterns are given in Figure 1Z for the period of time that it took the 
initial stress wave to cross the plate and reflect from the supported edge. 
For any pair of stress patterns,   the fringe orders at corresponding points 
on the line of stress symmetry may be used directly in Equations (1, Z) to de- 
termine the principal  stresses. 

In order to compare the results obtained using simultaneous stress 
patterns with those obtained from repeated tests,   several tests,   several 
tests were made with the dual-polariscope under the same conditions shown 
in Figure IZ.    By using normal incidence data from one test and oblique inci- 
dence data from another test,   the effect of repeated tests with a single polar- 
iscope was obtained. 

Using Test 1 in Figure 13 as a reference,   a time scale was constructed 
using time zero as determined from extrapolation and the interval between 
frames as measured from liming marks.    For a given frame number,   note 
that n    - 1/Z   has traveled farther into the specimen than n = 1/2,    In previous 
work with the single polariscope,   there was no way of observing this effect. 
In the extrapolation for zero time,   both normal and oblique incidence data 
were used,  but even so,   the extrapolation may not be too accurate.    In order 
to eliminate this as a possible source of error in establishing corresponding 
times,   the position of n    = 1/Z at Frame No.   Zwas chosen arbitrarily in Test 
I to establish a reference point.    An interpolation procedure was then used 
to correlate other tests with this reference point.    Thus in Figure 13,   Frame 
No,   Z of Test Z occurred earlier than Frame No.   Z of Test I by an amount 
/i't as indicated. 

Three tests were made for the conditions shown in Figure 1Z,   and the 
first fifteen frames were analyzed in each test.    Fringe order versus time 
curves at the center of the plate are given in Figure 14 for both normal and 
oblique incidence.    It is seen that the spread in the values of either n or ne 

is approximately one fringe.    When the curves of n and ne are compared,   it 
is seen that their shapes are somewhat similar,   and it is important to note 
that the curves from the three tests lie in the same relative position with 
respect to each other.    It would thus appear that the intensity of loading 
(i.e. ,  the output of the M5ZA5 electric primers) was somewhat different in 
these tests. 
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The pniu ip.il  stresses were ( alinlalcd fur all thrct; lusts u.sm^ siinul- 
taiU'ous data,   ami llic   rr.sulls  Irom   Ti'Sts  1  and Z lor llu;  strussca at the cen- 
ter ol' tin' plate arc  shown in  Ki^un- IS.     It is seen that both pn and qn are com- 
prebüive  initially,   and lliat tj^ is mure than twice as large as pn.     After 800|isec, 

9n becomes a tensile and reaches a maximum value approximately equal in 
magnitude to its carliei  comprcssive value.    The two tests are  rather similar, 
and the ditlerenccs between them are probably due to differences in the ex- 
plosive loading. 

When the results in Figure 15 from simultaneous data are compared 
with those in Figure 7 from repeated tests,   it is seen that there is quite a 
difference,   especially in the p  -stress which is always tensile in Figure 7. 
This discrepancy would seem to be clue primarily to the lack of reproduci- 
bility in the loading.    For example,   when the stresses are calculated from 
repeated tests using n from Test 1 and nH from Test 3,   Figure 16,   the re- 
sults are radically different from those in Figure 15.    Although the results 
in Figure 16 do not agree with those in Figure 7,   it is interesting to note that 
this procedure for calculating the stresses in Figure 16 nearly removed the 
initial compressive behavior of p    shown in Figure 15,   and it gave a tensile 
behavior somewhat similar to that shown in Figure 7. 

Further Work 

As previously noted,   the equations for separating the principal stresses 
by means of the oblique incidence method are sensitive to small errors in 
the measurement of fringe orders.    Even with simultaneous data,   the use of 
photographs of dynamic  stress patterns to determine fringe orders has its 
limitations,   and further work should include a check on the accuracy of this 
method under dynamic conditions. 

By reporting the principal stresses in units of fringes,   it was possible 
to eliminate calibrating the material under dynamic conditions.    Although the 
mechanical and optical properties of Hysol 8705 were studied by Dally,  Riley, 
and Durelli (Z) who found that the stress-optic coefficient was independent of 
the rate of loading over a wide range,   it would seem that further work should 
be done on dynamic calibration before applying this result to the case of ex- 
plosive loading. 

The dual- polariscope can also be used to study dynamic stresses in 
high modulus photoelastic materials,   and the only change necessary is that 
faster cameras will be required.    An extension of this work from soft to 
hard materials is planned in order to study the influence of the physical pro- 
perties on dynamic stress distributions.    Such information will bear on the 
problem of transition from stresses in photoelastic materials to stresses in 
structural materials under dynamic conditions. 

490 



in 

6 

4) X 
■»-> >^ 

fll 0) 
=) ^ 
cr o 

1) w 

* s 

.S £ 

<< »w 

ac( 

< 

/ 

^ 
c 

s 
(0 
UJ L^ l^- > 

00 
I 

00 

SBONIdd 'SSBäiS 

S39Niad "SSldiS 

491 

O 
O 

8 

O 
O   OT 

o 
o 
UJ 

§i 
Si   ü 

o 
o 
00 

o 
o 

UJ 

• • • • •  • ••• 

• •• 
■       • • •• 

• •  • • • • 
• •• • •  • • •  • 

• • • • •• 



Principal Stresses in Squat«:  Plate 
(D.ite Irmn repeated tests,   y/H = 0. S) 

CO 
UJ 
O z 
tr 
u. 

CO* 
CO 
w 
a: 
i- 
co 

400 

FIG.    16 

800 1200 1600 

TIME, MICROSECONDS 

2000 

••• •• •   ••• • • • •    • • ••   • •    • • • • • •    • • • • •••   • 
•      ••••••• ••      •     •••   ••      « •   • • •   •   • ••• •••• •• •• ••• 

• •  • • • • • »••  • • • • • • 
•• •••■ 

49Z 



REFERKNCLS 

1.      Pt-rkins,   11.   C. ,   "Movies uf Stress Waves in Photuelastic Rubber", 
J.   Appl.   Mech.,   Vol.   ZO,   I9^i,   pp.   140-141. 

L.     Dally,  J.   W.,Riley,    W.F.; Durelli,   A.  J.,   "A Photoelastic Approach 
tu Transient Stress Problems Employing Low-Modulus Materials", 
J.  Appl.   Mech. ,   Vol.  Z6,   19^9,   pp.  613-6ZÜ. 

i.     Christie,   D.  G. ,   " An Investigation of Cracks and Stress Waves in 
Glass and  Plastics by High-Speed Photography",   Trans.   Soc.   Glass 
Tech.     Vol.   36,   195Z,   pp.   74-89. 

4,     Wells,  A.   A.   and Post,   D. ,  "The Dynamic Stress Distribution Sur- 
rounding a Runninc Crack - A Photoelastic Analysis",   Proc.  SESA, 
Vol.  XVI,   Nol 1,   1958,   pp.  69-96. 

5. Feder,  J.  C. ; Gibbons,  R.   A. ; Gilbert,  J.   T. ; Offenbacher,  E.  L. , 
"The Study of the Propagation of Stress Waves by Photoelasticity", 
Proc.  SESA,   Vol.   XIV,   No.   1,   1956,   pp.   109-122. 

6. Frocht,   M.   M.   and Flynn,   P.   D. ,  "Studies in Dynamic Photoelasticity", 
J.  Appl.   Mech. ,   Vol.   Z3,   1956,   pp.   116-122. 

7. Frocht,   M.   M. ; Flynn,   P.   D. ; Landsberg,   D. ,   "Dynamic Photoelasticity 
by Means of Streak Photography",   Proc.  SESA,   Vol.  XIV.   No.  2,   1957, 
pp.   81-90. 

8. Cole,   C.   A.; Quinlan,  J.   F.; Zandman,   F.,  "The Use of High-Speed 
Photography and Photoelastic Coatings for the Determination of Dy- 
namic Strains",   Proc.   5t.h Int'l Cong.  High-Speed Phot.,   1962,  pp. 
250-261. 

9. Drucker,   D.   C. ,   "Photoelastic Separation of Principal Stresses by 
Oblique Incidence",   J.   Appl.   Mech.   ,   Vol.   10,   1943,   pp.   A-156-A-160. 

10. Flynn,   P.   D.   and Frocht,   M.   M. ,  "On the Photoelastic Separation of 
Principal Stresses Under Dynamic Conditions by Oblique Incidence", 
J. Appl. Mech., Vol. 28, 1961, pp. 144-145. See also Technical Re- 
port No.   II to OOR,  Contract No.   DA-11-022-ORD-1609,  July I960. 

11. Flynn,   P.   D. , Feder,  J.  C. ; Gilbert,  J.   T. ; Roll,   A.  A.,  "Some New 
Techniques for Dynamic Photoelasticity",  Experimental Mechanics, 
Vol.  2,.   1962,  pp.  159-160. '         ' ' 

493 



1.!.     Klynn,   P.   1)., Ft-ck-r,   J.   C. ; GilbtTt,   J.   T. ; Roll,   A.   A..   "Impact 
Stn-ysty m Low Modulus Phuloulaalic MaU-rialä",   presented at the 
Internatiunal Symposiuin on Photoeluaticity,   Chicago,   1961,   to be 
published, 

13.     Flynn,   P.   L). ; Feder,   J.   C; Gilbert,   J.   T. ; Roll,   A.   A.,   "Stress 
Waves due to Explosive and Mechanical Loading of Low Modulus 
Photoclastic Materials",   presented at the Second International Con- 
ference of Stress Analysis,   Paris,   196Z,   to be published. 

DISCUSSION 

Carl A.   Fenste nnake r,   National Bureau of Standards:    I was wondering 
whether in setting up the experiment you had considered using an eight- 
sided prism in the FASTAX camera.    This would effectively double your 
picture per second rate. 
Mr.  Roll:      Are you thinking of the 8 millimeter camera? 
Mr.   Fenstermakcr:   No,   this is in the 16 millimeter.    It does cut your 
frame si/.e,   but it doubles your picture per second rate. 
Mr.   Roll:    I hadn't heard of this before in the 16 millimeter FASTAX.    It 
is interesting to note and I think we will look into it. 
Fred W.  Warner,   White Sands Missile Range:    Have you taken any color 
slides or color movies of these photo stress tests? 
Mr.  Roll:      Under explosive loading as noted earlier,   the fringe orders of 
greater than about five with colored film and color stress patterns wash 
out so we have been sticking straight to monochromatic light and using a 
circular polariscope with a light background. 
Mr.  Warner:   I was interested in any other tests you might have done.    We 
have a problem of taking color pictures on photostress rather than \M3 rking 
with photoclastic models,   and I thought you might have had some experience 
with that. 
Mr.  Roll:      No,   none at all. 
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A PROPOSED METHOD FOR THE STUDY OF THE 

DYNAMIC STRENGTH OF HIGH STRENGTH MATERIALS 

Francis   B.   Paca* 

ABSTRACT 

One of the problems which may face today's engineers is the determina- 
tion of the response of various materials to dynamic loads.    Currently 
there are several ways in which this can be done within specific limits or 
combinations of loading time,   loading stress,   and materials characteris- 
tics.    However,   serious problems arise when several types of different 
materials of very high strength are to be evaluated for dynamic response 
to short loads (i. e. ,  a few microseconds).    Under these ceneätions,  much 
of the current equipment cannot produce or accommodate one or more of 
the following:    the short loading time,   the missmatch of mechanical 
impedance or the propagation of a stress wave of the required intensity. 

A method is proposed by which many of the above limitations can be 
overcome.     In this method the samples of the material under study are 
formed into flat ended cylinders and subjected to guided impact against 
a massive high strength target block.     The stress is calculated from 
impact velocity and the mechanical impedance of the sample.   0  ~- Vo/(Cp) 
The loading time is a function of the length of the sample and  the elastic 
wave velocity.     Test samples of a given length are fired (one time per 
sample) with increased velocity until failure occurs at the forward or 
impacting end.     This determines V or stress. 

The proposed method is not without limitations.     These include:   The 
mechanical impedance is assumed to remain constant over the entire 
range of Stress       ,  only the stress is under study,  and the number of 
samples will be large because for each test point the length of the sample 
(i. e. ,  loading time) and the impact velocity (i. e. ,   stress) must be in 
correct combination. 

This proposed method is somewhat similar to that used by Taylor and 
Whiffin in England        except that the impact velocity is substantially 
reduced.    For example,  a 300,000 psi steel bar would fail at less than 
200 feet/sec.   impact velocity. 

:;: Francis B.   Paca,  Chief,   Applied Research Section,   Mine Warfare and 
Barrier Branch,   USAERDL,   Fort Belvoir,   Virginia. 
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(1)    For cli'i t ru ally lundiutin^ materials,   it appears possible to use the 
time ot i ontart with tin; target hlut:k to deterniine the dynamic value of 
tlu- eiastif wave velui ity,   hem.e mechanical impedance. 

(1)    Taylor,   G.   I      "The use of flat ended projectiles for determining 
Proc of Royal Soc.   (London) Vol.   194A - Sept 48. 

In this paper I will  review several of the methods for subjecting 
various materials to "so called" dynamic loads,   and point al the limita- 
tions as relate    to duration of loading,  or material characteristics.    A 
method will be proposed which can be used in many cases where other 
methods can not.    This method is operationally cumbersome and,     as 
usual,  has its own limitations. 

The basic objectives of dynamic loading tests are to subject a sample 
of a material to a known,  predictable,  or measurable force and be able 
to determine its effect in terms of stress,   strain,  or both.    All of this 
must take place within a specific time frame; in this case,  a few micro- 
seconds or milliseconds. 

One of the early apparatus was that of Clark and Wood (1),  Fig.   1. 
This consisted of an air driven ram which applies a load to the specimen. 
The time frame of load application is a function of the mass of the moving 
parts,  the applied force,   and the viscosity and velocity of the fluid. 
Stresses could be developed in 10 milliseconds and held for 6 seconds. 
No stress waves were propagated within the sample in this rapidly applied 
constant stress test.    Samples of any material could  be tested in this 
apparatus because there were no stress waves propagated and hence no 
reason to match the mechanical impedance of the material to that of the 
test apparatus.      Stress,   strain and time were capable of accurate mea- 
surement.     The primary limitation of this method is the time frame of 
loading,   which has been subsequently shortened to the 1 millisecond range 
by use of air or helium instead of the liquid (2). 

An item of similar concept is driven by an electromagnet (3),  Fig.   Z. 
The stress,   strain,  and time are capable of accurate measurement within 
the 1/2 millisecond loading time.    The limitations are the same as those 
of Wood's and Clark's device. 

In order to obtain loading in the time frames    shorter than 1 milli- 
second,   several devices or methods have been evolved which depend upon 
the impact equations of Young (1807).    These could be roughly separated 
into three classes,   namely: the impact of one cylinder against another 
of the same diameter,   the impact of a cylinder against a strong massive 
target,  or combinations of the above.    The impact equation states that the 
resulting stress is the product of the acoustic impedance times the impact 
velocity    (f   =   P cv-      One factor which must be measured as a transient 
is the effective impact velocity,  as will be shown. 
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Fig. Y        Schematic diagram of apparatus used by Clark and 
Wood •fe^ In their study of delay time. 
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Tin! apparatus used liy Dr.   Kraftl uf NRL is shuwn in Fi^.    i.    A 
sttn;!  rod is propidhni and guided against a rod of the same diameter. 
Stress waves start at the point of impact and control the intensity and 
duration of stress.     The impact stress,   which was cut in half due to 
impact against a similar rod,   is doubled or restored by a fixed end 
reflection against a heavy steel block.     The stress then goes back thru 
the specimen until the other stress wave causes unloading.     The load can 
be applied in a few microseconds and held for 1/2 millisecond or other 
values depending on the length of the impacting bar or failure of the 
specimen. 

Another impact machine has been used by Campbell and Maiden (4) 
Fig.   4.     The point of impact causes a stress wave to be propagated 
down  bar potion A.     The stress is increased by "semi-free end" reflec- 
tions at the ends of portions A and B.    After passing through the speci- 
men   the duration of the loading is controlled by the length of the "throw 
off" bar at the bottom.     The characteristics of this device are similar 
to those of Dr.   Krafft's. 

The materials used in both of the above devices has been the same as 
that of the loading rods.     The acoustic impedance of the specimen is the 
same as the load rod and no stress waves reflect from the specimen rod 
interface.     Under tins concept the limitations of this method are the type 
of material and its dynamic "strength" or response compared to the static 
strength of loading rods. 

Materials which have acoustic impedance differing from the rod  can 
also lie used with this apparatus.    In this case the specimen is made 
into a thin    disk so that the time for stress waves to cross back and for- 
ward across the sample is very short compared to the loading tine. 

In any case the main limitation of these devices is not time,  bat the 
dynamic response of the material under test as compared to the static 
strength of the loading rods. 

Thus a real question arises.    What method can be used to dynamic- 
ally test a material which is stronger than other materials?    This 
material cannot be tested in the rapid loading devices of Clark and Wood 
because the time frame of loading may not be sufficiently short.    The 
material cannot be used in the device of Krafft because it may be stronger 
than the apparatus used to test it. 

In 1948 Taylor and Whiffin (5) devised a method for stress determina- 
tion by firing flat ended cylinders against massive steel blocks.    They 
derived a set of equations to determine the approximate dynamic yield 
strength from a measure of the original and final dimensions of the steel 
cylinder,   its density and impact velocity.    Figure 5 shows a schematic 
of their experiment.    Their method involves an energy balance as is 
evidenced by a Vo     term in their computations.    The same sort of a 
system can be used 
instead of Vo   . 

to obtain data on stress    directly in terms of Vo 
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■« Guide wires 
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trigger loop for 
recording 
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■Liquid oxygen 
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Fig. Jft 4 Schematic diagram (exaggerated) of the mechanical 
Impact apparatus of Campbell and Maiden 
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Fig. ijt  Impact of a high speed metal projectile in determin- 
ation of dynamic yield stress by Taylor and Whiffin 
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A Minplilicd miMluxl is p rupuscd which i an aic omplish tin: study of 
dynamu   strcn^tli during sliort duration  impacl.     It involves a system 
very similar in appearame to that of Taylor and Whiffin.    The primary 
differetue is that tin; impart velocity  is reduced from the high impact 
speeds of   Taylor (up to I. SOU feet per second) to lower speeds which 
cause a direct stress corresponding to Young's impact equation 

(T       C     PV.     Under these conditions,   the duration of a loading for 
the forward end of a non-yielding specimen can be calculated with a 
reasonable degree of accuracy and will be equal to 2L/C0. 

A brief outline of tins method is given below; 

a. A flat-ended cylinder  is subjected to a guided impact against 
a massive and strong target area (Armor steel) which has been grounded 
to a flat surface      The impact velocity is low and is calculated on the 
basis of Young's impact equation      For maximum versatility   the target 
should be part of a ballistic pendulum of long radius. 

b. The objet t of the method is to determine the highest impact 
velocity at which the specimen does not fail (neglecting pre-yield micro 
strain). 

c. The time for loading for the forward end of a non-yielding 
cylinder is equal to ZL/CQ   where L in the length.   Specimens of dif- 
ferent length can be used to obtain variations in loading time 

d. In the event that a specimen does not fail on the first impact, 
the same specimen can be impacted repeatedly at the same velocity until 
failure.     The number of impacts multiplied by the duration of impact 
can be used to estimate one point on the delay-time-versus-stress 
curve for materials which exhibit delay time. 

e. Tlie length and diameter of the specimen can be   varied   over a 
reasonable range (L from 0   5 to S inches and D from 0. 1 to 0. 5 inches). 
In order to guide the shorter projectiles it may be necessary to attach 
a   bar of another material having low strength and acoustic impedance 
on the rear end of the projectile. 

This method offers several advantages including the following: 

a      The method is simple and uses a minimum of facilities and 
instrumentation      Impact velocity is the only transient event to be con- 
trolled and measured.     The use of photo electric circuits or charged 
screens and high speed electronic chronographs should make accurate 
m e a s u r e m e n t possible. 

b.    Materials on any acoustic impedance can be investigated.     The 
material of the specimen can be very strong,   in fact,   stronger than the 
impact area of the target mass due to the differences in stress distri- 
bution in the project as compared to stress distribution in the target. 
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c. Thi; duration uf unmet of the forward und can be directly calcu- 
lated to a reasonable accuracy. 

d. A reasonable balance between the input and the pendulum response 
should be possible because the specimen does not yield excessively. 

Apparent disadvantages include: 

a. There are limits to the duration of loading to specimen length 
and number of multiple impacts. In general, the loading time will be 
short and generally less than 100 microseconds. 

b. In the case of multiple impact and accrual of delay time, the 
impact velocity must be the same. It may be difficult to control the 
impact velocity to the required degree of accuracy. 

c. For a test involving a single impact which appears inherently 
to be more reliable,   the two factors of load duration and stress (which 
depend on projectile length and impact velocity) must be in the correct 
combination for a non-yielding specimen.    If the specimen were projected 
at a slightly greater velocity,  it would fail plastically.    Many tests may 
have to be performed to "zero in" on the correct velocity for each length. 

In this method we find stress in terms of impact velocity assuming 
that the acoustic impedance does not change {   (7"= C0oVo).    We also 
can find     J Fdt       and       /mdv   from the pendulum data assuming that 
dt is afunction of the specimen length and C0.    Both of these assumptions 
involve C0,  which must also be measured in instances where materials 
of unusual or unknown characteristics are under study. 

The value of Co   can be derived from the time which the specimen 
remains in contact with the target.    For electrically conducting materials 
this might be done by electrical contacts.    For non-conducting materials 
a separate apparatus might be required which is designed for this deter- 
mination only.     In any event we have not yet needed to use this method 
and have not yet built any equipment associated with it, 

(The above material is contained in USAERDL Report 1643-TR-- 
The Response of Materials to Dynamic Loads-- 20 July 60,  ASTIA-AD 
243 547.) 
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DISCUSSION 

Dr.   Bailey,   U.  S.  Army Quartermaster Res &t Eng Center:    I wonder if 
you could describe the material itself in condition of delayed yield?    Do 
you know anything about what changes have taken place in the material? 
Mr.   Paca:    When you talk about dynamic strength and dynamic response 
in a material,   you have to determine at first whether the material actually 
has strength or is this just a response.    In delay yield,  you probably all 
know,   that if the delay in time is 100 microseconds,   and if you only subject 
the material to 50 microseconds work,  you have done SO microseconds work 
of dislocation damage.    It was found that if you fun delayed yield tests under 
constant rate of strain loading and suddenly applied constant stress,  these 
can be interchanged.    There is a certain stress point at which you don't 
have any delayed yield.    I think this is the activation energy at absolute zero 
or something like that.    This is why the Taylor and Griffin experiments 
cannot handle material of delayed yield.    Because when you impact some- 
thing against a target at 25, 000 fps,  your stress far exceeds the activation 
energy at absolute zero, 
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STRUCTURAL RESPONSE TO MISSILE   THRUST 

J.   N.   Crcnshaw* 

ABSTRACT 

This paper presents a method for the evaluation of a so-called Dynamic 
Load Factor for use in the design of missile structures.    In the general case 
one of the major shocks that the missile experiences is a result of the in- 
crease of the thrust vector as the motor is ignited. 

Application of the technique to the problem of determining a design fac- 
tor for use in missile structures is the objective of this study.    This work 
is based on effort accomplished in the feasibility study stages of the SATURN 
vehicle by Dr.  Rudolph Glaser,   MSFC,   NASA.    Consideration of missile 
structures as mass-spring combinations may be used to provide a mathema- 
tical model for investigation.    In the simplest case a single-spring,   single- 
mass combination can be utilized.    In the general case (for complex elastic 
structures) n mass-spring combinations are possible. 

Initially,   investigation develops a mathematical model for a thrust time 
history of a missile motor.    Comparison of this theoretical model with meas- 
ured firing test results is shown.    Application of thrust as a forcing func- 
tion on a single-mass spring model is accomplished.    Using the ratio of a 
natural frequency of the spring mass to the frequency of the forcing function 
as a parameter,   the response of the vehicle in terms of a multiple of the in- 
stantaneously impressed force is defined. 

This investigation shows that use of a single spring-mass model re- 
sults in dynamic load factor values which compare favorably with tests as 
found in a particular test case.    Need for additional test measurement pro- 
cedures and a clarification of the relationship of the actual structural mass 
distribution to the forces that are generated as a result of motion is necessary. 

J.   N.   Crenshaw,   Chief,   Dynamics Analysis Branch,   Structures and 
Mechanics Laboratory,  Redstone Arsenal,   Alabama. 
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Initially,   it is poinlfd out that Dr.   Rudolph Glaaur of the Structures 
Branch,   P^V13,   Marshall Space Flight Center,  Huntsville,   Alabama is 
the originator of the basic analysis and simplification techniques utilized 
herein.    From the time that man first understood the meaning of the word 
load,   he lias attempted to account for the  response of the resisting struc- 
tures by various methods.    Consideration of all the types of loads allows us 
to distinguish two individual classifications--static (constant,   time-inde- 
pendent) and dynamic (lime-varying,   time-dependent).    For design require- 
ments we must determine the maximum worst loading condition which the 
structure is expected to survive.    Since a dynamic load is composed of two 
elements--the external force and the inertial force resulting from the mo- 
tion of the masses themselves--it is necessary to consider the combined 
effect.    The rapid burning of modern-day propellants imposes the dynamic 
condition on the thrust force utilized to propel missiles. 

Any elastic structure may be modeled by a single mass-spring system. 
Assume that we impress the time-dependent external load,   F(t)>   on the mass 
and that damping is negligible.    We may now express the equation of motion 
of this system as 

m x +  k x = F(t) (1) 

If we assume a load  F(t) as shown in Fig.  1,  we may approximate the func- 
tion by a number of straight lines.    The slopes of the straight line pieces 
are a1 i = l;   2 n 

and the time increments, 

t; i-l,   2, • n + l 

are the abscissas of the interaction points. Actually, the function which 
we consider here is composed of individual load elements (Fig. 2) with a 
particular slope: 

a.     I  
'n+l    *   ln 

Introduction of two separate load functions at time points,   tn and t    , , 

as shown in Fig.   3 allows representation of the total load element by super- 
position.    For any straight line interval,   i.e.   t   \tn+p  we may express 
the differential equation resulting from the first load function as: 

m X + 
t - 'n 

x - 0 

X ~ 0 

k x = a(t   -   tn) (2) 
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If wc assume the initial conditions as shown,   the solution of the equation 
is given by: 

iL_(t-tn) 
k   U> 

sin  A3 (t - tn) (^ 

Multiplying by  k   gives: 

k  x   -   a(t   -   tn) _a sin  60 (t • tn) 
60 

(4) 

where   kx   is the resulting spring force due to the vibration of the system. 
The term    kx    is usually called the "Dynamic Response".    As shown by 
Equation (4).   the  response is a function which oscillates about the linear 
segment of the load function as shown in Fig.   4.    Similarly    the response 
of the second load function of Fig.   3 is given by 

k  x -   a(t t n+l )    -f Ld 
.sin   U> (t      tn+i) 

Use of a suitable lime function such as: 

A(t*,   t)   =  1/2 (t - H (t - t*) 

allows us to combine the superposed functions (4) and (5) because 
fO t    <   t* 

Alt*,   t)  = f t  -   t* t    >  t* 

(5) 

(6) 

(7) 

It is possible to express the dynamic response of an external force 
approximated by straight lines as shown in Fig.  2 by a linear combination 
of expressions: 

}_      I   aj       A(ti t)     A(tul t) (8) kx 
i   =  1 

h      sin fOAlt-   t) sin 

CO 
The first term in Equation (8) represents the external load and the second 
term represents the oscillating inertial forces of the moving structure as 
shown in Fig.  4.    If for the considered time the internal inertial forces are 
less than maximum F,  then instantaneous DLF equals the dynamic response, 
kx    divided by instantaneous forcing load.    If we turn now to consideration 
of the time interval,   t > t    j,   and we consider the constant portion of the 
thrust-time curve,   Equation (8) may be reduced to the following form; 

n 

k x  -   max F n 
CO 

sin6J(t »n) sin£j(t  -  tn+1)        (9) 
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which may be expressed in two forms 

k x   -   max   F —      X,   cos   CO   t       -f T^sinun 

or 

k x   ^   max   F - A cos      ( 60 ( -j- ^) 

with constants: 

1 Z, 

%   = 1 

CO 

i   =   1 
n 

\ ' 

i -1 

a^ (sin ^t;^!    -     sin   ^ t;) 

aj (cos Wtj^    -    cos Wtj) 

(10) 

(11) 

(12) 

(13) 

and 

T,   =  A cos   0 
T, =   A sin 0 

A =    J-Z     + 
1 

0  -  arc tan 

T2 

2 

(14) 
(15) 

(16) 

(17) 

T; 

Equation (11),  which we use to represent the oscillation as shown in Fig,  4, 
denotes a sinusoidal vibration about the constant,   instantaneous load,  maxi- 
mum  F.    If we consider a time interval    t ^t^j,  Equation (8) becomes: 

n 
k  x  =   2~ ai    sin^Mt  -   tn)   -   sin^Mt  -   tn+1) (18) 

i - 1 60 

Now if we consider again Fig.  2,   we note that we have established a 
value of dynamic response for the linear load function over two separate 
time intervals,  i.e.   tn  through  tn+j  and tn+j  through tn+^.    Utilizing 

Equations (9),   (18),   and the expressions for the forms shown in Equations 
(12),  (13),  (14),  (15),   (16),   and (17),  we may calculate the instantaneous 
value of dynamic response for any time point in the thrust-time history of the 
missile thrust. 

If we can express our problem in a mathematical model for a single 
mass-spring arrangement,  we may determine the effect of thrust varia- 
tion on an elastic structure.    A particular application for this technique 
is the problem of determining a Dynamic Load Factor for the design of a 
hold-down fixture for a missile.    A very useful parameter is the ratio of 
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Ihf natur.il  I ITIIIUMU y of llif spn n^-mass to the freriuency of the forcing 
fumlion.    It is [xiHsiblc with a known avt-ragu thrust-time history for a 
j;ivt'ii motor to show the  ITlatiunship of DLF to the natural frequency of 
the structure.    Parametric  studies investigating this relationship enable 
us to arrive at  realistic values of weight and stiffness for the  structure 
at a point 111 preliminary analysts much earlier than otherwise. 

DISCUSSION 

Dr.   Bailey,   U.   S.   Army Quartermaster Res £t Eng Center:    Have you ob- 
served any malfunctioning of missiles due to this hold down thing? 
Mr.   Crenshaw:    No,   because to be quite honest,   most of the current missile 
designs simply assume some dynamic load for the purpose of stress analysis. 
Of course,   you have to look realistically at the wfriole design condition.    I 
might point out one thing.    The staggering of the engines on the Saturn, 
after studying the firing of the engines,  was arrived at on the basis of this 
technique. 
Herman P.  Gay,   APG-BRL:    I think you might be interested to know that 
during the war sometime J.  M.   Franklin at the David Taylor Model Basin 
was interested in similar subjects,   and published a report called "The 
Response of Simple Elastic Structures to Impact",    He handled some func- 
tions like you indicated and 1 think he may have gotten an analytical solution 
in addition to some other work.    It is a very interesting technique and very 
useful one.    There was also some work done by Ayre on the West Coast and 
later followed up by R.E. D.   Bishop in England,   on a phase plane technique 
which is similar to and rather an extension of Franklin's work.    It is always 
difficult in stepwise linear problems to approximate the force.    Instead of 
approximating the force by series of ramp functions we approximated it by 
a series of step functions and it took some experience on the part of the op- 
erator to pick out the proper widths and heights of the steps.    But we found 
that one can get quite good reproducible accuracy if one approximates Fdt 
by a series of sectors and from this calculates the corresponding forces 
and their duration. 
Mr.   Crenshaw.      I would like to make one more comment.    This approach 
does not claim to he anything more than just elementary mathematics.    But 
it is a technique and it is surprising that it comes up with good answers.   I 
have seen a number of other techniques.    Convair,   for example,   developed 
an excellent one and used it on the Polaris.    It was entirely different from 
this; and they came up with a useful result.    What I am saying,   gentlemen, 
is that I have gotten away from the dynamic behavior of materials and got 
into the realm of structural dynamics,  the analysis of structural dynamics. 
Look at it in this light.    You must have a technique which helps to obtain data 
for the designer to use when ho puts his ideas on the board.    I am sort of a 
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hybrid,   h.ill way hctwccii a scientist aiul an engineer,  and I feel very strongly 
about this.    Yon must have .structural integrity,   you rnutJt have numbers to 
prove it; you um.sl he able to tell if thest- numbers are realistic by tests.   I 
got red cnthusiaMir over this,   and if anyone wishes to contribute his ideas 
on the  subji'ct,   jilea.se do so. 
Irwin Vii'iuss,   U.   S.   Naval Ren I.a!):     First before I make any comment,   I 
woidd like to thank the Army and the other persons who have made the ar- 
rangements and provided this very interesting meeting for us.    As far as 
this particular paper is concerned,   it has been most interesting to me also. 
The technique described is almost identical to what wc call shock-spectra. 
And it is also almost the same as what was developed by Diot for the analy- 
sis of earthquake shocks.    I would like to impress upon everyone that if you 
use the normal mode approach for the calculation of response of a compli- 
cated structure,  you can break it down into any number of degrees of free- 
dom that you wish and you may even consider it to be a distributed mass eya- 
tem.    You do not have to break it down to mass spring system; the reeponsea, 
as determined for the single degree of freedom system,  may be placed in 
the equations which would be used for the solution of the more complicated 
case and give a direct answer so that no integrations need to be carried out 
in the more complicated case.    And that is one reason that it has had such 
wide acceptance in a general field of shock and vibrations for determining 
the response of structures. 
Dr.  Hammer:    I want to congratulate Mr.  Crenshaw for his enthusiasm.    I 
am also part scientist and part engineer and I would like to encourage you 
to keep up the good work.    We,   at Springfield Armory,   are using the phaae 
plane method for recoil analysis and our results greatly help the designera. 
As a matter of fact,   we incorporated this technique into an academic pre- 
sentation called "The Big Three - Analytical Design,  Engineering Photo 
Analysis,   Analog Computer",   and used it for analyzing a 37mm AA weapon. 
We applied the method illustrated by you repeatedly and checked and double 
checked it with high speed motion pictures and analog computer.    I am 
sorry that I did not know about this phase of your presentation because I 
would have been able to show slides which would indicate that there was ex- 
cellent correlation between results established with the three mentioned 
techniques and the results were of great help to the designers.    Keep up 
your enthusiasm and more power to you, 
Mr.  Crenshaw.      Thank you.   Dr.  Hammer.    No doubt,   the presented tech- 
nique was over-simplified but it could be used for solving more complex 
problems. 
Dr.  Hammer:    In order to be accepted or be helpful,  it is not neceasary 
that the technique should be a complicated one.    What the designer needa 
is the simple approach,   not necessarily adorned with erudite mathematical 
manipulations.    Do not apologize for your simple approach; the aimpler the 
better. 
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PROJECTION TECHNIQUES 

J.   W.   Grhring 
lit-.id,   High Velocity Impact Gp,   Flight Physics Laboratory 

General Motors Corporation Defense Research Laboratories 
General Motors Corporation,   Box T 

Santa Barbara,   California 

This paper reviews the techniques used to accelerate projectiles to 
high velocity for impact and similar studies.    Each type of projector is 
described briefly.     The current capability of each is discussed as well as 
their potential for future improvement. 

The type of projector used for a high velocity impact experiment is 
shown to depend critically upon the velocity and the projectile to be fired, 
in the sense that each projector has some unique features,   which make it 
particularly applicable for certain experiments,  but none are universally 
useful.    The state-of-the-art is reviewed and it is pointed out that gas 
guns,   explosive guns,   and electric guns are the principal types of projec- 
tors,   although only the first two have been developed to produce high 
velocity,  except for microparticles.    Current performance capabilities 
are discussed,   and it is found that light-gas guns are capable of launching 
projectiles of known and controllable shape,  mass,   material,   and orienta- 
tion at velocities near 30, 000 ft. /sec. ,   that explosive techniques can 
accelerate certain projectiles of less well defined shape and mass to a 
velocity of near 70, 000 ft. /sec. ,  but that electric guns have not yet launched 
si/.eable projectiles at even the relatively low velocity of 10, 000 ft. /sec. 

Tile future potential of high velocity projectors is discussed.    It is 
concluded that light-gas guns and explosive devices are the most promising 
types for sizeable projectiles and the electrostatic accelerators for micro- 
particles.    Performance estimates indicate that light-gas guns may be 
capable of firing at velocities of 40, 000 ft. /sec.  and explosive devices at 
velocities of 80, 000 ft. /sec.  and possibly as high as 100, 000 ft. /sec. 

DEFECTS IN SOLIDS AT HIGH VELOCITIES 
A.  N.  Stroh 

Associate Professor 
Massachusetts Institute of Technology 

Cambridge 39,   Massachusetts 

The behavior of   dislocations moving at both subsonic and supersonic 
velocities is reviewed.    At supersonic velocities energy is radiated and 
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a ratlu'f bi^li strt-ss is nuuclud   to maintain  the motion.    The properties of 
edge and screw dislocations which differ much more at high velocities than 
at low are contrasted,    A major problem of dislocation dynamics is the 
nature of the resistive forces limiting the velocity and current ideas on 
tins are discussed.     The dependence of the dislocation velocity on the 
applied stress lias been measured for several materials,   but the relation- 
ship is not yet fully understood.    Finally the production of point defects 
by rapidly moving dislocations is considered. 

WAVE PROPAGATION IN UNIAXIAL STRAIN 
John H.   Percy 

Research Engineer 
Massachusetts Institute of Technology 

Cambridge 39,   Massachusetts 

Interest in this topic centers on the constitutive equation or behavior 
of materials under the extreme conditions of high impulse loading.    Recent 
and current work in the field is treated generally and one area,  the elastic- 
plastic behavior of aluminum at comparatively low pressures,  is considered 
in detail.     The outlook for future work is discussed. 

STATIC FRACTURE 
George. R.   Irwin 

Superintendent,   Mechanics Division 
U,   S.   Naval Research Laboratory 

Washington Z5,   D, C. 

This paper discusses the conditions governing the development of un- 
stable progressive crack extension a^ normal speeds r<{ stress application. 
Progress in this field has resulted from separating the topics of fracture 
initiation and crack extension.    The relevance of laboratory   tests to ser- 
vice behavior may then be represented for fracture initiation by flaw 
statistical analysis and for crack extension by fracture mechanics analysis. 
The concepts now at hand for fracture strength and for the ductile-brittle 
fracture mode transition will substantially assist the establishment of sound 
relationships between atomic and macroscopic properties.    The impact of 
new viewpoints is expected to be of special practical interest in application 
to new fields such as composite materials,   adhesive joints,   and fatigue. 
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TIME DEPENDENT FRACTURE 
C.  C.   Hsiao 

Associatr Professor 
Umviirsily of Minnesota 

Minneapolis 14,   Minnesota 

A brief account is given of some recent efforts here and abroad in 
studying the nature of rupture of solids.    One of the important factors has 
been found to be the variation of time in the process of destruction of the 
solids.    For a large variety of solids both in experiment and in theory the 
logarithm of time has shown to be linearly related with the applied uniaxial 
state of tensile breaking stress.    This linear law has been established at 
least for some solids over a time range of a dozen decades from micro- 
seconds through months.    Some suggestions are also given for future 
investigations on the time dependent fracture of solids. 

SOME PROBLEMS IN DYNAMIC RESPONSE 
OF TWO-DIMENSIONAL STRUCTURES 

W.  H.   Hoppmann U 
Professor of Mechanics 

The Rensselaer Polytechnic Institute 
Troy,  New York 

The paper presents a discussion of the problem of dynamical response 
of simple two-dimensional structures such as plates and shells to impulse 
loading.    Consideration is given to the relationship between propagation of 
waves in the medium and the normal mode vibrations of the medium.    Con- 
sideration is also given to the connection between the theory of dynamics 
of the three-dimensional continuum and that for the two-dimensional struc- 
tures.    The need for studies on one-dimensional bars is taken into account. 
The role of the constitutive equations and change of state of the material 
under load is briefly discussed.    Finally motivations for various kinds of 
studies on the subject and also future needs are surveyed. 

HYPERVELOCITY IMPACT STATUS OF 
EXPERIMENTS 

Walter Herrmann 
Aeronautical Research Engineer 

Massachusetts Institute of Technology 
Cambridge 39,  Massachusetts 

A brief account of the development of hypervelocity impact experimen- 
tation is given,   and the applicability of the presently available information 
to target design is discussed.    Most of the available information referes to 
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crati: ring in c llcru vfly  stiiii-inliniti' lurgulK,   or punulraiiun ul a single 
thii1. largrl,   at vt'liK-.itif.s bi'low U) km/si-t:.     This infurmatiun is not 
diri'ctly applicable lo hvpcrballi sue pi;iu:lra,tiun uf complux built up 
targets,   nor tu punctraliun at mutcuroitl velocities.     Dynamic measure- 
ments of quantities duting i rater formation,   buwevur,   have led to a de- 
tailed qualitative  understanding oi cratermg physics,   which should 
ultimately lead to an adequate theory which will lie useful as a design 
tool,   and allow  rational extrapolation to higher velocities, 

DYNAMIC PROPERTIES OF MATTER 
UNDER HIGH STRESS-THERMODYNAMIC 

DESCRIPTIONS 
Harold L.   Brode 

Physicist 
The RAND Corporation 

Santa Monica,   California 

Although solids behave elastically at very low stress levels,   and 
exhibit complex visco-elastic and plastic behavior at higher stress levels, 
when stresses in the megabar range are applied,   it is generally more mean- 
ingful to ignore stress tensor descriptions and turn to thermodynamic and 
fluid dynamic descriptions.     At high enough stress levels any material must 
be viewed as a compressible fluid. 

Some empirical information Is available in the regions of stress of a 
few kilobars to a few megabars from high explosive shock experiments. 
Static compression data are useful guides at lower stresses,   but at the 
highest levels one finds the. properties are reasonably well determined by 
atomic models such as a Fermi-Thomas-Dirac temperature dependent 
model,    Theoretical calculations,   numerical- in nature, have provided the 
thermodynamic properties of all atomic elements.    The properties of 
chemical mixtures as occur in natural materials can be constructed 
from suitable combinations of these elementary results.    Successful 
use has been made of such results for calculations of dynamic response 
under high impulse loadings in a variety of applications. 

DYNAMIC ANALYSIS IN VISCOELASTIC 
MEDIA 

R.   J.   Aren/, 
Research Assistant 

California Institute of Technology 
Pasadena,   California 

Distinguishing characteristics of viscoelastic media are reviewed with 
special reference to dynamic stress analysis. To circumvent the inherent 
computational difficulties in the usual transform type of solutions,   an 
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extension of the Schapery method is proposed for approximating the vis- 
coelastic strain distribution due to wave effects.    From an experimental 
standpoint,  the use of photoelastic materials to model the responses due 
tu dynamic loading id discussed.    It is emphasized that quantitative analy- 
sis depends upon knowing the birefringence as a function of strain rate 
and temperature.    Certain characteristics pertinent to its measurement 
are therefore reviewed in order that dynamic photoviscoelasticity may be 
used in conjunction with the dynamic mechanical property characterization 
to complete a dynamic viscoelastic analysis.    A method of correlating the 
approximate analysis with experimental results is pointed out. 

SPALL FRACTURE 
C.   D.   Lundergan 

Chief,   Physical Properties Division 
Sandia Corporation 

Albuquerque,  New Mexico 

The reported spall thresholds in copper,  namely; ultimate,  upper and 
lower fracture,  and separation are discussed with relation to the stress- 
time history in the region of failure And to the experimental techniques 
used to induce the shock waves.    The dynamic properties under uniaxial 
strain,  and the geometry of the medium which influences the fracture and 
separation spall thresholds in polycrystalline metals are considered. 
Some suggestions are made as to the applicability of the various approaches 
of determining spall thresholds for obtaining more information about the 
microscopic and structural behavior of mediums subjected to short time 
intense impulsive loads. 

UNIAXIAL STRESS CONDITIONS 
Gordon L. Filbey, Jr. 

University of Pennsylvania 
Philadelphia,  Pennsylvania 

The propagation of waves of plastic deformation is experimentally 
studied in rods undergoing free flight impact with diffraction grating 
strain gages.    Verification of the strain-rate-independent theory of 
Karman and Taylor has been demonstrated for several annealed fee 
metals by Bell,  using impact velocities up to 1100 inch/sec,  and at 
3000 inch/ sec in experiments of the author with annealed aluminum. 
Aspects of dynamic overstress,  initial development of the plastic wave, 
final strain distribution in finite rods and unloading phenomenon are dis- 
cussed. 
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ORIENTED SOLIDS 
.1.   L.   EricksLMi 

Mechanics Department 
Tlu' Juhny llupkina University 

Baltimore,   Maryland 

Roughly,   a continuum theory of oriented materials is one which 
ascribes a structure to a nV-iterial point.    This concept is useful for 
combining ideas concerning microscopic structure with thoughts con- 
cerning the macroscopic behavior of materials.    Our purpose is to 
describe some theories of this type which show promise as theories 
to describe nonlinear mechanical behavior of solids. 

DISLOCATION CONCEPTS OF STRAIN 
RATE EFFECTS 

J.   E.   Dorn and Frank Hanser 
University of California 

Berkeley,   California 

Whereas von Karman and Taylor independently based their analyses 
for plastic wave propagation on the deformation concept which assumes 
the deformation stress is exclusively a function of the plastic strain, 
Malvern believed that a viscoelastic type of behavior is more realistic, 
assuming the flow stress is a function of the strain rate as well as the 
strain.    With relatively few exceptions, current investigators of plastic 
wave propagation phenomena are rather sharply divided into two camps, 
those that insist on the von Karman-Taylor type of formulation and 
those that adhere to the Malvern approach.    It is the thesis of this paper 
that both concepts are substanaially correct under appropriate circum- 
stances.    This thesis will be upheld not only in terms of new experimen- 
tal evidence but also in terms of deductions arrived at from elementary 
dislocation theory. 
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lIKill SPEED  TENSILE   TESTING 
ül-  SELECTED POLYMERS 

11,   R.   Cdsiu'i- 

Utium C.irbiiU' Chcinu als Company 
South Cliarli'.stun,   West  Virginia 

Equipnifnt ami tfötiiig U'i'hiuqurs fur tunsili; testing with complete 
continuity of rrosshead spci'dn from Ü. 0^ to 1Z, 000 inches per minute are 
described and discussed.     Included are methods of actuation,   load cells, 
velocity monitoring,   and environmental chambers fur -100   C to +Z0Ü  C. 

The effects of rate and temperature,   as determined by these techni- 
ques,   upon the mechanical behavior of high and low density polyethylene 
and plasticized vinyl arc presented and discussed. 

HIGH SPEED COMPRESSION TESTING 
OF THERMOPLASTICS 

Richard E.   Ely 
U.   S.   Army Ordnance Missile Command 

Redstone Arsenal,   Alabama 

Compressive properties for polyethylene,   ethyl cellulose,   and 
cellulose acetate butyrate are reported for stress rates ranging from sta- 
tic conditions to 1, 000, 000 psi/sec.   and for several test temperatures.    The 
cylindrical compression specimens had a slenderness ratio of 8,   and the 
specimen ends were lubricated to reduce the effect of end constraint. 
Stresses at specific strain values and secant moduli are reported for over 
HO tests.    Tests were conducted with the aid of an Instron Tester and a 
pneumatic-type;,   high-speed compression machine which was developed for 
this study. 

A second study was conducted to investigate the influence of specimen 
length and test method on the compressive properties uf plastics.    Room- 
temperature tests were coiulm ted at, constant strain rate by using a pre- 
scribed crosshead velocity with each length of specimen.    Two strains 
rates and specimens with both dry and lubricated ends were employed. 
These results are utilized to interpret the data obtained at high loading 
rates. 
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IMPACT PERFORMANCE OF HIGH STRENGTH 
HT-I AND NYLON PARACHUTE MATERIALS 

'TO MACH 0. 7 

Robert J.  Cuskrun,   Chauucuy C .  Chu,   Henry M.   Morgan* ' 
Fabric Ri-btjarch Laborat.orit:«,   Inc. 

üc'dham,   Mas sac bust; t.ls 

A machine lias been designed and constructed under the sponsorship 
of ASD*   ' which is capable of evaluating parachute components of up to 
10, 000 pounds static breaking strength at impact velocities between Z00 
and 700 feet per second.     The system consists mainly of a helium operated 
cannon for propelling various masses,   tcgather with photographic instru- 

mentation for observing the impact.     Force is measured from missile 
deceleration during impact.    Extension is measured directly from changes 
in gage mark spacing on the test specimen.    Energy absorption is calculated 

from the displacement of two ballistic pendulums. 

Results reveal that,   at impact speeds,   force and strain waves are 
generated which cause rapid changes in the tensile response of '.he materials 
studied. 

Energy measurements indicate a potential change in the stress-strain 
curves of the components during impact. The energy absorbing capacity of 

HT-l materials, in particular, is reduced considerably at impact velocities 

in excess of 500 peet per second. 

A color movie illustrating the operation of the equipment will be shown. 

(1) Present address: KLH Research and Development Corporation, 

Cambridge,   Massachusetts. 

(2) Aeronautical Systems Division,   U.   S.   A.   F.   Contract Nos.   AF 33(616)- 
6321 and -7627. 

REPORT ON ROUND ROBIN TESTING 

OF THERMOPLASTICS 

ASTM Committee D-20 Task Group on High Speed Testing 
Gordon D.   Patterson,  Jr. 

E.  I.   du Pont de Nemours & Co. ,  Inc. 
Wilmington 98,   Deleware 

In recognition of accelerating interest in the significance of the 
mechanical behavior of visco-elasfic matecials at high strain rates,   ASTM 
Committee D-20 on Plastics has instituted a long-range inter-laboratory 
testing program.    This work seeks to assess the effects of various techni- 

ques and equipment characteristics on the quantitative data obtained.    Progress 
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AN INVESTIGATION OF THE DYNAMIC 
MECHANICAL PROPERTIES OF POLYETHYLENE 

S.   Malsuuka and C.   J.   Aloisio 
Bell Telephuiu; Laboratories 

Murray Hill,   New Jersey 

The stress-strain properties of linear and branched polyethylenes 
with various thermal histories were investigated with Maxwell's dynamic 
tester^ ' at frequencies from 0. 01 to 100 cycles per second and at tempera- 
tures from -70 to +100  C.    The "beta" peak in a loss tangent vs.  log 
frequency curve for branched polyethylene was found to shift with temperature 
change in the Arrhemus manner rather than following the W-L-F equation. 
Linear polyethylene does not exhibit the "beta" peak at corresponding tempera- 
tures and frequencies,  but it was found to have a peak at about 70  C and 1 
cycle per second.    This peak was found to shift with temperature change 
similarly to the above mentioned "beta" peak in branched polyethylene. 
The experimental apparatus is described in detail.    Relations between the 
dynamic properties of polymers and their behavior under actual use condi- 
tions are discussed. 

(1)   B.   Maxwell,   ASTM Bulletin No.   Z15,   July 1956,  p.   76{TP132) 

(Z)   M.   L.   Williams,   R.   F.   Landel,   and J.   D.   Ferry,    J.   American Chem. 
Soc.   77,    J7Ü1 (1955) 

THE BEHAVIOR OF FILAMENTOUS 
MATERIALS SUBJECTED TO HIGH SPEED 

TENSILE IMPACT 
Jack C.  Smith 

National Bureau of Standards 
Washington lb,   D. C. 

When a filamentous material is subjected to an impact either trans- 
versely or longitudmallv in tension,   a strain wave is produced which 
propagates along the filament away from the point of impact.    If this 
strain wave is sufficiently small the behavior of the material can be 
characterized by stress-strain and specific breaking energy data.    A 
transverse-impact tester and a rotating disk impact tester,  both opera- 
ting at impact speeds up to 70 m/sec,   are used for this purpose. 

When the. magnitude of the strain wave is large,   the material may 
be characteri/.ed by its stress-strain data and critical breaking velocity. 
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These data are obtained by studying pliulugraphically the configurations and 
strain distributions in filaments struck transversely by rifle bullets at 
velocities up to 900 m/sec. 

The impact behavior of several materials is illustrated with data 
obtained under various impact conditions.    The results are interpreted 
theoretically and methods of improving the impact characteristics of 
these materials are discussed. 

PRODUCTION OF STRONG SHOCKS IN PLASTICS 
BY ULTRA-SHORT IMPULSIVE LOADING 

Dr.   Arthur H.   Guenthor 
Air Force Special Weapons Center 

Kirt.land AFB,   New Mexico 

Pressures in excess of 100 KB can be produced in plastics by the 
impact of high velocity,thin plates.    These plates,   mainly mylar and In- 
cite in the range of 10      to . 6 cm in thickness and areal dimensions to 
7. 5 cm square,   have been accelerated by an exploding foil technique. 
Plates impacted at velocities approaching 5 x 10      cm/sec have been 
used for the study of material dynamics at high transient pressures. 
Pulse lengths in the 0. 1 to few microsecond region can be produced by 
this technique and the variation of the strength of materials with pulse 
length can be determined,    A description of the technique and methods 
for analyzing the data will be presented including a short film depicting 
the construction of the transducer and photographic equipment used in 
the laboratory for the velocity determination.    Variations of the techni- 
que as applied to equation of state and other methods for velocity de- 
termination will also be presented. 

EXPERIMENTS ON THE MECHANISM OF SPALL 
Donald W.   Blincow and Donald V.   Keller 

The Boeing Company 
Seattle,   Washington 

One-dimensional impulse loading experiments have been carried out 
on Lucite and aluminum to determine if the spall process occurs instan- 
taneously upon the attainment of a critical tensile stress,  or if there is 
a time, delay between the attainment of a given tensile stress and spalla- 
tion.    The experiments involve the collision of two flat plates: a driver 
and a target.    The velocity of the driver is adjusted until the threshold 
velocity for spall of the target is obtained.    The experiment is repeated 
but with the thicknesses of the two plates scaled by some factor (Qf).    The 
maximum tension is then unchanged,  but the time   over which it acts is 
changed by the factor (QQ. 

527 



In  llns  in.iniii-r   llif   ili.t.ilU'i'   ill   IrusiDli wa.s   varied  from  L  :■■  1U        lo  :)l)  x 
111" '   sn ontls  lir  l,i u it' ,   ,III(I  11 Mm  It)   '   In £'-1 >;  1()^ '   sec mid.s lOr alium iium. 
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iiuliratm^ lh.it,   mi r ill     linu   scale,   the  spall  iiiu( luim sm for  l.uc.ile  is time 
iiuiepeiuletit  and that  a i n I u .d ti'iisi |e  st re ss exi sis (-«'I kllohar).      The  thres- 
hiild dri\'er  vehu ity  lur aluminum  spall  increased with decreasing driver 

thickness induatini; a  time   dependent  spall  meclianism  for  tins material, 

i.e.   -  a critical  tensile  sln-ss dues nut  exist. 

ON EXPHRIMKNTAL SOLID DYNAMICS 

George Gerard,   Ralph Papirno and Herbert Becker 

New York University,   New York,   New York 

Then' is a strong interdependence between tile apparent dynamic pro- 

perties of materials and the quantities measured by various experimental 

techniques.    The principal task facing the investigator lies in the inference 
of stress from the measured quantities.    In this report emphasis is placed 
upon the test, technique  and its influence  upon the measured quantities  ra- 

ther than upon the correlation ii data with theory.    Three different types 

of solid dynamics experiments are  reviewed from the standpoint of inter- 
pretation of stress;  (1) One dimensional tension impact studies in which 

dynamic  strain measurements are made simultaneously at several stations 
remote from the  impact  area,  [Z) Two dimensional  studies on impulsively 

loaded diaphragms where dyiuunu   strain and dynamic deflection are mea- 

sured in an essentially wave iree environment; (3) Dynamic photoeiastic 
techniques employing stroboscopic lighting and repeated impacts where 
the minute details of a propagating wave can be investigated. 

ON THE MEASUREMENT OF DYNAMIC STRESS-STRAIN CURVES 

WITH A UNIFORM UNIAXIAL STRESS SYSTEM 
P.   C.   Johnson,   V>.   A.   Stein and R.   S.   Davis 

Arthur 1).   Little,   Inc.,   Cambridge,   Massachusetts 

Past investigation of the strain rale dependence of the mechanical 
properties of solids have been carried out primarily through a study of 
the propagation characteristics of plastic waves down specimens in a 
rod or wire configuration.     There are difficulties with experiments of 
this type because of the nonuni formity J   stress and strain along the spe- 

cimen at any  instant of time.     Moreover,   in many cases the experimental 
techniques  used are  such as to impose constraints to lateral  flow,   which 

constitutes a departure from the true  rod configuration. 

We have designed an experimental technique which does not involve 
these difficulties and have used it for measurement of the strain rate 
dependence of the plastic flow behavior of metals.    Specifically,   we have 

observed the dynamic: behavior of a freely expanding ring of the material 
unde r study. 

The experimental technique used imparts to the  ring an initial 
uniform  radial velocity away from its center.    The instant that the  ring 
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begins tu niuvc,   it separates from the energy source.     Thereafter,   the 
only force acting on the ring is its own circumferential or hoop stress. 
Since the ring cross-section is small relative to its diameter,   there are 
no constraints to lateral flow,   and the stress in the ring is homogeneous 
in any cross-section.     The initial velocity of the ring is uniform so that 
the hoop stress is uniform,   and there are,   therefore,   no plastic waves 
propagating along the circumference.    The ring decelerates as a result 
of this uniform,   uniaxial stress. 

Strain measurements are carried out by high-speed photographic 
techniques.    The instananeous stress acting in the ring is given (exactly) 
by the equation 

C     -      -  p rr 

where     P    is the material density,   r is the instantaneous radius of the 
ring,   and $ is the instantaneous deceleration. 

The strain-time relationship is measured from the photographic 
record,   and the stress corresponding to each level of strain is computed 
from the second differential of a curve analytically fitted to the strain- 
time data.    It has also been possible to measure the uniform elongation 
before failure at high rates of strain for a number of materials under 
conditions of dynamic,   uniform loading without constraints to lateral 
flow. 

We have measured the stress-strain curves for 99.99% aluminum, 
annealed Armco iron,   and annealed 304 stainless steel at initial strain 
rates from 10    to 10    per second. 

THE METALLURGICAL EFFECTS OF EXPLOSIVE 
STRAINING OF SELECTED METAL ALLOYS* 

Louis Zernow,  Irving Lieberman,  John Wilkin and Erik Henriksen 
Aerojet-General Corporation 

Downey,   California 
and 

W.   B.   McPherson 
Marshall Space Flight Center 

Huntsville,   Alabama 

A series of selected alloys have been subjected to both conventional 
and explosive straining in a study aimed at comparing their behavior and 
evaluating the metallurgical effects. 

The alloys studied include 5456-0 aluminum alloy,   AISI 301 stainless 
steel,   17-7 PH stainless steel and the two titanium alloys 6A1-4V and 
l3V-llCr-3Al. 
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TlIEüRK TICAL PREDICTION OF STRAIN 
UISTRIBUTION UNDER IMPACT LOADING 

S,   Rajnak,   F.   Häuser,   and J. E.   Dorn 
University uf California 

Be rkeley,   California 

A recent  deleniunation of the relation between stress,   strain and 
strain-rate for polyc rystallme pure aluminum under impact loading per- 
mits precise theoretical predictions to be made of the behavior of thin 
bars using a "Malvern" type system of equations.    A computation was 
carried out to check the validity of Kolsky's "thin wafftr" technique for 
determining the relation between stress,   strain and strain-rate.    A 
long tubular bar was impacted and the final strain distribution was 
predicted using the experimentally determined strain-rate function. 
Excellent agreement was obtained. 

PLASTIC IMPACTS ON SHORT CYLINDRICAL SPECIMENS 
E.   A.   Ripperger and C.  H.   Karnes 

Tlie University of Texas 
Austin,   Texas 

During'the p.ist two decades,   much effort has been devoted to the 
determination of the relationship between stress,   strain,   and strain 
rate for engineering materials.    Experimental evidence is available 
which indicates that for a given material there is a strain-rate effect, 
and likewise,   evidence is available which indicates that for the same 
material there is no effect.      These conflicting results are evidence 
of the difficulty of the problem of determining dynamic stress-strain 
characteristics and of the need for further study of the problem.    In- 
terest in this aspect of material properties is generated to a large 
extent by a need for such information in the analysis of plastic wave 
propagation,   and in the analysis of structures loaded dynamically. 

Ideally,   one would like to be able to measure stress,   strain and 
strain-rate characteristics independently of all other considerations. 
Unfortunately,   this does not appear to be possible where high strain- 
rates are involved.    Application of the loading required is accompanied 
by stress wave propagation phenomena in which strain rates are apt to 
be high and to some extent indeterminate.    It therefore appears that 
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stress,   strain,   strain-rate relationships should be investigated in- 
directly by studying the propagation of waves,   and in particular the 
propagation of plastic waves.    The problem is a difficult one so it 
should not be expected that it can be solved in a neat and simple 
manner.    As E.   H.   Lee pointed out in I960,   more quantitative 
information is needed to determine the specific nature of an ade- 
quate material properties law.    By this he means information con- 
cerning the variation of stress with time and distance from the 
point of load application.    It is the purpose of this paper to present 
some information of the type to which Lee refers.    Two well known 
theories of plastic wave propagation,   or of dynamic material pro- 
perties,   have been used to calculate stresses and strains produced 
by impacts,   and these calculated values have been compared with 
measured values. 

In the first of these theories,   referred to as the nonstrain- 
rate theory,   the material is assumed to follow the same stress- 
strain relationship under   dynamic loading as it follows under static 
loading.    The second theory,   referred to as the strain-rate theory 
is based upon the assumption that the stress is a function of the 
instantaneous stress and strain rate. 

Short,   copper specimens in compression impact have been used 
to make it possible to measure stresses with the pressure bar techni- 
que at a point where the strains are still in the plastic range.    Strain 
is measured by resistance gages on the specimen.    Comparisons of 
these measured stresses and strains with corresponding values 
predicted by theory form the essence of the paper. 

THE THREE LOW PRESSURE SPALL 
THRESHOLDS IN COPPER 

J.   H.  Smith 
Sandia Corporation 

Albuquerque,   New Mexico 

Distinct spall thresholds are found in copper at 6,   13,   and 2Z 
kilobars with a square shock pulse of I. 5 microsecond duration.    These 
thresholds are somewhat dependent upon the pulse width and shape and 
upon the metallurgical condition of the sample. 

The two lower thresholds have not been determined previously al- 
though they have been observed qualitatively.      The ZZ kilobar threshold 

I. J.   L.  O'Brien and R.  S.   Davis,  "On the Fracture of Solids under 
Impulsive Loading Conditions, " Response of Metals to High Velocity 
Deformation,   Vol.  9, July I960,  pp 371-388.     ~" ~ "" 
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lUiiTi'spomls tu Ihi! ZK kiluhar thrualiulci in cuppur nicasureti by Riiiuhart. 
Tin' i'l inuiialidi. iil ctlgi- ellrrls,   in ihr. pri'Hunt work,   accounts  for the 
lowering ol tins ihri-shold. 

To tifti'ruüm; llu-si' thresholds,   a 4-inch diameter projectile is 
accelerated in an air );un to impact two cupper plates together in an 
evacuated chamber.     The target plate uses a special tapered plug de- 
sign to eliminate edge effects until after spall occurs. 

Z.    J.   S.  Rinehart,   "Some Quantitative Data Bearing on the Scabbing of 
Metals under Explosive Attack," Journal of Applied Physics,   Vol.   ZZ, 
May 51,   pp TTS-S6Ü. 

A SUBMICROSECOND   TECHNIQUE    FOR SIMULTANEOUS 
OBSERVATION OF INPUT AND PROPAGATED 

IMPACT STRESSES 
W.   J.   Halpin,   O.   E.  Jones,   and R.   A.   Graham 

Sandia Corporation 
Albuquerque,   New Mexico 

By impacting a quart/ gage on a disk-shaped specimen in a pre- 
cisely controlled flat-faced projectile impact,   the stress-time history 
of the specimen material at the impact surface is observed.    In this 
manner the mechanical behavior of the material in one-dimensional 
strain can be studied separate from wave propagation effects for 
rise times as short as 10      sec and for stress amplitudes up to 21 
kbar.    Simultaneously,   the stress-time profile of the resulting wave 
after a finite propagation distance can be obtained from another 
quart/, gage mounted on the opposite face of the specimen.    The gages 
are X-cut quart/  disks having a thickness such that wave transit time 
through the disk is much greater than time variations in stress.    Under 
the conditions oi usage the  specimen-to-quart/, interface stress is pro- 
portional to the instantaneous current output.    Typical records of input 
and propagated stress-time profiles are shown for aluminum,   mild 
steel,   and barium litanate.     The technique is particularly advantageous 
in studies of the dynamic yield behavior of materials. 

FRACTURE OF SINGLE CRYSTALS UNDER 
EXPLOSIVE LOADING 

C.   M.   Glass,   S. K.   Golaski,   and J.   J.   Misey 
Ballistic Research Laboratories 

Aberdeen Proving Ground,   Maryland 

Experiments have been carried out on the high velocity deformation 
and fracture of metals.    Copper single crystals and polycrystalline speci- 
mens   have been subjected to explosive loading and the following results 
have been obtained: 
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1.    Crystal orienlatum influence;a tht; reaction of the metal 
specimena ut pressures of testing above 100 kilobars.    The orienta- 
tion factor causes a redistribution of flow in the reflected tensile wave. 

L.    The fracture of the specimen is not "instantaneous",   but 
times between 10"     and 10"     seconds are required. 

3. A measure of the theoretical strength of the metal has 
been obtained, 

4. Crack velocities have been calculated. 

5. The concept of an energy criteria for fracture,   rather than 
a maximum stress criteria is implied from the data. 

In addition,   variations in metal reactions to the compressive 
wave are shown to follow a pattern best described by the assumption 
of shear deformation occurring during the compression cycle.    Low 
rate testing has shown that,   over a small distance in the metal,   de- 
formation is not uniform, but cyclic,   and quite dependent on the pre- 
ferred orientations present in the sample. 

RESIDUAL TEMPERATURES OF SHOCK-LOADED IRON 
R. G.   McQueen,  E.   Zukas,  and S.  Marsh 

Los Alamos Scientific Laboratory 
Los Alamos,  New Mexico 

Iron specimens were shock loaded in vacuo by explosively- 
driven iron plates.    The rarefaction pressure release waves subse- 
quently destroyed the vacuum,   exposing the shock-heated samples to 
air.    An oxide coating formed on the surface of these samples,   giving 
rise to the well known temper colors of iron.    Comparison of the color 
of the shocked specimens with that of prepared standards established 
the residual temperature of the shocked iron. 

Shock pressures were measured by the standard flash-gap techni- 
que,   and ranged from about 500 to 750 kilobars.    In this region it was 
found that the final temperature of the iron varied linearly from about 
500  K to 750oK.    The experimentally determined temperatures are in 
excellent agreen-cnt with those calculated. 

Work performed under the auspices of the United States Atomic Energy 
Commission. 
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CLOSING COMMENTS liY GENERAL CHAIRMAN, 
DR.SUDHIR   KUMAR 

>Di,tori' the ConfcriMicf is closod,   I wuuld like to express my very 
hearty and sincere appreciation to all the speakers for having taken great 
pain in preparing and presenting these   papers here.    I hope they will for- 
give the planning and review conimittee members for their continuous re- 
minders and my almost annoying calls to get the manuscripts to AROD in 
time.    1 hope we did not hurt anybody's feelings in being too pressing in 
this direction.    I also would like to thank all the Chairmen and Co-Chairmen 

* for having helped to conduct the meetings so well.    I am very happy to say 
Ä y that the time has been kept very well too,   thanks to Chairmen like Dr. 
^, Bailey.    We scheduled to finish at 1Z:00 and we still have five minutes to 
j go.    In the end,   last but not the least,   the utmost gratitude is felt for all 

the attendees who have done so much to make this Conference an outstand- 
ing success by their presence,   by active participation in the discussions of 
the papers and by free exchange of ideas between engineers,   designers and 
scientists from the different Commands.    Thank you very much once again, 
and,   of course,   our deepest thanks go to our host,   Springfield Armory,   for 
organi/.ing this Conference in a most excellent manner.    And now,   with 
these few comments,   1 will close the U.   S.   Army Conference on the "Dynamic 
Behavior of Materials and Structures". 

f 
Thank you. 
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