NASA CR-134494
ASRL TR 154-8

APPLICATION OF THE COLLISION-IMPARTED

VELOCITY METHOD FOR ANALYZING THE
RESPONSES OF CONTAINMENT AND

~ DEFLECTOR STRUCTURES TO ENGINE
'ROTOR FRAGMENT IMPACT

Thomas P. Collins

Emmett A. Witmer

Aeroelastic and Structures Research 3‘%-
u“

:

ROXSITTOD

73

JOLOTTAdG ANV
L=-83~-YSER

HHL ONIZXTVNY
BUEIRT -
(hehrhe

08 #iLe DOH d gG7

Department of Aeronautics and As f‘\:a}&-
Massachusetts Institute of Technolgy,
Cambridge, Massachusetts 0213%

August 1973

Prepared for
AEROSPACE SAFETY RESEARCH AND DATA INSTITUTE
LEWIS RESEARCH CENTER

JO *31suIl s3jesnyoessey)

LRERNTYINGD: 40 SESNOASHTY
- 04 QOHIAW XLIDOTIA aX
HRL 40 HOXILVYDITAay

(2]

194]

3}

[l

o

o

=

[p]

|8

L

bo

N O |
[n =l =) ~J
<3 (3 =
O A
oo -
. O

[8;]
W0

\ M)

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
CLEVELAND, OHIO 44135

NASA Grant NGR 22-009-339



1. Report No 2. Government Accession No. 3. Recpent’s Catalog No,
NASA CR -134494

4 Title and Subtitle 5 Report Date
Application of the Collaision-Imparted Velocity Method for Analyzing August 1973
the Responses of Containment and Deflector Structures to Engine Rotor
Fragment Impack

6. Performing Orgamization Code

7. Authoris) 8 Performing Organization Report No
Thomas P. Collins and Emmett A. Witmer ASRL TR 154-8

10 Work Umt No

8. Performing Organization Name and Address
Massachusetts Institute of Technology
Aeroelastic and Structures Research Laboratory
Cambridge, Massachusetts 02139

11. Contract or Grant No
NGR 22-009-339

13. Type of Report end Period Covered

12 Sponsoring Agency Mame and Address Contractor Report

National Aeronautics and Space admin:stration

Washington, D.C. 20546 14 Sponsoring Agency Code

1% Supplementary Notes -
Technical Monitors: Patrick T. Chiarite and Solomon Welss, Aerospace Safety Research and Data
Institute
Technical Advisor: Richard H. Kemp, Materials and Structures Division
- NASA Lewis Research Center, Cleveland, Ohio

16 Abstract

An approximate analysis texmed the collision imparted velocity methed (CIVM) has been employed
for predicting the transient structural responses of containment rings or deflector rings which are
subjected to mmpact from tuzxbojet-engine rotor burst fragments. These 2-d structural rings may be
anitially circular or arbitrarily curved and may have either uniform or wvariable thickness;
elastic, strain hardening, and strain rate material properties are accommodated. Also these rings
may be free or supported in various ways. The fragments have been idealized, for convenience, as
being circular and non-deformable with appropriate mass and pre~impact veloeity properties for
each of the one to n fragments considered. The effects of friction between each fragment and the
impacted ring are taken into account.

This approximate analysis utilizes kinetic energy and momentum conservation relations in order
to predict the after-impact velocities of the fragment and the impacted ring segment. This informa-]
taon 1s then used in conjunction with a finite element structural response computation code to Dre—
dict the transient, large deflection responses of the ring. Similarly, the equations of motion for
each fragment are solved in small steps in time.

The effects of varying certain geometric and mechanical property parameters upon the struc-
tural ring responses and upon the fragment motions have heen explored briefly for both free com~
plete containment rings and for partial-ring fragment deflectors which are supported in each of
several ways. Also, some comparisons of predictions with experamental data for fragment-impacted
£ree contarnmment rings are presented.

17. Key Words {Suggested by Authoris}) 18. Distnibution Statement
Turbojet Rotor Containment Large Deflections Unclassified, Unlimited
Arrcraft Hazards Elastic-Plastic
Aircraft Safety Behaviox
Structural Mechanics Strain Analysis
Finite Element Methed Computer Program
Transient Structural Response
19, Secunty Classf {of this report) 20. Secunty Classif {of this pagel 21 No of Pages 22 Pnce”
Unclassified Unclassified —249-
2SS0 /4 S0

" For sale by the Natronal Techrucal Informatton Service, Springfield, Viuginia 22151

RASA-C-168 (Rev 6-71) -

/



FOREWORD

This report has been prepared by the Aeroelastic and Structures Reseaxrch
Laboratory (ASRL), Department of Aeronautics and Astronautics, Massachusetts
Institute of Technology, Cambridge, Massachusetts under NASA Grant No.

NGR 22—-009-339 from the Lewis Research Center, National Aeronautics and Space
Administration, Cleveland, Chio 44135. Mr. Patrick T. Chiarito and Mr. Solomon
Weiss of the Lewis Research Center served as technical monitors and Mr. Richard
H. Kemp served as technical advisor. The valuable cooperation and advice re-
ceived from these individuals i1s acknowledged gratefully.

We are indebted to Messrs. G.J. Mangano and R. DeLucia of the Naval
Air Propulsion Test Center, Phila., Pa. foxr.supplying pertinent rotor fragment
data and 4130 cast steel uniaxial static sttress-strain data. -

The authors egpecially wish to acknowledge the careful reviewing of
" this report and the many constructive suggestions from their colleagues
br. R. W-=H. Wa and Dr. John W. Leech. Mr. R.P. Yeghiayan of the MIT-ASRIL
also provided valuable advice and discussion during the conduct of these
studies.

The use of SI units (NASA Policy Directive NPD 2220.4, September 14,
1970) was waived for the present document in accordance with provisions of
paragrph 5& of that Directive by the authority of the Director of the Lewis
Research Center.



Section

1

CONTENTS

INTRODUCTION ,
1.1 Outline of the Engine Rotor Fragment Problem
1.2 Review of Some Analysis Options
1.3 Current Status of the Fragment Ring
Collision~Interaction and Response Analyses
1.3.1 TEJ-JET Status
1.3.2 CFM-JET Status s
1.3.3 CIVM-JET Status )
1.4, Purposes and Scope of the Present Study

2.2
2.3

2.5
2.6

COLLISION~-IMPARTED VELOCITY METHOD
S 2.1

Outline of the Methed
Fragment-Idealization Considerations
Collision-Interaction Analysis, Including
Friction

Prediction of Containment/Deflector Ring
Motion and Position

Prediction of Fragment Motion and Position
Collision Ingpection and Solution Frocedure
2.6.1 One-Fragment Attack

2.6.2 N-Fragment Attack

CONTATNMENT RING RESPONSE PREDICTIONS

3.1 Single-Fragment Examples

3.2 Three-Fragment Examples

4 DEFLECTOR RING RESPONSE PREDICTIONS
4.1 Hinged-Fixed/Free Deflector Examples
4.2 Elastic-~Foundation-Supported Deflector Examples
4.3 Comments

5 SUMMARY AND COMMENTS

REFERENCES

ITLUSTRATIONS

iii

Page

12
13
14
15
16

18
18
i9

27

32
35
36
36
40

a1
42
46
48
50
53
56

58
6l

64-112



CONTENTS Continued

Section Page
Appendix A:USER'S GUIDE TC THE CIVM-JET-4A PROGRAM 113
A.1 General Description of the Program . 113

A.1.1 ZIntroduction 11y

A.l.2 Containment/Deflector Ring Geometry,
Supports, Elastic Restraints, and
Material Properties ) 114

A.l.3 Fragment Geometry and Initial Con- -

ditions . 115
A.l.4 Solution Procedure _115
A.2 Description of Program and Subroutines 118
A.2.1 Program Contents iis
. A.2.2 Partial List of Variable Names 121
A.3 Input Information and Procedure 131
A.3.1 Energy Accounting Option 142
A.3.2 Input for Special Cases of the General
Stress-Strain Relations 14z
A.4 Description of the Output 143
A.5 Complete FORTRAN IV Listing of the CIVM-JET-4A
Program ' 146
A.6 Tllustrative Examples 199
A.6.1 Free Circular Uniform-Thickness Containment
Ring subjected to Single-Fragment Attack 199
A.6.1.1 ZInput Data 200
A.6.1.2 Solution Output Data ) T 205
A.6.2 Elastic Foundation-Supported Variable-Thickness
Partial Ring (Deflector) Subjected to Single—
Fragment Attack . 216
A.6.2.1 Input Data - 217
A.6.2.2 Solution Qutput Data’ 221
APPENDIX EB: SUMMARY OF THE CAPABILITIES OF THE COMPUTER CODES
JET 1, JET 2, AND JET 3 FOR PREDICTING THE TWO-
DIMENSIONAL TRANSIENT RESPONSES OF RING STRUCTURES ’ 237

iv



Figure

i

1o
11
12

13

14

15

CONTENTS Continued

LIST OF ILLUSTRATIONS

Rotor Burst ContainmenttSchematic

Schematics of the Rotor'ﬁurst ¥ragment-Deflection
Concept

Schematics of Various Types of Rotor-Burst Frag—
ments and Failures -t

Schematics of ‘Two-Dimensional and Three-Dimensional
Engine Casing Structural Response to Engine Rotor
Fragment Impact

Summary of Choice of Transient Structural Response
Analysis Method and Plan of Action for the Engine
Rotor Fragment Containment/Deflection Problem
Containment-Structure Schematics

Deflector Structure Schematics,

Schematic of a 2D Containment Ring Subjected to
Fragment Impact

Information Flow Schematic for Predicting Ring

and Fragment Motions in the Collision-Imparted
Velocity Method ‘

Schematics of Actual and Idealized Fragments )
Idealization of Ring Contour for Collision Analysis
Exploded Schematic of the Lumped Mass Collision
Model at the Instant of Impact

The Trajectory of the Image Point P in the pN - PT
Plane to Describe the Staté at each Contact Instant
for Various Impact Processes

Coordinates, Generalized Displacements, and Nomen-—
clature for a 2D Arbitrarily-Curved-Ring Finite Element
Inspection for Determining a Collision of the Fragment

with the Ring

66

67

68

69
70

71

72

73

76

78

79

82

83



16

i7

is

19

20

21

22

23

24

25

26

CONTENTS Continued

Fragmegt=;dealizations used in the Present Study
Ring—Fraément Modelﬁng and Response Data for Con-
tainment Rings Subjected to Single-Fragment Attack
Effect of Friction on the Predicted Maximum Circum—
ferential Strain Prcduced on 4130 Cast Steel Con-
tainment Rings by Single Fragment Impact '
Predicted Maximum Circumferential Strain for Single
Fragment Attack as a Function of Ring Thickness Foxr
FPixed Ring Axial Lengths

Predicted Maximvm Circumferential Strain £or Single
Fragment Attack as a Function of Ring Weight for
Fixed Ring Axial Lengths

Predicted Ring Weight for Single Fragment Attack as
& Function of Ring Axial Length for Fixed Values of
Maximum Circumferential Strain -
Comparison of Predicted Ring Profiles Obtained with
and without Strain Rate Effects with NAPTC Photo-
graphic Test Data

Comparison of Ring Outer Surface Strains at a "Lobe"
of the Ring Deformed by 3-Fragment Attack for the
EL-SH and EL-SH-SR Cases as a Function of Time after
Initial Impact '

Schematics and Nomenclature for an Idealized
Integral-Type Fragment Deflector

Influence of the Initial-Impact Location SI upon the
Path of the Fragment which Impacts the Idealized

Hinged-Fixed/Free Deflector

Predicted Maximum Circumferential Strain as a Function
of Deflector Ring Thickness (h/R Ratio) for Various Axial

Lengths

vi

Page

85

86

S0

a9l

92

93

24

98

29

101

103



CONTENTS Concluded
Figure Page
27 Predicted Variation in Maximuh Circumferential Strain
as a Function of Deflector Ring Weight (Wr/(KE)o Ratio) for
Various Axial Lengths ) 104
28 Predicted Deflector Ring Weight for Single Fragment Attack as
a Function of Ring Axial Length for PFixed Values of Maximum
C}rcumferentigl Strain 105
29  Fragment Path Data at TAII = 650 Microseconds for BI =
16 Degrees as a Function of Deflector Ring Thickness
for Fixed Values of L (Iéealized H-F/F Deflector) 106
30 Predicted Maximum Circumferential Strain of the
Foundation—-Supported -Deflector as a Function of
Deflector Thickness for Two Different Sets of
Support-Structure Rigidities 108
31 Predicted Fragment-Path Diversion as a Function of Time
After Initial Impact for Two Different Sets of Support-
Structure Rigidities 109
3% Predicted Fragment Path Diversion Data at 650 Microseconds
after Initial Impact as a Function of Deflector Thickness,

hd for Two Different Sets of Support-~Structure Rigidities 111

A.l1 Geometrical Shapes of Structural Rings Analyzed by ‘the

' CIVM-JET-4A Program | ) ] 230
A.2 VNomenclature for Geometry, Coordinates, and Displacements of

Arbitrarily-Curved Variable—Thickness Ring Elements 231
2.3 gchematics for the Support Conditions of the Structure 232
A.4 Schematic of Possible Piecewise Linear Representation of

Uniaxial Static Stress-Strain Material Behavior 234
A.5 Example Problem: Uniform Thickness Containment Ring 235
A.6 Example Problem: Variable-Thickness 90-Deg Partial Ring

(Deflector) with Uniform Elastic Foundation Applied to

a Portion of the Ring 236

vii



SUMMARY

Arguments are presented supporting the proposition that the development and
the selective utilization of prediction metheods which are restricted to two-dimen—
sional {2-d) transient large-deflection elastic—plastic responses of engine rotor
burst fragment containment/deflector structures are useful and advisable for para—
metric and trends-studies. In conjunction with properly-selected experimental
studies of rotor-burst fragment interaction with actual contaimment and/or deflector
structure —- wherein three-dimensional effects occur —— one may be able to develop
convenient rules-of-thumb’ to estimate certain actwal 3~d containment/deflection
structural response results from the use of the very convenient and more efficient
but simplified 2-d response prediction methods.

Accordingly, the collision-imparted velocity method (CIVM) for predicting the
collision-interaction behavior of a fragment which impacts containment/deflector
structures has been combined with a modified version of the JET 3C two—dimensional
structural response code to predict the transient large-deflection, elastic-plastic
responses and motiong of containment/deflector structures subjected to impact by
one or more idealized fragments. Included are the effects of friction between each
fragment and the attacked structure. A single type of fragment geometry has been
selected for efficiency and convenience in these fragment/structure interaction and
response calculations, but the most important fragment parameters, it is believed,
have been retained; n fragments each with itsowvnm_, I_, V., W_, r_, and ¥ may

£ £ £ £ ¢ cg
be employed.

Calculations have been carried out and reported illustrating the application
of the present CIVM-JET analysis and program for predicting 2-d containment ring
large—deflection elastic—-plastic transient responses to (a) single—fragment impact
and (b) to impacts by three edqual-size fragments. The influence of containment ring
thickness, axial length, and strain-rate dependence, as well as friction between the
fragment and the impacted structure have been explored.

Similar illustrative calculations have heen performed and reported for the -re-
sponses of (a) 1deal hinged-fixed/free and (b) elastic-foundation-supported fragment—
deflector rings of uniform thickness to impact by a single idealized fragment. With
respect to the latter more-realistic and yet~idealized model, it was found that
plausible increases in the values for the stiffnesses of the "elastic foundation®
was a more effective means for changing the path of the attacking fragment +han by
plausible increases in the thickness of the deflector ring itself.

Although calculations were of very limited scope, some interesting response
trends were noted. More extensive calculations in which -more of the problem variable:
accommodated in the CIVM-JET-4A analysis and program are included and in which each
of certain guantities are varied over plausible ranges would provide a more illumi-
nating picture of the roles and effectiveness of these parameters with respect to
fragment-containment and/or fragment-deflection protection.

It is believed that the present analysis method and program (CIVM-JET-4A} pro-
vides a convenient, versatile, and efficient means for estimating the effects of
numerous problem variables upon the severe nonlinear 2-d responses of variable-—
thickness containment/deflector structures to engine-rotor-fragment impact. Although
a limited number of comparisons of predictions with appropriate experimental data shov
encouraging agreement, more extensive comparisons are required to establish a firmer
assessment and confidence level in the accuracy and the adequacy of the ﬁiesent pre—
diction method, consistent with its inherent 2-4 limitations.

viid



SECTION 1

INTRODUCTION

1.1 oOutline of the Engine Rotor Fragment Problem .,

As pointed out in Refs. 1 through 6, for example, there has been a not-
insignificant number of failures of rotor blades and/or disks of turbines and
compressors of aircraft turbojet engines of both commercial and military air-
craft each year, with essentially no improvement in the past 10 years in the
number of uncontained failures. The resulting uncontained fragments, if suffi-
ciently energetic, might injure personnel ocecupying the aircraft or might
cause damage to fuel lines and tanks, control systems, and/or other vital com-
ponents, with the conseguent possibility of a serious crash and loss of life.
It is necessary, therefore, that feasible means be devised for protecting (a)

on-board personnel and (b) vital components fxom such fragments.

Two commonly recognized concepts for providing this-protection are evi-
dent. First, the structure surrocunding the "failure-prone" rotor region could
be designed to contain (that is, prevent the escape of)} rotor burst fragments
completely. Second, the structure surrounding this rotor could be designed so
as to prevent fragment penetration in and to deflect fragments away from cer-
tain critical regions or directions, but to permit fragment escape readily in
other "harmless" regions or directions. These two concepts are illustrated
schematically in Figs. 1 and 2. In certain situations, the first scheme
(complete containment) may be required, while in other cases either scheme might
be acceptable. For the latter situation, one seeks the required protection for
the least weight and/or cost penalty. A definitive comparative weight/cost
assessment of these two schemes is not available at this time because of {(a)
inadequate knowledge of the fragment/structure interaction phenomena and (b)
incomplete analysis/design tools, although much progress has been made in these
two areas in the past several years; however, this question is explored in a

limited preliminary fashion in the present report.

Studies reported in Refs. 1 through 3 of rotor burst incidents in com-
merical aviation from the Federal Aviation Administration (FAA}, the Natiocnal

Transportation Safety Board (NTSE), and other sources, indicate that uncontained-

1



fragment incidences occur at the rate of about 1 for every 106 engine flight
Jhours. In 1971, for example, 124 fragment-producing rotor failures were re-
ported in:U.S. conmmercial aviation (Ref. 2); in 35 of these incidents, uncon-
tained rotor fragments were reported. The total number of failures and the
number of uncontained failures are classified as to fragment type in three

broad categories as follows (Ref. 2):

. . Total No. of No. of Uncontained
Fragment Type Failures Failures

Disk Segment 13 13

Rim Segment 6 4

Rotor Blades 105 18

The sizes and the kinetic energies of the attacking fragments, however, are

not reported.

From a detailed study of NTSB and industrial records, Clarke (Ref. 3)
was able to find 32 case histories with descriptive and photographic informa-
tion sufficient to permit a reasonable determination of the type and size of
the largest frﬁgment and the associated kinetic energy. His assessment is that
these data are sufficient to define trends for disk bursts. According to
Clarke, the disk breakup modes for the 11,000 to 19,000-1b thrust range of engines
studied are classified into four categories: (1) rim segment failures, (2) rim/
web failures, (3) hub or sector failures, and (4) shaft—type failures; these and
other types of engine rotor fragments are illustrated in Fig. 3. Rim failures
contain only rim sections or serrations. Rim/web failures include rim and web
sections but do not indlude hub structure. Hub or sector fragments result when
the rotor fails from the rim éo the hub, thus nullifying the disk hoop strength
and allowing the disk to separate into several large sections. The shaft-type
failure mode usually occurs as a result of a bearing failure or a disk unbalance
that fails the disk shaft or the attaching tie rods; this mode can release more
than one engine stage from the nacelle. Accordingly, the 32 cases of failure are
divided into these four categories as follows; with the number of failures and
percent of total failures shown in parentheses (number/percent): rim (15/47),
rim/web (3/9), sector (10/31), and shaft (4/13). Thus the rim and the sector
failures comprise the lion's share of the failure modes for these 32 cases.

Although in one case there were 10 major fragments, in about 80 percent of the

2



cases there were 4 or fewer fragments, with an overall mean of 3 major f£ragments.

A major fragment is defined as one which contains a section of the rotor disk

whose largest dimension is greater than 20 per cent of the disk diameter and also
contains more kinetic energy than a single blade from the same stage. In that
report, blade failures are not included as major fragments. Failed blades (ex-
cluding fan blades) tend to be contained in accordance with Federal Aviation Regu-
lations (FAR) Part 33. In only about 15 to 20 per cent of rotor blade failures
does casing penetration occur. These "escaped single-blade fragments" possess

reduced kinetic energy; thus, their potential for further damage is limited.

In the Ref. 3 study, the size of the largest major rotor fragment as a
cumulative percentage of the 32 cases analyzed is reported. Also, it is de-
duced that the largest translational kinetic energy of a major fragment will
not exceed 40 per cent of the total rotational kinetic energy of the unfailed
rotor. For a large majority of rotor burst fragments, the kinetic energy
possessed by each fragment will be substantially less than this 40 per cent

value.

The studies of Refs. 1 through 3 and 6 through 11 indicate that for disk
fractures, a 120° sector is a good candidate as a "maximum-size fragment and
danger" criterion. If one examines the translational and rotational energy
content of rotor disk fragments as a function of sector-angle size, it_is found
that a sector of about 120° contains the maximum translational kinetic energy.
However, in view of the fragment-gsize and type statistics_available, the choice
of a2 smaller and less energetic “ecriterion fragment" for Fragment containment/
deflector design appears to be much more sensible for obtaining .a reasonable
and feasible improvement in the "safety index" of aircraft turbojet engine/
airframe installations with respect to rotor-burst damage effects. Also, frag-
ments of this class apparently occur much more frguently than do those of the
120-degree sector type. In this vein, Clarke suggests that enhanced safety
would be achieved by reguiring the complete containment of a fragment consisting
of a rim segment (serration) with 3 blades attached; the authors of the present

report concur in this judgment.

Despite intensive conscientious effort through the use of improwved



materials, design, fabrication, and inspection, the annual number of aircraft
engine rotor bursts remains at a too-high level —- with little or no improve-
ment in the past decade. With the large increase of wide-body and jumbo Jjets,
the potential for a large-life-loss accident from this cause grows monthly.
Ih order to assist the FAA (and industry) to achieve improved safety in this
respect, MNASA hag been sponsoring a research effort with the following long-

range objectives:

(1) to improve the understanding of the phenomena attending
engine rotor fragment attack upon and the transient struc-
tural response of engine casing fragment-—containment and/or
fragment-deflection structure via an integrated program of
appropriate experiments and theoretical analysis,

(2) to develop and verify theoretical methods for predicting
the interaction behavior and the transient structural re—
sponses of containment/deflection structure to engine-
rotor fragment attack, and

(3) to develop (a) an engine rotor fragment test capability
to accommodate reasonably foreseeable needs, (b) experi-
mental containment/deflection data in limited pertinent
parametric studies, (c) experimental technigues and high
quality experimental data for evaluating and gqguiding the
development of theoretical-analysis methods, and (d)

a "proof test" capability for conducting test fragment
and structure combinations which are too complex to be

analyzed reliably by available methods.

Hopefully, useful theoretical analysis tools of limited complexity could be
devised, verified, demonstrated, and transmitted to both the FAA and industry
to assist via parametric design calculations and appropriate expeviments the

development of improved protection without imposing excessive weight penalties.

Starting about 1964, the Naval Air Propulsion Test Center (NAPTC) under
NASA gpongorship has constructed and employed a spin-chamber test facility
wherein rotors of various sizes can be operated at high rpm, failed, and the

interactions of the resulting fragments with various types of containment and/or



deflection structures c¢an be studied with high-speed photography and transient
strain measurements, in addition to post-mortem studies of the containment/
deflection structure and the'ffagments. Many such tests involving single frag-
ments or many complex fragments impinging upon containment, structures of vari-
ous types and materials have been conducted {(Refs. & through 11) and have sub-
stantially increased the body of knowledge of the attendant phenomena. Since
mid-1968 NASA has sponsored a research effort at the MIT Aerocelastic and Struc-
tures Reseaégh Laboratory (ASRL} to develop methods for predicting theoretically
the interactién,behavior between fragments and containment-deflection structures,
as well as the transient deformations and respeonses of containment/deflection

. structures —- the principal Ob]ectlve being to devise rellable predlctlon/
design prccedures and containment/deflection techniques:. Important cross-—
fertilization has occurred between the NAPTC experimental and the MIT-ASRL
theoretical studies, with special supportive-diagnostic experiments and de-
tailed measurements being designed jointly by NASA, NAPTC, and MIT pefsonnel

and conducted at the NAPTC. Subseguent analysis and theoretical—-experimental
correlation work has been ;ncfeasing both the understanding of éhe phencmena
involved and the ability to predicﬁ these -interaction/structural-response

phenomena guantitatively.

1.2 Review of Some Analysis Cptions

Because of the multiple complexities involved in the very general case
wherein the failure of one blade leads teo impact against the engine casing,
rebound, interaction with other blades and subsequent cascading rotor-failures
and multiple-impact interactions of the various fragments with the casing, and
with each other, it is ;ecessary to focus attention initially upon a much
simpler sitnation in order to develop an adequate understanding of tpese éol—
lision-interaction processes. Accordingly, raﬁﬁer than considering the general

three-dimensional large deformations of actual -engine casings under multiple

rotor-fragment attack (see Fig. 4, for example), the simpler problem of planar
structural response of containment structures has been scrutinized. That is,
the containment structure is regarded simply as a structural ring lying in a
*plane; the ring may underge larée deformations but these deformations are con-

fined essentially to that plane. For such a case, numerical finite-difference



(Refs. 12 and 13) and finite element (Ref. 14} methods of analysis to predict

the transient large-~deformation responses of such structures to known impulsive

and/or transient external loading and/or to a known distribution, magnitude,

.and time History- of velocities imparted to the structure have been developed at
the MIT-ASRL and have been verified by evaluative comparison with high-quality

experimental data to provide reliable predictions.

In the present context, therefore, the crucial information which needs

to be determined {if the structural response of a containment ring is to be

predicted reliably) concerns the magnitude, distribution, and time history of
either the loading or the impact-induced velocities which the ring experiences
because of fragment iwpact and interaction with the ring. Two means for sup-

plying this inforxmation have been considered:

(1) The TEJ concept (Refs. 15 and 16) which utilizes measured
experimental ring position-time data during the ring-fragment
interaction process in order to deduce the external forces
_experiencea by the ring. This concept has been pursued. An
important mexrit of this approach is that it can be applied
with equal facility to ring problems involving simple single
fragments such as one blaée, or to cases involving a complex
multi-bladed-disk fragment. The central idea here is that if
the TEJ-type analysis were applied-to typical ‘cases of,)for
example, (a) single-blade impact, (b) disk~segment impact,
and/or {c) multi-bladed disk fragment impact, one could dg—
termine the distribution and time'history of the forces
applied to the containment ring for each case. Such forces
could then be applied tentatively in computer code response-—
prediction-and-screening studies for siﬁilar types of ring-
fragment interaction problems involving various other ma-
terials, where guidance in the proper application of these
forces or their modification could be furnished by dimen-
sional-analysis considerations and selected spot-check
experiments. It remains, however, to be demonstrated

whether adequate rules can be devised to "extrapolate" this



forcing function information to represent simila; types
of fragment attack (with perhaps different fragment ma-
terial properties) against containment vessels composed
of material different from that used in the afore-
mentioned experiments.¥*

On the other hand, this approach suffers from the fact
that experimental transient structural response data of
high quality mist be available; the forcing function is
not determined from basic material property, geometry,

and initial impact information.

{(2) The second approach, however, utilizes basic material
property, geometry, and initial impact information in an
approximate analysis. If the problem involves only a
single fragment, this method can be carried out and imple-
mented without undue difficulty, but can become compli-
cated if complex fragments and/or multiple fragments must
be taken into account. However, measured transient struc-
tural response data are not required in order to employ

this method successfully.

Bpproach 1 is explained in detail in Refs. 14 and 15. The present report
deals with one version of approach 2; other versions of approach 2 (denoted

by CIVM and/or CFM) are discussed in Refs. 14 and 17.

varicus levels of sophistiéation may be employed in approach 2. One
could, for example, utilize a finite-difference shell-structure analysis such
as PETROS 3 (Ref. 18) or REPSIL (Refs. 19 and 20), or similar finite-element
codes, to predict the large general transient deformations of. engine casing
containment/deflection structure to engine rotor fragment impact. For even

more general behavior, one could employ 3-d solid-continuum finite~-difference

*It is to circumvent this tenuous extrapolation problem and to eliminate the
necessity for making detailed transient response measurements now required

in the TEJ concept that effort has been devoted to developing alternate methods
of analysis (see the next approach in item 2}.



codes such as HEMP (Ref. 21), STRIDE (Ref. 22), or HELP (Ref. 23) wherein both

the containment ring and fragment may be represented by a suitably fine three-
dimensional mesh, and the conservation equations can be solved in time in small
time increments; these latter codes can handle only a limited number of simplé
configurations. Both the 3-d shell codes and the 3-d solid codes take into
account elastic, plastic, strain hardening, and strain-rate behavior of the
material. Such computations (especially the 3-d solid type) while vital for
certain types of problems are very lengthy and expensive, and are not well

suited for the tﬁpe of engineering analysis/design purposes needed in the

present problem; for complicated or multiple fragments, such calculations would be
prohibitively comélicated, lengthy, and expensive. A simpler, less complicated,
engineering—analysis attack with this general framework is needed; namely, the 2-d

structural response analysis method (see Fig. 5}.

Two categories of such an engineering analysis in the approach 2 clas-
sification may be identified and are termed: (a) the collision-imparted ve-
locity method (CIVM)} and (b) the collision-force method {CFM). The essence

of each method follows:

{a) Collision-Imparted Velocity Method (CIVM)}

In this approach (Ref. 14}, the local deformations of the fragment

or of the ring at the collision interface do not enter explicitly,

but the containmeht ring can deform in an elastic-plastic fashion by
membrane and bending action as a result of having imparted to it a
collision-induced velocity at the contact region via {a) a perfectly-
elastic, (b) perfectly-inelastic, or (¢) intermediate behavior.

Since the collision analysis provides only collision-imparted velocity
information for the ring and the fragment (Eggfthe collision—-induced
interaction forces themselves), this procedure is called the gollision-

imparted velocity method.

(b} Collision-Force Method (CFM)

In this method (Ref. 17) the motion of the fragment and the motion
of the containment/deflection ring (2-d idealized structure) is
predicted and followed in small increments At in time. If fragment/

ring collision occurs during such a At increment, a collision—-interaction
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calculation is performed. This calculation provides an estimate
of the force experienced by the ring at the contact region during
an appropriate portion of this At time period; an equal and op-
posite force is experienced by the (rigid or deformable) fiagment.

The calculation advances similarly during the next At increment.

In practice the TEJ, CIVM, and CFM procedures are employed in intimate conjunc-
tion with one or more of the 2-d structural response ring codes*:JET 1 (Ref. 15),
JET 2 (Ref. 16), or JET 3 (Ref. 24). These ring codes have various different
capabilities but each permits one to predict reliably the 2-d, large-deflection,
elastic-plastic, transient deformations of structural rings for either (1)
transient external forces of prescribed distribution, magnitude, and time .
history or (2) locally-imparted velocities of prescribed distribution, magni-
tude, and time history. Accordingly, these respective fragment/ring response
analyses are termed TEJ-JET, CIVM-JET, and CFM-JET. These procedures are in-

dicated in the information flow diagram on page 10.

Finally, it is useful to note that these three approaches to analyzing
the transient structural responses of two-dimensional containment/deflection
structure subjected to engine rotor fragment attack play useful complementary
roles rather than duplicatory roles. In cryptic self-explanatory form, these

complementary roles are summarized on page 1%.

3
A concise summary of the capabilities of the computer cedes JET 1, JET 2,
and JET 3 1s given in Appendix B.
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1.3 Current Status of the Fragment/Ring Collision-Interaction

and ‘Response Analyses

. Having chosen for engineering convenience and simplicity to restrict
ini%iéxfthéoietical prediction method developments to two-dimensional* struc-
tural response behavior of containment and/or deflector structures, the develop-
ment of the analyses TEJ-JET, CIVM-JET, éﬁd CFM-JET have been pursued to the
extent permitted by the available time and funds. In this context the plan of

action included the following elements (see Fig. 5):

1. Use TEJ-JET, CIVM-JET, etc. for materials screening studies,
parametric calculations, and thickness estimates for 2-d con-
tainers and/or deflector structure.

2. Conduct experiments to detexmine the structural thickness re-
quired for fragment containment or fragment deflection, as
desired:

(a)} conduct such experiments on axially short (2d) contain-
ment/deflection structure to evaluate and verify the 2-4
predictions for the reguired structural thickness hZG' and

(b) conduct such experiments on containment/deflection struc-
ture of various axial lengths in order to determine the

smallest wall thickness h0 reguired (and the associated

shortest axial length) forpzragment containment or de-—
flection for realistic three-dimensional deformation be-
havior.
3. HWext, carry out 2-4 calculations and correlations with experi-
ments in order +to seek convenient rules of thumb for relating

t desi .
hzd o the desired hopt

Therefore, the first task to be carried out was the development of TEJ-JET,

CIVM-JET, and/or the CFM-JET analyses for idealized 2-d structural models

*Whlle the present (initial) analysis has been restricted to idealized contain-
ment/deflection structures undergoing two-dimensional behavior for convenience
and simplicity, more comprehensive structural modeling and analysis could be
employed later if found to be necessary.
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for containment and/or deflector structure. Schematics of "actual” and
idealized 2-d models of, respectively, containment structure and deflector

structure are shown in Figs. 6 and 7.

1.3.1 TEJ-JET Status

References 15 and 16 document the early studies of the TEJ-JET concept
* and its feasibility. The theoretical feasibility of the TEJ-JET concept has
been verified. This has been carried out by predicting the large-deflection
elastic-plastic transient response of an initially-circular, uniform-thickness,
containment ring subjected to a prescribed circumferential distribution and
time history of externally-applied forces via the JET 1 computer program; this
provided position-time data for many mass points (typically 72) around the cir-
cumference of the ring. In order to simulate the effects of experimental and
data conversion uncertainties upon this position-time inforxmation, these data
were perturbed by random numbers with g mean of zerxo but with various plausible
levels of probable error. The resulting "simulated experamental position-time
data" were then subjected to TEJ processing in order to "extract" predictions
of the externally-applied forces which produced these "modified structural
response data"; the resulting predicted external forces were in very good agree—

ment with-the original known prescribed external forces.

Analysis of an early set of high-speed photographic measurements carried
out by the NAPTC of the transient response of a containment ring subjected to
impact from a single rotor blade from a T58 turbine rotor revealed certain data
deficiencies. Subsequently, the effects uvpon the TEJ-JET prediction process
of various uncertainty factors have been studied, and means for reducing the
prediction uncertainty, including both analysis improvements and improvements
in measurement precision and accuracy, are in progress.- Improved NAPTC experi-
mental data are expected to be received shortly for use in a more definitive

evaluation of the TEJ-JET analysis method.

It should be noted that the success of this method depends crucially
upon the availability of very high quality experimental data to define the time
history of the motion of the containment/deflection structure and of the frag-

ments and/or other moving structure which strikes the containment-deflection

13



structure. The feasibility and accuracy of the TEJ-JET method for estimating
the impact forces applied to the containment ring in an actual experimental
situation have been verified only in part and then only for the simplest case:
a single blade impacting a free circular containment ring. These forces have
been deduced (it is believed successfully) from the analysis of the CG motion
of thé*ring, but another independent estimate involved in the TEJ-JET scheme
is obtained from analyzing the motion of individual mass points of the ring.
The latter estimate has not yet been carried out successfully -- this work

utilizing recent experimental data of improved quality is still in progress.

If this TEJ-JET method (especially the second scheme) turns out to be
successful for this simplest of all cases, serious consideration could then be
given to the further development of this method in order to predict the fragment/
ring collision forces for more complex problems such as {(a) an n—fragment
burst of a rotor, (b) a single blade failure from a fully-bladed rotor, (c) a
rim chunk with a few blades attached, etc. If successful for these cases of
more praciical interest (such as case (c), for example), the attendant predicted
external forces could then be employed as first-approximation forcing function
information in 2-d JET codes to predict the transient structural responses of
various candidate containment/deflection rings and materials. For a given type
of fragment attack for which one presumes the availability of the above-noted
forcing-function information, one will need to develop some means of estimating
how these forces would be altered if radically different containment/deflection
structural materials, thicknesses, etc. from those used in the "sou¥ce experiment

are used in parametric/design studies.

1.3.2 CFM-JET Status

A study of the collision force method (CFM) is reported in Ref. 17. This
method was applied successfully to predict the transient structural response of a
simply-supported steel beam subject to impact by a steel ball; comparisons of
CFM-JET preéictions for this case were in good agreement with independent pre-

dictions.

The CFM-JET method was also applied to analyze the impact interaction

and transient response of an aluminum contaimment ring to impact from a single
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blade from a T58 engine turbine rotor; experimental transient response photo-
graphic data were available from NAPTC experiments for comparison. In these
CFM-JET studies, the rotor blade was modeled in three different ways: (1) the
blade was prescribed to remain straight and to experience purely-elastic be-
havior, (2) the blade was permitted to shorten and to experience elastic-plastic
behavior but to remain straight, and (3) the blade was permitted to undergo a
plausible curling deformation hehavior over a Tegion near the impacted end and
to behave in an elastic-plastic fashion. In all cases, the free initially-
circular aluminum containment ring was permitted to experience large-deflection,
elastic-plastic bending and stretching behavior. For all three blade-behavior
cases, the predicted containment ring transient responses were very similar,
with type (3) providing the best theoretical-experiment agreement. Also, the
type (3) prediction demonstrated the best agreement between the predicted and
the observed fragment motion. For the type (3) model, impact between the blade
and the ring was treated as either frictionless or as involving various fixed

values of the friction coefficient u.

For plausible combinations of the curling-blade-model parameters and
the frictional coefficient, the CFM-JET predictions for both the transiént
response of the ring, and the motion and the final deformed configuration of

the blade were in very good agreement with experimental observations.

As dis made clear in Refs. 14 and 17, the CIVM-JET method is more readily
extendable than is the CFM-JET method to more complex types of fragments and
fragment-attack situations. Hence, future development effort has favored the

CIVM-JET method.

1.3.3 CIVM-JET .Status

Initial studies of the CIVM-JET method of analysis are reported in
Ref. 14. In analyzing containment and deflection ring responses to impact
from a single blade, the blade is modeled in the analysis as being nonde-
formable (remains straight rather than deforming as observed experimentally).
However, the effect of neglecting this type of blade deformation, and its
attendant changing moment of inertia, has a very minor influence on the transi-

ent response of the containment/deflection structure. Another simplification
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used in that initial CIVM-JET study was to ignore the effects of friction be-
tween the ring and the impacting blade. &As a result of these two simplifica-
tions, one finds a fair discrepancy bhetween predictions and observations of

the motion of the blade after initial impact with the ring. However, one ob-
serves very good agreement between predictions and measurements of the transi-

ent large deformations of the containment ring.

Also reported in Ref. 14 are some 1llustrative CIVM~-JET calculations to
predict the responses of 90-degree sector partial rings (fragment deflectors)
to impact by a single blade. One end of the partial ring was either ideally
clamped or pinned-fixed while the other end was free. Frictionless impact
and a non-deformable blade were assumed also in these cases. There were,

however, no appropriate experimental data available for comparison.

1.4 Purposes and Scope of the Present Study

Experience gained in these initial CIVM-JET studies and in the subse—
quent CFM-JET investigations suggested that the former approach would be more
readily extendable than the latter to analyze containment/deflection structural
responses to impact from more complex types of fragments. Accordingly, it was
decided to extend the CIVM-JET analysis and to carry out some illustrative cal-

culations.
Specafically, the tasks undertaken and discussed in this report follow:

1. To include the effects of friction between the fragment and
the impacted structure.

2. To combine the resulting CIVM collision-interaction analysis
with the JET 3 structural response computer program in order
to make available a convenient CIVM-JET computer code for
interested users, together with a user's manual and example
problems.

3. To include an approximate means of accounting for the
"restraint effects" of adjacent structure upon the re-
sponses of fragment-impacted 2-d containment and/or de-
flector structures.

4. To illustrate the utilization of this updated CIVM-JET
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analysis and program for predicting

(a) containment ring responses to single-fragment
and multiple-fragment attack and

(b) deflector ring responses to single-fragment
attacki

Section 2 1s devoted to describing the CIVM-JET method including the
updating features cited in tasks 1 through 3. Illustrative containment ring
response studies are discussed in Section 3, while illustrative fragment de-
flector response calculations are described in Section 4. 2 summary of the
present studies, pertinent conclugions, and suggestions for further research

are presented in Section 5.

Appendix A contains a description and a listing of the resulting
CIVM-JET-4A computer program together with input and output instructions.
Included are example problems, the associated proper input, and solution

data which may aid the user in adapting this program to his computer facility.

Appendix B containg a concise summary of the capabilities of the two-
dimensional, elastic-plastic, large-deflaction, transient structural response

computer codes JET 1, JET 2, and JET 3.
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SECTION 2

COLLISION-IMPARTED VELOCITY METHOD

2.1 Outline of the Method

For present purposes, attention is restricted to analyzing the transient
responses of two-dimensional containment and/or deflector rings which are sub-
jected to fragment impact; examples of these types of structural models are in-
dicated schematically in Figs. 6 and 7. Accordingly, these structures may under-
go large elastic—plastic bending and stretching deformations but those deforma-
tions as well as the fragment motions are assumed to 1lie in one plane; namely,

the ¥,Z plane as shown in Fig.' 8.

Using this ring-fragment problem asg an illustrative éxample, this section
is devoted to a description of the general procedure used to calculate the tran-
sient motions of the ring and the fragment in accordance with the process called
the collision-imparted velocity method (CIVM). BAn information £low schematic
of this procedure is shown in Fig. 9. Briefly, the analysis procedure indicated

in Fig. 2 consists of the following principal steps:

1. Motions and Positions of Bodies

The motions of the fragment and of the containment ring are predicted
and the (tentative) region of space occupied by each body at a given

instant in time is determined.

2. Collision Inspection

Next, an inspection is performed to determine whether a collision has
occurred during the small increment (At) in time from the last instant
at which the body locations were known to the pfesent instant in time
at which body—location data are sought. If a collision has not occurred
during this At, one follows the motion of each body for another At, etc.
However, if a collision has occurred, one proceeds to carry out a

collision-interaction calculation.

3. Collision-Interaction Calculation

In this calculation energy and momentum conservation relations are
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employed in an approximate analysis to compute the collision-—

induced changes {a) in the velocities V_ (txanslatacn) and

wf (rotational) of the fragment and (b)fnodal velocities of
the ring segment which has been struck by the fragment. The
cooxdinates which locate the positions of the fragment and
of this particular ring segment are thereby corrected from

their tentative uncorrected-for-impact locations.

One then returns to step 1, and the process 1s repeated for as many time incre-

ments as desired.

The details of this analysis procedure as well as various considerations
and saimplifying assumptions employed are discussed in the remainder of this

section.

2.2 PFragment-Idealization Considerations

Consistent with the decision to idealize contalmment and deflector struc-
ture as behaving in a two-dimensional fashion, a similar decision has been
reached to idealize the various types of rotor-burst fragments in a way which
is both versatile and convenient for analysis. Further, it was desired to
include from 1 to n fragments, where these fragments may have either identical
or different masses, velocities, kinetic enexgies, etc. Some of the considera-
tions which led to the selected fragment idealization are discussed in the

following.

In the initial theoretical studies reported in Refs. 14 and 17, only a
single rotor blade fragment was utilized. Various types of blade fragment be-
havior were assumed and thé consequences investigated. The assumed types of

behavior included:

(a) straight non-deforming blade
{b) elastically-deforming straight blade
(¢} elastic-plastic straight blade

{(d) elastic-plastic curling blade

In all cases before initial impact, these blades had identical masses, mass

moment of inertia about the CG, translation velocities, and rotational
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velocities. Although the motion of the blade fragment after initial impact
differed from model to model, the large-deflection elastic-plastic

transient responses 5f the fragment-impacted containment rings exhibited

only smal%ﬂdifferences for the various blade~fragment models. Thus, the
effebt'b%-ghe chahgihg geometry of the deforming blade fragment during impact-
interaction with the ring is of distinctly secondary importance with respect
to containment ring response. Accordingly, the most important fragment guanti-
ties requiring duplication in the idealized fragment model are its mass and

translational kinetic energy; of lesser importance are its rotational kinetic

enerqgy, mass moment of inertia, and “geometric size".

Therefore, one may idealize the fragment geometry in order to reduce the
complexaity of determining at successive instants of time during predictions
whether oxr not the fragment has collided with the ring. However, it is possible
to analyze and follow in detail the deforming configuration of a rotor-blade fra
ment (or even of a bladed disk fragment) during impact—interaction with a con-
tainment ring if ome 1s willing tc pay the price in complexity and in compu-
tational expense. At the present stage of study, this degree of complexity
is considered to be unjustified. Hence, the "severe” but convenient and rea—
sonable idealization that a single rotor blade, a bladed-rim segment, or bladed
rim-web segments, for example, may be represented as a non~deformable circuiar
confiquration of appropriate diameter, masé, and mass moment of inertia has
been adopted. This decision also greatly simplifies the matter of determining
at a given instant in time whether or not a given fragment has collided with
the ring because the space occupied by the fragment is readily defined by the
¥,Z coordinates of its center, and its radius. The space occupied is compared
with the space instantaneously occupied by the ring in order to determine

whether ox not a fragment/ring collision has occurred.

Shown schematically in Fig. 10 are pre-impact and final-deformed con-
figurations of a single rotor blade, a one-sixth bladed disk segment, and a
one-third bladed disk segment from a T58 turbine rotor. These fragments were
emploved in containment ring experiments conducted at the NAPTC: information
on intermediate states of typical fragment deformation are also available

(Refs. 10 and 25). Also depicted in Fig. 10 are certain fragment idealizations,
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including the currently adopted non-deformable circular configuration used in
the present 2-d analysis. It is seen that a circle of appropriate diametexr
may be chosen to circumscribe each type of undeformed and deformed fragment.
Since for a given type of fragment these diameters do not vary greatly (up to
about 30 per cent or less typically), one may choose the diameter of the
idealized non-deformable fragment to be either "extreme" or some intermediate
value because these fragment—-size extremes produce very little effect upon the
predicted transient deformation of the ring and the maximwm circumferential

strains experienced by an impacted containment ring.

2.3 Collision~Interaction Analyvsis, Including Friction

The collision-interaction analysis employed i1s described in the follow-
ing 1n the context of two-dimensional behavior .of both the containment/deflec—
tion structure* and the fragment. Further, the analysis will be described forxr
a case in which only a single idealized fragment is present; similar relations
are employed for the individual impacts of each of n fragments when n fragments

are present.

For the CIVM approach, the following simplifying assumptions are

invoked:

1. Only the £ragment and the ring segment or element struck by
that fragment are affected by the "instantaneous collision"
(see Fig. 8).

2. In an overall sense, the fragment is treated as being rigid
but at the "immediate contact region" between the fragment
and the struck object (termed "target” for convenlence),
the collision process is regarded as acting in a perfectly
elagtic (e = 1), perfectly inelastie {e = 0), or an inter-
mediate fashion (0<e<l), where e represents the coefficient

of restitution.

* 1
A similar procedure could ke employed if one were to model the contalnment/

deflection structure in a more comprehensive and realistic way by using shell
finite elements or the spatial finite difference method.
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(3) The colliding surfaces of both the fragment and the target
may be either perfectly smooth (=0} or may be "rough"
(U£0) , where U denotes the coefficient of sliding friction.
Hence, respectively, force and/or momehtum {or velocities)
are transmitted only in the normal-to-surface direction or

in both the normal and the tangential direction.

{4) During the collision, the contact forces are the only ones
considered to act on the impacted ring segment and in an anti-
parallel fashion on the fragment. Any forces which the
ring segment on either side of the impacted ring segment
may exert* on that segment as a result of this instantane-
ous collision are considered to be negligible because this
impact duration is so short as to preclude their "effective

development”.

(5} To aveoid unduly complicating the analysis and because of
the smaliness of the arc length of the ring element being
impacted, the ring element is treated as a straight beam
{see Fig. 11) in the deraivation of the impact inspections
and equations. However, for modeling of the ring itself
for transient response predictions, the ring is treated

as being arbitrarily curved and of variable thickness.

As indicated in Fig. 1la the curved variable-thickness (or uniform

thickness) containment/deflector ring is represented by straight-line segments:

{1) to identify in a simple and approximate way the space
occupancy of the beam segment under imminent impact attack and

(2) to.derive the impact equations.

The ends of ring segment or element i are bounded by nodal stations i and i+l
at which the ring thickness is hi and hi+l' respectively; these nodes are

located in Y,% inertial space by Yi, Zi' and Yi+ ; respectively.

1’ Zi+l

*
Such forces are termed "internal forces" as distinguished from the "external
impact-point forces".
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In the CIVM-JET studies reported in Ref. 14, the inertial effects of
the impacted segment were taken into account by means of two different models:
a consistent-mass model and a lumped-mass model. It was found that the lumped
mass collision model provides more convenient and reliable collision-interaction
predictions. Accordingly, only the lumped-mass collision model is employed in
the present studies. With respect to the inertia forces of the structural
ring itself, the studies of Ref. 14 have shown that lumped-mass modeling is
somewhat more efficient than consistent-mass modeling of the ring insofar as
transient response prediction accuracy is concerned. Hence, lumped mass model-

ing of the ring is employed in the present work.

For the lumped-mass collision model, the impacted beam segment is repre-—
" sented, as depicted in the exploded line schematic of Fig. 12, by concentrated
nasses ml and m2 at nodes 1 {or i) and 2(or i+l), respectively. Also, for the
impacted segment indicated in Fag. 1lb, it is assumed that the two surfaces of
this variable—-thickness element are close enouch to being parallel that the
cosine of one half of the angle between them is essentially unity. Accordingly,
it is assumed that the direction normal to the 1mpacted surface is the same as
the perpendicular to a straight line Jjoining nodes 1 and 2. Fér the collision
analysis, it is convenient to resolve and discuss velocities, impulses, etc.,

in directions normal (N) and tangential (T} to the straight laine joining nodes 1
and 2; the positive normal direction is always taken from the inside towdard the
outside of the ring, while the positive-tangential direction is along the
straight line from node 1 toward node 2 (see Figs. 1lb and lle) -- a clockwise
numbering sequence is used (for all impacted ring segménts). Hence, the im-
pacted ring segment lumped-mass velocities and the idealized-fragment veloci-
ties are expressed with respect to this local, N,T inertial coordinate system

as le' vlT' VZN' VZT' VfN' and VfT in the exploded schematic shown in Fig. 12.

As shown in Fig. 12, the center of gravity of the idealized impacted
beam (ring) segment is located at a distance YLS from mass ml,and a distance
GLS from mass mz, where 8 is the distance from m. #o m_ . The "point of frag-

1 2

ment impact" between masses m1 and m2 is given by the distances dOs and Bs,
respectively; at this location, it is assumed that the fragment applies a

normally-directed impulse Py and a tangentially directed impulse PT to the
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impacted idealized raing segment. Denoting by primes the "after-impact" trans-
lational and/or rotational velocities, the impulse-momentum law may be written

to characterize the "instantaneous impact behavior" of this system, as follows:

Noxmal~Directioh Translation Impulse-Momentum Law

! /
™, [le _\/IN] + M, I:\/ZN -.V?.N] = Py (ring segment) (2.1)

7
- - - £ .2
m, [\/-FN \/{N] = - B, (fragment) (2.2)

Tangential-Direction Translational Impulse-Momentum Law

,B PT (2.3}

{ring segment)
o4 PT (2.4}

— 4 —

™ [ Mr -\/:r

{

. !
'Tf\.;_ _V'ZT '\/21*_

1

- P {fragment) (2.5}
T

- —
™ _\/«F T "\/JET |
Rotational Impulse-Momentum Law
—, /
~Tm, l_\{u ‘qu_ V.8 +TM, I:V’ZN -V"'-':‘:[ s
= = py (Y- s 4 py (1)

{ring segment} (2.6)

(.
I ; (fragment) (2.7}
* E’% "U"{] = Prry
where
Py = normal-direction impulse
P = tangential-direction impulse
= +
Yy, =Wy my +my)
= +
8, = my/(my +my)
hI = ring thickness at the immediate "impact point"
m. = mass of the fragment
I £ = mass moment of inertia of the fragment about its CG

The relative velocity of sliding 8' and the relative velocity of approach A’
at the immediate "contact points" between the fragment (at A) and the ring

segment (at C) are defined by
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5= &c;‘“’é Y‘{l - [(.5\/.; + & V) +(E’2i\ (\/m: "s\/i Q:I (2.8)
A= \/s;. B (16\/“: +°&\/2:~l> (2.9)

Substituting Egs. 2.1 through 2.7 into Egs. 2.8 and 2.9, one cbtains

Sl: 60‘63 pN —B\P'T

(2.10)

A=A, B, B - B, PRy (2.11)

where the initial  (pre-impact) relative velocity of sliding So' the initial

relative velocity of apprecach Ao’ and the geometrical constants B Bz, and

1’
B3 are given by

SO: E/-FT'O‘)-F r_gil - [(fg\/”_ +°l‘\‘/1h+ (__";-_I) (Y"-_Es;.\/'._”}:l (2.12)
Ao= \/-FN - (/8 \/..N * d‘\/‘Z.N\ h ‘ (2.13)

A 2 2 2
Bl off Bt L (haV (L u_\ (2.1
72 A
, = | 2 ok (2.15)

— +
™ ™, T m,

53: %\(%,_ﬂ% | (2.18)

1

where in Egs. 2.12 and 2.13, by definition Ao > 0; otherwise, the two bodies
will not collide with each other. Also, 1f So > 0, the fragment slides initi-
ally along the ring segment. It perhaps should be noted that sliding of the
hodies on each other is assumed to occur at the value of "limiting friction"
which reguires that pT = ILIpN] , and when 9T<|11PN| , only rolling (i.e., no

sliding) exists. For a given valué of e and a given value of | which,
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respectively, describes the degree of "plasticity" of the collision process,
and accounts for the frictional properties (roughness} of the contact sur-
faces: nine equations (Eqs. 2.1 - 2.7 and Egs. 2.10 - 2.11) can be solved to
obtain the post-impact guantities ViN P ViT, véN' VéT, YEN' V%T, and w%, as
well as PN and pT; these are nine “unknowns".

The graphic technique which provides a convenient way to obtain the
values of pN and PT at the instant of the termination of impact as described
in Ref. 26 1is employed in the present collision-interaction analysis. In this
technique, the trajectory of an "image" point P in the plane formed by the im-
pulse coordinates PN and PT (Fig. 13) xrepresents the state of the colliding
bodies at each instant of the contact interval. The image print P which is
initially located at the origin and is denoted by PD (pN = 0, PT = 0) will
always proceed in the upper half-plane with increasing PN' The locations of
the line of no sliding $' = (0 and the line of maximum approach A' = ( are
determined by the system constants B_, B2, and B3. From Eqs. 2.10 through

1
2.16, it is noted that B, and B2 are positive; also since BlB2'7 Bi, the

acute angle hetween the ;N axis and the line A' = 0 is greater than the cor-
responding acute angle formed by the line 8' = ( with the PN axis; hence,
the line A' = 0 and the line S' = 0 cannot intersect with each other in the
third quadrant of the PN'PT plane. Depending on the valuegs of the coefficient
of sliding friction |, the coefficient of restitution e, the system constants
Bl, B2, and BB' and the initial conditions So. and AO, several variations of
the impact process may occur and will be discussed in the following.

First, the cases in which the coefficient of sliding friction p range
from 0<u<® will be considered; the two special cases with U = 0 (perfectly-
smooth contact surfaces) and U = ® (completely rough surfaces) will be dis-

cussed shortly thereafter. R

Case I: If 0 €< 4 < @ and B3 < 0, both the slope of line 8' = 0 and the

slope of line A' = 0 are non-negative (when B3 = 0, lines 8' = 0 and A' = 0O

are parallel to the Py axis and the Po, axis, respectively). The two lines
' =0 and A' = 0 intersect with each other at point P3 as shown in Figs. 13a
and 13b, where the friction angle v and the angle A formed with the Py axis

by the line connecting points Po and P3 and are defined by
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Y = TAN_l/a (2.17)

and

E32 E5° - EBB ﬁ\‘,

A=TAN™ ( (2.18)

B.A.- B, S,

Inrtially, the image point P travels from point P0 along the path POL which

subtends an angle v with the PN axis because the limiting friction impulse

PT f}[pN 135 developed during the initial stage of imﬁact. Subsequently:

(a)

(b}

ifu=tan v < tan A (Fig. 13a), line PoL will intersect
the line of maximum approach A' = 0 at point Pl' before
reaching the line of no sliding S' = 0. The intersection
point Pl represents the state at the instant of the termina-
tion of the approach period. This is followed by the resti-
tution period; the impact process ceases at point P' (path

P0 - Pl ~ P'). The coordinates of P' are

PN = '(1+e) pm (2.19)
p—r = /M’Pt\l = (1*‘@){3,“ . (2200

where Py’ the ordinate of point Pl 1s determined from .
the simmltanecus solution of equations Pr = WPy and

A' = 0, and is given by

A
R

2 (2.21)
However, if § = tan vV > tan A {(Fig. 13b), line P L will

Eiz 4/A£'E53

intersect the line of no sliding S' = 0 first at the
intersection point Pz which marks the end of the initial
sliding phase. The image point P then will continue to
proceed along the line of no sliding $' = 0 through the
intersection point P3 with line A' = 0 to the end of
impact at point P' (path Po - P2 - P3 - P'). The final

1 £ d H
values of p and p, are
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P,* (1+e) Pus (2.22)

P = Se- By Pu = S, -B,(1+€) Pus (2.23)
B. B,

where Pys’ the ordinate of point P3 which represents the

end of the approach period, is given by

pNB - E?IAO = Bg So (2.24)

BB, - B2

> 0, both the lines S' = 0 and A' = 0 have

Case IT: If 0 <y < = and B3

negative slopes as shown in Figs. 13c, 13d, and 13e. By following the same

argument as in Case I, one has:

(a) Ifpy = tan v < tan A (Fig. 13c ), line POL will intersect
the line A' = 0 f£irst, before reaching the line S' = 0,
and the impact process ends at point P' (péth Po - Pl - P"),

whose coordinates are

Pa - (H'e) Pu (2.25)
o= e Qxe) p, (2.26)

where
Y S
"B, +a B,)

(b) If u=tan Vv > tan A (Figs. 13d and 13e), the image point

(2.27)

P moves first along line POL to the intersection with line
§' = 0 at point P2; up to that point, the two bodies will

slide along each other. However, beyond point P,, only as

2
muach friction will act as is necessary to prevent sliding,
provided that this is less than the value of the limiting
friction (Ref. 26). Let the angle I foxmed by the line

8' = 0 with the pN axis be defined as

28



(bi)

(biv)

Q- Tan" ( 23)
t

If @ < v (Fig.13d), the maximum fraction is
not required to prevent sliding; hence, P
will continue te move along line S' = 0,
through the end of approach period at point
P3, which is the intersection point with
l%ne A' = 0, to the termination of impact at
point P! (path Po - P2 - P3 - P') whose

coordinates are

R = (re) Pus

Ese = E53 <;t*'e£) ¥3y£3

Flr - E5‘

where
P = EBsi\o - E33 550
N3 B’ Bz - 632

On the other hand, if Q > v(Fig. 13e), more

friction than available is required to pre-

vent sliding. Thus, the friction impulse will

change its direction beyond P2, and maintain

its limiting value; the point P moves aleng line

P2M which is the line of reversed limiting fric-

tion and is defined as

PT:/LL (zpﬂ?._ PD
where .
Pee ® 22—
NZ
/OL E2 + ESB
Through the intersection with line A* = 0 at

point P4 to its final state P' at the end of
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(2.29)

(2.30)

(2.31)
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impact (path PO - P2 - P4 - P'). The coordinates

of P' are

(2.34)

p, = Cive) Py,

where PN2 is defined 1n Eg. 2.33 and
F%“ = zxo A E33 F%QZ
a4
B, -4 By

The above solution process can be specialized

u

(2.36)

to represent the cases with @ = ¢ and I = &,

Case III: If p = 0 (perfectly smooth contact surfaces), line PoL coalesces
with the Py axis. The image point P will move along the Py axis to the end

of impact. Thus

_ Mo {2.37)
p“ = (l-\-e\ ——B

2
(2.38)

P, =0

Case IV: If u =« (completely rough contact surface), point P moves initially

along the PT axis.

S A A
(a) If 39-< -2 or if -2 < 0, point P will move along the
1 3 3
PT axis to the intersection with S' = 0, then will follow

the line 8' = 0 to the end of impact. The post-impact

value of PN and PT are

pN: C\'l-e\ pus (2.39)

S, - By (Hf‘—\ Pz (2.40)
B

P

A
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where

- B| Ao" Bg SO
N3 T = - =
- (2.41)
B\ B?. B3
S A _
(b)Y However, if =2 > 59-> 0, point P moves along the P, axis
and ceases at the intersection with line S* = 0. Thus

the final wvalue of pN and pT are

PN e {2.42)

R - %"— (2.43)
1

3

Knowing the wvalues of PN and PT at the end of impact for the above
discussed various impact processes, the corresponding post-impact velocities

then can be determined from Egs. 2.1 through 2.7 as follows:

/ _{hx
\/:N - \/}N + ‘*‘55 Pa (T\ P (2.44)
m, s
7/
\/,.,. = \/‘.,. + ﬁqﬁ“‘ (2.45)
1
!
\/2,\l = \/?_N + Ls By +Q"1)P-r (2.46)
"m?. =3
7
\/21. = \/2_!_ 4 < P (2.47)
mz.
f
V. ' - V -~ B (2.48)
£ +N o
™y
I R
i ™
CO%' = oy y B0 (2.50)
L
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Thus, this approximate analysis provides the post-impact velocity information
for the impacted ring segment and for the fragment so that the timewise step-
by—sfep solution of this ring/fragment response problem may proceed. Note that
these post-impact velocity components are given in directions N and T at each-
end of the idealized impacted ring segment; as explained later, these velocity
components are then transformed to (different) directions appropriate for

the curved-ring dynamic response analysis.

2.4 Prediction of Containment/Deflector Ring-Motion

and Position

‘ The motion of a complete contaimment ring or of a partial-ring frag-
ment deflector may be predicted conveniently by means of the finite-element
method of analysis described in Ref. 14 and embedded in the JET 3 series of
computer programs described in Ref. 24. These structures may be of either
uniform or of variable thickness, with various types of support conditions.
Large deflection transient Kirchhoff-type* responses including elastic,
plastic, strain harxdening, and strain-rate sensitive material behavior may be

accommodated.

In 'this method, the ring is represented . by an assemblage of discrete
{or finite) elements joined compatibly at the nodal stations {see Fig. 8).
The behavior of each finite element is characterized by a knowledge of the
four generalized displacements g at each of its nodal stations, referred to
the N,C local coordinatés (see Fig. 1l4). The displacement behavior within
. each finite element is represented by a cubic polynomial for the normal
displacement w and a cubic polvnomial for the circumferential displaceﬁent v,
anchored to the four generalized displacements ql, q2, q3, and q4 or v, W,
¥, and y at each node of the element (see Refs. 14 and 24 for further de-
tails). .

v

For present purposes, it suffices to note that the resulting eguations
of motion for the "complete assembled discretizéd structure (CADS)",.for which

the independent generalized nodal displacements are denoted by g*, are (Ref. 14):

*
Transverse shear deformation is excluded.
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[M] {%% * {P} + !:H :I{%*} + [Ks] {%ﬂ = {F *} (2.51)

where
{a*}, {4*} represent the generalized displacements and
generalized accelerations, respectively
M] is the mass matrix for the CADS -

{r} is an "internal force matrix" which replaces
the "conventional stiffness terms" (Kl{g*} for
small displacements but now also includes
some plastic behavior contributions

[H] represents a "new" stiffness matrix which

_arises because of large deflections and
also plastic behavior -
[KSI represenfs the global effective stiffness
supplied by an elastic foundation and/or
other "restraining springs”
{r=} denotes the externally-applied generalized

forges acting on the CADS

Further, it is assumed that all appropriate boundary conditions have already

been taken into account in Eq. 2.51.

The timewise solution of Eg. 2.51 may be accomplished by employving an
appropriate timewise finite-difference scheme such as the central difference
method. Accordingly, for the cases of CIVM fragment impact or of prescribed
externally—applied forces, Eg. 2.51 at time instant j may be written in the

following form:

MG, - {RS- Tl -(P- ), o

Let it be assumed that all quantities are known at any given time instant tj.
Then one may determine the generalized displacement solution at time tj+1
(i.e., {q*}j+1) by the following procedure. First, one employs the timewise

central-difference expression for the acceleration {ﬁ*}j:
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(g7 ¥ oo, 2 ek -83,.) ew

It ?qllows that one can solve for {q*}j+1 since {&*}j is already known from
Eg. 2.52 and all other gquantities in Eg. 2.53 are known. However, a fragment-
ring collision may occur between time instants tj and tj+1; this would re-
quire a "correction? to the {q*}j+l found from Eg. 2.53. Thus, one uses and

rewrites Eq. 2.53 to forxm a trial value (overscript T):

{A-%*}:)H = {A%f}a “'(A‘t)z {%*}ﬁ (2.54)
where

{647, = {47y - {8,

{A%*},J,H: {%*‘S’J"’\ - {%«‘}ﬂ = trial increment (2.55)
@ = (F3, - fag ] v+ {ag),
AT

= time increment step

Note that tj = j(At) where 3 =0, 1, 2, ... , and {Aq*}o = 0. Also, no such
trial value is needed if only prescribed external forces were applied to the

containment/deflection ring.

Let it be assumed that one prescribes at t ='to = 0 (j=0) values for
the initial velocities {é*}o and extermal forces {F*}O, and that the initial
stresses and strains are zerc. The increment of displacement between time to

and time t1 is then given by:

(gl {4 0 13, @t e

where {&;}o can be calculated f£rom

[M:l {. . *} = {F *} (2.57)
% O Q N
wherein it is assumed that no ring-fragment collision occurs between tO and tl

{accordingly, overscript T is not used on {Aq*}l in Bg. 2.56).
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2.5 Prediction of FPragment Motion and Position

In the present analysis, the fragment is assumed to be undeformable and,
for analysis convenience to be circular; hence, its equations of motion for

the case of no externally-applied forces are:

’m;\(; = O (2.58)

Mg le=0 (2.59)
I.6:=0 (2.60)

where (Yf,Zf) and Y ,Ef) denote, respectively, the global coordinates

£
and acceleration components of the center of
gravity of the fragment (see Figs. 8 and 12)

0 represents the angular displacement of the

fragment in the + wf direction (Fig. 12}.

In timewise finite-difference form, Egs. 2.58 through 2.60 become

(A\(ﬂﬂ.*l = (avYy); (2.61)
3
(AZA AN = (AZ;\ A (2.62)

(aﬁ_‘é\)&ﬁ.\ = (A 6\_5 (2.63)

where overscript "T" signifies a trial value which requifres modification, as
explained later, if ring-fragment collision .occurs between tj and t3+l'

By an inspection procedure to be described shortly, the instanit of
ring-fragment collision is determined, and the resulting collision-induced

velocities which are imparted to the fragment and to the affected ring seg-

ment are determined in accordance with the analysis of Subsection 2.3.
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2.6 Collision Inspection and Solution Procedure

2.6.1 One-Fragment Attack

The collision inspection and solution procedure will be described first
for the case in which only one idealized fragment is present. With minor modi-
fications this procedure carn alsc be applied for an n~-fragment attack as dis-
cussed in Subsection 2.6.2.

The following procedure indicated in the flow diagram of Fig. 9 may be
employed to predict the motions of the ring and the rigid fragment, their pos-
sible collision, the resulting collision-imparted velocities experienced by
each, and the subsequent motion of each bodyv:

Step 1: Let it be assumed at instant tj that the coordinates {q*j}, Yf , and

J

Zf ; and coordinate increments«{Aq*}j, AYf , and Azf are known. One
B h| j
can then calculate the strain increments Asj at all Gauss stations jJ

along and through the thickness of the ring (see Ref. 14).

Step 2: Using a suitable constitutive relation for the ring material, the
stress increments ch at corresponding Gaussian stations within
each finite element can be determined from the now-known strain in-

crements Aej. Since the O, are known at time instant t. the

i-1 3-1
stresses at tj are given by Uj = Gj—l + ch. This information
permits determining all quantities on the right-hand side of
Bq. 2.52, where for the present CIVM problem {F*}j is regarded as

being zero. .

. . . . T
Step 3: Solve Eq. 2.52 for the trial ring displacement 1ncrements'{Aq*}j+l

Also, use Egs. 2.61, 2.62, and 2.63 for the trial fragment dis-

< T .
placement increments (AYf)3+l, (Azf)j+l' and (Ae)j+l'

Step 4: Since a ring-fragment collision may have occurred between tj and

t the following sequence of subisteps may be employved to de-

. r
j+l1
termine whether or not a collision occurred and, if so, to effect
a correction of the coordinate increments of the affected ring

segment and of the fragment.
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Step 4a: To check the possibility of a collision between the
fragment .and ring elemgnt i (approximateﬁ as a
straight beam) as depicted in Figs. 11, 12, and 14,
compute the Ezigi_projectién (;;)j+l of the line from
ring node i+l to point A at the center of the fragment,
upon the straight 1line connecting ring- nodes 1 and i+1,

as follows, at time instant t.
T +1

(';bd,,. = [YM. Y] cos (;rt.)v.
> I:zi*‘ - Z{l da SN (ck‘)

(2 64}

where the ¥,2 are inertial Cartesian coordinates.

-T- .
Now, examine (pil three cases are illustrated

3+

in Fig. 15a.
’ T Ly .
a4 o< i > > 0,

Step 4b: If (pi)j+l or if (Pi)j+1 si_where S; 9] é
collision between the fragment and ring element- i
is impossible. Proceed to check ring element i+l,
ete. for the possibility of a collision of the frag-

ment with othexr ring elements.

Step 4c: If 0 < (p ) __si, a collision with ring element
1is posslble, and further checking is pursued.
Next,‘calculate the fictitious "penetration dis-
tance"‘kg;)j+l of the fragment into ring element i

at point C by (see Fig. 15b).:

- .
AN R
where |— :I
- a+4
+ =

o (h 5T h local semi-thickness of the ring

{2.65)

-element which is approximated as
a straight beam in this "collision

calculation".

r. = radius of the fragment
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P.
=1 - (~39, = fractional distance of s. from node i

¥l si F+1 . i

to where the collision occurs (recall:

¢+ B8 =1, and aj+l should not be con-

fused with the angle (ai)j+1)'
-dr -+ T T T -+ -
(L)ﬂ-\-l- - Y.L-q-t'"\{-f- Stn (dﬁﬁﬂr\ + .Z"E-“"H—Z‘s‘ cos Cdj‘):'}-n

(2.686)

= the projection of the line connecting
node i+l with the center of the frag-
R ment upon a line perpendicular-to the

line joining nodes i and i+1.

- T
Next, examine {(a,). which is indicated
P R L o

schematically in Fig. 15b and is given
by BEgq. 2.65.

- .

Step 4d: If (ai)j+1.f_0, no collision of the fragment

upon element i has occurred during the time

interval from tj to t. Hence, one can

j+1°
proceed to check element ji+l, etc. for the
possibility of a collision of the fragment

with other ring elements.

. Btep de: If {;;)j+1 > 0, a collision has occurred;
corrected coordinate increments .(overscipt
TC") may be determined approximately by
(see Figs. 14 and 15b):

4+

__(V{__‘f - V.g'r) cos (:(_,L\ {]-1-!]

c T )
(A'Z.{D,] +1': (Az;)ﬂ'_‘_ 1 + (At‘) [Z-(V'F M -V'FN) COS(.:;.A)‘B*‘(z-G’I'b)
’ T

c
(0 0)-= (A_‘é);‘jﬂ r A% (04"~ Ws) (2.67¢)

c -T ; -+
(aYs) PREICN AT, (A’tf)[( Vg ~Van ) SIN (1) 541 (2.67a)
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C hy
(A\/Q&H:(A\/QM B | V) s (g o).

(A\CA/D&“=(A:/\/J

(AN,

c - oy
(AW’."’D'iﬂ = (A\J\/"’))lﬂ + (A‘t*) _(_\4_;\! —-\/Q,N\ coS ( ¢,L+\ - OL/'J&-;.-\

4+\

+(—v”" Viryees( 23 -C(D’V":[ (2.67a)
s (817) ‘_(\/i,,,‘-\/,ﬂcos(ssrlﬁw

:
- (Ve MA) s (g %5,
. ) (2.67e)

A-H\ (&V)@H + (Ata‘) _(\/z;"\/zn.) StN (¢ ;y 44

+ (\/7__1_,-'\/2-‘_- COS( *-H \1}4-!]

2.67£f)

- (\/2_1_’-\/,‘,__,\ SN (Sj.i-n‘ g;‘i\in:l

{2.67q)

where the after-impact (primed) guantities

be found from Egs. 2.44 through 2.50 and

-+
{ai)j 1 where time interval from actual

A = i 2.68a
( Ri)j impact on ring element i until tj+l { }

VR;L),; = \/_;N—(ﬁ\/m ""‘*Vzu\ (2.68b)

= preimpact relative velocity of point 2

on the fragment and point C on the ring.

The texrms, in Egs. 2.67a through 2.67g, which are multiplied

by {(At*) represent corrections to the trial incremental quanti-

ties for the (At#*) tlme interval., Also, since At is small, one

may use either angle (0! )

+1 or angle (OL ) in Bgs. 2.67a

through 2.67g.
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’ . . . + .
Step 5: Having determined the corxrected coordinate increments for the im-
pacted ring element, this time cycle of calculation is now complete.
One then proceeds to calculate the ring nodal coordinate increments
to t
1 %% S5427
starting with Step 1. The process proceeds cyclically thereafter

and the fragment coordinates for the time step from tj+

for as mahy time increments as desired.

This solution procedure may be carrxied out for as many time steps as
desired or may be terminated by invoking the use of a termination criterion
such as, for example, the reaching of a c¢ritical value of the strain at the
inner surface or the cuter surface of the ring. Appropriate modifications of
this approximate analysis could be made, if desired, to follow the behavior
of the ring and the fragment after the initiation and/or completion of local

fracturing of the ring has occurred.

Finally, note that i1t is possible for the fragment to have impacted
more than one ring segment during the At time step in question. The collision
inspection process reveals this. Then, the quantities noted in Step 4e are
corrected in sequence starting with the ring segment experiencing the "largest

penetration”, the next largest penetration, etc.

2.6.2 N-Fragment Attack

In the case of "attack" by n idealized fragments. each with its indi-
vidual mf, If, rf, wf, VfN; and VfT' a similar procedure 1is used. During
each At, the collision-inspection procedure is carried out for every fragment;
none, some, or all of these n fragments may have collided with one or more ring
segments. The penetration distance is combuted (see Eg. 2.65, for example)
for each impacted segment; this penetration information is then ordered from
the largest to the smallest. Then the corrected quantities indicated in
Step 4e of Subsection 2.6.1 are determined in succession, starting with the

largest penetration combination, the next largest, etc. After all of the cor-

rections have been carried out for the present At time interval, the calculation

process of Fig. 9 proceeds similarly for the next At.

+It should be noted that in this approximate calculation, only the coordinate
increments of the fragment and of the impacted ring segment are corrected.
Those for all other ring segments are regarded as already being correct. The
time increment At is regarded as being sufficiently small to make these ap-
proximations acceptable.
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SECTION 3

CONTAINMENT RING RESPONSE PREDICTIONS

In order to illustrate the application of the present CIVM~JET analysis
for predicting the transient responses of 2-d containment structures, two types
of problems have been investigated and are described in this section. These
types invelve the responses of containment rings to attack either (1} by a
single fragment or (2) by three equal-size fragments. For convenience and
simplicity, 1nitially circular 4130 cast steel contaimment rings of uniform

thickness* and fixed inner-surface radius are employed.

For the single-fragment-attack cases, it was desired to explore 1n a
preliminary -fashion, if possible, the “effectiveness" of complete containment
as compared with combined containment—-and-deflection (to achieve a desired Irag-
ment trajectgry path) for the identical single-fragment attack. Accordingly,

2 plausible candidate for such comparisons was believed to be either a rotor
rim segment with a number of attached blades or perhaps a disk segment with a
number of attached blades. Thus, since the NAPTC had conducted numerous rotor
burst experiments on T58 turbine rotofs which were caused to fail in 2, 3, 4.
or 6 egual-size fragments and since high-speed photographic data were available
to show the bhehavior of these fragments as well as of the containment rings
which were subjected to attack by these fragments, an example single f£ragment
having the properties of one sixth of a T58 turbine rotor was selected for

the present CIVM-JET prediction studies. Similarlv, for illustrative CIVM-JET
studies of the response of containment rings subjected to 3-fragment attack,
the NAPTC fragments for tri-hub T58 rotor bursts were chosen. In each case
these selected fragments were idealized to be "rigid circular fragments" for

use in the CIVM-JET calculations, as depicted in Figs. 16a and 16b.

*
Two dimensional containment/deflection “rings" which are arbitrarily curved

and/or of variable thickness can be analyzed by the CIVM-JET program; such
cases, however, introduce many more variables than time and funds permitted
studying in the present investigation.
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The main objectives of the studies discussed in Sections 3 and 4 are
{a) to demonstrate an illustrative utilization of the present approximate
analysis capability included in the CIVM-JET program and {b)} to display typical
response behavior and the influence of varying a limited number of geometric
and matetrial parameters which can be used to characterize 2-d containment/

deflector structures.

3.1 Single Fragment BExamples

The selected single fragment represented by a one-sixth T58 turbine
rotor fragment is shown in Fig. l6a together with its mass, mf, mass moment
of inertia If about its CG, translational velocity Vf. rotational velocity wf,
and its general dimensions. This fragment is idealized for CIVM-JET analysis
purposes as being a circular disk with duplicate properties, m, If, Vf, and

w its fixed radius (non-deformable fragment) was chosen to be re = 3.37 inches,

£
as a reasonable size-compromise between that for a circle circumscribing the un-
deformed pre-impact fragment and an “"effective radius" of the deformed fragment
as revealed from NAPTC high-speed photographs. The chosen rf is, however,
nearly the same as one would select based upon physical considerations in the
absence of such photographs. With these properties, the pre-impact fragment
possesses a translational kinetic energy (KE)Ot of 9.5 % 104 in~1b - and a rota-
ticnal kinetic energy (KE)Or of 5.4 x 104 in~-1b or a total kinetic energy (KE)0

of 15 x 104 in-1b.

Listed below are the characterizing guantities which remained fixed and

those that were varied in the present calculations:

CONTAINMENT RING FRAGMENT
Fixed Quantities Fixed Quantities
Material Material
I £ Radi B ;s
mmer Surface Radius, r mf, If, Vf, wf rf cg
Variables Variables
Radial Thickness, h . None

Axial Length, L

where rcg is the distance from the fragment CG to the rotor axis. For most of
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the calculations, frictionless impact (U=0) was assumed; in a few cases the

effects of U#0 were explored.

In the present containment—structure response c¢alculations, the
guantity of praimary interest was the maximum transient circumferential strain
(EeeJmaX produced on the containment ring during its response to fragment
attack, since 898 may be a convenient indicator of imminent containment ring
fracture; in all cases this maximum occurred at the outer surface of the con-

tainment ring.

According to well-established principles of dimensional analysis, one
may express the dimensionless response parameter (886)max as a function of

the following dimensionless variables:
_ h L/ VJ:}( .
Coouy= T (T, o, 8, )

¥
RESULT VARIABLES

where w denotes the weight of the containment ring. Alternatively, 1f one

assumes that a known critical wvalue of 868 can be used to define the limit

of fragment containment, one can represent the containment threshold by the

following dimensionless characterization:

(Wr)/(KF)o _ %(h/r’ L/rJ ) (3.2)

In Egs. 3.1 and 3.2, £ and g, respectively, denotes an unknown but experimentally
and/or theoretically determinable functional dependence of the left-hand side

"result” upon the dimensionless variables on the right-hand side.

Although dimensionless representation of the type given by Egs. 3.1 and
3.2 provide the most systematic and orderly way to bresent (Eee)max or contain-
ment threshold results, it may be more graphic¢ and clear to show (for the latter
condition) simply containment ring weight w instead of only (wr)/(KE)o since in
the present example both r and (KE)O are held fixed. Other dimensional-result

displays will be presented for similar reasons.

For the present CIVM-JET calculations, the free containment ring was

modeled by means of 40%* uniform length finite elements or segments im the

*
it has been shown in Ref. 14 that about 9 or more f£inite elements per %20-degree
sector of a ring produce converged transient response results-
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the circumferential direction as indicated in Fig. l1l7a; shown also is the
nodal numbering of the ring, the attacking fragment, and the point of iﬁitial
impact. The uniaxial static stress-strain properties of the 4130 cast steel
ring material used in these calculaticons were approximated by a piecewise
straight-line-segment fit of static test data furnished by the NAPTC (Ref. 25),
defined by the following stress-strain pairs (¢,€): o,£ = 0,0; 80,950 psi,
.00279 in/in; 105,300 psi, .02250 in/in; and 121,000 psi, 0.20 in/in. A1l of
the calculations discussed in this section have utilized these static stress-
strain properties; later, strain-rate effects are discussed briefly. The
central-difference-operator time-step value used in all cases considered in
this illustrative study was one microsecond. This value was found to yield
stable, convergent fragment/ring interaction and response results®. In all
cases, the inner surface radius of the ring was held constant at 7.50 inches.

The density of this steel ring material was taken to be 0.283 1b/cu in.

Shown in Fig. 17h 1s the outer surface strain Eeeat the midlength loca-
tion of ‘elements 4, 5, and 6 as a function of time for cases of U=0 and U=0.5
for a containment ring with an axial length L = 2.50 in. and a radial thickness
h = 0.40 in; the sequential locations of fragment-ring impact as a function of
time are shown in Fig. l7c. One observes that for this rather extreme value
(1= 0.5) of friction coefficient used, the effect on Eee compared with that for
frictionless impact/interaction {§=0) is small; hence, most of the subsequent
results in this report are for Y=0. BAlso, the peak strain response {(see Fig. l7b
has occurred by about 450 microseconds after initial impact. Figure 17d illus-
trates the distribution of the energvy of thé system among fragment kinetic
energy, ring plastic work, ring kinetic energy, and ring elastic energy as a

function of time for the case # = 0.5, L = 2.50 in, and h = 0.40 in; it is seen

* "y
Note that the "critical time increment criterion” At v 0.8(2/wmax) which

amounts to about 4.5 microseconds and is sufficiently small to provide con—
verged transient response predictions of an impulsively-loaded ring is, how-
ever, too large to provide converged results for the fragment/ring impact in-
teraction and response cases. Hence, numerical experiments were conducted with
various At values, and it was determined that a At of 1 usec was adeguate for
these cases.
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that by about 600 microseconds after initial impact, these energires have

reached essentially an "equilibrium" state.

The effect of g = 0 vs. U = 0.5 on the maximum circumferential normal

strain (€ is shown in Fig. 18 as a function of both the rang thickness h

Be)max
and the thickness ratic h/r for containment rings of 2.50-inch axial length.
It is seen that the value of friction coefficient U has only a small effect
upon the predicted (gee)max' Hence, to minimize computing time, thg results
produced and discussed in this section are for cases of U = 0.
Predictions of containment ring responses to impact by the single

idealized fragment shown in Fig. 16a for rings of axial lengths L = 5/8 in,
5/4 in, and 10/4 in {(each axial length is increased by a factor of 2) were

carried out for wvarious ring thicknesses h and for U = 0.

Shown in Fig. 19 is (eﬁe)max as a function of h (and h/r) for fixed

values of L (and L/r}: (£,.) is seen to decrease rapidly with increasing

89 ' max
ring thickness for each given ring axial length ratio.

Instead of plotting (€ versus h/r for given values of L/xr one

Be)max
can plot with equal validity the implied ring weight w and/or (wr)/(KE)o. This

is shown in Fig. 20. As expected on physical grounds, (€ decreases

ee)max
essentially monotonically with ring weight for each given value of L or L/r.

A further interesting way to depict these maximum strain predictions as
a function of the problem variables is to plot ring weight w (or (wr)/(KE)o)
versus ring axial length L (oxr L/r) for fixed value of (eee)max as shown 1n
Fig. 21. If one assumes that ring fracture might occur at various fixed values
of the normal strain EBG’ these curves could be regarded as giving an estimate
of the containment ring weight as a function of ring axial length. Thus, one
notes that these predictions indicate that (assuming th%t a Known fixed value
of EGB denotes the containment threshold) the containment ring weight de—
creases monotonically as the axial length (or length ratio) of the ring in-
creases. However, the present predictions lose their walidity as L increases
too much because the actual structural response to attack by a fragment of
given axial-direction dimensions becomes three dimensional whereas, in the

present 2-d model this added axial direction ring material is treated as
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behaving in a 2-d fashion. The result is that the present predictions tend to
underestimate the structural response compared with the actual 3-d behavior.
Hence, as pointed out in Subsection 1.3, one may employ the present CIVM~JET
analysis to do parametric calculations, to study trends, and to compare vari-
ous potential containment-structure materials;however, it remains essential

as of now to develop selected experimental containment—threshold data to bridge
the gap between the present simplified, convenient 2-4 predictions and the

actual behavior.

3.2 Three Fragment Examples

To illustrate the use of the CIVM-JET-4A analysis and program to pre-
dict containment xing responses to multiple fragment attack, i1t was decided to
analyze NAPTC Test No. 67 in which a 4130 cast steel containment ring of
L = 1.501 in, h = .339 in, and inner surface radius = 7.50 in. was subjected to
a trihub burst of a T58 turbine rotor operating at 18,830 rpm. It appears
from the high-speed movies and from post—test inspection that the ring did

succeed in containing these fragments.

Shown in Fig. 16b is a schématic of one pre-impact trihub burst frag-
ment together with the idealized fragment model selected for use in the present
calculations. Each fragment has mf = 0.932 x lO_2 1b—sec2/in, If = 0&666 X 10_l
lb-sec-in, Vf = B515 an/sec, mf = 1918 rad/sec, and (KE)O = 27.1 x 107 in-1ib.

Foxr the idealized model rf is taken to be 2.42 in.

Because of time and funding constraints, only two illustrative calcula-—
tions have been carried out for this problem —~- both assuming frictionless
1mpact interaction (1i=0). In one case.the 4130 cast steel ring material was
assumed to behave in an elastic, strain hardening (EL-SH) fashion without
strain-rate effects. In the other case, this behavior ﬁas modified to include
strain-rate effects by assuming this material to behave like "mild steel" with
strain-rate constants p = 5 and D = 40.4 s:at.';-‘1 (Ref. 27) where the rate-
dependent mechanical subl;yer yield stress Uy is related to the corresponding

static yield stress 00 by

e
oy = o 1v [
D
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For these calculations the ring was modeled by a total of 36 finite elements

(segments) so that convenient impact symmetry would occur.

Deformed ring profiles observed experimentally as well as those pre-
dicted in these two calculations are shown in Fig. 22 at the following times
after initial impact (TAII): 0, 350, 700, and 1400 microseconds. It is seen
that these two predictions exhibit small differences; in turn, these predic-
tions compare favorably with the photographic observations (Ref. 25). Since
there are uncertainties in the "proper modeling" of this fragment (i.e., rf)
and fragment/ring interactions (value or values for U # 0) as well as for the
strain-rate material properties of 4130 cast steel, these comparisons should
be regarded only as tentative. Further modeling and calculaticn studies
should be carried out; also, more detailed and precise experimental data for
such a case should be obtained by using the recently improved experimental

techniques, as well as aincluding transient strain measurements.

Although no transient strain measurements are available for comparison
with predictions, it is interesting to examine the predicted outer-surface
strains at several locations on a "lobe" of the deformed ring as a function
of time for both the EL-SH and the EL-SH-SR calculations. These transient
strains are shown in Fig. 23. It is seen that the "effective material
stiffening" associated with the increased yield stress arising from strain-

. rate dependence results in significantly smaller peak tramnsient strains.

Finally, by an inspection of the outer surface mid-element circumfereatial
strains of all elements throughout each calculation*, the maximum 888 was de-

termined for each case. It was found for this "lobe" that (£ was 17.74%

Ga)max
and 12.40% for the EL-SH and the EL-5H-SR calculation, respectively.

® s s N
The response time studied ranged to about 1400 microseconds after initial im-

pact.
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SECTION 4

DEFLECTOR RING RESPONSE PREDICTIONS

The primary purpose of this section is to illustrate via some simple
examples the application of the CIVM-JET method for predicting the responses
of idealized 2-d fragment-deflector structures subjected to impact by a
single idealized fragment. Predicted also is the {changed) path of the at-
tacking fragment. As depicted in Fig. 2, one seeks to prevent the attacking
fragment from entering the "protected zone" but to pexrmit or perhaps even en—
courage, if feasible, fragment escape from the engine casing, and penetration
into the "unprotected zone", since this condition might define a minimum—

weight design.

In order to apply the present 2-d transient structural response analysis
method to this fragment/structure interaction problem, it is useful and con-
venient for present purposes to view the deflector structure as consisting of
an integral locally-thickened portion of the engine casing as shown schemati-
cally in Figs. 2, 7, and 24. Further, one may account approximately for the
"restraining effect" of the adjacent portion of the engine casing upon the
(thick) "deflector structure" by regarding the non-thickened engine casing
as consisting of a very long cylindrical shell of unifoxm thickness as de-
picted in Fig. 24a; section views through the “standard" casing and through
the deflector region are shown in Figs. 24b and 24c, respectively. Hence,
one is led to the idealized elastic-foundation-supported deflector model
shown in Fig. 24d, where the uniformly distributed elastic foundation stiffnesses
per unit circumferential length are denoted by kN and by kT, in the normal

and in the tangential direction, respectively.

As perhaps a reasonable first estimate, these elastic foundation con-
stants kN and kT may be estimated from (a) the stiffness of this casing in a
uniform radial expansion mode for kN, and (b) the torsional first mode stiff-
ness for kT. In the limit of an infinitely long cylindrical shell, one may
readily show from free-body eguilibrium of a circumferential portion of length

dn, the strain-displacement eguations, and the stress-strain relations for
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isotropic material that de 1s given by
2V L TLLE
“o = oG] T (4.1
©or, for a short cylindrical shell by ‘
LK, - E—T"E}_ OQ/fL (4.1b)

where subscript c pertains to the engine casing (§§iindrical), E_ is the elas-

tic modulus, vc is the Peoisson ratio, and hc is the thickness and rmc 1s the
midsurface radius of the engine casing. Hence, the fogndation stiffness kN
per unit circumferential length (dn = 1} is given by the guantity in square
brackets in Eg. 4.la or Eg. 4.1b. Similarly, from St. Venant's torsion theory

for a cylindrical shell element of dx axial length, one can.show that dkT is

given by i
Ay = = [GC he j| | o

where Gc ig the shear moduius of the engine casing material. Since the tor-
sional stiffness is independent of the axial length of the cylindrical shell,

one may employ k =G h . ’
T _c¢cc

Because of the many geometric, mechanical, and impact variables present
in fragment/deflector interaction and response problems, it is instructive to
utilize some even simpler, more approximate i1dealizations for such probléms
as indicated, for example, in Fig.. 24e. BAfter studying the responses of such
simpler models in various impact situations, one can more effectively select
the more interesting and illuminating conditions for study in conjunction with
the more realistic modeling depicted in Fig. 24d. BAccordingly, studies in-
volving the use of the simpler model shown in Fig. 24e are discussed in Sub-
section 4.1. This is followed in Subsection 4.2 by a description of a more
restricted set of calecuwlations carried out utilizing the more realistic model
of Fig. 24d. In both of these studies because of time and funding constraints,
only uniform-thickness deflector structures were analyzed although variable-
thickness deflectors as indicated schematically in Figs. 2 and. 7 might very

well be of interest in practical applications and can be analyzed by the
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CYIVM-JET-4 program described in Appendix A. Also, for similar reasons, only
deflectors with an included angle ¥ of 90 degrees, an inner surface radius

of 7.50 in, and conditions of frictionless impact (4 = 0) were analy=zed.

In all cases, the deflector structure was assumed, for illustration, to consist
of 4130 cast stee;, the physical and mechanical properties of which have been

cited in Subsection 3.1.

For both types of idealized deflectors (Figs. 24d and 24e), these studies

employed a single idealized fragment with the following properties:

m, = 4.6 x 107% (1b-sec?)/in r. = 3.37 in V. = 6400 in/sec

If = 2.6l x 10_2 lb—secz—in rcg = 3.05 in wf = 2100 rad/sec

{KE) = 9.6 x 104 in-1b (KE) = 5.4 x 104in—lb (KB) = 15 x 104 in-1b
ot or le}

A structural response quantity of interest with respect to preventing
deflector structure rupture {along the to-be-protected zone) might be the maxi-
mum circumferential tensile strain (Eee)max which occurs at either the outer
surface or the inner surface of the deflector ring at some to-be-determined
circumferential station for each case. Similarly, the determination (see Fig. 24e)
of the quantities zd*, 0_*, and B* at the instant of fragment escape from the de-

d
flector structure should be adeguate to define whether or not the deflector has

changed the path of the attacking fragment sufficiently to prevent its entering
. + e

the "protected region" . Therefore, these four guantities (Eeejmax'zd*' ad*,

and B* {or their dimemnsionless counterparts) are of primary interest in the

studies reported in Subsections 4.1 and 4.2.

Finally, for these studies each deflector ring was modeled by 10 equal-

length segments or finite elements (see Fig. 24e, for example).

4.1 Hinged-Fixed/Free Deflector Examples

As shown in, Fig. 24e, the ldealized fragment deflector structure has a

hinged-fixed support at one end but is free at the other. Thus under fragment

+ . R : .
At time prior to fragment escape, the "fragment diversion quantities" are

denoted by Zqr Qg and B {i.e., without the asterisk).
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attack, this structure experiences aimpact/interaction forces (or velocaty
increments), inertial forces, internal elastic and plastic forces, and "tran-
slational support forces" at its hinged-fixed end. The initial point of frag-
ment impact against the structure is identified iq Fig. 24e by the angle BI.
By applying the CIVM-JET analysis and computer prégram, one can predict the
motion and path of the fragment as well as the large-deflection elastic—

plastic transient response of the deflector structure.

Summarized doncisely in the following tabulation are the characterizing

quantities which were held fixed and those which were varied in the present

studies:
HINGED-FIXED/FREE DEFLECTOR EXAMPLES
DEFLECTOR RING FRAGMENT OTHER CONDITIONS
Fixed Quantities

Material Material u=2~0
Inner Surface Radius, r T r If, Vf,
Subtended Angle, ¢ Wer Tor rcg

Variables
Thickness, hd None - SI {for some cases)
Axial Length, L

Utilizing dimensional- analysis, one may, in principle, express the "dimension-
= 1 * * * i ] -

less response parameters (EBB)max' ad r 2g /r, and B* as a function of the di

mensionless variables, as follows for somewhat more general cases than indai-

cated in the above tabulation:

(ESG)MAX = ~Fu (hd/f'> L/PJ WJ QI: (WP)/(-KE)(;’/{L) (4.3a)

5= + (hd/r, Y, ¥, 6; (WP)/(KE)O, y7a)

(4.3b)

51



it

(4.3¢)

ZJ% ‘Fa (hdﬁ‘ ) L/r‘: Y, 93:, CV\/Y‘)/(Kl':')c, ,/U-)
%

B = £ (halr, Lir, Wy B (Wh/(KE), , A @)

where a single ldealized fragment with the previously-defined geometric pa-
rameters is assumed to be employed in all cases. For the present studies,

however, U, U, r, (KE)O, and the deflector ring material are held fixed.

Thus, Egs. 4.3a through 4.3d reduce to

(gea)mm = 'F| ( hd/r, L/r, 61) - (4.4a)

oL g* f. (hd/*", Lre, ©:) (4.4b)

Zd% t3 (h‘i/\“, L/"‘; Q:) {4.4c)
*

3 = ".‘4 (hd /r') L/, 9_‘-_ ) (449

Geometric similarity 1s assumed to bhe maintained.

"

1}

In order to make a limited assessment of the effects of initial impact
location GI upon the fragment-deflector responses, calculations were carried
out by varying GI for L = 1.25 in. and h = 0.40 in. These results are

sunmarized below for BI vs. (Eee)max:

GI(deg) 16 27.5 39 6l
(Eee)maX (percent)| 12.6 10.6 7.2 4.9

and in Figs. 25a and 25b for ad and zd {and zd/r), respectively, as a function

of time after initial impact (TAII) ; B is .of lesser interest and is not shown.
For this highly-idealized configuration, 1t is seen that the response
guantities are largest when BI is the smallest. However, the closer the
point of initial impact is to the -hinged-fixed support, the less valid is this
model for approximating the behavior of deflector structures such as that de-
picted in Fig. 2. Further, the CIVM~-JET-4A program which was utilized for
these calculations has in it the restriction that proper predictions will not
‘result if the attacking fragment impacts the finite element whose one end is

located at the hinged-fixed support ; fragment impact/interaction is handled

FThis same restriction applies for any other "fixed" type of support such as
ideally clamped, etc.
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http:L/,9(4.4b

properly when impact occurs with any of the other finite elements with which the
deflector structure is modeled for analysis. In subseguent calculations it was
decided to keep BI fixed at 16 degrees, and to vary h for each of several fixed

values of L. The resulting prediections for {& are shown in Fig. 26 as a

ee)max
function of h_ f{or hd/r) for various fixed values of I {(or L/r). Alternatively,

one may displgy (Eee)max as a function of ring weight w or jwr)/(KE)0 for vari- -
ous fixed values of L (or L/r); see Fig. 27. Further, one may display the de-
flector ring weigh£ w or wr/(KE)O és a function of L (or L/x) for various fixed
values of (eee)max as shown in Fig. 28. If one assumes that some given (eee)max
will insure the avoidance of deflector ring fracture, Fig. 28 indicates that the
attendant deflector ring weight decreases monotonically as the axial length L of
the fragment-deflector structure 1s increased; of course if L becomes, too large,
the actual behavior will deviate from the 2-d behavior which the present CIVM-JET
analysis and program requires. BAll of these trends are consistent with the behavio:

that is expected on physical grounds.

A similar effectiveness trend-may be observed by examining the eéfect
upon the path of the fragmenc,from its impact and interacti?n with the deflec-
toxr structure. Shown in Figs. 29a and 29b are, respectively, ad and zd {ox
zd/r) at TAII = 650 microseconds as a function of hd {or ha/r) for varicus
Fixed values of L. (or L/r). Here again 1t is seen that an increase of L for,
otherwise fixed conditions leads to larger fragment path deviations. Note
that Figs. 2%9a and 29b show fragment path information at TAII = 650 micro-
seconds rather than at the fragment-escape point (definang ad* and zé*); the
latter occurs somewhat later for most of the cases shown, and would have re- -
quired longer computer runs to obtain. For present illustrative and compara-~

tive purposes, however, the 0, and zd data shown at TAII = 650 microseconds

d
are believed to be informative and (from spot check examinations) to differ

1 * *
little from ad and zd .

4.2 Elastic-Foundation-Supported Deflector Examples

The influence of "support structure" upon the response and effective—
ness of deflector structpre has been explored in a brief approximate fashion
by employing the idealized elastic-foundation-supported deflector model shown
in Fig. 24d. A single idealized fragment with the same properties as defined

in Subsection 4.1 was the “"attacking fragment".
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Summarized in the following are the fixed guwantities and the variables

emploved:

ELASTICALLY—-SUPPORTED DEFLECTOR EXAMPLES

OTHER
DEFLECTOR RING SUPPORT STRUCTURE FRAGMENT CONDITIONS
Fixed Quantities
Material Material Material =0
Inner Surface Radius, r Innexr Surface Radius, r mf, If 61
Axial Length, L Vf, wf
Subtended Angle,| Ter Yo
Variables
Thickness, hd Thickness, hc Neone None

For the previous}y—discussed elastic-foundation modeling (Fig. 24d} and for
somewhat more general situations than indicated in the above tabulation, one

may express the dimensionless response gquantities (see) , OF, zd*/r, and

max’ d
B* as a function of appropriate dimensionless variables as follows:

(896 MAX 3’; (hd/l", L/Y‘J \/}, ‘"‘-‘/r, QIJ ('WF)/(KE)OJ/(L) (4.5a)
dg* =g (Pak LA ¥ ek, B, OV KE, A0)

cha?r = 73 (hd/r') L/ra ?, hc'/ra e'-"v (WPV(KB°'M)
B = gu(hafrs Lir W, hefr, B0, 0WD/KE),, M)

(4.5c)

{4.5d)

In Egs. 4.5a through 4.5d, it is assumed that geometric similarity is maintained

and that the deflector structure and the engine casing {support) structure con-
. +

sist of the same

given material. Also, a single idealized fragment having

the previously-defined geometric properties is assumed to be used in all cases+

+ . - . .
Otherwise, many more dimensionless variables would be present.

54



In addition, sirce ¥, r, L, (KE}O, B_, and ¢ are held fixed in the present

I
studies, Egs. 4.5a through 4.5d reduce to:

- (Eeeywmx = T (hd /PJ hc_/r-\ _(4.8a)
O( * Y‘d hc
d T ( /%, Ve/r) (4.6b)

Zdayr. = ?,3 (hd/r" hc—./r') (4.6c)
16* = Za (hy /r h:/*‘) (4.56d)

where the above-noted fixed values are

it

¥ = 90 deg (KE)O = 15 x 104 in-1b
r = 7.50 in GI = 16 deg
L= 1.25 in =20

Thus it is seen that the "retained variables" are hd and hC.

For time-and-economy reasons only two valuves of casing thickness,
hc, were explored: 0.1 in and 0.6 in; three valuss of deflector~ring thickness,
hd’ were used: 0.20, 0.40, and 0.80 in. Assuming the engiqe casing to con-
sist of steel with E = 29 x 10° psi and @ = 11.5 x 10° ps1, the elastic

foundation stiffnesses were estimated to be:

CASE A B
h {in) 0.10 0.60
€ 2 5 5
Ky (3b/in”) .544 x 10 - 3.07 x 10
.2
k, (1b/in%) 1.15 x 10° 6.90 x 10°

Here, in accordance with the estimates furnished by Egs. 4.la and 4.2, the
thicker (0.60 in) engine casing (or foundation support) provides increased
normal-direction and increased tangential-direction elastic stiffness com-

pared with that for the thinner (0.10 in) casing structure.

Shown in Fig. 30 is (Eee)max as a function of deflector structure

thickness hd {oxr hd/r) for the two sizes of support structure thickness*:

*
For present purposes, one is interested primarily in the effect of variocus sets
of support stiffnesses (kN, kT} -- not in hc values themselves; thus,one should

pay no attention to the hc values themselves-
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case A for hc = 0.1 in. and Case B for hc = 0.6 in. Note that L = 1.25 in,

GI = 16 deg, and |} = 0 have been used. It is seen that the more rugged Case B
support structure reduces (Eae)max for all values of deflector structure thick-
ness hd' However, for either Case A or Case B, the dependence of (EBS)

upon the deflector thickness hd is somewhat unexpected in that the “expgzzed
monotonic decreasa" of (EBB)max with increasing hd is not observed. The curi-
ous behavior geen in Fig. 30 may be the result of having "inspected" the 896
value at the inner and the outer surface only at the midspan station of each
finite element. It should be expected that the location of (Eeﬁ)max may very
well be at some other spanwise location. Hence, a more thorough "inspection"
of EBB should reveal a more "sensible" trend of (Eee)max with increasing hd'
For example, one could feasibly make such evaluations at the inner and the
outer surface at each of the three spanwise Gaussian stations of each finite
element. Such more thorough studies will be conducted in the near future.
#inally, for all of the cases shown in Fig. 30, (See)max was found to have
occurred on the outer surface of the ring, but not necessarily in the same

deflector-ring finite element.

* The influence of support-structure thickness h upon diverting the
c
attacking fragment from its pre-impact path is shown in Fig. 3la for g and B,and

in Fag. 31b for z_ (ox zd/r) as a function of time for a deflector structure

da
with L = 1.25 in and h_ = 0.40 in. It is seen, as expected, that the more

rugged support structuie increases the amount by which the fragment is caused
to deviate from its pre-impact path.. On the other hand, the amount of frag-
ment-path deviation changes only slightly as a function of deflector ring
thickness hd for a fixed value of engine casing {or support) thickness hC as

geen from Figs. 32a and 32b for Oy and z_ (oxr zd/r), respectively, at TAITI =

650 usec which is close to but not at thi fragment escape point for all cases.
Thus, Figs. 3la through 32b suggest that the ruggedness of the (linear elastic)
support structure is much more effective in changing the path of the attacking
. fragment than is achieved by simply increasing the thickness hd of the deflector

structure itself for a given set of support stiffness values kN,kT.
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In Figs. 3la and 32a, both the fragment location angle ¢_ and the frag-

ment path angle B(angle between the original and the current diriction of the
translational velocity vector of the fragment) are shown. Note that while

the slope of the B curve is zero, no fragment-ring impacts are occurring (see
B for Case B in Fig. 3la); at later times one would observe further fragment-

ring impacts.
4.3 Comments

Since these parametric calculations have been of very limited scope,
one must use cauvtion so as to avoid coming to premature conclusions. More ex-
tensive studies of this‘type together with carefully posed "protection
criteria" are recommended in order to assemble enough "trends predictions"
to permit making more soundly base&'conclusions. ‘Further, one should re-
member that the effect of support structure upon the behavior of deflector
structure has been approximated as that of a linear elastic foundation. This
approximation is believed to be a good one for small deformations but clearly
degengrates when the deflections become larger and larger. Further effort
“to develop a better (nonlinear) approximation for the "foundation stiffness"
may be advisable -- preferably either concurrent with or following the recom-

mended more extensive parametric studies.

It is apparent that the circumferential extent of fragment-deflec-
tor structures required for most prospective situations would most likely be
about 180 degrees, more or less, in order to insure protection for all criti-
cal directions of possible "féagment release"; hence further studies of frag-
ment-deflector performance involving Y = 180 degrees appear to be advisable.
Also, the effectiveness of variable thickness deflector structure should be

explored.

With these more ewtensive aﬁd realistic calculations* together with
experimental fragment deflector performance data for verification and to
assess 3-d response effects, it should then be possible to reach a reasonable
judgment as to whether complete fragment containment or fragment deflection
will be the more efficient approach for those cases for which either alterna-=

tive is, basically, permissible.

*
Including varying also at least BI, W, kT/E and kN/E.
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SECTION 5

SUMMARY AND COMMENTS

Arguments are presented supporting the proposition that the development
and the selective utilization of prediction methods which are restricted to
two~-dimensional (2-4)} transient large-deflection elastic-plastic responses of
engine rotor burst fragment containment/deflector structures are useful and
advisable for parametxic and trends studies. In conjunction with properly-
selected experimental studies of rotor-burst fragment interaction with actual
containment and/or deflector structure —— wherein three-dimensional effects
occur —- one may be able to develop convenient rules-of-thumb to estimate cer-
tain actual 3-d containment/deflection structural response results from the )
use of the very convenient and more efficient but simplified 2-d response

prediction methods.

Agcg;dingly, the collision-imparted velocity method (CIVM) for predictiné
the collision-interaction behavior of a fragment which impacts containment/deflec-
tor structures has been combined with a modified version of the JET 3C two-dimen-
sional structural response code to predict the transient large-deflection,
elastic-plastic responses and motions of ?ontainment/deflector structures sub-
jected to.impact by one or more idealized fragments. Included are the ef-
fects of friction between each fragment and the attacked structure. A single
type of fragment geometry has been selected for efficiency and convenience in
these fragment/structure interaction and response balculations, but the most

\\\jﬂ@ortant fragment parameters, it is believed, have been retained; n fragments

each with its own mf, If, Vf ~

Calculations have been carried out and reported illustrating the ap-

r W, r_, and rcg may be employed.

£

plication of the present CIVM-JET analysis and program for predicting 2-4
containment ring large-deflection elastic-plastic transient responses to (a)
single—fragment impact and (b) to impacts by three equal-size fragments. The
influence of containment ring thickness, axial length, and strain-rate de-
pendence, as well as friction between the fragment and the impacted structure

have been explored.
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Similar illustrative calculations have been performed and reported for
the responses of {a) ideal hinged-fixed/free and (b) elastic-foundation-—

supported fragment-deflector rings of uniform thickness to impact by a single’

idealized fragment. With respect to the latter more-realistic and yet-
idealized model, it was found that plausible increases in the values for the
stiffnesses of the "elastic foundation" waz a more effective means for
changing the path of the attacking fragment than by plausible increases 1in

~

the thickness of the deflector ring itself.

Because of time and funding constraints, these calculations were of
very limited scope; some interesting response trends, however, were noted.
More extensive calculationg in which more of the problem wvariables accommo-—
dated in the CIVM-JET-4A analysis and program are included and in which each
of certain quantities are varied over plausible ranges would provide a more
illuminating picture of the roles and effectiveness of these parameters with

respect to fragment-containment and/oxr fragment-defledtion protection.

It is believed that the present analysis method and program (CIVM-JET-43)
provides a convenient, versatile, and efficient means for estimating the ef-
fects of numerous problem variables upon the severe nonlinear 2-d responses
of wvariable-thickness containment/defelctor structures to engine-rotor-
fragment impact. Although a limited number of comparisons of predictions
with appropriate experimental data show encouraging agreement, more .extensive
comparisons are required to establish a firmer assessment and confidence
level in the accuracy and the adequacy of the present prediction method, con-

sistent with its inherent 2-d limitations.

Finally, in addition to carrying out more extensive parametric cal-
culations and comparisons with appropriate experiments (both containment and
deflector type), it is recommended that the following CIVM-JET analysis
matters be investigated:

(1}* The development of an improved model for accounting

for the restraint effects of structure attached to

*

The advisability of effecting these improvements will be to an extent dependent
upon the outcome of the recommended additional cheoretical-experimental corre-
lation studies.
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or located adjacent to the containment and/or the de-
flector structure; this may involve defining an ap-
propriate nonlinear hardening-type elastic or elastic-
plastic "foundation model™.

(2) The feasibility of CIVM-JET-type analyses of situations
wherein engine rotor-burst fragments strike the contain-
ment/deflector structure and then are struck by remain-
ing rotor structure attached to the shaft, and then
once again strike the C/D structure, etc.

(3)* The necessity for including transient deformation
effects of the attacking fragments.

(4} The feasibility of employing the CIVM scheme in con-
Junction with finite-difference or finite-element
shell-structure codes in order to represent the
actual 3-4 transient large~deflection elastic~plastic
structural response behavior of shell structures sub-

jected to fragment attack.

*
Ihid, page 59.
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(a) Before Rotor Burst

{(b) After: Fragments Contained Within Casing

FIG. 1 ROTOR BURST CONTAINMENT SCHEMATIC
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FIG. 2 SCHEMATICS OF THE ROTOR BURST FRAGMENT-DEFLECTION CONCEPT
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{DISK FRAGMENTS)
FIG. 3 SCHEMATICS OF VARIOUS TYPES OF ROTOR-BURST FRAGIENTS AND FAILURES
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(a} 2b: Short Cylindrical Container

o2e%

3D: Long ‘Cylindrical Container

BLADE THICKENED FOR
TRIPPER ; : CONTATNMENT
AAWRRR ]
/“\
7 > BLADE TRIPPED TO PRODUCE

LARGE AREA OF IMPACT

$</ g FAN
OD/ BLADE

FLOW —»

{c} Schematic Fan Blade Containment Concept

FIG. 4 SCHEMATICS OF TWO-DIMENSIONAL AND THREE-DIMENSIONAL ENGINE CASING
STRUCTURAL RESPONSE TO ENGINE ROTOR FRAGMENT IMPACT
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CHOICE OF TRANSIENT STRUCTURAL
RESPONSE ANALYSIS METHOD

2D 3D 3D
RINGS, BEAMS SHELLS SOLIDS
RESTRICTED TYPE OF MORE GENERAL DEFORMATIONS EVEN MORE GENERAL TYPE
DEFORMATION OF DEFORMATION
INCLUDES MAIN TYPES CAPABLE OF PHYSICALLY MORE LIMITED NUMBER OF CON-
OF EXPECTED BEHAVIOR REALISTIC SIMULATION DITIONS READY FOR IM-
MEDIATE ANALYSIS
CALCULATIONS ARE MORE COMPLEX AND EXPEN- MUCH MORE EXPENSIVE TO
RELATIVELY SIMPLE, SIVE TO USE USE
SHORT, AND INEX-
PENSIVE
JET PETRQOS, REPSIL HEMP, HELP , STRIDE

CHOICE ¥FOR ENGINEERING CONVENIENCE AND SIMPLICITY

PLAN OF ACTION

. USE JET, CIVM-JET, ETC. (2D CODES) FOR
@ M¥ATERIALS SCREENING
. PARAMETRIC CALCULATIONS
@ THICKNESS ESTIMATES FOR CONTAINERS
AND DEFLECTORS: h,

. CONDUCT EXPERIMENTS TO DETERMINE THICKNESS NEEDED FOR
CONTAINMENT /DEFLECTION
@ >p SHORT STRUCTURES
. 3D LONGER STRUCTURES -+ FIND MIN.
RE I :
QUIRED THICKNESS: h .

. CORRELATE 2D CALCULATIONS WITH EXPERIMENT TQ FIND RULE-CF-THUMB

CONVERSION FOR ESTIMATING hOPT

FIG. 5 SUMMARY OF CHOICE OF TRANSTIENT STRUCTURAL RESPONSE ANALYSIS
METHOD AND PLAN OF ACTION FOR THE ENGINE ROTOR FRAGMENT CON-
TAINMENT/DEFLECTION PROBLEM

68



SECTION THICKENED
FOR CONTAINMENT

ACTUAL 3D STRUCTURE

RADIAL AND TANGENTIAL
ELASTIC FOUNDATION

FREE RING

FOUNDATION-SUPPORTED RING

IDEALIZED 2D MODELS
FIG. 6 CONTAINMENT~STRUCTURE SCHEMATICS
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ACTUAL 3D STRUCTURE

IDEALIZED 2D MODELS

FIG. 7 DEFLECTOR STRUCTURE SCHEMATICS
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RING QUADRANT
ONE (Ql)

2

LOCALLY AFFECTED
RING SEGMENT

COLLISION POINT

NODAL STRATIONS 1D TZED FRAGMENT ¥

P
ot

NOTE: Ring is divided into discrete segments {or finite elements)
for analysis. -

Y,7 represents a Cartesian inertial reference frame.

-

FIG. 8 SCHEMATIC OF A 2D CONTAINMENT RING SUBJECTED TO FRAGMENT IMPACT
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| ==
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M) -
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= \ FINAL
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\_J
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(a) Single Blade Fragment

FIG. 10 SCHEMATICS OF ACTUAL AND IDEALIZED FRAGMENTS
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BEFORE IMPACT

ACTUAL
— —=— IDEALIZED

POST=TEST

(b) 1/6 T58 Turbine Rotor Bladed-Disk Fragment

FIG. 10 CONTINUED
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— — — ACTUAL

IDEALIZED FOR
COLLISION ANALYSIS

FRAGMENT

{a)} Pre-Impact Location

IMPACTED RING SEGMENT
{ELEMENT i)

NODE i

LINEARLY-VARYING
THICKNESS, h

+T

NODE i+l

Y
e

(b} Fragment and Impacted Segment

FIG. 11 IPEALIZATION OF RING CONTOUR FOR COLLISION ANALYSIS
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{c)

Directions +N and +T

FIG. 11 CONCLUDED
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82



£8

ELEMENT i

NO COLLISICN WITH

P, 5,
1 HLEMENT i

(a) Projection Inspection

NO COLLISION
WITH ELEMENT i

0 < p, <'s, POSSIBLE COLLISION
> WITH ELEMENT i

ILLUSTRATIVE LOCATIONS

AT TIME INSTANT t
J+1

FOR p,, SEE EQ. 2.64
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0.20"

1/6 T58 TURBINE ROTOR FRAGMENT CIRCULAR DISK IDEALIZED MODEL
m. = 4.6 x 107° 1B-SECZ/1N m. = 4.6 x 10> LB-SECZ/IN
- - 2
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(2100 RAD/SEC) * (2100 RAD/SEC)
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r_ = 3.37 IN

{(a) Circular Disk Representation of 2 1/6 T58 Turbine Rotor Fragment

‘////—— 17 BLADES/FRAGMENT

>\

1/3 T58 TURBINE ROTOR FRAGMENT CIRCULAR DISK IDFALIZED MODEL
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{(b) Circular Disk Representation of a 1/3 T58 Turbine Rotor Fragment

FIG. 16 FRAGMENT IDEALIZATIONS USED IN THE PRESENT STUDY

85



A NODAL STATION 1
POINT OF INITIAL
IMPACT
ELEMENT 5
ELEMENT 1
6400 IN/SEC
-2100 RAD/SEC
=
RING FRAGMENT
4130 CAST STEEL r. = 3.37 in
r = 7.5 IN m. = 4.6.x% 10”2 1B-sEc?/IN
-2
L = 2.50 IN I, =2.61x10 LB-SECz-IN
h = 0.40 IN vf = 6400 IN/SEC
p = 0.283 LB/CU.IN we = - 2100 RAD/SEC

{a) Ring/Fragment Modeling and Nomenclature

FIG. 17 RING/FRAGMENT MODELING AND RESPONSE DATA FOR CONTAINMENT
RINGS SUBJECTED TO SINGLE-FRAGMENT ATTACK
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APPENDIX A&

USER'S GUIDE TO CIVM-JET-4A

*A.l1 General Description of the Program

A.1.1 Introduction

The CIVM-JET-42 computer program is an addition to the series of com-
puter programs which are intended to be made available to the aircraft indus-
try for possible use in analyzing structural response problems such as con—

tainment/deflection rings intended to cope with engine rotor-burst fragments.

The CIVM-JET-4A program written in FORTRAN IV permits one to predict
the fragment collision-induced large, two-dimensional, elastic-plastic tran-
sient, Kirchoff-type responses of a complete or partial single-laver, vari-
able-thickness ring with various supports, restraints, and/or initially-

prescribed displacements.*

The geometric shapes of the structural rings can be simple circular or
arbitrarily curved with variable thickness along the circumferential direction.
Strain hardening and strain-rate sensitive material behavior are taken into

account, as well as the presence of fragment/ring surface friction.

The CIVM-JET-4A program predicts the collision-induced rigid body

velocity and position changes of the attacking fragment.

The CIVM-JET-4A program which combines the CIVM scheme with a convenient
but modified version of the JET 3C code of Ref.24 embodiés the spatial finite
element and temporal finite difference analysis_fegtures. The relative ease and
versatility with which the spatial finite element techniqﬁe can be applied to a
structure with complicated boundary conditions, geometric shape, and material
properties makes this method of analysis well suited for use 'in the present
application. The pertinent analvtic developmént and the solution methed upon
which CIVM-JET-4A is based are presented in Ref. 14. The reader is invited to

consult Ref. 14 for a very detailed description of this information. The

*
See Figs. A.1 through A.4.
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CIVM-JET-4A computer program can analyze the collision induced ring responses

and rigid-body fragment motions of:

{(a) Collisions involving a maximum of six fragments, each
possessing different mass, mass moment-of-inertia,

velocity-component, radius, and r a parameters.

(b) Collisions involving the presencecof fragment-ring
surface friction.

{c) Structural rings, complete or partial, whose
geometric shape can be circular or arbitrarilty
curved, with variable thickness.

(d) A structural ring, with various support conditions,

subjected to distributed elastic restraints (Fig. A.3c).

A.l.2 Containment/Deflector Ring Geometry, Suppeorts,

Elastic Restraints, and Material Properties

In the present analysis the transient structural responses of the
ring are assumed to consist of planar {two-dimensional) deformations.
Also the Bernoulli-Euler (Kirchhoff) hypothesis is empioyed; that is, trans-
verse shear deformation is excluded. In the structural finite element context,

such problems are termed “"one-dimensional®.

The geometric shapes of the ring that can be treated are divided for

convenience into the following four groups as shown schematically in Fig. A.1l:

(1} Circular partial riﬁg with uniform thickness.

{2) Circular complete ring with uniform thickness.

(3) Arbitrarily curved complete riné with variable
thickness.

(4) Arbitrarily curved partial ring with variable

thickness.

For each of these configurations, the cross sgctions ©of the ring are assumed

to be rectangular in shape.

In the spatial finite-element analysis, the ring is represented mathe-

matically by an assemblage of discrete {or finite) .elements compatibly joined
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at the nodal stations. The geometry and nomenclature of an arbitrarily curved
ring element is shown in Fig. A.2. For application to arbitrarily-curved,
variable-thickness ring structures, the finite elements are described by
reading in the global Y and % coordinates, the local-coordinate slope ¢, and
the thickness of the ring at each node. The displacements within each element
are determined from the displacement values at these nodes through the means
of appropriate interpolation functions. The reader interested in a detailed
derivation of this assumed-displacement method is referred to Ref. 14 for an

in-depth discussion.

As for the support conditions of the structure, the CIVM-JET-4A program

includes three types of prescribed nodal displacement conditions (see Fig. A.3a):

(L) Symmetry* (v = 'lp _;_ 4]
(2) Ideally-Clamped¥®* (v=w=19 = 0Q)
(3) Smoothly-Hinged/Fixed (Vv=w=0)

and two types of elastic restraints (see Fig. A.3b):

(a) Point elastic restraints (elastic restoring spring)
at given locations (3 directions: normal, tangential,
and rotational),

(b) Distributed elastically restrained {elastic foundation)
over a given number of elements (3 directions; see

Fig. A.3q).

In the CIVM-JET-4A program, the mechanical sublayer model is used to
describe the material properties of the ring. The input to the program takes
the form of a series of stress-strain coordinates that define the straight line
segments that the user has chosen to represent the stress-strain diagram of
the material used. Various examples of different types of material behavior
(elastic-perfectly-plastic (EL-PP), elastic, strain-hardening strain-rate

dependent (EL-SH-SR), etc.) input are shown in Fig. A.4.

A.l.3 Fragment Geometry and Initial Conditions

As was shown schematically in Fig. 3, the possible fragment types

*
Note that here | has the meaning specified in Fig. l14.
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‘resulting from turbine engine failure are of various geometric configurations.
A wide range of velocity components is also foreseen. The representation
chosen for use in the CIVM-JET-4A program is the circular disk model that is
shown in Fig. 16. The model-fragment mass, moment of inertia, and velocity
components are specified to correspond with those of the actual fragment. The
diameter of the idealized circular-disk fragment may be chosen, for example,
so0 that the model covers the actual fragment outline out to a position midway
between the fragment center of gravity and the tip of the attached blades for
the disk seétor shown. The user is free to employ any other plausible wvalue

that he chooses.

The specification of the idealized attacking fragment, therefore, is
accomplished through the input of the following parameters for each attacking
fragment (maximum of six): °

(1) Fragment mass

(2} Fragment mass moment of inertia about its

center of gravity

(3) Diameter of the idealized fragment

{4) Initial position of fragment in the ¥,Z global

axes system (center of gravity)

(5) Initial fragment velocity components in the

glcphal ¥ and Z directions

(6) Imitial fragment rotational velocity

{7) Coefficient of restitution chosen for the

collision behavior of sach fragment

(8) Coefficient of ring surface friction chosen

for each attacking fragment.

A.l1.4 Solution Procedure

The spatial finite-element approach is utilized in conjunction with
the Principle of Virtual Work and D'Alembert's Principle to obtain the equa-
tions of motion of the structural ring subjected to a collision-induced
velocity change at the ncdal points. The ring structure studied is permitted
to undergo large elastic-plastic transient deformations. In the interest of

conciseness and convenience,the reader is invited to consult Ref. 14 for a
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detailed derivation of this method that results in the following modified foxm

(1G53 {3 - g - (- Igd

where:

[M*] = the mass matrix of the entire structure

{g*},{g*} = the giobal generalized displacements and

accelerations

{p*} = [k*}{g*} and also some plastic behavior
contributions

[K*] = the usual stiffness matrix of the entire
structure

[a*]1{q*} = generalized loads resulting from large

deflections and plastic strains

- {p*} = the prescribed externally-applied gen-
eralized loading acting on the structure
[Ks*] " = the effective stiffness matrix supplied

by the presence of the elastic restraints.

The displacement and acceleration vectors in the above equation represent
the guantities obtained from the impact-corrected nodal velocities of the

stxucture.

As has been shown in Section 2, the resulting equétlons of moticon are
solved through the use of the central difference temporal cperator with a time-
step value that must be chosen to meet both stability and convergence criteria;
this matter ig discussed later in conjunction with the input.list. In the fol-

lowing paragraph the general solution method used is reviewed briefly.

First, information is provided to define the geometry of the ring in-
cluding its prescribed displacement conditions and elastic restraints. In
addition, the required material property and attacking-fragment parameters are
specified. It should be noted that the Gaussian guadrature method is used in
the present analysis to evaluate the element-property matrices -- this requires
that the stresses and strains be evaluated at a selected number of Gaussian

stations over the "spanwise" and depthwise region of each finite element; three

117



spanwise and four depthwise Gaussian stations are used in the CIVM~JET-4a pro-
gram. The mass and stiffness matrices for the entire structure are assembled

from these individual element matrices.

Starting from a set of given initial conditions at time to' the collision
inspection and correction procedure is bequn. If a collision has occurred, the
corrected values of the fragment velocities are used to combute the position
change of the fragment during the given time interval. The ring responses are
evaluated for the impact-induced displacement changes in the following manner.
The strain increment déveloped during the particular time interval is evaluated
at each spanwise and depthwise Gaussian station for each element. From a know-
ledge of the prescribed initial stresses and the strain increments, one can de—
termine the stress increments, the stresses and/or the plastic strains and
Plastic strain increments through the use of the pertinent elastic-plastic
stress-strain relations including the plastic yield condition and the flow rule.
Next, the eguivalent generalized load wvector due to large deformations and
plastic strains may be calculated. The resulting system of linear equations
iz solved for the unknown increments of generalized displacement at each nodal

station.

A.2 Descfiption of Programs and Subroutines

A.2.1 Program Contents

The main CIVM-JET-4A program and the name of each subroutine are listed

in the following with a brief description of the functions of each:

MAIN Reads the ring geometry, material property data, the structural
discretization information, and/or the prescribed displacement
conditions and elastic restraints, the fragment geometry parameters
and the fragment initial-velocity components. It computes the guan-
tities that are constant throughout the program and initializes most
of the variables used in the subroutines. It controls the logical
flow of information supplied by the various subroutines and the

overall time cycle.

ASSEF This subroutine assembles the generalized nodal load vectors
(due to externally applied forces and/or large-deflection
elastic-plastic effects) of each individual element into a

generalized nodal load vector for the structure as a whole.
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ASSEM This subroutine updates the effective stiffness matrix [KS*]
supplied by the presence of the elastic restraints as the
element effective stiffness matrices are generated. The
components of the assembled effective stiffness matrix
[KS*] which is a symmetric matrix are stored in linear-
array form; only the lower triangular part of [Ks*] need
be and is stored (row-wise), starting with the first non-

zero element in the row and ending with the diagonal texm.

DINIT This subroutine initializes all ring response calculation
vectors. BAdvances each of N fragments to its position at

time TPRIM. (Time before which no ring impact is possible.)

ELMPP This subroutine evaluates the transformation matrices be-
tween the strain at each spanwise checking station
(Gaussian) and the generalized nodal displacements for

each discrete element.

ENERGY Performs the energy accounting procéduée for the fing—
fragments system. Calculates the current fragment kinetic
energy (for each fragment}, ring kiﬂetic energy, ring elastic
energy, rigg plastic work, and energy stored-in the elastic
restraints. Usge of this subroutine is optional; it may be
employed by following the procedure outlined in the input
description section. For those cases where there is no
need of performing the energy accounting; be sure to replace
this subroutine by the dummy subroutine of the same name. (See

listing of the CIVM-JET-4A program for both of these subroutines.)
FICOL Finds the corresponding location of an element in the linear-

array expression to a location in a two-dimensional array ex-

pression of the [K*] matrix.
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IDENT The IDENT subroutine is used at the beginning of the run to
print out the values of certain input parameters, such as the
ring structural discretization, geometry, and material proper-
ties; the fragment geometry and initial velocity conditions;
.and prescribed ring displacement and elastic restraint con-
ditions.

IMPACT This subroutine carries out the search for impact occurrence
involving one of N fragments on each element of the ring for all
fragments considered. When it is determined that a fragment-
ring collision has taken place, IMPACT calculates and applies
the appropriate correction factors to the velocities of the
fragment and the nodal points of the element impacted.

MINV Perfoxms the matrix inversion; a standard Gaunss-Jordan
technique is used.

OMULT Computes variocus linear afrays (in which a two-dimensional
array is stored} and vector products. A vector results. .

PRiNT The PRINT subroutine computes the strain on the inner
and outer surface of each element. It alsc controls the
program output and format.

OREM Evaluates the effective stiffness matrix [K;] supplied
by the elastic foundation or restoring springs, and then
imposes the prescribed displacement conditions accordinaly.

STRESS  This subroutine evaluvates the generalized load vectors,

({p*} + [BE*1{g*}) of Eq. A.1 arising from the presence of
large deflections and elastic~plastic strains. Fi;st the
s;resses and/or plastic strains are determined at each
quadrature station, which involves the use of ﬁhe strain-
displacement relation and the stress-sgtrain relations.

The strain-hardening and strain-sensitivity effects are taken
into congideration. WNext, the appropriate Gaussian integra-
tion scheme is used to form the element generalized nodal
load for each element, and Finally, an assembled generalized

nodal load vector is calculated.
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Partial List of Variable Names®

A(I,J) A, an 8x8 matrix, defines the transformation between the
element generalized nodal displacements {gq} and the par-
ameters {B} in the assumed displacement field of eath

element. It is destroyed in computation and i1s replaced

AR (I,M,N)

ATNT

AL(T)
ANG (T)

APD

APDEN

APT

ASFL(I,J,K,L)

AWG(I)
AXG(I)

_by its inverse Arl.

- -1 .. - . .
Equals A 7; it defines the transformation between the-

element generalized nodal displacements {q} and the
parameters {f}in the assumed displacement field of
the Ith element. '
Pre-impact approach velocity of the fragment-impacted
ring element system normal to the ring' element.
Element arc length of the Tth element.

The slope which is the angle between the tangent
vector and the +Y axis at the Ith node.

Work done on the structure by the collision of the

_ fragments during a particular time step.

‘Total work done on the structure by the collision

of the fragments.

Fragment induced impulse normal to the impacted ring
element surfaée,

Fragment induced impulse tangenéial to the impacted

ring element surface. . .

Stress and/or plastic strain weighting factor on the
Lth sublayer in the Kth depthwise Gaussian point at

the Jth spanwise Gaussian station of the Ith element.

- Input vectors with dimension NOGA; contain Gaussian

quadrature weights W, anhd constants x,

L'F(X)oqac = Z £IX) wi

. . L
employed in the spanwise integration of each element.

Widthlof ring:
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Bl Fragment~impacted ring element system geometrical

B2 constants: {(See Egs. 2.1l4, 2.15, 2.16) used in
B3 stubroutine IMPACT.
BEL(J,I,K) - The transformation matrix that relates the strain

at the Jth spanwise .Gaussian station to the
parameter {B} in the assumed displacement field of
each element. ’

BEP(IR,J,I,K) Transformation matrix which relates.the. strain at
the Jth spanwise Gaussian station to the generalized
nodal displacements of the IRth element -

BETA Ratio of distance from point of impart to i+1th node;
to total straight line element length converted in
subroutine .IMPACT.

BNG(I) Orientation angle of the Tth node of the ring measured

clockwise from the positive Z axis; used in subroutine

IMPACT.

BZER Coefficients in the quadratic. representation of the

Bl meridional slope ¢; used in .subroutine ASSEM.

B2

c5 Equals 1/P if the material is strain-rate dependent.

cé Equals 1/ (DSxDELTAT)

CELAS Current ring elastic energy.

CEPS (J,1) Equals [DI){q}, I=1, 2, 3 at the spanwise Jth
Gaussian station of each element.

CINET Kinetic energy of the structure at the current
time instant. )

CINETF (I) The kinetic energy of the Ith fragment at the
current time instant.

CINEV (K} A work vector used in the calculation of the
‘kinetic energy of the structure.

CL () The fractional distance from the centroid of the

CLP{I) eiement to the Ith and I+lth node, respectively.
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cMU The Y and Z components of the distance between
CMW the centroid of the fragment and the position
’ of the I+lth node.

’ CorY (1) The initial position of medal pPoint I'measured

COIZ(I)} _with respect to the Y and Z glchal cbordinate
axes.

COPY (1) " The current position of the Ith node with respect

COPz(I)} 4o the global ¥ and % goordinate axes.

DATFA (J) Impact-corrected displacemént increment appliéq to
the angnlar position of fragment J at the current
time instant. - _

DELD (I)- Vector of dimension NI contains the impact—corfected

) generalized nodal displacement increments during the
current time step. - ) ’

DELTAT Time step increment -size selected by the user and
input directly into the program.

DENS ﬁass density of the ring material (lb—secz/in4)

DET Resultant determinant of matrix A

DFCéU(J) . Impact-corrected displaéement increment applied

" to the posit;on of fragment.J in the .global ¥
direction. ’

DFCGW (J) . Impact-corrected displacement increment applied
to the Position-of fragment J in the globai
Z diregtion. )

DISP(I) Vector which. contains ithe generalized nodal

o displacements’ at the current time instant.

bs Material .constant used 'in the strain-rate
sensit%vipy formula.

ELAST . Total elastic energy present in the structure
during the curfent time instant.

ELFP(I) j Eleﬁent generalized nodal load vector due to

the presence of large deflections and plastic
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ELR(I,J)

ELRP(I,J)
EPS (L)
EXANG
FACTIN

FACT2N

FACTI1T

FACTZT

FACTEN

FACTFT

FACTFC

FACTNN

strains; it equals {p} + [hl1{g} (See Ref. 14)
A work matrix of dimension Bx8 for the evaluation

of the element effective stiffness matrix supplied

by elastic restraints. It eguals:

YN [e] N4y

Element effective stiffness matrix supplied by
elastic restraints.
Input quantities of abscissa of the uniaxial
stress-strain curve for the Lth mechanical sub-
layer material model (in/in).
The subtended angle of the ring. For.complete
,rings EXANG = 360 degrees.
Impact-induced correction factor applied to the
normal-to—impact displacement increment at a given
time step; applied to the IBIG and IPLUS nodes of
the impacted ring segment, respectively.
Impact-induced correction factor applied to the
tangential-to-impact displacement increment at
a given time step; applied to the IBIG and IPLUS
nodes of the impacted ring segment, respectively.
Impact-induced correction factor applied to the
normal~to~impact displacemenf increment of the
attacking fragment at the current time step;
applied to the fragment JBIG.
Impact~induced correction factor applied to the
tangential-to-impact displacement increment of the,
attacking fragment at the current time step;
applied to the fragment JBIG.
Impact-induced correction factor applied ts the
rotational displacement increment of the attacking
fragment at the current time step; applied to the
fragment JBIG.
- Impact-induced correction factor applied to the normal-

to-impact displacement increment of node MNBIG at the
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FACTNT

FARE
FCUR |

. FAU({J)

FAW (J)’
FLVA(I)

GFL (IR, I,J)

_GZETA(IR,I,J)

H{(T})

HHALF (I}

HNL (I}

HT (I)
IBIG

ICOL(I})

current time instant.
Impact~induced -correction factor applied to the tan-—
gential-to-impact displacement increment of node
NNBIG at the ‘current time instant.

Midplane‘axial str&in and curvature increment,
respectivély, at the selected spanwise Gaussian
station of each element. ’
Location of centroid of fragment J at the present
time cycle in the globai Y, 2 plane.‘

Asgembled generalized load vector corresponding

to large deflections and plastic strain presence;
it equals {P*} + [H*1{g*}

Stress .and/or plastic. strain. weighting factoxr on
the Jth depthwise Gaussian point at the Tth span-
wise Gaussian station of the IRth element. ’
ﬁistance from the centroidal axis of the Jth
depthwise Gaussian point at the Ith spanwise
Gaussian station of the IRth. element.

Thickness of the ring at the Tth node.

Half the thickness. of the ring at;the.midspan

of element I

Wwork vector of dimension 8, required for the
evaluation of the element generalized nodal

load vector due to large deflections and elastic-
plastic strains.

Thickﬁess of ring segment I at the point of impact.
The .subrountine IMPACT, IBIG represents the .~ ‘
element number on which impact occurs; ele-—

ment ‘bounded by nodes IBIG and IPLUS=IBIG+1.

In the MAIN PROGRAM, IBIG is the element-
nurber whose midspan computed. tensile strain
exhibits the largest value during the run.
Vector, of length NI, contains the column
number of the first nonzero ‘entry in the

Ith row of the struetural mass and/or stiff-

ness matrix.
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IDET
IK

INUM{I)

ISIZE

iT
JBIG
KROW (I)
IM(T)

Ml
M2

NBC(I)
NCOND

Work vector used in subroutine FAC

Number of discrete elements into which the whole
structure is discretized for analysis.

Vector of dimension NI contains the corresponding
position. in the linear array of the first nonzero
entry in the Ith row of the structural mass and/or
stiffness matrix.

Number of locations necessary for the storage of
the structural mass and/or stiffness matrix in
the linear array form. )

Current time step cycle number. Measured as time
cycle after the specified TPRIM value.

Number of fragment involved in ring element
impact. ’

The row number of the Ith irregular row in the
structural mass and/or stiffness matrix,

Work wvector of length 8 used by subroutine MINV.
Cycle at which regular printout sta;ts.

Printout will occur every M2 cycles. ‘

Time step {(cycle) at which run is to stop.

Work vector of length 8 used by subroutine MINV.
Number for the data input tape unit, the printed
ocutput tape unit, and the punched output tape
unit, respectively. These names must pe assigned
nunbers corresponding to the user’®s computing
center requirements.

The prescribed displacement type number

The number .of nodes at which displacement con-
ditions are to be specified.

The number of depthwise Gaussian points through
the thickness for the numerical evaluations of
stress resultants (axial forces and bending

moments) at each spanwise Gaussian station.
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NI

NIRREG

NNBIG

NCDEB (T}

NOGA

NORP
NORU

NOR

NREL (T)

NRST (I}

NREU (I}

NSFL

PAX(L,J)

Total number of degrées of freedom of structure
(unresérained); it eguals the number of nodes times
4, Also, it is the number of rows in the assembled
stiffness matrix. - )

Number of irregular rows in the assembled stiffness
matrix.

Node number at which ncdal impact occurs.

The node at which the prescribed displacements

-are specified.

The numbexr of Gaussian stations to be employed

for the spanwise integration of the element proper-— -

ties over each element.

The number of point elastic restraints (elastic
restoring springs) and the number of locally
distributed elastic restraints, respectively,
which are to be specified over the structure.
Number which, if greater than zero, indicates
that there are elastic restraints specified

over the structure.

The element number at which the Ith point
'elastic restraint is to be specified.

The first element and the number of elements,
respectively, over which the Ith uniformly
distributed elastic¢ foundation is to be
specified.

Equals the number of mechanical sublayers in the
strain hardening material model; also is the
number of coordinate pajirs defining the piecewise
linear stress—strain curve. .
Material constant used in the strain-rate sensi-
tivity formula.

Projection of the distance between the centroid
location of - the Jth fragment and the I+l node

along the strdight-line-beam-representation axis
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PD{I .}

PDBIG

PIE

PLAST

PM(I)
PN(I)

PN(I.,J)

PND (T,J)

PNDBIG

REX (I}

RL(I})-

RMASS (I}
RMX {T)

So-called penetration distance resulting from the
impact of the Jth fragment with the Ith element
The largest penétration distance encountered during
a given time cycle. Determinés the order in which
impactrgeneratéd_corrections,are applied in cases
invqlving more than one impact occurrence during a
particular time cycle. '

Represents T = 3.14159265 .

Total plastic work done on the structure up to the
present time step (mechanical work.dissipated by
plastic flow)

Work vectors of dimension 8, -required for the
evaluation of the element generalized nodal load
vector due to large deflectioné and elastic-
plastic gtrains used in spbroutine STRESS. -
Perpendicular distance from the axis of the.Ith
straight-line-beam element representation to the
centroid of the fragment J at a point on the

axis equal to PAX(;,J).from node I+l, used in sub~
routine IMPACT.

Penetrétion distance caleculated fér the impact
case involving the Ith node and the Jth fragment.
The largest penetration distance gnéountered ‘
during a given time cycle for cases involving
nodal impact conditions. .

The length coordinate along the cnetroidal axis
from the. node NREL(I) at which the Ith elastic
restoring spring is spegified.

Thickness at a specified spanwise ring Gaussian

‘station.

Straight line length of ring element I used in
the collision inspection and correction procedures
Lumped mass and moment of inertia values,

respectively; at ring structure node I
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RSTN(I) }
RCOS(T)

SCTP-
SCXQ}E
SCRP
SCTU
SCTW
SCRU
SIG(L)
SINT

SNO {I}

" SNS(I,J,K,L)

SNY
SOL{(1)

SPDEN

SPRTN (1)

TIME

Sine and’'cosine, respectively, of the angle that .
element I makes with' the global Y axis. -Used in ..
‘tranéformation from impact to local and local to
global Eoordinate.

The taggential and radial trans;a;ional re-

storing spring constants, respectively.

The rotational restoring spring constant

Tangential and radial tramslational elastic founda-
tion stiffness constants, respectively.

Rotational elastic stiffness constants.

Input quantities for the ordinates of the uniaxial

static stress-strain curve for the Lth mechanlcal -

. sublayer material model (lb/ln ).

Pre—impact relative sliding velocity of the fragment
tangential to the impacted ring segment.

Uniaxial static vield stress of thé Ith mechanical
sublayer material model.

Axial stress on the Lth mechanical sublayer at the
Kth depthwiée Gaussian point at the Jth gﬁan&ise
Gaussian station of the Ith element. )
Uniaxial yield stress. of the mechanical sublayer

taking strain-rate sensitivity into account.

Contains the solution vector of a series of matrix

equations.. °

Total energy stored 1n the -elastic re;toring
springs and/or the elastic foundations at the
current tinie instant.

The assembled effective stiffness matrix supplied
by elastic restraints (stored. in linear-array form).

Current time after TPRIM=IT*DELTAT
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THG(T)
TXG(I)

VNIBIG

VIFIBIG
VTIPLS

YOUNG

¥ (I)
Z(I)

YZET
ZZET

j

Input vectors with dimension NFL; contain Gaussian

quadrature weights and constants of
M i

J: £ dx = LZ'F(X:DW;

used in the numerical integration of stresses and/or
plastié strains throtgh the thickness.

Coefficient of friction between the Jth fragment
an& the surface of the ring. o

Fragment angular velocity prior to impact.
Fragment velocity normal to ring surface prior

to impact. )

Fragment‘velocity tangential to ring surface
prior to impact.

Velocity of node IBIG normal to ring surface prior
to impact.

Velocity of node IPLUS normal to ring surface
prior to impact.

Velocity of node IBIG tangential to ring surface
prioxr to impact.’ .
Velbcity of noae IPLUS tangential to ring surface
prior to impact. .

Elastic (Young's) modulus (the slope of the first
segment in the piecewise linear repreﬁentation of
the uniaxizl stress-strain curve).

Initial ¥ and Z coordinates of node I in the

" global coordinate system.

The ¥ and Z coordinate, respectively, at a given

spanwise quadrature station.
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A.3‘ Input Information and Procedures

The information requlred to punch -a set of data cards for a run of the
CIVM~JET—4A program is presented in a step-by-step manner in this section.
The variables to be punched on the nth data card are outlined, and in a
box to the right is the format to be used for that card; the definition of
and some restrictions for each variable are given below. This is done for

each card in turn until all are described.

Format

Card 1

B, DENS, EXANG, . ) : 3D15.6
where ) N

’ B The width of the ring (inches)
DENS The mass density of the ring material (1b-sec2/in4)
EXANG ‘The total subtended angié of the ring (degrees)
(For a complete ring specify EXANG - 360 degrees)

Card 2

1K, NOGA, NFL, NSFL, MM, M1, M2, NF, 815
where

IK The number of discrete elements used to model the whole

ring structure. This number cannot exceed 50 (although
this limitation méy be relaxed by a changing of the ap-
propriate dimension statements of the program).

NOGA The number of spanwise Gaussian stations to be used for

. the spanwise numerical integration over each element in

. evaluating the element properties {p} and [h]; NOGA = 3
is used in CIVM-JET-4a. .

NFIL, The number of depthwisé Gaussian points to be used for
the numerical-integration through the thickness of the
element. Used to calculate the stress resultants at
each sﬁanwise Gaussian station. NFL = 4 is used in
CIVM-JET-4A.

NSFL  The nuvber of mechanical sublayers in the strain-

hardening model of the material. Eguals the number
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Format
of coordinate pairs defining the polygonal approximation
of the stress—strain curve of the material. This number

must not exceed 5.

MM Corresponds to the cycle number at which the run is to
stop. )
Ml The cycle number at which the regular printout is to

begin. M1 must not egual 0. Cycles are numbered
after TPRIM.

M2 The number of cycles between regular printout (i.e.,
print every M2 cycles).

NE The number of fragments considered to be impacting the

ring. This number is not to éxceed 6.

Card 2a B
¥(1), 2(1), ANG(1), EH{L) i 4Dplh.6

Y (1) Initial ¥ and Z coordinates, respectively, of the
Z(1)°
_ANG{l) The slope (degrees) which is the angle between the tangent

the first node {inches)

vector and the +Y axis at the first node. An angle from
the +Y axis to the tangent vector in a counter clockwise
direction is defined as a positive ANG(1).

H(1) The thickness at the first node (inches)

Additional cards 2aa, 2ab, ... are punched in exactly the same format
as Card 2a until the total number of 2a cards equals IK+l for a partial
ring and equals IK for a complete (360 degree) rihg, where IK is the value
appearing on Card 2. Also, the following conditions must be satisfied by

ANG(I): (a) - 180° < ANG(I) < 180°, and (b) |ANG(I+1) - ANG(I)}| < 15°.

Card 3
DELTAT, CRITS, DS, P 4Dl5.6
where
DELTAT The time step At, to be employed for the timewise finite-
difference operator. Thig value must meet all stability

and convergence criteria.

132



CRITS

DS

Format
Value 9f the "critical material fracture strain"
chosen by the user. Program wiil indicate the
time cycle at which this value is first ex-
ceeded.
The value of the constants D, and p, respeétively,

used in the strain-rate sensitivity formula

CTYQ- = G, (| - l%% |}?;)
where b haé units sec—l, N is the static yield
stress of the %th mechanical sublayer and ) is
the correspond;ng rate-dependent yield, stress. If

the material does not exhibit strain-rate sensitive

behavior, set DS = 0 and leave P blank.

. N
Generally speaking, the value of At v .8 (2/mmax) does not produce

convergent transient ring response results for the fragment/ring structure

impact situation. It is recommended, therefore, that an initial value chosen

for this input ‘parameter be tested for convergence by repeating the same calcu-

lation only with an appropriately smaller DELTAT value .&nd evaluating the

effect upen the ring response. If the .change in ring response is negligible,

the initial value may be used with conﬁidence that it is a converged result.

If large discrepancies exist, however, subsequent calculations must be pexr-

formed to determine the most economical time step that still maintains con—

vgrgenﬁ behavior.

Card 4

where

EPS(1}, SIGﬂlT, EPS(2), 8SIG(2) ’ 4D15.6

EPS (1) {Make up the first coordinate pair of strain and stress (£,0 )

SIG{1l) Jcoordinates which are used to define the piecewise-linear

approximation of the uniaxial static stress-strain curve. The
stress-strain curve for which these values and those values
following are obtained must be upwardly convex with- nonnega-

tive slope. (EPS = in/in, SIG = 1b/in2).
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EPS (2)
STG(2) |

Format

Make wup the second coordinate pair of strain

and. .stress cooxrdinates.

Additional Cards 4a arnd 4b are punched in exactly the. same format

.as Card 4 until tHe mumber -of coordinate pairs -equals the-value NSFL

punched on Card 2. The total number of strain, ‘stress coordinate pairs

specified must not exceed 5.

.Card 5

FH(I),
.Card 6

UNK(I)
Card 7

UDOT(I},

where
FH{I)

FCG (L)

FOGX(I)

FMASS (T)
FMOI (I)

UNK (I}

UDOT (I)

FCG(I),, FCGX(I), FMASS(I}, FMOI(I) ; 5D15.6

D15.6

WDOT{I), ADOT(I), TPRIM(I), CR(I) Spl5.6

‘The diameter -of the .circular disk model of

'fragmeqt [T} (inches}. .

‘The initial Z coordinate of the centroid of

fragment (I) .measured from_the global ¥ axis.

The positive direction represents an initial

location above the .global Y .axis (inches).

‘The initial 'Y coordinate .of the centroid.of

fragment‘{l)‘measured from the global Z axis.

The positive direction represents an initial

Jdocation to -the right of the global .2 .axis

(inches).

The mass of fragment (I)'(lb—secz/in).

The mass moment of inertia of fragment (1)

(lb—seézfin)

Coefficient of frictiop_between fragment {I)

and the ring .surface. For analyses .in which 'the

effects of an "infinitely rough" ring surface are

to be investigated; the value to be input for this

variable is UNK(I) = 10.0. (0.100000 D+02)

'The velocity componeht of fragment (I) parallel

to the global Y axis before.initial.impac£ {in/sec) .
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Format
Positive UDOT(I) represents a fragment trawveling to
the right. )

WDOT(I) The velocity component of fragment (I) paréilel to
the global % axis before initial impact. The posi-
tive direction denotes a fragment traveling in an
upwards (+2} direction (in/sec.). .

ADOT(I) The initial angular velocitylof fragment (I) (rad/
sec.). Positive sign denotés counter clockﬁise
rotation. .

TPRIM(I) A time before which there .is no possibility of fragment I
impacting anywhere on the ring.’ The checkiﬁg process
begins at this time instant. It may be used to decrease
the number of time cycles considered by the given run.
For multiple fragments, all TPRIM values must coincide
(sec) . ]

CR(I} Coefficient of restitution between the fragment (I)

and the impacted ring surface.

Cards 5, 6, and 7 must be repeated in that order, NF times, where NF

is the number of fragments involved in. the present analysis.

Card 8

AXG(1l), AXG(2), AXG(3) . ’ ] . 3F15.10
where .

AXG(I) Vector of .dimension NOGA contains Gaussian quadrature

constants 2i for the numerical integration of

1 .
[ sadk « T 8w
) A . .
If NOGA = 3 -for example, then the following data

appear on this card.

0.1127016654 0.5 0.8872983346

v
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Format

Card ?
AWG(1), AWG(2), B&WG(3) : . 3F15.10
where . .
_ AWG(I} Vector of dimension NOGA contains Gaussian- éuadra—
ture welghts W for the numerical 1ntegrat10n of
j%cx\oﬂ« 2 FOywi
If NOGA = 3, the follow1ng data appear on Card 6
0.2777777778° 0.4444444444 0.2777777778
Card 10
. TXG(1), TXG(2), TXG(3), TXG(4) : . 4F15.10
gard 11 o
THG(1), TWG(2), TWG(3)., TWG(4) . . 4F15.10
wheré ‘ -

TXG (1) Vectors of dimension NFL contain Gaussian gquadrature
THG {I) constants x, and weights W, respectively, for the

numerlcal-lntegratlon of-

j £GAx = ch (xOW;

If NFL = 4. for example, then the follow;ng data appear
on Card 10:'

-0.8611363115 -0.3399810435 0.3399810435
0.8611363115

and the data

0.3478548451  0.6521451548  0.6521451548
0.3478548451 S

appear on Card 11.
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Card 12
NBCOND

where

NBCOND

Card l2a
NBC(I),

where

NBC(I) }
NODEB (I)

Format

I5

The total number of prescribed nodal displacement
conditions to be specified on the structure. This

number must not exceed 4. If NBCOND#C punch Cards
i2a, ... :

NODEB(I) - 215

The identification numher and the node rmumber,
respectively, for which the Ith displacement

condition is to be imposed.

The appropriate form of the data group NBC(I), NODEB{I)} should be re-

peated-NBCOND times. If NBCOMD = 0, there are no prescribed displacement con-—

ditions to be imposed on the structure; then omit NBC{I) and NODEB(I) on

Card 1l2a.

The prescribed displacement identification number can be equal to 1, -

2, or 3, depending on the type of the prescribed displacement condition. Its

description follows:

NBC{I)}=1 Symmetry digplacement condition. Setting the degrees
) of freedom v and Y at the node NODEB(I)} equal to zero.
NBC (I)=2 Ideally-clamped condition. Setting v, w, and P at
node NODEB(I) to zerc. )
NBC({I)=3 Smooth-hinged/fixed condition. Setting v and w at
node NODEB(I) to zero.
Card 13
NOR, NORP, NORU 315
where
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Format

NOR Indicator which if greater than 0 indicates that the
structure is subject to elastic réstraints (point
and/or distributed).

NORP The number of point elastic restraints (elastie
restoring springs} which are prescribed over
the structure. This number must not exceed 4.

NORU The number of local distributed elastic re=
straints (elastic foundations) which are to be
prescribed over the structure. This number must

not ékxceed 4.

If there are nd prescribed elastic foundations on the structure, set

NOR = 0 and leave NORP and NORU blank.

Cards 13a and 13b are included only if NQR is greater than zerd on
Card 13.
If NORP = 0 skip to Card 13b.

Card 13a
SCTP, SCTY, SCRP . 3p15.6
Card l1l3aa
NREL{1), REX(l). NREL(2), REX(2}; ... NREL{4). REX(4) 4(1I5,D15.6)
where
scTe The translaticnal tangential restoring spring constant
{1b/in}
SCTY The translational radial restoring spring constant
{1b/in}
SCRP The torsional restoring spring constant
NREL (I) The element number and the length coordinate, respec-
REX(I) tively, along the centroidal axis from node NREL(I) of

the element at which the Ith point elastic restraint is
specified. The positive direction of REX(I) is the

clockwise direction from the midpoint of the element.
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Format

The data group NREL(I), REX{I} must be repeated NORP times.

If NORU = 0 on Card 13 omit Card 13b ané Card 13c. Card 14 then

follows immediatély.

Card 1l3b

SCTU, SCRU, HNRST(l), NREU(l}, ... , NRST(4}, NREU(4) . 2D15.6,815.
where

SCTU Elastic foundation stiffness in translation,

tangential to the midsurface of the ring (lb/inz)

SCRU Elastic foundation stiffness in torsion (in—-1b) / (rad-in)

NRST (1) The first_element and thé number of elements

WREU(TI) respectively, over which the Ith élastic founda-

tion is to be specified (the first elastic founda-
tion is distributed to element NRST(1l) through
and including element (NRST (1) + NREU(1)-1)

Data group NRST(I) and NREU(I} are repeated NORU times.

Card 13c

SCTW, NRST(l), NREU(1), ... , NRST(4), NREU(4) . D15.6,815
where .

SCIW Elastic foundationystiffnéss in translation along the

line of the norxmal to the ring's surface &lbfinz);

Card 14 l

TICONT I5
where ) ) ’ )

ICONT Indicator which if greater than 0 indicates that this is a

continuation run. It should be noted fﬁat included in the
output of .each compieted run is a set of continuétion cards
which contains all of the information that is necessary to )
continue the same run,-if desired, to obtain further time—
history information. Each completed continuation run also
produces a continuation deck, so the process may be continued

indefinitely as long as desired.
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Format

If the indicator ICONT is greater than zero, the continuation deck pro-

duced from the output of the previous run follows immediately. The continuation

deck contains the following information:

Card 14a

415

IT, IBIG, ISURF, MCRIT

where

IT

IBIG

ISURE

MCRIT

Card 14b

The number of the time cycle at which the previous run had
stopped, and is the beginning time cycle of the present
continuation run.

The element number whose midspan computed tensile strain
exhibits the largest value during the previous rumn.

Equais 1l means largest computed tensile sitrain occurs

on the inner surface; quals 2 means on the ounter

surface.

A dummy variable which controls the strain checking process
to check the location where the strain first exceeds a

prescribed value.
4apls5.7

TIME, BlLG, BTIME

where

TIME

BIG
BTIME

Card 14bb
DISP(I)
DISP (I)

The absolute time at which the previous run stopped, and
is the begimning time of the present continuwation run.
The largest computed tensile strain during the previous run
The time at which the largest computed tensile strain
occurred during the previous ¥un.

‘ 4D15.7

The displacement of the Ith degree of freedom at time

cycle IT. Repeat cards until all degree of freedom

displacements are specified with 4 different values/card.
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Format

Card l4bc
DELD(I) 4pl5.7
_DELD(I} The displacement increment change of the-Ith
degree of freedom of the structure at time
cycle IT. ‘Repeat cards until all degrees of
freedom are included, with 4 different values/
card.
Card ldbd

SNS(IR,J,K,L} 4D15.7

SNS(IR,J,K,L) The axial stress on the Lth mechanical sub-
layer at the Kth depthwise Gaussian point at
the Jth spanwise Gaussian station of the IRth
element at time cycle IT. Repeat cards until.
all values for the entire structure are in-
cluded, with 4 different values/card.

Card l4be

FCGU(T), FCCW{J), ALFA(J), ODFCGU(J), DFCGW(J), DALFA{J} 6Dl2.6

FCGU (J) The centroidal position of the Jth fragment in the
¥ direction at time cycle IT (inches).

FCGW (J) The centroidal position of the Jth fragment in the Z
direction at time cycle IT (inches).

ATLFA (I The total angular displacement of the Jth fragment
at time cycle IT (radians).

DFCGU {J) The displacement increment in the Y global
direction of the Jth fragment at the time cycle IT
{inches). i

DEFCGW (J) The displacement increment in the 3
global direction of the Jth fragment at time cycle
IT {(inches).

DALFA (J) The angular displacement increment of the Jth
fragment at time cycle IT (rad).
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A.3.1 Energy Acdountihg Option

To éxercise the energy ac¢counting option that is included in the

CIVM~JET-4A program, the procedure is as follows:

(1) _Remgve,the'dummyiSubrouEine-ENERG¥ from the -source decdk.

(2) Replace this duminy subroutine’with the actual'ENERGY'
subroutine that is used to perform the energy-accounting
calculation. - -

(3) No changes or additions to be iﬁput described above are

néeded.

A.3.2. _TIhput fér Special Cases of the General

Stress-Strain Relations

In the following, the specific input data for threé special éases of
the general elastic, strain-hardening constitutive rélation handled by the

computey prograit are given. Only the relevant data are noted:

J. Purely Elastic Case
Set NSFL=1 on Card 2, and make EPS(1) and $IG(l) on Card

4 Sufficiently high so that no plasiic deformation occurs;
for example, EPS(1)=1.0, SIG(l)=ES(l); where ES(1). equals
the elastic (Young' s) modulus.

2.. Elastic, Perféctly-Plasti¢_Case
Set NSFL=1 on Card 2 and make EPé(l)=SIG(l)/ES(1) on
Card 4.

3. Elastic, ILifiear Strain-Hardening Case )
Set NSFL=2 on Card 3 and Set EPS(1)=SIG(1)/ES(1). Also
‘EPS(2) and SIG(2) on Card 4 are taken sufficiently high

in order to .avoid plastic deformation in theé second sub-
£lange. For example, EPS(2)=1.0, and SIG(2}=(l. = EPS(1)) x
ES(2) + SIG(Ll), where ES(2) is thé slope of thé segment

in thé plastic range.
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A.4 Description of the Output

The printed output begins with a partial re-iteration of the input
gquantities specified for the ring structﬁfal geometry, displacement conditiocns,
and ﬁatgrial properties. The fragment-properties output include not only those
specified by user input but alsp the calculated initial kinetic ehergy of each

fragment.

After the initial primtout has been completed, the following information

is printed at time cycle Ml and at intervals of M2:

J = [IT] TIME = [TIME] B

I Vv W PSI CHI COPY CCOPZ L- M STRAIN(IN) STRAIN(OUT)

1 }

2

3

FRAG NO.= FCGU = . FCGW = ALFA =

{7] [FCQU(J)] [FCEW {J) ] [ATFA (J) ]

IT . Cycle number

TIME= Elapsed time corresponding to the end of

. cyclé J (sec)

I= Node number in clockwise order. For a partial ring
the total number of nodes is one more than the numbexr
of elements. For a complete ring, the nunber of
mnodes equals thevtotal number of elements. .

v=" The middle plane axial displacement at node I {in) "

W= Thé middle plane transverse displacement at node I {in)
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PSI= The generalized nodal displacement

P = (3w/dn} - v/R at node I {rad)

CHI= - The generalized nodal displacement
¥ = (9v/9on) + w/R at node I (rad)

COPY= The current glcobal Y coordinate of nodal
point I (in)

CcopPz= The current global Z cocordinate of nodal
point I (in)

L= Axial internal force resultant over the cross section
at the midspan point of element I (1b)

M= ) Internal bending moment of the cross section at the

midspan point of element I (in-1b)

STRAIN (IN)= Strain on the inner surface at the midspan point of
element T

STRATN (QUT) = Strain on the outer surfacé at the midspan point of
element I

J= Fragment number . .

FCGU(T)= Global ¥ coordinate of the centroid of fragment J

at the current time instant (in)
FCGW (T) = Global Z coordinate of the centroid of fragment J
‘ at the current time instant (in)
ATFA(T)= Angular rotation of fragment J to the current

time ingtant (rad).

The detection of an impact between a fragment and a ring element during

a given time cycle results in the following printout at that cycle:

IMPACT IT=[IT] ELEMENT NO.=[I} FRAGMENT NO.=[J]
LOCATION ON ELEMENT=[PAX(I,J)] PENETRATION DIST=[PD(J)]

IT= Time cycle during which impact occurs

I= Ring element involved in this particular collision
J= Fragment involved in this particular collision
PAX(I,d)= Digtance from nocde I+l of element I to point of

impact for this particular collision.
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PD{I,Jd)= "Penetration distance" calculated for thigs particular

collision.

Tor cases "inveolving impact at a nodal point of the discretized struc-

ture, the output is as follows:
IMPACT IT=[IT] NODE NO.=[NNBIG] FRAG NO.=[N]' PD=[PND(I,J)]

NNBIG= Node number at which impact occurs
PND(I,J)= "Penetration -distance" calculated for this

particular collision.

For those analyses in which a check of the energy characteristics of

the system is desired, the following information is output for each print time cycle:

CURRENT TIME CYCLE FRAGMENT - KINETIC ENERGY
[zT] : 131 - [CINETE (J) ]

WORK INPUT INTO RING 'TC TIME STEP [IT] = [RWORK]

RING KINETIC ENERGY AT TIME STEP [IT] [CINETO]
RING ELASTIC ENERGY .TO TIME STEP [IT] = [CELAS]
RING PIASTIC WORK TO TIME STEP [IT] = [PLAST]

ENERGY STORED IN ELASTIC RESTRAINTS = [SPDEN]

CINETF (J}= Kinetic energy of fragment J at the current
time instant ’
CINETO= . Ring kinetic enexrgy-at curxrent time instant*
RWORK= Total work done on the ring-.structure to the
- current time instant
CELAS= Total ring elastic enérgy to the current time

instant.

*It should be noted that the rigid body part of the kinetic energy, which is
used to accelerate the “rigid‘body“‘mass of the structure, can be extracted
and identified separately. However, for the present program dealing with
rather general structural geometries and with various support/restraint con-
ditions, it would be vexry unwieldy (but not impossible) to identify these
separate kinetic energies; hence, the total kinetic energy is calculated and
printed out. .
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PLAST= “Total plastic work done on the ring to the current
time instant.*
SPDEN= Energy stored in the elastic restraints (if the ’

presence of elastic restraints is specified) .

- At @dh printout cycle, a strain-checking process is carried out.
Asterisks are printed to the right of the strain printout only for the cycle
when the strain first exceeds the "critical™ value. No further strain check-
ing or action is taken by the program, however, and the computational process

proceeds until the end of the run as if the material ‘had not "failed".

At the conclusicn of each run, a statement "LARGEST COMPUTED STRATN=
... OCCURS AT THE INNElé (oxr QUTER} SURFACE MIDSPAN OF ELEMENT ... AT TIME
(SEC)= ..." is printed out. This statement gives the largest computed
strain, and the time and the location at which it occurs during the transient
respon se. It éhould be noted that the strains are computed only at every
printout cycle, and also only on the inner and outer surface at the midspan

of each element.

A.5 Complete FORTRAN IV Listing of the CIVM-JET-4A Program

The CIVM-JET-4A program consists of the following main program and
14 subroutines:
1. ‘CIVM-JET-4A MAIN PROGRAM

2. ASSEF
3. ASSEM
4. DINIT
5, ELMPP
6. ENERGY

*The plastic work dohe on the ring is ‘estimated by subtracting the sum of the -
elastic’ and kinetic energies present in the ring. from the total input energy
(due to the externally-applied lead and the initially-imprted kinetic energy):
i.e., RWORK=CINETO+CELAS+PLAST+SPDEN. It should he mentioned that the approxi-
mate nature of this numerical calculation will sometimes yield impossible re-
sults such as negative values of plastic work or values greater than zero

when the ring has not yvet reached a plastic condition; thus, the value. of
plastic work should be considered only approximate, and spuriocus results as
noted above should be ignored. This term may also be considered to contain,

in addition, the energy dissipated by frictiom.
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7. ERC

8. FICOL
9. IDENT
10. IMPACT

11, MINV
12. OMGLT
13. PRINT
14. OREM
15. STRESS

A complete listing of the CIVM-JET-4A program is given below_in the
above order. The number of memory locations reguired on the IBM 370/165
computer at MIT is approximately 350,000 bytes. This includes the locations

required for the MIT computer library subroutines.
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8%1

c FREARCTYM JET 4AHdckkk MAINQOLO

IMPLICYT REAL#B{A-H,C-2) MAINQG2C
CIMENSICN AFP{3,3,8), BEPS(3,3) MAINOQO3D
CIMENSICN RMGI(51),CL(51)+CLPISL)oCLA(SL)CLPALSL) MAINOC4O
DIMENSICN AA(504848) sTXC(6)2THG(E)4ES{B) 4 CFL{5043,6) MAINOOSO
#,SOL(205) 3 INUM( 2051}, KROW{8)NDEX{8}) - MAINOCS60
COMMON /BA/ BEP(50+393,8},8L{5C)AXG{3) 4 AWG(3) MAINOQT7C
COMMON/ABC/RMX(51) yRWORK +CINEY(205) MAINOQS8C
COMMON /TAPE/ MREADyMWRITELMPUNCH MAINOCSO
COMMCON/SC/CRITS,RIGyBTIME MCRIT,,IBIGy ISURF MAINO10G
COMMON /VQ/ FLVAL{205),CISP{205),DELD{205),SNRS(5043,6,5) MAINO110O
#BINP(5043)}4BIMP(5043),TCISP{205),TU{205},TW(205}, - MAINOL20
*COIY(205),C0IZ{205)LELTAT MAIND130
COMMON/FG/Y(51),Z(51),ANGI51),H(51),8, EXANG;NS IK;NOPA NFL,NSFL, MAINOL4O
#*NIyTCOL (205} sNBCOND4NBC (4) 4, NODER{4) MAINO150

COMMON /HM/ YOUNGDSyC54C6 9ASFLIS0+34645)4GZETA(S5D,43,6),,SNO{5]) MAINOLAG
CCMMON/FRAG/ FH{6) s FCC(6 ), FMASS(6H) o FMOT(6) sFCGLI6) 4FCOWIL) s ALFA(S) #+MAINOLTC

*UCCT(6) JWDGTLO) 9 ADCT(6) s TPRIM(E) 4CR{G)yFCEX(G) 3 UNK{6B) 4 NF MAIND18C
COMMON /DFRAG/DFCGUL6) 4CFCGWI6) 4DALFA(S) , MAINOL9O
COMMON/ENERG/FK(6 ) yCINETOCUMW2DELKE,CELAS, ELAS¢PLASTC . MAINO20C
COMMCN/LEFT/P4EPS{S),SIC(5) 4RMASS{51]) MAINOZ210
COMMON/ELFU/SPRIN(Z20ED} FQRFF(205);REX(4!;NQR1NGRP NORUyNREL(4)y MAINQ220

ANRST{4) 9yAREU(4) MAINOZ230
CCMMCN /EF/ EPSI{50}),EPSD(50) MAINDG225
SIN(GY=CSINI(E) MAING240
CCS(Q)=CCCsiQ) MAINOZ250
ATAN(QI=CATAN(Q) NAING260
ABS(Q)=LABS () MAINO2TC
SQRT(QI=0SQRTLQ) MAINOZ280

MREAD=5 MAING290
MWRITE=6 : MAING200
IRRUN= 1 MAINO305
MPUNCH=T MAINO310
5555 READ{MREAD,1)IB,DENS+EXANG 1K NOGAyNFLyNSFL, MMy MLy M2, NF MAINO320
1 FORMAT(3C15.6/815) X MAINO330

PIE=3.14159265 MAINO340



6v1

11

111

201

202
601
602

TKPLI=IK+1
NS=TK
IF(EXANC.NEL3604INS=TKP1
READ(MREAGC,11) (Y{T)yZ{I)sANG(I)pH(I)sI=1,NS)
FORMAT(4E15.6)
CO 111 I=1,NS
ANG(I}=ANG(I)%PIE/18C.
IF{EXANGJNE360.)60 TD 0l
Y(IKPL)}=Y (L)
ZUIKP1)=2(1)
HIIKPL)I=k (1} |
ANG { IKP1)=ANG(1)
READ{MREAL,2)DELTAT,CRITSNS,P,(EPS(L},SIG(L),L=14NSFL)
CC 202 1=14NF
READIMREAD,601)FH{I)4FCG{I),FCOX{I),FMASS(I},FMOI(I)
READ(MREAD,6CLIUNKI(T)
READ{MREAC,602)UDOT(1), hDDT{I),ACBT(ii TPRIMLI},CR{TIY
FCRMAT(€L15.6)
FCRMAT(5C15.6)
FORMAT(4EL5.6/({4EL5.61)
REAC(MRFAD, 3) (AXG{K) K=14NGGA}
REAC(MREAD,3 ) (AWG{K)sK=13NOGA)
READ{MREAD3) {TXG{K)4K=LyNFL)
REACIMREAD,3I{TWG(K )}, K=1+4NFL)
FORMAT(4F15.10)
NI=NSks
READ(MREAL,4 INBCOND
IF{NBCCNLC.EQ.OYGC TC 748
READ{(MRFAD,4)INBC(I}+NODEB(I),1=1,NBCOND)
FCRMAT(SIS) '
READ{MREAD,9)  NQRsNCRP ,NCRU
FORMAT (215}
MX=M1
My=M2
CUMW=0,.C
CELKE=C.C

MAINO3S50
MAIND360
MAINO370
MAINO380
MAINO390
MATINO4CO
MATINO410
MAIND420

MAINO43(

MAINO440
MAINO45Q
MATNO460
MAINO4TO
MAINO4S8O
MAINO4SG
MAINOS00
MAINOS10
MAINO520
MAINO530
MAINOS40
MAINOS50
MAINOS60
MAINOST0
MAINO580
MAINOS90
MAINQ6OO
MAINO610
MAINO&20
MATNG&30
VAINQE4O
MAINO6ESO
MAINOG66O
MAINQETC
MAINO680O
MAINO690
MAINGTOO


http:FORMAT(4FI5.10
http:FORMAT(4E15.6/(4EI5.61

0ST

203

70

16
78
17

-7T9

7

15

DC 2C3 I=14NF

MAINO710

FKUT)={FMASS{I)/2.0)*{UCOTLI)#*2+WDOT( I) **2)+{FMOI(1)/2.0)*{ACCT(IMAINOT20

*)xx2 )

CALL IDENT(NGR,DENS)

CO 70 IR=1,1K

DO 7G J=1,NOGA

RH=H{ IR 1% (1 +—AXG{J) I+H IR+ 1) *AXG{J)
DO 70 K=1,NFL

GFL{IR s JsK}=RH¥THG{K}#E/2,
GZETA{IR,J KI=RHXTXG(K) /2,
FS(1)=SIG(L)/EPS(1)

TF{NSFL=1)77, 77476

CO 78 L=2,NSFL
ES(LI=(SIG(LI=SIG(L~1})/{EPS{LI-EPS{L-1))
ES(NSFL+1)=0.0

CO 79 L=1,NSFL
SNO(L)=ES{1)*EPS(L)

YCUNG=ES (1)

D0 71 IR=1,IK

DO 71 J=1,NGGA

LO 71 K=1,NFL

D0 71 L=1,NSFL
ASFL(IRyJyKyL }=GFLITRyJ oK) *¥(ESILI-ES(L+1))/ES(1)
DO 15 I=1,8 .
1COL(T)=1

1KM1=IK~-1

IF(EXANG.NE.360.)6C TC 210

DO 16 I=3,TKMI1

IK4=]%4

1K3=IK4-1

1K2=1K4-2

IK1=1K4=3

J4={1-1)%4~3

ICOL(IK1)=JJ

FCOL{IK2)=J

ICOL(IK3)=JJ

MAINOT3G
MATNOT4O
MATNO750,
MATNO760
MATNOTTG
MAINOT780
MAINOT790
MAINOBOO
MATINOB1LO
MATNOB20
MAINO830
MAINOB4Q
MAINOB50
MAINOB60
MAINOBTC
MAINCS8O
MATNOBSO
MAINOSOO
MAINOS10
MATINC920
MATNO930
MATNGY60
MATNOSTO
MATNOSSO
MAINGS90
MAINLOOO
MAINLC1O
MATN1020
MAIN1030
MAIN1O40
MAIN1Q50
MATN1060
MAINLOTO
MAINL10BO



16

210

211
218

59

999

118
117
711
116

ICOL{IK4 )=
CCNTINUE
ICOLLIK*4)=1
ICOL(IK#*4=1)=1
TCOL(IK*4-2)=1
ICOL{IK*4~3)=1
GC TO 218
CO 211 I=3,IKP1
IK4=T%4
IK3=TK4~1
I1K2=1K4-2
IK1=1K4-
JJ=(I-1)%4-3
ICOL(IK1)=JdJ
ICOL (TIK2)=44
ICOL(IK3)=JdJ
ICOL{IK4G)=dJ
CONTINUE
INLM{1l)=1
DO 99 1=2,N]

INGM{T)=T=ICOLUI-1}+INLM(I~- 1)

DO $9C I=1,NI
INUMUT)=INUM(TI)}-ICOLLI)
NIRREG=C

INDEX=C

ISET=1 ‘

DO 116 I=1,NI

L=ICOL(T)
IF{ICEL{I)-ISET)117.116,119
ISET=ICOL(I}. :

GO TO 11é

NIRREG=NIRREG+]
IF{NIRREG-NI/2)711, 711 90
"KRCWINIRREG)=1I.
NDEX{NIRREG)=INDEX
INDEX=TAREX+1I-L

MAIN1090
MAIN1100
MAINI110
MAIN1120
MAIN1130
MAIN1140
MAINL150
MAINL160
MAINLL7O
MAIN1180
MAIN1190
MAINL 200
MAIN1210,
MAIN1220
MAIN1230
MAIN1240

*MAIN1250

MAIN1260
MAIN1270
NAINL280
MAINI290
MAIN1300
MAIN1310
MAIN1320
MAIN1330
MAIN1340
MAIN1350
MAIN1360
MAIN1370

" MAIN1380Q

MAIN13G0
MAIN140QC

MAINL410

MAIN1420
MAIN1430
MAINL440



€aT

90

1
61

981

980

982

983

84

CALL FICCLINI NTI,L,ICCL}

ISTZE=L
WRITE(MWRITE,17) L
FORMAT(/3' SIZE DF ASSEMBLED MASS OR STIFFNESS MATRIX =',15)

CALL ELVMPP{DELTAT AALISYZE,KROWSNDEX s NIRREGs INUM,DENS,y YCUNG)

DG 981 IR=1,1KP1

RMASS{IR)=0.C

RMX{IRI=G40

L0 980 IR=1,I1K

CL{IRI={2.,%H{IR+1)+H({IR) )/ (3. *H(IR+1)+3 #H(IR))
CLP(IR)=1,0-CL{IR)

CTLA{IR)=AL{IR}I*CL{IR)

CLPACIR)I=AL(IR)*CLP(IR)

RMOI{IR)= (H{IR)%%2+4. *H(IR)*H(IR+1}+H(lR+1)**2)*AL(IR)**3/
*(36.%{H{IRY+H(IR+1)) )*BFDENS

CO 982 I=1s1KM] ,

RMASS{I)=RMASS({I}+{H{I}4H(I+1) )*B*DENS*CLPA{1)/2.0
RMASS(I#+1)=RMASS(I+1)+(H(II+H{T+1)I*EXDENSHCLA(TI}/2.0
RMX(I) RMX{I)+RMOI{I)*CLPTI)
RMXAI+1)=RMX({I+1)+RMCI(I)#CLLT)

IF(EXANG.EQ4+360.160 TQ '583

RMASS {IK}=RMASS{ IK) 4 (H{ IR)I+H{EK+ 1)) #B*DENS*CLPA(TK)} /2.0
RMASS{TK+1)=RMASSUIK+L ) +{H{IKI+H{IK+1))%BADENS*CLA(IK)I/2.0
RMX{IKI=RMX{IK)+RMOICIK}*CLP(IK).

RMX{ TK+1)=RMX{ IK+1 ) #RMC I L IK }*CL { IK)

GC TO $€4
RMASS(IK]~RMASS(IK}+(H(IK)+H§IK+1))#B*DENS*CLPA(IK?/Z 0

" RMASS({1}=RMASS{1}+(H(IK)+HUIK+1})*B*CENS*CLA(IK) /2.0

RMX({IK)=RNMX(IK)+RMOI(IK)*CLP({TIK)
RMX{L)=RMX{1}+RMOT (1K} *CL{IK)
CCNTINUE

‘00 % IR=1,NS

SGL (TR#*4-3)=RMASS(IR)
SOL{IR¥4-2)=RMASS(IR)

SOL { IR¥4—1)=RMX{ IR)
SGLUIR%4)=RM¥X{IR)

MAINLA4S0
MAIN1460

MAINL4TO
MAINL1480
MAINL 490
MAINLE50O

"MAIN1S510

MAINL520
MAIN1530
MAIN1540

MAINLS50

MAIN1560
MAINL57C
MAINLE8O
MATN15S0
MAIN160QO
MAIN1610O
MAIN1620
MAINI 630
MAIN1 640

" MAINLESO

MATN1660
MAIN167C
MAINL6BO
MATN1690
MAIN170C
MAINLT710

- MAINLT720

MATINLTICO
MATN1740

MAIN1T750

MAINL760
MAINLTTO
MAINL78C
MAINL790
MAINLE0O



£ST

4]

23

22

75
82
83
84
385
8d

81

952

994

21

DC & I=1,NT

SCL{I)=CELTAT#%2/S0OL(1)
IF (NQR .EQ. 0) GG TQ 22
DO 23 L=1,ISIZE
SPRIN(L)=0.C

CALL QREMI{AAsALAXG,AWGY -

IF{DS.EQ.U.LC) GC TG 21
C5=1./P
C6=1./DS/DELTAT
MCRIT=Q

BIG=10e**(~10)

IBIG=0 '
CC 75 I=14NS

CCIY(I)=Y(I)
COIZill}=2(1)

READ{MREAL,82)ICONT

FORMAT(15)

FORMATIL41%)

FCRMAT(4EL1S5.7)
FCRMAT(SL12.€)

IF{ICONT~1)80C,81s81 .

CALL DINIT(IT,TIME)

GC TO S92

READ(MREAC,BB)IT,IBIG,ISURF,ﬁCRIT
READ(MREAD,84)TIME,BIG,BTINME

READ(MREAD, 84)}(DISP(L1)s1I=1,NI)
READ(MREAD,84) (DELD(I),I=14NI)

READ{MREAD,BQ}((({SNS(IR,J,K.L),E=1€NSFL}vK?lyNFL)vJ=1,NQGA},IR=1

y 1K)

READ(MBEAD1385)(FCGU(J"FCGW{J’EALFA(JIqDFCGU(
H#TALFA(I ) d=14NF)

IT=1T+1

CALL TMPACTUIT,NIRREG,CENS)

GC 994 1=1,NI
DISPL{E)=DISP(I}+DELD(I)}
DO 822 I=1,NF

J)+DECGWIL{J ),

MAIN1810
MAINL820C
MAIN1830
MAIN1840
MAIN1850
MAIN1860
MAINLBTO
MAIN1880
MAIN1890 .
MAIN1900
MAIN1S10
MAIN1920
MATN1930
MAIN1940
¥AIN1950
MATNL960
MAIN1970
MAIN1980
MAIN1990

MAIN2CO00

MAIN2010
MAIN2020
MAIN2030
MAIN2040
MAIN2050
MATN2060
MAIN207C.
MAIN2080
¥AIN2090
MATN2100.
MATN2110
MAIN2120
MAIN2130
MATN2140
MATN2150
MAIN2160



PoT

822

522

736
735

816

815
6846

886

887

385

888
889

525

ECGU(I}=FCGULT)+DFCGULT)
FOGWIT)=FCGW(I)+DFCGW{I}
ALFACT)=ALFA(I)+DALFA(T)
DC 522 I=1,NI-
FOQREF(I1=0.0

FLVA(I}=C.0

CALL .STRESS
IF{NGR.EQ.0)GO TO 735
CALL OMULT(SPRINsDISP,ICOL4NT,FQREF,KROW,NDEX,NIRREG)
DO 736 I[=1,NI .
FLVA(I)=FLVA(I}+FQREF(T)
CCNTINUE
IF(IT=MX}815,816,815

MA=MX+MY

CALL ENERGY(IT,KROW,NDEX,NIRREG)
CONTINUE

IF{NBCOND.EQ.O}GO TO 88¢

DO 888 I1=1,NBCOND

‘NXY=NOCEB{I)

IF(NBC(I).EQ.1)G0 TQ &8¢
IF{NBC(I).EQ.2)G0C TO 887
IFINBC{I).EQ.3)}GD TO E&&5
FLVA(NXY*4=3)=0.0
FLVA(NXY*4-11=0.0

G0 TO 288

FLVA{NXY*4-3)=0.0
FLVA(NXY®*4-2)=0.0
FLVA(NXY*4—1)=0.0

GC 70 888

FLVA(NXY*4-3}1=0,0
FLVA{NXY%*4~2)=0.0

CONTINUE

NIFE=NT

DC 525 I=1,NI
DELD{I}=DELD(I)=FLVA{I)*SOL{I)
TIME=YTHCELTAT '

FAIN2170
MAIN2180
MAIN219¢
MAIN2200
MAIN221C
MAIN2220
MATN2230
MAIN2280
MAIN2290
MATN2300
MAIN2310
MATIN2320
MAIN2240
MAIN2250
MAIN2260
MAIN2270
MAIN2330
MAINZ2340
MAIN2350
MAIN2360
MAIN237C
MAIN2380
MATN2390
MAIN2400
MAINZ2410
MATN2420
MAIN2430
MATIN2440
MAIN2450
MAIN2460
MAINZ2470
MAIN2480
FAIN2490
MAIN?2492
MAIN2494
MAIN2496


http:FLVA(NXY44-1)=O.OI

B0 60 IR=1,IK
DO 604 I=1,NOGA
CC 604 J=1,3
BEPS (I4J)= 0.0
DO 604 K=1,8
INDEX= ¢IR-1)%*4+K
604 BEPS{I1,J)= BEPS{I,Ji+ BEP({IR,I,J,K }* DISP(INDEX)
IP=1R+1
HDIF=H{EP)}-H{IR}
00 60 M =1,3
HHAG=(HLIR)+ AXG{M)* HCIF) /2.¢
FARE= BEPS{M,1)}+BEPS{M,2)%%2/2,0
EPI= FARE —HHAG* BEPS{N,3)
EE0= FARE+ HEAGY® BEPS[N,3)
TF{M-2) 594,595,594
595 EPSI(IRI=EPI
EPSOC(IR}=EPO
554 IF (EPI .LE.BIG) 6O TC 591
BIG=EPI
I1BIG=IR
ISTA=M
ISURF=1
BTIME=TIME
591 IF (EPO .LE . 8IG) GO TG 60
BIG=EPC
IsIg=IR
ISTA=M
ISURF=2
BTIME=TIME
60 CONTINUE
IF{IT-M1}S87,988,150
988  MI=M1+M2
CALL PRINT{IT,TIME)
987  IF(IT-MM)992,965,150
965 IF(IBIG) 625150,62
62 IF(ISURF=2) 6%46%5465

580 FORMAT(" AT GAUSSTAN STATIGN =t',I3)
64 WRITE(MWRITE.:66) BIG,IBIG,BTIME -
66 FORMATL{///," LARGEST COMPUTED STRAIN =1,D15.6,"' OCCURS AT THE
#INNER SURFACE OF ELEMENT =%,I3,% AT TIME (SEC.) =',D15.6)
WRITE(MWRITE,S580) ISTA
GO TO 150
€5 WRITE(MWRITE,67) BIG,IBIG,BTIME
67 FORMATC(///s* LARGEST COMPUTED STRAIN =',D15.6," OUCCURS AT THE
#QUTER SURFACE OF ELEMENT =',1I3," AT TIME (SEC.) =%,D15,56}
HRITE{MWRITEL580) ISTA .
150 WRITE{MPUNCH:83)IT,IBIG, ISURF,MCRIT
WRITE{MPUNCH:s84) TIME,BIG,BTINME
HWRITE(MPUNCHs84) (DISPLI)I=1+NI)
WRITE(MPUNCH y84) {DELD(I ) 4I=14NI)
HRITE{MPUNCH, B84} ({{SNS{TRsJ2KsL)yL =14 NSFL} sK=1L+NFL}+J=1+NOGA),
*IR=1,1IK)
HRITE(MPPNCH;385'(FCGU(J’cFCGH(J)vALFA(J)vUFCGU(J),DFCGH(J}v
*DALFA(J )+ J=1,NF)
1116 CALL EXIT

ND
£ 155

MAINZ2500
MAIN2502
MAIN2504
KAIN2508
¥AIN2510
MATN2512
MAINZ2514
MAINZ2516
MAIN2518
MAINZ2520
MAIN2522
MAINZ2524
MAIN2526
MAIN2528
MATIN2530
MAIN2532
MAINZ2534
MAINZ2536
MAINZ2538
MAINZ2540
FAIN2542
MAINZ2544
MAIN2546
MAIN2548
MAIN255Q
MAINZ2552
MAINZ2554
MAIN2556
RAIN2558
MAIN2560
MAIN2562
MAIN2564%
MAIN2566
MAINZ25568
MAINZ2570
MAINZ2580

MAINZ2585
BAIN2590
MAIN26GO
MAINZ610
MAINZ2612
MAIN2620
MATINZ2630
MAIN2640
MAINZ2650
MAINZ2652
MAIN2660
MAINZ26T0
MATIN2680
MAIN2690
MAIN2700
MAINZ2TL1C
MAINZ2720
MAINZ2T730
MAIN2740
MAIN2T50


http:WRITE(MPUNCH,84){DISP(I),I=1.NI

99T

121

122

123

101

SUBROUTINE ASSEF(IR,IKELFP,FLVA,EXANG)
IMPLICIT REAL*B(A-H,0-17)
DINENSION NN(8),FLVA{Ll),ELFP(1)

"SIN(QY=DSIN(Q)

COS{Q)=DC0S{Q)
ATAN (Q)=DATAN{(C)
ABS(Q)=DABS(Q)
SQRT(Q)=DSQRT(Q)

J1=IR*4

NN(1)=J1-3

NN(2)=J1-2

NN(3)=J1-1

NN{4)=J1

IF (EXANG.NE.360.)6C TQ 121
[F(IR-IK) 121,1224122
J2=(IR+1)%4

NN(5)=J2-3

NN{6)=J2-2

NN(7)=J2-1

NN{8)=J2

GO TO 123

NN(5)=1

NN(6}=2

NN(7)=3

NN(8)=4

00 101 I=1,8

M=NN(T) .
FLVA(MY=FLVA{M}+ELFP (1)
CONTINUE

RETURN
END

ASSFGO10
ASSF0C20
ASSFGC30
ASSF0040
ASSFO050
ASSFOC60
ASSECO70
ASSE0080
ASSFCGS0
ASSFC100Q
ASSFOL10
ASSF0120
ASSFO130
ASSF0140
ASSFO150
ASSFC160
ASSF0170
ASSF0180
ASSFQ190
ASSF0200
ASSF0210
ASSF0220
ASSF0230
ASSF0240
ASSFD250
ASSF0260
ASSF0270
ASSE0280
ASSF0290
ASSFO3GO
ASSFO0310


http:ASSFO.10

SUBROUTINE ASSEM{IR,ELMAS,STIFM) : ASSMCCLO

LST

IMPLICIT REAL*8(A-H,0-2) ASSM0020
DIMENSION ELMAS(8,8)4NN{8),STIFM{1)} ASSMC030
COMMON/FG/Y (51) 9 Z(51) s ANG(5L) s H(51)4B,EXANGINS, IKsNOGA,NFL,NSFL, ASSMGC40
#NT ,1COLE205) s NBCOND 4 NBC(4) ,NODEB{4) ASSMCCS50
SIN(Q)=DSIN(Q) , : ASSMOCE0
CGS(Q)=DCCS (D) . ASSMCCT0
ATAN{Q)=DATAN(Q) = ASSMOCSO-
ABS(Q)=DABS(Q) ASSMO090
SQRT{Q)=DSQRT{C) ASSMO100
J1=[R%4 ASSMO110
NN(1)=J1-3 ASSMO120
NN(2)=01-2 ASSMO130
NN(3)=J1-1 ASSMO140
NN(4)=J1 ' . ASSMO150
IF(EXANG.NE.350.360 TD 203 . ASSM0160
IF(IR-1K) 203,204,204 ASSMC170
203 J2=(IR+1)%4 ASSMO180
NN(5)=J2-3 ASSMO190
NN{6)=J2-2 ASSMC200
TNN(T)=d2-1 ASSM0210
NN(8)=J2 ASSMO0220
GO TO 202 ASSM0230
204  NN(5)=1 ASSMO240
NN{6)=2 ASSM0250
NN{7)=3 ASSM0O260
NN{8)=4 ASSMO270
202 DO 402 I=1,8 ASSM0280
M=NN(T) _ ASSM0290
. DO 402 J=1,8 ASSME3CO
N=NN{ J) ASSMO310
[F(M-N)402,403,403 ASSMD320
403  CALL FICOL(M,N,L,ICOL) ASSM0O330
© STIFM(L)=STIFM{L)+ELMAS(T,J) ASSM0340
402  CONTINUE ASSMO0350
RETURN ASSMO340
END ASSMO37C



SUBROUTINE DINIT(IT,TIME) ' DINTOC10

IMPLICIT REAL%*8({A-H,0-12) DINTCC20
. CONMMON /VQ/ FLVA{205),DISP{205),CELD(205)4SNS(505346,5), DINTGC30
*BINP(50s3),BIMP(5C,3),TDISP{205),TU{205),TW(205), - DINY0040
*COIY (205),C01Z(205),DELTAT . DINTCGCSO
CONMON/FG/Y{51) 4Z(51) 4 ANG(51}+H(51)9sBsEXANG,NSy IK,NOGA,NFL,NSFL, DINTCO060
#NI,1COL{205),NBCOND,NBC(4) ,NODEB{ 4} DINTO0070

CONMMON /HM/ YCOUNGyDS+C5,C6sASFL{50+34645)+GZETA(5Cs346)4SNOL5) DINT0C80
COMMCN/FRAG/FH(6) +FCG(6)y FMASS(6)4FMOI(6),FCGU(6)sFCOH{ &) +ALFA(&)DINTCCSC

88T

*UDOT (&) s WDOT(6) s ADOTI(SE) y TPRIMIE) 3CRI6)yFCGX(6) UNK{6) 4 NF DINTOLCO
COMMCN /DFRAG/DFCGU{6) +DFCGW(6)yDALFA{G) DINTO110
IT=0 DINTC120
TIME = Q. DINTO0130
Do 1 I=1,205 DINTO140
DELC(I)=0.0 DINTQ150
DISP(T)=0.0 DINTO160
DO 2 IR=1,1K DINTOL170
DO 2 J=1,+NOGA DINTO180
DO 2 K=1,NFL DINTG1SC
DO 2 L=1.NSFL DINTO0200
SNS{IRyJdsKyL)=0.0 OINTO0210
DO 5 I=14NF DINTGC220
DFCGU(T)I=UDCOT(I1)*DELTAT DINT0230
DFCGW{I)=WDOT({ I )*DELTAT DINTO0240
DALFA(I)= ADCT{ I)*CELTAT DINT0250
FCGU(T)=FCGX{ I)+UDOT(I¥*TPRIMI(I) DINTO0260
FCOW(T }=FCG(I)+WDOT{I)*TPRIM(I) DINTO0270
ALFA(I)= ADOT (IXXTPRIM{I)} DINTO0280
RETURN DINTCZS0

END DINTO3G0



eST

50

60
61

SUBRCUTINE ELMPP{CELTAYT AA,ISIZE,KROWsNDEX,NIRREG, INUMyDENS, YOUNGIELMPCCLO

IMPLICIT REAL#8{A~-H,0-2} ELMPOO020
DIMENSICN A(8,8)+AA{50+848).LNMI{8),MMI{8) ELMPCOC30
*¥yBEL(393+8) +KRCWI{L)NDEX (1), INUM(1),BNGI51} ELMPCC40
COMMON/FG/Y{51)4Z(51) s ANG(51) +H{51) 4B sEXANG, NS,IK NCGA,NFL,NSFL, ELMPOCS50
ANT,ICOL(205) NBCOND,NBC(4) NODEB(4) ELMPCO60
COMMON /BA/ BEP{50+3:+3+8)sAL(50),AXG{3),AWC{3) ELMPOCTO
COVMNON /TYAPE/ MREAD,MWRITE,MPUNCH ELMPCOSO
SIN(Q)=DSIN{Q) ELMPQOO90
Co0S(Q)=DCos{qQ) ~ ELMPO1CO
ATAN{(Q)=DATAN(Q) _ ELMPC110
ABS(Q)=DABS(Q) - ELMPO120
SQRT (RQ)=DSQRT (2} ' ELMPO130
DO 101 TIR=1,IK ELMPC140
PS=Z{IR+1)-Z{IR) ELMPO150
P6=Y (IR+1)-Y{ IR} ELMPC160
PT=ANG{IR+1}-ANG(IR} ‘ , : ELMPOLTO
APHA=ATAN(P5/P6) ELMPO180O
IF(POLT.0.0.AND.P5.,LT40.0)APHA=APHA-3414159265 ' ELMPO190
IF(P6.LT.0.0 AND. P5.GE.0.0) APHA=APHA43.14159265 ELMPQ2CC
IF(P7 .EQe 0.0) GG TGO 60 ELMPO210
AL{IR)=PTHSQRT(PS*%24P6*#%2) /SIN{PT/2.)/2. . ELMP0220
IF(P7.GT.4.71238897)AL(IR)=(PT7~6. 2831853)*SQRT(PE##2+P6**£) ELMPO230
¥/SIN{P7/2.-3.14159265)/2. ELMP 0240
IF(PTeLTol—4.71238897))IALIIRI=(PT+6.2831853 )% SQRT(PO#¥24P6#¥*2) ELMPO250
#/SIN(PT/2.43.14159265)1/2, . ELMPQ260
GO 70 61 ' . ' ELMPO2T0
ALLIR)}=SQRT{P5%%2+P6*%2) ELMPO280
BNG{IR+11=ANG{IR+1) ELMP0290
BNG(IR)=ANG(IR) ELMPC3CO
IF{P7aGTel4aT7124) JAND.APHALLT.0.0) BNG{IR+1}=ANG(IR+1)~6.2831853 ELMPO310
IF(P7.GTu(4.7124) JANDLAPHAL.GT.0.,0) BNG(IR)=ANG(IR)+6.2831853 ELMPO320
IF{P7.LTa{~4.7124).ANDLAPHA.GT.0.C0) BNG(IR+1)=ANG(IR+1)+6.2821853 ELMPQ330
IF(P7aLTe{—4.7124).AND.APHA.LT.0.0) BNG({IR)=ANG{IR)-6.2831853 ELMPO340:
BZER=BNG(IR)-APHA ELMPO350

Bl={—-2.%BNG(IR+1)—4.%BNG(IR)+6.%APHA)/AL {IR) ELMPQ360



091

102

B2=(3.*¥BNGIIR+1)+3 . #BNG{IR)-6.%APHA) FAL{ IR} *%2
., DD 102 I=1,8 .
., D0 102 J=1,8

A{1.+4)=0.0

A(ly1l)= COS(BNGIIR)~APHA)
All,2)= SIN{BNG{IR)-=APHA)
A(241)==SIN{BNG(IR)-APHA)
Al2,2)= COS{BNG(IRI-APHA)}
A(313)=]:o
A(5,1)=COS(BNC{IR+L1)~APHA)
A{542)=SIN{BNG{IR+1}-APHA)
A(543)=P6*SINIBNG(IR+1))-P5%COS{BNG{IR+1)}))
A{691)=~SIN(BNG{ IR+1)—~APHA)
Al6+2)=COS{BNRGIIR+1)~-APHA)
Al6,3)=PO6XxCOS{BNG(IR+1))+P5%SIN{BNG({IR+1})).
Al7,3)=1.

Aldy4)=l.

Al{S,4)=AL{IR) "
A(S,TI=ALL IR ) #%%2
A(S,8)=AL(IR}**%3
AL6355)=ALLIR) ¥%2

AlE; 6)=ALL IR ) %¥%3
PB=B142:#B2*AL ( IR)
A{Ty4)=AL{IR)*P8
A(T,5)=2.%AL ([R)
A(T96)=3.%AL{IR)*%*2

A(T 7 )=ALLIR) %%2%pg
A{T,8)=ALTIRY*%3%P8

A(B,‘!):l-o
A(8y5)==AL{ IR)*%2%D8

A{B,7)=2.%AL({IR)
A(B,6)==AL (IR }*%3%pg
A{B8)=3%AL{IR)*¥%2

CALL MINV{A+ByDET,LMI,MMI)
DO 52 I=1,8

D8 52 J=1,8

ELMPO370
ELMPO38BO
ELMPG390
ELMPO4CC

‘ELMPO0410

ELMP0420
ELMP 0430
ELMP 0440
ELMP0450
ELMP0460
ELMP 0470
ELMP048O
ELMP0490
ELMPC5CO
ELMPO510
ELMP.0520
ELMP 0530
ELMP 0540
ELMPOS50
ELMPO560
ELMP 0570
ELMP0O580
ELMP0590
ELMP06CO
ELMP0610
ELMP0620
ELMPC630
ELMP0640
ELMPO650
ELMP0660
ELMP 0670

" ELMPO68O

ELMP06S0
ELMPCTCO

" ELMPOT10

ELMP0720



91

52

104

201

AA(IR,I,J)=A{I,J}

b0 103 J=1,NOGA

ZET=AL[IRIZXAXG{J)

PHIP=B1+2.%B2%2ET

PHI= BZER+BI*ZET+BZ*ZET**2
WET=AL(IR)I%AUG(J)

YZET=0.0

IZIET=0,0

DO 104 JJ=1,NOGA

p2= BZER+BI*ZET*AXG(JJ)+52*(ZET*AXG(JJ})**2+APHA
YZET=YZET+COS(PZ2Z)*ZET*AUG(JJ)

ZZET ZZET+SIN(P2)XZETHAUG(JJ)
P3=YZET*SIN{PHI+APHA)~ ZZET*COS(PHI+APHA)

P4=YZET*CUS{PRI+APHA)Y+ZZIET*SIN(PHI+APHA)

b0 201 M=1,3 .
DO 201 N=1,8
BEL{JyMyN)=0.0
BE1(J,1,4)=1.
BEL1{Jy1:5)=~ZET*%2%PHIP
BEl(Jvl 6)=—ZET**3%PHIP
BEL{Jsly7)=2.%2ET
BEL{J,1,8)=3.%ZET%%2
BE].(J,ZQ:‘!)"""].-
BEL(J92,4)=ZET*PHIP .
BEL1(J,2+5)=2.%2ET
BEl(J1216)=3-*ZET**2
BEL{Jy2,7)=ZET*¥2%PHIP -
BE1(Js2,8)=ZET*%3%PHIP
BEL1(Jy344)=—PHIP-ZET*2, %82

BE1{Js3+51=-2,

BEl(J1316)——6 *LEY :
BEl(J'397,—‘2 *ZET*PHIP—ZET**Z*Z *¥B2
BEL(J, 3’8)——3 HTET %X 2¥PHIP~ ZET**3*2 *B2
DO 202 M= 1!3
DO 202 N=1,

BEP(IR’JWM1N’=Q.O

ELMPOT30

ELMPOT40

ELMPQT50
ELMPCT60
ELMPOTTO
ELMPOT80
ELMPCTSC
ELMPOBCO
ELMPOB10
ELMPOB20

.ELMPQ830

ELMPOB40
ELMP0850
ELMP0B6O
ELMPOBTO
ELMPOESBO
ELMP089Q
ELMPOOGO
ELMPOS10
ELMP0920
ELMP0930
ELMPO940
ELMPO950
ELMP (960
ELMPOIT0
ELMPOSBO
ELMP (SS90
ELMP1COO
ELMP10O10O
ELMP1C20
ELMP1C30
ELMP1040
ELMP1C50
ELMP1C6Q
ELMP1070
ELMP108O



c91

202
103
101

00 202 K
BEP{IR,J
CONTINUE
CONTIANUE
RETURN
END

-"-'1'8

'MyN’“—“BE‘P(IRQJ,M,N""BE].(J!M!K’*A(KON)

ELMP10S0
ELMP1100
ELMP1110
ELMP1120
ELMP1130
ELMP1140
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SUBROUTINE ENERGY(IT,KROW,NCEX,NIRREG,NOPE) ' ENGDOCLO
THIS SUBRQUTINE IS THE DUMMY ROUTINE THAT MUST BE REPLACED BY THE ENGDOO020
CALCULATTON ROUTINE IN THOSE CASES IN WHICH AN ENERGY ACCOUNTING ENGDOQ30

IS DESIRED ENGDCC40
RETURN ENGDOC50
END ENGDOO6O



¥ot1

SUBRCUTINE ENERGY(IT,KROW,NCEXsNIRREG,NCPE) ' ENERCCI1C

THIS 1S THE ENERGY CALCULATION SUBROUTINE ENERCO20
IMPLICET REAL*8(A-H,0-2) ENERCC30
DIMENSICN ANKE(205) ENERCC4C
DIMENSION CINETF(6) ' ENEROCS50
COMMON /BA/ BEP{50+34+3,8) sAL(50) +AXG(3),AWG(3Y ENEROCEO
COMMON /TAPE/ MREAC,MWRITE,MPUNCH ' ENERGC70
COMMON/SC/CRITS,BIG,BTIME,NCRIT,IBIG, ISURF ENEROGEO
COMMON /vQ/ FLVA(205), DISP(ZOS)’DELD(ZG5)95N5{5Q!3y6y5,1 ENERCO90
*BINP{50'3)1BIMP(50v3)’TDISP{ZOS)tTU(ZOE)vTH(205)1 ‘ENERQ1CO
#*COIY{205),C01Z(205) DELTAT ENERO110
COMMON/FG/Y(51)4Z(51), ANG(51) 4H(51), B,EXANG,NS IKyNCGAJNFL+NSFLy ENEROL20
*NI,1COL {2051, NBCONDyNBC(4},NODEB{4) ENERC130

COVMON /HM/ YCUNG,LCS,C5,C6,ASFL(50, 3,615),CZETA(50 3,61, SNO(5) ENERC 140
COMMON/FRAG/FH(6E) +FCG(6) FMASS{63,FMOI{6}.FCGU(6)1FCGW(6]gALFA(b)'ENEROISO

#UDOT (6) yWDOT{6)y ADOT (619 TPRIM(6)9CRU6) FCGX (6 UNK( &) 4 NF ENERO160
COMMCN /DFRAG/DFCGU(6),DFCGH(6),DALFA(6) _ ENERO170
COMMON/ENERG/FK(6) yCINETO»CUMW,DELKECELAS,ELAS,PLASTC ENER0180
COMMON/ABC/RMX(51)»RWORK,CINEY(205) - , ENER0190
COMMGN/LEFT/P,EPS(5),SIG(5),RMASS(51) ENERQ2CO
COMMON/ELFU/SPRIN(2060) yFQREF(205),REX{4) ,NQRyNORP s NORU,NREL{4)y ENERC210
*NRST (4}, NREUL 4) . ‘ ENER0220
SIN(Q)=DSINIQ) ‘ , ENER0230
COS{(Q}=DCOS(Q) ' : ENER0240
ATAN(Q)=DATAN(Q) - ENER0250
ABS (Q)=DABS{Q) - ' ENER0260
SQRT(Q)=DSQRT () ' . ENER0270
NOPE=1 : ENER0280
WRITE(MWRITE,7) : ENER0290
FORMAT (' CURRENT TIME CYCLE',10X,' FRAGMENT',10X,'KINETIC ENERC3CO
*ENERGY *4 /) ' ENERQ310
IMX=]K+1 : ENER0320
IF(EXANG.NE.360.)GC TCO T ENERC230
DO 2 I=1,1IK , ENER0340
AMKE{ [*%4-3)=RMASS(I) ENER0350

AMKE {I#4-2)=RMASS(I) . ENERC360



SeT

10

11

12

AMKE (1%4~1)=RMX (1)
AMKE ( T#4)=RMX (1)

AMKE ( I MX#4—3)=RMASS (1)
AMKE (I MX%4-2)=RNASS (1)
AMKE { I MX*4-1) =RMX (1)
AMKE{ IMX%4)=RMX (1)

60 T0 3

DO 4 I=1,IMX

AMKE{ T%4-3)=RMASS(T)
AMKE ( I%4-2)=RMASS (1)
AMKE (T #4-1)=RMX (1)
AMKE (1 #4)=RMX( 1)
RWORK=0.0

DO 5 I=1,NF
FUV=DFCGU{T)/DELTATY
FWV=DFCGW(I)/DELTAT
FAV=DALFA(I)/DELTAT

CINETF(I)=FMASS{T) /2, 0% (FUVH¥2+FWVH¥2 )+FVMOI(1)/2.0%(FAVE*2} »
RWORK=RWORK+{FK{I)-CINETF())

HRITE{MWRITEs6)}ITy I,CINETF(I)

FORMAT(1O0X,I5,15X415,9%,D15. 6)

FORMAT{/ 4" WORK INPUT INTO RINC TO TIME STEP'vISr

CONTINUE

WHRITE(MWRITE,8)IT4RHWORK

D08 S K=14NI

CINEY(K)= AMKE(K)*DELD(K)
CINETO=0.0 '

PO 10 K=1,NI

CINETO= CINETD+DELD(K)*CINEY(K)
CINETO=CINEYO/2.0/DELT AT %2
WRITE(MWRITE,11)IT,CINETO

FORMAT(* RING KINETIC ENERGY AT TIME STEP'rIS'
IF{EXANG.NE.360.)C0 TO 13

DO 12 K=1,4
DISP{IK*4+K}=DISP{K)
DELD(IK*4+K)=DELD{K)}

ENER 0370
ENER0380
ENERO390
ENERC4CO
ENERO410
ENER0420
ENER0430
ENER 0440
ENERO450
ENER0460
ENER 0470
ENER0480
ENER Q490
ENERC5C0
ENEROS10
ENER0520
ENER 0530
ENER 0540
ENERO550
ENER0560
ENER 0570
ENERO580
ENERO590
ENER Q6O
ENERG610
ENER0620
ENERC630
ENER0640
ENER0O650
ENER0660
ENERG670
ENER0680
ENER0690
ENER 0700
ENEROTI0
ENERG720
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17
16
15

19

20

18

21 .

22

23

13 ELAST=C.0

D0 15 IR=1,1IK

DO 16 J=1, NUGA

SUM=0.0

DD 17T K=1,NFL

DO 17 L=1,NSFL

SUM=SUM+SNS (IR yJsKyL)*%2XASFL{IRy JyKyL)
ELAST= ELAST+SUN*ANG(J‘+AL(IR)

CUNTINUE

SPDEN=0.0

IF(NQRL.EQ.O)GC TC 18

DO 19 I=14NI

FAQREF(TI)=0.0

CALL OPULT(SPRIR!DISPtICGL:NI FQREFfKRUH NUOEX, NIRREG)
D0 20 I=14NI

SPDEN SPDEN+DISP(I)*FQREF(I)

SPDEN SPBEN/2.0

CELAS= ELAST/?UUNG/Z 0
WRITE{MNRITEiZI}ITyCELAS

FORMAT (¢ RING ELASTIC ENERGY TO TIME STEP'4ISs' = ',D15.6)
PLAST=RWORK-CINETO-CELAS-SPDEN

WRITE{MWRITE,22)1T4PLAST '

FORMAT {1 RING PLASTIC WORK TO TIME STEP',I5,!' = 1,p15.6)

WRITE(MWRITE,23) SPDEN
FORMAT (Y ENERGY STORED IN ELASTIC RESTRAINTS =',D15.6)
RETURN , '

END

ENERO730
ENEROT40
ENERO750
ENEROT760
ENERQTT0
ENEROT780
ENERC790
ENER0BCO
ENERO810
ENER0820
ENEROE30
ENER0840
ENER0B50
ENER 0860
ENERO8T0
ENER0O8BO
ENERC8S0
ENERG9I00
ENER0O9I10
ENER0920
ENER0930
ENER0940
ENER0950
ENERC960
ENER0OST0
ENER0980
ENERGS90
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1C1

103

102

SUBROUTINE ERC(IT,STTIFM,NT,1COL)
IMPLICIT REAL%B{A-H,0-Z)
FOR ELIMINATING ROWS AND COLUMNS IN STIFM
DIMENSION STIFM{1),ICCL{1)
1C=1COL(TT)
00 101 J=IC,11I
CALL FICOL(IT,JyL,1COL)
STIFM(L)=0. .
DO 102 I=I1I4N1
1C1=ICCL(T) ,
[F(I1-1C1)102,103,103
CALL FICOL{I4I1,L,ICOL)
STLFM(L)=0.
CONTINUE
CALL FICOLLII,IT,L,ICOL)
STIFM(L}=1.
RETURN
END

ERC
ERC
ERC
ERC
ERC
ERC
ERC
ERC
ERC
ERC
ERC
ERC
ERC
ERC

ERC

ERC
ERC
ERC

CC10
0020
0030
cc40
0050
0060
0670
€C8g
0090
0100
c110
0120
0130
0140
0150
0160
0170
0180



89T

SUBROUTINE FICOL(I,JsL,ICOLY . " FICLOGLO

IMPLICIT REAL¥*8({A-H,0-1) ‘ . FICLCC20
c USING FORMULA L=J+SUM(K-ICOL(K))yK=1;1 TC RELATE 1,4,7€C L FICLOO30
DIMENSION ICOL{L) FICLO040
IF(J-1CCLIT))200,300,300 ' FICLCCS0

300 1SUM=0 . ‘ | FICLCO6O
DO 305 K=1,1 . : , FIGLOO70,

. ISUNM=K-ICOL(K)+ISUM | FICLOGC8O
305  CONTINUE : Lo FICLCCIC
L=J+ISUM ‘ . FICLO100
RETURN ‘ ‘ . FICLO1LO

200  WRITE(644)1,J ‘ ‘ FICLO120
4 FORMAT{31H ELEMENT IS NOT IN BAND REGION,3H [=415,3K J=,I5) FICLO130
RETURN , FICLO140

END . FICLG150
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‘SUBRCUTINE IDENT (NQR,DENS) . IONTCCLO

IMPLICIT REAL*8{A-H,0~2) IONTCC20
COMMON /TAPE/ MREADyMWRITE ¢MPUNCH IDNT0030
COMMON /HM/. YCUNGsDS+C5+CE9ASFLI50:34695),GZETA{5C+346)+SNO(5) IDNTCC40
COMMON/SC/CRITS,BIG,BTIME,MCRIT,IBIG, ISURF IDNTGG50
COMMON /VQ/ FLVA({205),DISP(205),DELD(205),5NS(5C+34645) ICNT0060
*BINP{50,3)yBIMP(50,3)y TDISP(205),TU(205),TW{205), IONTGQTO
*COIY{205)CCIZ2(205),DELTAT . IDNTCC80
CONMGN/FG/Y(511,Z{51),ANG(51i,H(Sl),e,exnme NS, IK,NOGA,NFL,NSFL, ICNT0090
*NI o ICDL{205), NBCOND,NBC{4 )} ,NODEB(4) ICNTC100
COVMMUN/FRAG/FHI{A) FCCI6),FMASS(6),FMOIL6Y, FCGU{&),FCGw(é},ALFAte),iDNrello
#UDOT (6} WDOT{6) +AROTI6) y TPRIM{E)} »CRIE6),FLGX{6) 4UNKI(6)4NF ICNTO120
CONMON/ENERG/FK{6) s CINETO,CUMMWDELKE CELAS,ELAS,PLASTC ICNTO130
CONNCN/LEFT/P,EPS(SI:SIGIB)1RMASS(51) IONTC140
SIN(Q)Y=DSIN(Q) _ ICNTO150
COS(Q)=DCOS{Q) ' . ICNTO160
ATAN(Q)=DATAN(C) . . 1DNTO170
ABS(Q)=DABSI{Q) , . ' , IDNTO180
SQRT(G)I=DSQRT(Q) . . IONT0190
IF({EXANG.EQ.360.)60 TO 81 S ICNTC200
WRITE(MWRITE,2)EXANG IDNTC210
GO TO 80 . ' S  IDNTO0220
WRITE(MWRITE, 1)EXANG IONT0230
FORMAT (? CCMPLETE RING #%JET#x% CONTAINMENT ANALYSISY, 7/, IDNTC240
*10X, "RING PROPERTIES?,/,12%X,'SUBTENCED ANGLE GF RING',25X,'=',015.IDNT0250
%64/} ICNT0260
FORMAT (? PARTIAL RING **JET#% CEFLECTION ANALYSIS?',//41CXs 'RINIDNY0270
%G PROPERTIES',/,12X,*SUBTENDED ANGLE CF RINC',ZSX,'~',C15 6y7) IDNT 0280

WRITE(MWRITE, 3)ByDENS,IK,NCGAsNFL +NSFL 1BNT0290

FORMAT(12X4'WICTH CF RING(IN)':3OX,'—'1815.6i/,12X1'DENSITY OF ‘RINIDNTO30O
*GV 933Xy '="4D15.649/ 412X *NUMBER OF ELEMENTS' 30Xy '=",154/412X, "NUMBIDNTO310
*ER OF SPANWISE GAUSSIAN PTS.',16X,'=',15,/,12X,'KUMBER CF CEPTHWISIONTO320
*E GAUSSIAN PTS.'y 15Xy ?=7%,15,/,12X, "NUMBER OF MECHANICAL SUBLAYERS'*IDNTO0330
*¥y18X4'='415,4/) IBNTO0340

WRITE(MWRITE,4) (L EPS(L) L+SIG(L) sL=14NSFL) IENTO0350

FORMAT (15Xy *STRAIN (*sI14*) ='4D15.6y 'STRESS (*,114') =',D15.64/) IDNTO360



OLT

16
i1

12

14
15
16
17

28
13
18

20

WRITE(MWRITE,S)

IONTO0370

FORMAT(12X, *NODE NO.',10X,'Y COORD',10X4*Z CCORD*410X, *SLCPE",10X, ICNTO380

*fRING THICKNESS AT NOCE 1',/)
WRITE(MWRITE46)(I,Y (1), Z(I)yANC(I):F‘I),I 1,NS)
FORMAT{12Xs15,4015.6,/7/) ’

WRITE(MWRITE, 7)

FORMAT (10X, "FRAGMENT PROPERTIES'y /)
WRITE(MWRITE,B)

ICNTC390
IDNTC4CO
IONT 0410
ICNT.0420 -
IDNTC430
IDNT 0440

FORMAT (12X "FRAG.NO&*y SXo 'WINTH OF FRAG.',5Xs*MASS CF FRAG.'5X,"MIONTO0450

%0OMENT CF INERTIA OF FRAG.!',/)

WRITE(MWRITELG) (I4FHIT)yFMASS{I),FMOIL(I),]= loNF)

FORMAT (15X, 1543015.64/7/)

WRITE(MWRITE,10)

WRITE{NFWRITE,11)
WRITE(MWRITE22)({1,UDOT(I) 4WDOT(E) ADOT{I) 4CRITI}FK{E)JUNKII)y
¥I=)4yNF)

FORMAT (10X, "CCLLISICN PARAMETERS?',/)

1ONT0460
IDNT0470
1ENT 0480
IDNT0490
1ONTCS5CO
ICNTO0510
IDNT0520
IONTC530

FORMAT (12X, "FRAGeNO." 4 3X9*VEL IN Y DIR.'$3X,'VEL IN-Z CIR.',3X, 'ANIDNTO540

*Ge VEL.'33Xy'COEFF.OF RESTIT.?33X,*INITIAL KINETIC ENERGY',3X,
*'COEFF. CF FRICT?'4/) '
FORMAT(15X+154+6D15464//)

IF(NBCOND .EQ. 0) GO TQ 28

DO 14 I=1,NBCOND .

IF(NBC(!) .EQ. 1) WRITE(MWRITE,15) NODEB(I)

IF(NBC(TI) EQ. 2) WRITE(MWRITE,l6) NODEB(I)

IFINBC(I) .EQ. 3) WRITE(MWRITE,17) NODEB(I)

CONTINUE _ :
FORMAT(®  SYMMETRY DISPLACEMENT CCONDITION AT NODE =',I5)
FORMAT (1 CLAMPED DISPLACEMENT CONDITION AT NODE =',15)
FORMAT (" HINGED DISPLACEMENT CONDITION AT NODE =',15)
GO 70 18

NRITE{MNRITE-IS)

FORMAT (/" THERE 1S NO PRESCRIBEDC DISPLACEMENT CONDITION')
IF(NQR .EQ. 0) GTU TO 19

CWRITE(MUWRITE,20)

ICNT 0550
IDNTC560
IDNTO0570
IGNTO580
IDNT0590
IDNTO0600
ICNTO0610
IDNT0620
IDNTC63C
[ONT 0640
IENTO0650
IDNT0660
IDNT0670
ICNT0680
IDNTC690
IDNTQ7CO
IDNTO710

FORMAT{/4? CONSTRAINTS (ELASTIC FOUNCATION/SPRING) AS DESCRIBEDIDNT(720


http:VEL.',3Xv'COEFF.OF
http:FORMAT(12Xt'FRAG.NO

LT

19
21
23

* BY INPUT 1)
.60 TO 23

WRITE{MWRITE,21)

FORMAT (/;?
RE TURN
END

THERE ARE NC ELASTIC SPRING CONSTANTS?)

IDNT0730
ICNT0740
[ONTO750
IONTO760
ICNTO770
IONTO780
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SUBROUTINE IMPACT{IT,NIRREG,DENS) IMPTOO010

IMPLICIT REAL*8{A-H,0-7) [MPT0020
DIMENS ION CELU(&);CELH(6) C IMPTCO30
DIMENSIGR BNG(51)4PND{5146) , IMPTCCA4C
DIMENSION FACT3(6),ABC(51) IMPTOO50
DIMENS TGN TFCGU{6inFCGwlé},TALFA(él,FAU(6)yFAH(é) RL!SI),R“IN{SI)IFPT006O
* RCGS(SI),DELUI6),DELH{6),PAX(51 6), HT(SI),PN(SI;&):PD{SI €) IMPTCO70
DIMENSION TAP(S51) IMPTOCBO
COMMON /BA/ BEP(5043,3,8),AL(50) +AXG(3),AWG(3) IMPTQ090
COMMON /TAPE/ MREAD,MWRITE,MPUNCH . -~ IMPT0100
COMMON /VQ/ FLVA{205),DISP{205),DELD{2C5) 4SNS{5C+346+5), i I¥NPTO110
*BINP{5043),BIMP(50,+3),TDISP(205),TU(2C5),TW(205), IMPTO12C
*COIY(205),C012(205) ,DELTAT IMPTQ130
COMMON/FG/Y{51)4Z(51)4ANG(51) yH(51) 4B +EXANG sNS»IK, NGGA.RFL'NSFL' IMPTOL40
NI, ICOL{205),NEBCOND,NBC (%) NODEB{4) I¥MPTOL150

COMMON /HM/ YOUNGDS,C5+C69ASFL{509346,5),GZETA(S50,346),SNO(5) IMPTO160
COMMON/FRAG/FH{E) s FCGL6) s FMASS(6) 4FMOI(6) 4FCGUI6) 4 FCGW (6) sALFALE) 4 INPTOLT0

87

. 89

88

IM=IK+1

*UDOT(6) +WDOT16),ADOTI6), TPRIM(6),CRUG)FCOX(6) yUNK(E) 4 NF IMPT0180
COMMON /DFRAG/CFCGU(6) 4DFCCW{6)4DALFA(S) IMPTC19C
COMMON/ENERG/FX(6)yCINETO,CUMN 4DELKE , CELAS,ELAS; PLASTC IMPT 0200
COMMON/LEFT/P4EPS(5)4S16(5),RMASS(51) . INPT0210
1CHECK=0 IMPT0220
DO 88 I=1,NS IMPT0230
IF(ANG(1)}89,87,87 IFPT0240 -

_BNG(1)=6.28318530-ANG{ 1) IMPT0250
GO TO 88 IMPT0260
BNG(1)=DABS{ANG(1)) 1MPT0270
CONTINUE IMPT0280
DO 2 1=1,NS IMPT0260
DO 2 J=1,NF IMPT 0300
PAX{1,4)=0.0 - IVPTO310
PN:I,J)=0.0 IMPT0320
PND{I,J)= IMPT0330
PO(I;Jd)= 0 o ‘ 1MPT 0340
[F (EXANG.NE.360.)60 T0 92 L¥PT0350

TIMPTC360
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92

11

12

13

CTULTIP=COIY(I)+TDISP{I*4— 3)*DCUS(BAG(I})+TDISP(I*4~2)*DSIN§BNG(

DISP{IM%4~3)=DISP(1)
DISP(IM*¥4—2)=0ISP(2)
DISP(IN¥4-1)=CISP(3)
DISP(IN*4}=DISP(4)
DELD( IM%4-3)=DELD{1)
DELO(IN%4-2)Y=DELD(2)
DELD(IM%4~1Y=DELD(3)
DELD{IM%*4)=DELD( %)
COIY{IMI=COIY(1)}
COTZ(IM)}=COIZ{1}
DO 11 I=1,NS
TDISP{I*4-3)=DISP(I#4—3)+DELD( I%4-3)
TDISP{I%4-2)=DISP{1%4—2)+DELD{1%4~2)
1)}
TWLI)=COTZ{I)~-TOISP (%4~ 3)*DSIN(BNG(I))+TDISP(1*4—21*DCOS(BNGII))
IF{EXANG.NE.360.)G0 TO 12
TDISP{(NS+1)%4=-3)=TDISP(1)
TDISP{{NS+1)%4-2)=TOISP{2)
TUINS+1)=TU(1)}
TWINS+1)=TW{1)
DO 13 I=1,NF
TFCGU(I=FCGU(TI+DFCGU( )
TFCOW( 1) =FCGW( I )+DFCGW{I}
TALFA(I)=ALFA{IV)+DALFAL{I)
FAULIY=TFCGU{I)
FAW{TI)=TFCGW(I)
DO 15 1=1,1K
IR=1+1

RL{I)= DSQRT({TU(IR VI=TUCIRY ) #* 24 {TW{IR-1)}=TW{ IR} ) **2)

RSIN(TI}=UTWIIR)~-THW{TR-1)}/RLI(I}
RCOS(E)=(TU(IR)=-TU(IR-1))/RL(I])
DO 14 J=1.NF ‘
DELU{J)=TULIR)-FAUL()
DELW{JI=TWIIR)-FAW( I}
DIST=DSQRT{DELU(J)%%24DELW(J)%%2)
TIPC={(H{IR}+FH(J))1/2.0

INPTO370
IMPTO380

IMPTCG3G0 |

IMPT 0400
INPT0410
IMPTC420
IMPT 0430
INPTO%440
IMPTC450 -
IMPT 0460
1MPTO470
IMPT0480
IMPT 0490
IMPT0500
IMPTOS510
IMPT0520
IMPT0530
I¥PT0540
IMPTC550
IMPTO560
IMPTO570
INPTO0580
IMPT0590
IMPT0600
IMPT0610
IMPTC620
IMPT0630.
INPT0640
IMPT0650
IMPT 0660
INPTO6T0
IMPT0680
IMPTC690
IMPTO700
IMPTOT710
IMPT0720


http:IMPT04.10

VLT

16
17

14
15
30

82

19

23

PND{I,J)=TIPC-DIST
PAX{TsJ)=RCOS{II*DELU(JI+RSIN(I}*DELW(J)
IF{PAX{T+,J})14;316,16.
IF(RLUI)I=PAX(T173))14,17,17

HT(1)= H(IR—1)+{H(IR)—H(IRﬂl))*PAX(I:J)/RLII)
TIPOSHT{I)/2.04FH(J)/2,0
PN(T,J)=RCOSEII¥DELN{JI-RSINCI)*DELU(J)
IF(PN(I,J).GT.TIPDIGO TO 14

PD(I,J)=TIPD- PNI4J)

CONTINUE

CONTINUE

PNDBIG=0.0

PDBIG=0.0

DO 23 I=1,IK

DO 23 J=1,NF

IF(PD(1,J).LE.RDBIG.OR. PD(I,J) EQ PDBIG) GO T0 19
PDBIG=PD(I, )

IBIG=1

JBIG=J ‘ '
IF(PND{I,J),LE.PNDBIG.OR.PND(I,J)% EQ. PNDBIG)GD TO 23
PNDBIG=PNER(1,J)

INBIG=1

NNBIG=1+1

JNBIG=J

CONTINUE

IF(PDBIG.EQ.0.0.AND.PNDBIG.EQ.C. 0:9@ TO 31

IF {PNDBIG.GT.PDBIG.OR.PNDBIG.EQ.PDEIG GO TO 77
TPLUS=IBIG+1 '
POP=RCOS(IRIG)

TOP=RSINUIBIG)

POM=DCCS (BNGIIBIG))

POX=DCOS(BNG(IPLUS))

TOM=0SIN(BNG{ IBIG))

" TOX=DSIN{BNG{IPLUS))

BAT=H(IBIGY-H(IPLUS)
CAT=2.C*RL{IBIG}

IMPTQ730
IMPTOT40
IMPTO750
IMPTOT60
INPTOT70
IMPTO780
IMPTQO790
IMPTO8B0O
IMPTOBL0
IMPTCE2C
IMPTQ830
IMPTO840
IMPT0850
IMPT 0860
IMPTOB70
IMPTO880
IMPTC8SC
IMPTO09CO
INPTO910
IMPTOS20
IMPTCS30
IMPT0940
IMPTO0950
IMPTC960
IMPT0970
IMPT0980
IMPT0930
IMPT1C0O
IMPT1010
IMPT1020

IMPT1C30

IMPT 1C40
IMPT1050
IMPT1CE0
IMPT1CTO
IMPT1080
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TAP{IBIG)=DATANZ{BAT,CAT)

BETA=PAX(IBIG,JBIG)/RL{IRIG)

GAMA=1.0-BETA . ‘ ,
VFN=DFCGW{JBIG)*POP~-DFCGU(JBIG)*TQP
VEFT=0FCGW(JBIG)*TCP+DFCGU{JBIG)*POP

VFN=VFN/DELTAT

VFT=VFT/DELTAT

VEA=DALFA{JBIG)/DELTAT

VNIBIG=DELD(IBIG*4-2 )% (POP*POM-TOP*¥TOM}- CELL(1BIG*4- 31 % {TOP*POM+
*POPXTOM)

VTIBIG= DELD(IBIG*4 ~2 )X {TOP*POM+POPATOMI+DELD{IBIG* 4~ 3)*!PCP*PON~
XTOP*TOM)

I¥PT1090
IMPT1100
IMPT1110
IMPT1120
IMPT1130
IMPT 1140
I¥PT1150
IMPT1160
IMPT117C
IMPT1180
IMPT1190
IMPT1200

YNIPLS= DELD(!PLUS*A 2)*(POP*POX TOP*TOX)~ DELB(IPLUS*4 31%(TOP+*POX+IMPT1I210

*POP*TOX)

IMPT1220

VTIPLS=DELDIIPLUS*4~ 2)*(TGP*PGX+POP*TUX)+DELD(IPLUS*#—“)*(PCP*POX*IMPTIZBO

*TOPX®TOX)

VNIBIG=VNIBIG/DELTAT

VTIBIG=VTIBIG/CELTAT

VNIPLS=VNIPLS/DELTAT . ,
VTIPLS=VTIPLS/DELTATY ,
AINT=VFN-(BETA*VNIBIG+GAMA*VNIPLS) '
SINT={VFT-VFA*XFH({JRIG) /2. O)—((BETA*VTIBIG*CAMA*VTIPLS)+!HT(IBIG)/
%2, 0% (VNIPLS-VNIBIG) /JRL{IBIG))}

1MPT 1240
INPT1250
IMPT1260
IMPT1270

- IMPT1280

IMPT1290
IMPT13CO
IMPT1310

B1=1.0/FMASS{JBIG)+(FH{JBIG)/2. O)**ZIFMUI(JBIG)+BETA**2/RNA<5(IBIGIVPTIBZO
#)+GAMARE2 /RMASS {IPLUS )+ (KT (TBTG)/2.0/RL{IBIC) ) *%2%{ 1. 0/RMASSIIBIG)IMPT1330

#+1.0/RMASS{IPLUS))

B2=1. D/FMASS(JSIG)+BETA**2/RMASS{IBIG)+GAMA**2/RNASS{IPLUS)
B3=(HT{IBIG)/2.0/RL{IBIG))I*{GAMA/RMASS(IPLUS)-BETA/RMASS{ IBIG))
DELTP=PD{IBIG,JBIG)/AINT

IF(UNK{JBIG).EQ.0.Q)IGO TO 762

TF{UNK{JBIG).EQ.10.01G0 TC 703

BAT1=B2%SINT-B3*ATINT

BATZ2=B1%AINT-B3%STINT

ANX=CATANZ{BAT1,BAT2)

TANX=BAT1/BAT2

AXY=1.0

IMPT 1340
IMPT1350
IMPT1360
IMPT 1370
INPT 1380
IMPT1390
IMPT 1400
IFPT1410
IMPTL420
IMPT1430
IMPT 1440
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1C7

7C8

765

‘706

702

703

BNX=DATANZ2{UNK(JBIG)sAXY)
CNX=DATANZ2(B3,B1)}

IF(B3.1E.C. o) GC TO 705
IF(UNK{JBIG).GT.TANXIGO TG 707

'PNI=AINT/{B2+UNK(JBIG)*B3)

APN=(1.0+CR(JBIG)}*PN1

APT=UNK{JBIG)*APN

GO TO 760 . _

IF(CNX.LE.BNX)GO TO 708
PN2=SINT/(UNK(JBIG)*B]1+B3)

PN4=(AINT=2.0%UNK (JBIG ) *B3%PN2) / (B2-UNK(JBIG)I*B3).
APN=(1.0+CR{JBIG) }*PN4&

APT=UNK{JBIG)* (2, 0%PN2~{1.0+CR{JBIG)) #PN4)
GO TQ 760

PN3={BL*AINT-B3%#SINT}/ {B1%RB2-B3%%2)
APN=(1.0+CR{JBIG) )*PN3
APT={SINT-{B3*(1;0+¢CR{JBIG))=PN3)1/B1

GO TC 760

TF (UNK{JBIG) . LESTANXIGD .TO 706
PN3={B1*AINT~B3I*SINT)/ (B 1#B2~B3%%2)
APN={1.04+CR(JBIG))*PN3
APT={SINT-B3*APN)/B1

GO "TQ 760

PN1=AINT/ {B2+UNK (JBIG)%B3)
APN=(1.0+CR(JBIG) ) *PN1

APT=UNK{JBIG)*APN

Go TOo_ 760

ApN={1. O+CR!JBIC))*#IRT/BZ

APT=0.0

GO 70 760

ETP1=SINT/B1

ETP2=AINT/B3 '
IF(ETP1.LE.ETP2.0R.ETP2,LE.C. 0160 TC 704

. APN=0.0
"APT=ETP]

GO TO 760

IMPT1450
IMPT1460
IMPT 1470
IMPT 1480
IMPT1490
1MPT 1560
IMPT1510
IMPT1520
IMPT 1530
IMPT 1540
IMPT1550
IMPT1560
IMPT1570
INPT1580
IMPT1590
IMPT 1600
IMPT1610
IMPT 1620
IMPT 1630
IMPT 1640
IMPT1650
IMPT 1660
IMPT1670
IMPT1680
IMPT1690.
IMPT1700
INPT1710
IMPT172C
IMPT 1730
INPT1740
IMPT1750
IMPT 1760
IMPT1I770
IMPT1780
IMPT1790
IMPT180G0


http:IF(UNK(JBIG).LE

LLT

704

760

513

263
25

PN3=(BI*AINT-B3%SINT)/{B1*B2-B3%%2) IMPT1810

APN=(1.0+CR{JBIG))*PN3 TMPT1820
APT=(SINT-(B3*(1.0+¢CR{JIBIG)I*PN3}))/B1. IMPT1830
CONTINUE IMPT1840
FACTIN=(BETA*RL{IBIG)*APN—{HT(IBIG)/2.0%APT) ) /(RMASS{IBIG)*RL(IBIGINMPT1B50
*)) IMPT1860
FACT1T=(BETA®XAPT) /RMASS{IBIG} IMPT1870
FACTZN“(GAMA*RL{IBIGI*APN+(HT{IBIG)/Z C%APT) ) /(RFASS(IPLUSY*RL({IBII¥PT1880
*G)) IMPT1890
FACT2T={GAMA®APT) /RMASS{IPLUS) ’ * IMPT1GCO
FACTFN=-1.0*APN/FMASS(JBIG) ' . INMPT1910
FACTFT==-1.0%APT/FNASS (J4BIG) I1¥PT1S20
FACTFO=APTHFH{JBIG}/FMCI{JBIG)}/2.0 , IMPT1930
DFCGU(JBIGY=DFCGU{JBIG)~DELTP*(FACTFN*TCP-FACTFT*PLP) IMPT 1940
DFCGW (JBIG)=0FCGW{JIBIG)I-DELTP*(—1,0%F ACTFN*POP—-FACTFT*TOP) IMPT1950
DALFA(JBIG)Y=DALFA{JBIG}I+DELTP*FACTFO IMPT1960
DELD(IBIG*4~3)=DELD{IBIG*4-3)+DELTP*(~1.CkFACTIN*(TCM*PCP+POM*TCP)IMPT1970
CE+FACTLT® (POMXPOP-TOMATOP)) IMPT1S80
DELD{IBIG*4-2)=DELC{IBIG*4—-2)+DELTP*{FACTIN*({POM2PCP~ TUM*?OP) IMPT199C
*+FACT1IT*{TOM=POP+POMXTOP)) IMPT 2000
DELD(IBIG*4-3)= DELD(IBIG*4-3)*DCDS{TAP(IBIG)) DELD(IBIG*4 2YXDSIN(IMPT2C1O
*TAP(IBIG)) IMPT2C20
DELD(IBIG*4-2)=0ELD{IBIG*4~ 3)*DS[N(TAP(IFIG))+DELD(IBIC*4 2)* IMPT2030
*DCOS(TAP(IRIG)) IMPT 2040
DELD{IPLUS*4—3)=DELC{TPLUS*4— 3)+DELTP*(—I O*FACTZN®( TOX*POP+POX* IMPT2(50
*TOP)+FACT2T*{ PCX*POP-TOX*TCP) ) IMPT2C60 "
DELD{IPLUS*4~2)=DELD(IPLUS*4~ ?)+DELTP*(FACT2N*(PCX*PGP TOX*TCP) [MPT 2070
*+FACTZ2 T (TOX*POP+PUX*TLCP)) IVPT2C80
DELD{IPLUS*4-3)=DELD(IPLUS*4~ 3)*DCUS(TAP(IBiG}) DELD([PLUS*4 2) IMPT 2090
#%DSIN(TAP(IBIG)) ' I¥PT2100
DELD{IPLUS*4-2)= DELD(IPLUS*4*3}*DSIN(TAP(IBIG)}+DELD(IPLUS*4 2)%  IMPT2110
*DCOS(TAPLIBIG)) IMPT2120
WRITE{MWRITE,25)1T,IBIG,JBIG,PAX(IBIG,JBIG),PO(IBIG;JBIG) : IMPT2130

FORMAT (10X, PIMPACT IT=1,15,3X,"ELEMENT NC. =',15,3X,"FRAGNENT NC. INMPT2140
*¥=1 ,15,/,10X* LCCATION CN ELEMENT =%,D15.643%, *PENETRATION DIST =',IMPT2150
*¥D15.64/) , IMPT 2160



8LT

50 RDBIG=0.0 ' IvPT2170

PD(IBIG,JBIG)=0.0 ' IMPT2180
G0 TO 30 IMPT2190
7 CMU=TU(NNBIG)-TFGGU(JINRIG) IVNPT2200
CMW=THW(ANBIG)-TFCGW (JNRIG) IMPTZ210
SDIST= =DSQRT (CMUF%E2 4 CMYW*%2 ) IMPT2220
SINA=CMW/SDIST IVPT2230
COSA=CMU/SDIST IMPT2240
AND=DCCS{BNG(NNBIG)I*COSA IMPT2250
ANC=DSIN(BNG{NNBIG) I*SINA IMBT2260
ANB=DS IN(BNG{NNBIG))*COSA INPT2270
ANA=DCCS{BNG{NNBIG))I*SINA IMPT2280
VY1={DELD (NNBIG*4~ 2)*RSIN(INBIG’+DELC(NNEIG*4 BI*RCCS(INBIC))/ IMPT-2290
#*DELTAT IMPT2300
VZ1=(DELD{NNBIG*4~ 2)*RCUS(INBIG)-DELD(NNBIC*4— YARSIN{INBIG))/ I¥PT2210
*DELTAT . IMPT 2320
VRT=VZ1%COSA-VY1*SINA . ' I¥PT2330
VRN=VZ14SINA+VY1%*COSA " IMPT2340
VFT={DFCGU(JINBIG)*SINA+DFCCW (INBIC)I#*COSA)/DELTAT ‘ . IMPT235¢C
VFN=(DFCGU{ JNBIG)*COSA~DFCGW{ JNBIG)*SINA)/DELTAT IMPT2360
VFA=DALFA(INBIG)/DELTAT _ I¥PT2370
SINT=(VFT-VFA%FK(JNBIG)/2. o) VRT ' IMPT2380
AINT=VFN-VRN : IMPT 2390
Bl= 1.0/FMA§S{JNBIG)+{FH(JNBIG)/2 0)#%2/FMOT{UNBIG)I+1. 0/RMASS(NNBIGI$PT24GO
*) IMPT 2410
B2= 1.0/FMASS(JNBIG)+1 0/RMASS (NNBIG) IMPT 2420
TANN={B2*SINT)/(B1*AINT) ) IMPT 2430
IF{UNK({JINBIG).EQ.0.01G0C TO 735 IMPT2440
IF{UNK(JINBIG).EG.10.0)¥60 TG 736 IMPT 2450
[F{UNK(JNBIG) ,GCT.TANNIGO TO 737 IMPT2460
PN1=AINT/B2 , IMPT2470
APN={1.0+CR{JNBIG)I*PN1 - IMPT248¢0
APT=UNK{JNBIG)}*APN INPT2490
, ‘GO0 TO 740 I¥PT 2500
137 PN3={B1%AINT)/ (Bl%B2) ‘ IMPT2510

APN=(1.04CRUJINBIG}V*PN3 IMPT2520



6LT

135

136

140

463
201

31

APT=SINT/B1

60 TG 740

APN={1,0+CR{SNBIG) ) *AINT/B2

APT=0.0

GO TC 740

PN3= Bl*AINT/Bl/BZ ‘

APN=(1.C+CR(JINBIG})*PN3

APT=SINT/B1

CGNTINUE

FACTNN=APN/RMASS (NNBIG)

FACTNT=APT/RMASS{NNBIG)

FACTFN=APN/ FMASS (JNBIG)

FACTFT=APT/FMASS (INBIG)

FACTFO=APT#FH{JNBIG)/2.0/FNOI{JINBIG)
DELTP=PND(INBIG,JINBIG) /AINT

DFCGU(JNBIG)=DFCGU (JNBIG)+DELTP#(~1.0%FACTFN#COSA+FACTFT*SINA)
OFCGW(JNBIG)I=DFCGW(JNBIG)I+CELTP* (=1 .0%FACT FN*S INA-FACTFT*COSA)
DALFA{JINBIG)=DALFA(JNBIG)+DELTP*FACTFO

DELD (NNBIG*4~3)=DELDINNBIG#4~3) +DELTP*(FACTNN* (AND-ANC) +FACTNT*
*{ ANB+ANA))

DELD(NNBIG¥4~2)=DELD(NNBIG*4~ 2)+DFLTP*(FACTAN*(ARE+ANA)~FACTNT*
* (AND-ANC)) . .
WRITE{NWRITE,ZOI}[T,NNBIG;JNBIG PNC{INBIE, JNBIG)

FORMAT (/4" IMPACT IT = ',15," NODE NG. =%,15,° FRAG NO =
%y 15,y PO =9,015.6)

PNDBIG=0.0

PND{INBIG,JNBIG)=C.C

GO TO 30 '

RETURN

END

[EPY2530

IMPT2540
IMPT 2550
IMPT2560
IMPT2570
IMPT2580
IMPT 2590
INPT2600
IMPT2610
IMPT2620
IMPT2630
1MPT2640
IMPT2650
IMPT2660
IMPT2670
IMPT2680
IMPT 2690
INPT2700
IMPT2710
IMPT2720
IMPT 2730

"IMPT2740

IMPT2750
IMPT 2760
IMPT2770
IMPT2780
IMPT 2790
IMPT 2800
IMPT2810
IMPT 2820



081

OO0

10

15

20

SUBROUTINE MINV(A,NsDETsLoM)
IMPLICTT REAL*8{A-H,0-2) .

'$ENRCH FOR LARGEST .FLEMENT.

DIMENSION A(L)sL{1),M(1}
DET=1.0 ‘
NK==N

DO 80 K=1,N

NK=NK+N

L(K)=K

M{K)=K

KK=NK+K

BIGA=A(KK).

DO 20 J=K,N

1Z=N%(J-1)

DO .20 I=K,N

1J=1Z+1
1F(DABS(BIGA)-DABSTA(1J)))15,20,20

BIGA=A(1) :

LiK)=]

M(K)=J

CONTINUE

INTERCHANGE RCWS

J=L(K)

" IF(J-K} 35,35,25
25

30

KI=K~-N

DO 30 I=1,N
KI=KI+N .
HOLD=-A(KI)

CJIEKI-K+

AMKID)=A0JT)
A(JI) =HOLD
INTERCHANGE COLUMNS

MINVCC1C
MINVQC20
MINVOO30
MINVCC40
MINVCGS0
MEINVOQ60"
MINVOOT0
MINVOC8C
MINVG090
MINVO100
MINVO110

"MINV0120

MINVO130
MINVO140

'‘MINVC150

MINVO160
MINVO170
MINV0180
MINVC190
MINV0200
MINVO210
MINVC220
MINV0230
MINV 0240
MINVC250

" MINV0O260

MINVO270
MINVC280
MINVC290
MINVO300
MINV0310
MINVO320
MINV0330
MINVO0340
MINV0350
MINVO0360
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s NeYele]

YO

35

38

40

45
46

48

50

55

60
62

65

I=M(K} .
IF{I-K) 45,45,38
JP=N*{ -1} '
DO 40 J=1,N
JEK=NK+ J

JI=4P+
HOLD=—A{JK)
A(JKYISALJT)
A(JI) =HCLD

DIVIDE COLUMN BY MINUS PIVOT (VALUE OF PIVOT ELEMENT IS

CCNTAINED IN RIGA)

IF(BIGA) -48,46,48
DET=0.0 ‘ .
RETURN

DO 55 I=1,N
IF(I-K} 50,55,50C
TK=NK+1

CACIK)=ALTIKY /{-BIGA)

CONTINUE
REDUCE MATRIX

DO 65 I=1,N
TK=RK+]
HOLD=A (1K)
TJ=I-N

DO 65 J=1,N

TJ=1J+0
IF{I-K) 60465,6C

IF (J-K) 62,6562
KJ=1J-1+K
A{T1J)=HOLD*ACKJII+A(LS)
CCNT INUE

MINVO370
MINVO380
MINV(Q3SQ
MINVO400
MINVO410
MINV0420
MINVQ430
MINVO440
MINV0450
MINV0460
MINVO4TO
MINV0480
MINV(C490
MINVQ500
MINVOS510
MINVO520
MINVCS30
MINVO0S40
MINVO550
MINVCS60
MINVO570
MINVOS80
MINVC590
MINV0600O
MINVO610
MINV0620
MINVCE3Q
MINVG6E40
MINVOES50
MINV0660
MINVO&TO
MINVO680
MINV0690
MINVOTCO
MINVQT10.
MINVOT20
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aNele

YOO

(o Nalel

70
15

80

1¢0
105

1C8

110
120

DIVIDE ROW BY PIVOT
KJ=K~—N
DG 75 J=14N
KJ=KJ+N
IFtJ-K) 70,75,70
A{KJ)=A{KJI}/BIGA
CONTINUE

PRODUCT CF PIVOTS
DET=DET*BIGA

REPLACE PIVOT BY RECIPRCCAL

A(KK}=1.0/BIGA

CONTINUE

FINAL ROW AND COLUMN INTERCHANGE
K=N
K={K~1)
IF(K) 15G515041G5
I=L{K)
IF(I-K) 120,120,108
JRA=N*(K~1)
JR=N*{1-1)
DO 110 J=1,N
JK=JG+J
HOLO=A(JK}
JI=JR+J

AlJKYI==A(JI)

A(JI} =HOLD

J=M(K}

IF(J-K) 100,100,125

MINVC730
MINVOT74C
MINVOT50
MINVO760
MINVGTTC
MINVO780
MINVOT90
MINVCECO
MINVO810
MINV0820
MINV0830
MINVO084C
MINVO0850
MINVO860
MINVG870
MINVO08BO
MINV0890
MINVGS00
MINVQ910
MINV0920
¥INV0930
MINVG940
MINVGS50
MINV0960
MINVO9T0
MINV (980
MINV0990
MINV1000
MINV1C10
MINV1C20
MINV1030
MINV1C40
MINV1C50
MINV1C60
MINV1070
MINV1C8O
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125 KI=K~N

DO 130 I=14N

KI=KI+N
HOLD=A(KT}
JI=KI-K+J
AKI}==A{J1)

130 A{JI) =HOLD
GC TC 1C0°

150 RETURN,

END

MINV1090
MINV1100
MINV1110
MINV1120
MINV1130
MINV1140
MINV11SO
MINV1160
MINV1170
MINV11gO



81

101

102
100

1C4

103

200

SUBRDUTIBE OMULT (SQVCT s RWVCT,NCOL NRUNS,ACC,KRDW;NDEX:NIRREG)

IMPLICIT REAL*8(A-H,0-2)
TO FIND ACC OF {SQVCT)*{RWVCT)={ACC)

DIMENSION SQVCT(1)},RWVCT (1)4NCOL (1), ACC(I):KROH(I),NDEX(I)

INDEX=0

NROWM=NROWS—1 _
TF (NIRREG .GT. 0) GO TO 200
HIGH SPEED PRODUCT FOR _REGULAR MATRICES
DO 10C NN=1,NROWM '
SUM=0aO

IPL=NN+1

KST=NCOL (NN)

INDEX=INDE X+NN-KST

DO 101 KPL=KST,NN

I J=INDEX+KPL
SUM=SUM+SQVCTIIJI*RWVCT(KPL)
NOW FOR THE COLUMN ELEMENTS
JNDEX=1J

DO 102 KPL=IP1,NROWS _
IF{NN.LT.NCOL(KPL}}IGO TO 1CO0
JNDEX=JNDEX+KPL~NCCL {KPL)
SUM=SUM+SQVC T L INDEX) % RWVCT {KPL)
ACC{NN}=ACC(NNI+SUR

NOW FOR THE LAST ROW
KADD=NKCCL{NRCHWS)

SUM=0.0

INDEX=INDE X+NROWS—KADD

DO 103 KPL=KADD,NROWS

1 J=INDEX+KPL
CSUM=SUM+SQVCT(IJ)*RUVCTI{KPL)

 ACCUNRCWS)Y=ACC {NROWS }+SUM

RETURN

MEDIUM SPEED PRGDUCT FOR NIRREG «LE. NRCWS/2
IF (NIRREG .GT. NROWS/2) GO 0 201

DO 105 NN=1,NRCWV .

IP1=NN+1

OMLTOC10
OMLTQ020
ONMLTO030
OMLTCC40
OMLTOC50
OMLT0060
ONMLT0070
oMLTCCBO
OMLT0090
OMLTO100
OMLTC110
OMLT 0120

OMLTO130

OMLTO0140
GMLTC150
OMLT 0160
ONLTOLTO
OMLTO180
OMLTO0190
aNMLT0200
OMLT0210
QMLT 0220
OMLTO0230
OMLTO0240
OMLT0250

. OMLT0260

OMLTO0270
OMLTO280

. DMLTC 290

OMLTO300
Q¥LTO310
OMLT0320
OMLT G330
OMLTO340
OMLTO350
OMLT 0360
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166

107

108

109

1G5

201

502

504

KST=NCOL {NN)
INDEX=INDEX+NN-KST

SUM=0,0 _

DO 106 KPL=KST,NN
TJ=INDEX#KPL

Suv= SUN+SQVCT(IJ)*RWVCT(KPL)
NCK=0

JNDEX=1J

DO 108 KPL=1P1,NROWS

TF{NN JLT.. NCCLIKPL)) GO TQ 109"

JNDEX=JNDE X+ KPL~NCOL { KPL)
SUM=SUM+SQVCT (JNDEX) #RWVCT{KPL)
GC TO 105 -

NCK=NCK+1 _

IF (NCK .GT.NIRREG) GO TB 105

IF (KPL .GE. KRCW(NCK)) GC 7O 109

IP1=KROW{NEK)
JNDEX=NDEX{NCK)}+NN
GO TO 107
ACC(Nh)mACC(hhl+SUM
GO TO 104

* DO 503 NN=1,NROWM

IPI=NN+1

K=NCOL(AN)

INDEX=INDE X+NN~K

SUM=0,0 ,

N0 502 KRX=K,NN
1J=INDEX+KRX

SUM= SUM+SQVCT(IJ)*RHVCT(KRX)
JNDEX=14 )

DO 504 KRX=IP1,NROWS

" K=NCOL (KRX)

JNDEX=JNDEX+KRX-K

IF INN JLT. K) GC TO 504

SUM= SUM+§QVCT(JNDEX)*RWVCT(KRX)
CONTINUE

OFLTO370
gMLTO0380
OMLT039¢
OMLT04C0
OMLTO410
OMLT 0420
OMLT 0430
OMLT 0440
ONMLT0450
OMLT0460
OMLT 0470
OMLTO0480
ONMLT 0490
OMLTOS00
ONMLT 0510
OMLT 0520
OMLT 0530
OMLTO540
arMLTO550
OMLTCS560
OMLTOS570
ONLT0580
OMLTC59¢C
OMLTO06CO
OFLTO610
OMLT0620
OMLT0630
OMLT 0640
OMLT0650
OMLTCE60
OMLT 0670
GMLT0680
OMLTC690
OMLYCTCO
OMLTO710
OMLTOT720



981

563

ACC (NN)=ACC(NN)+SU
GO TO- 104 ~
END

OMLTO730
OMLT 0740
GMLTO750
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SUBROUTINE PRINT{IT, TIME,HHALF)

IMPLICIT REAL*8{A-H,0-Z)

DIMENSION HHALF{507)

DIMENSION COPY{51),COPZ(51),FAILI(S1),FAILGIS])

COMMON /vQ/ FLVA{205)+DISPL205),DELC(205),SNS{504396,45),
*BINP(5043)4BIMP(50,3)sTDISP{205),TU(205)+TH{205),
*COIY(205),C0IZ{205),DELTAT

COMMON/FG/Y(51)9Z(51)+sANGIS1)3H{51) 4By EXANGaNSyIKyNUGAyNFL4NSFL,
*NI, ICOL (205),NBCONCyNBC(4)4NODEB{4)
COMMON /HM/ YCUNG4DSsCS5,C69ASFL(50439€45),GZETAUS504346}+SNG(5)
COMMON /BA/ BEP(50+39348)yAL(50)AXGI{3)+ANG(3)
CCMMON/ SC/CRITS,BIG,BTIME 4MCRIT,IBIG,ISURF

PRINOO1O
PRINQG2C
PRINOO30
PRINGO4O
PRINOQS50
PRINQOGEO
PRINOOTC
PRINGOSO
PRINGOSO
PRINO10O
PRINO11O
PRINO120

CCMMON/FRAG/FH{6) 4 FCG(6) s FMASS{6) 4 FMOT{6) yFCCULS) 4 FCCW L6 )9 ALFALS),PRINCO13O

*UDOT(6) yWDOT(6) yADGTA6) s TPRIM(6) 4CR(6) ,FCOX(6)  UNK(6) oNF
COMMON /OFRAG/LCFCGU(6) 4DFCGHI6)4DALFALE)
COMMON /TAPE/ MREAD,MWRITEMPUNCH
CCMMON /EP/ EPSI(50),EPSO(50)
DATA ASTER/'%¢/,BLANK/' 1/
SIN{Q)=DSIN(Q})
€0S{Q)=DCOS Q)
ATAN{Q)=DATAN(Q)
ABS(Q)=DABS{Q)
SQRT{Q)I=DSQRT(Q})
DO 1L I=1,NS
COPY{I)=Y{I)+CISP{1%4~3)%COS{ANGIT))-CISP{I%4=2)%SIN{ANG(I))
11 COPZUI)=Z{I)+DISP(1%4—3)#SIN(ANG(I))+DISP{TI%*4~2)}*COS{ANG(T})
WRITE(MWRITE,1)IT,TIME
FCRMAT(///7 4" J=¥,15," TINE="Y,01245)
WRITE (MWRITE,2)
2 FORMAT (/4% 1 *,5Xp%V 11X, "W®,9X,*PS1",9X, *CHI? 4 10X, "COPY",
#BXg 1COPZ 9 FXe tL" 9 L1Xs *MY 7% VSTRAINCIN) #94X, ' STRAIN(QUT) *)
IF(MCRIT .GT. 0) GO TG 50
0O 51 I=1,IK
FAILI( I)=BLANK
FAILO(1)=BLANK
IF(EPSI(I) +LTe CRITS) GG TO 52

PRINO140
PRINQI42
PRINQO150
PRINQ155
PRINO160
PRING170
PRINO180O
PRING190C
PRING200
PRINO210
PRINC220
PRINGZ230
PRINO240

"PRINO250

PRING260
PRINOSGO
PRINOS10
PRINOS520
PRINQS530
PRINO540
PRINOSS0
PRINOSEQ
PRINOSTO
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52

51

53

932
55
50

21

22

189

FAILI{I}=ASTER PRINOSE0

IF{MCRIT 4GTs 0) GO TC 52 PRINOS90
MCRIT=1 : PRINOGQO
IF(EPSC(I) .LT., CRITS}) GO TO 51 PRINC610
FAILO(I}=ASTER , PRIND620
IF{MCRIT iGT. 0) GC TC 51 PRINO630
MCRIT=1 PRINC640O
CONTINUE PRINO6SO
IF(MCRIT .LE. 0O) GO T 50 PRINO&EC
0C 53 I=1,1IK - o ‘ PRINO670
WRITE(MWRITE254) I,DISP(I%4~3),0ISP{I#4~2),0ISP{I%4~1),01SP{I*4),PRINO6EO
*COPY(I),COPZUI)»BINPL{I92)+4BIMP(IL2),EPSI(I),FAILTI(I), PRINO69Y(
*EPSCO(I),FAILO(I) ' ‘ PRINOTCO
IF(EXANG.EQ.360.)GC TC 932 PRINGT10
IKP1=IK+1 ' PRINOT20
wRITE(MHRITE.zz)1«91,0159t1K91*4—31,DISP(1K91*4~2),DISP(1K91*4—1) PRINOT30
*DISP{IK#4),COPY{IKP1),COPZ(IKPL) . PRING740
WRITE(MWRITE,55)ASTER , ' PRINO750
FORMAT(IS5,9012.44A2,D12.44A2) - . , PRINOT760
WRITE(MWRITE,55) ASTER PRINOTT0
FORMAT(//45X9824!  STRAIN EXCEEDS THE CRITICAL VALUE®) . PRING7EC
GO T0 189 PRINOT790
£o 21 I=1,1K : PRINOBOO
WRITE(MHRITEgZZ)I,DISP(I*4 3},5159(1#4 2)4DISP{I*4-1),0ISP{1%4), PRINQGE1O
*COPY (1), COPZ{I)+BINP(I+2)4BIMP(I42),EPSI{I),EFSC(E) PRINDSB20C
IF{EXANG.EQ.360.)GC TO 189 4 ‘ PRINOB3O
FORMAT{15,9D12e492X9D12e4) ‘ ' PRINO84Q
IKP1=1K+1 PRINCS50
WRITE{MWRITE22) IKPL,DISFIIKPI*#*B);DISP(IKPl*4~2!:OiSP!IKPI*Q*I)PRINOS&O
%, DISP{IKP1%4) 4 COPY{IKP1),COPZ(IKPL) PRINO87Q:
WRITE{MWRITE,35) PRINOESO
35 FORMAT{10X,*'FRAG NCe="95X,'FCGU -',qx,'FCGH =7,9X, YALFA =17,39X, PRINQ890
#VERUV =7 ,9X, " FRUV =1,9X, "FRAY =1,/) PRINGB92
DO 36 I=14NF ‘ PRINOSCO
FRUV= DFCGULI)/DELTAT PRINO9Q2

FRWV= DFCGW{I)/DELTAT PRING9IC4



68T

FRAV= DALFA(TI)/DELTAT
36 WRITE(MWRITE,37) I,FCCULI),FCGW{I)ALFALI}FRUV,FRWV,FRAV
37 FORMAT(LOX+I543X,6D015.64/)

RETURN

END

PRINC9Q6
PRINO9 1O
PRINOQOS20
PRINOS30
PRINOS40
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SUBROUTINE QREMIAAZAL4AXGyAWG)

IMPLICIT REAL*8(A-H,0-1)

TGO FIND EFFECTIVE STIFFNESS MATRIX' OUE TO ELASTIC RESTRAINTS
DIMENSION AA(S50,8,8),AL(1),AXG{1),AWG{1},BNG{51)

%y ELR{B,8),ELRR(8, B) ELRP(B;B)
CUNNON/FG/Y{Bl)12(51);ANG(51)1H{51):B EXANGyNSy IK,NOGA 4NFL yNSFL,

*NI ICOL(205) ,NBCOND,NBC(4),NODEB(4)

COMMDN/ELFU/SPRIN(ZCGU)1FQREF(205),REX{4)thR NORP4NCRUSNREL (4)

#NRST (4),NREU(4)

CONMMON /TAPE/ MREAD,MWRITE,MPUNCEH
SIN{Q)=DSIN{Q)
COS{Q)=0COS{Q)
ATAN(Q)=DATANI{G)
ABS{Q)=DABS(Q}
SQRT(Q)I=DSQRT{Q)

IF (NCRP LEQ. O) GC TC 1
READ(MREAD2) SCTP,SCTY»SCRP, (NREL(I}4REX(1),4I= lyNDRP}
FORMAT{3D15,6/7(4(15,D15.6)}))
WRITE(MWRITELT77)SCTP4SCTY,ySCRP

DO 10 IQ=1,NORP

SL=REX{IQ)

NE=NREL(IQ)

P5=Z{(NE+1)~Z{NE)

PoH=Y{NE+1)-Y(NE)}

P7=ANGINE+1)~ANG {NE)

APHA=ATANIPS/P6) _
IF(P6.LTa0.0 «AND. P5.LT.C.0) APHA=APHA-3,14159265
IF{P6.LT.0.0 .AND. P5.GE.0.0) APHA=APHA+3,14159265
BNG{NE+1)}=ANG(NE+1)

BNG{NE)=ANG{NE)

IF(P7.GTe{4.7124) .AND.APHA.LT.0.0) BNGINE+1)=ANG(NE+1)}-6.2831853
IF{PTeCTol4.7124) AND.APHA.GT.0.0) BNG{NE)=ANG{NE)+6,2831853

IF(PT4LTal{-4.7124).ANC.APHALGTL0.0) BNG(NE+1)=ANC{NE+1)+6.28321853

IF(PT.LTa(—4,7124) sANDAPHALLT.0.0) BNG{NE)=ANG(NE)~6,2831853
BZER=BNGINE)-APHA

Bl=(-2+%BNGINE+1)~4 . ¥BNG(NE)+6.¥APKA)/AL(NE)

QREMCU LU
QREMQC20
QREMCC3O0

"QREMOC40

QREM0050
QREMCC60
QREMOOTO
QREMO0BO
QREMCO90
QREMO1CO
QREMO110
QREM0120
QREMC130
QREM0140
QREMO150
QREMC160
QREMO170

- QREM0180

QREMO1S0
QREM0200
QREMO210
QREM0220
QREMG230
QGREM0240
QREM(Q250
QREMC26C
QREMQO270
QREM0280
QREMC2SC
QREMO3CO
QREMO310
QREMO0320
QREMC330
QREMO340
QREMC350
QREMC36C



T6T

104

B2=(3.%¥BNG(NE+1)1+3 . 4#BNGINE)}-6.%APHA) /AL (NE) #%2

PHI=BZER+B1¥SL4B2%SL %*2
PHIP=B1+2,%B2%SL
YZET=06.0

2ZET=C.0

DO 104 JJ=1,NOGA

P2=BZER+BL¥SL¥AXG(JJ)+B2X(SLXAXG (JJ) ) #X2+APHA

YZET=YZET+COS{P2)#SL*AWG(JJ)
ZZET=Z2ZET+SINIP2)&SL*AWG({JI)
P3=YZET*SIN{PHI+APHA)~ZZET*COS(PFI+APHA)
P4=YZET*COS(PHI+APHAI+ZZET*SINIPHI+APHA)
ELR{1y L}=SCTPH*COS{PHI)I#*¥2+SCTY*SIN(PHI) %2
ELR(241)= (SCTP-SCTY)*CCS{PHI}*SIN(PRI}.
ELR({3,1)=P3*COS(PHI)*SCTP- PA*SIN{PHI)*SCTY
ELR(441)=SL%COS(PHT) *SCTP
ELR(5 91 )=—SL*X2%SIN(PHIIXSCTY
ELR(6,1)=—-SL%%3%SIN{PHI)*SCTY
ELR(7,1)=5L%#2%COS{PHI)*SCTP
ELR{81)=SL%x*3%CAS{PHI}*SCTP )
ELR{2,2)=SCTPHSIN(PHI)*%*24+SCTY*COS (PHI)%%2
ELR(3,42)= P3*SIN(PHI)*SCTP+P4*CDS(PHI)*SCTY
ELR{442)=SLESIN(PHII*SCTP
ELR{5,2)=SL#*%2%COS(PHT }*SCTY
ELR{ 69 2)=5L%%3%COS(PHII*SCTY
ELR(7,2}=SL%2%SIN{PHE)*SCTP
ELR(B,2)=SL**¥3%SIN(PHI)*SCTP
ELR{3,3)=P3%k2kSCTP+P4X¥2%&SCTY+SCRP
ELR(4,3)¥=P3xSLASCTP+SL*PHIP*SCRP
ELR{543)=P4XSLA%2XSCTY+2  *SL*SCRP
ELR{G6y3)=P4eSLA¥3IRSCTY+3,%5L%*2%SCRP
ELR(7,3)={P3%SCTP+PHIP*SCRP}*SL¥%2
ELR(843)=(P3*SCTP+PHIPHSCRP)*SL*¥%3
ELRI444)=(SCTP+PHIP*%2%SCRP}*SL%%2
ELR(5,4)1=2.%SL**24%PHIPXSCRP
ELR{6 44 =3 .%SL¥%3%PHIP*SCRP
ELR(744)=(SCTP+PHIP**¥2%SCRP ) *¥SL*%3

QREMO370
QREMO380
QREM(C390
QREMD40O
QREM0O410
QREM0420
QREM(C430
QREM0O440
QREMO450
QREMC460
QREMG4TO
QREMO480
QREMGC4SC
QREMC500
QREMOS10
QREMCS20
QREMO0S530
QREMO0540
QREM0S50
QREM0560
QREMO570
QREMO580
QREMC590
QREM0600
QREMO610
QREMCE20
QREM0630
QREMO640
QREM0650
QREM0660
QREMOGTO
QREM0680
QREM0690
QREMOTO0
QREMO710
QREMC720
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12

13

14

83

777

ELR{8y4)=(SCTP+PHIP#*¥24SCRP) *FL*%4.
ELR(5,5)=SL**4*SCTY+4 ,#SL**2%SCRP

ELR{6y5)=SL*X5%SCTY46 . ¥SL**3%SCRP
ELR{735)=2,%SL*%x3%PHIP%SCRP

ELR(B,S) 2. %SLA¥4%PHIP*SCRP
ELR(646)=SEL¥*6XSCTY+9 (*SLAX4XSCRP
ELR(T7y6)=3,%SL*%4%PHIP*SCRP

ELR(8,6)=3.*SL**5*PHIP*SCRP‘

ELR{T s7)={SCTP+PHIPH%2%SCRP ) #SL.%%4
ELRI{B8,7)={SCTP+PHIPXR&2XSCRP ) %RSLE%5

ELR{ByB)={SCTP+PHIP*E2%SCRP ) #SL**¢

DO 12 .5=1,47

IPl=1+41

DO 12 J=1P1,8

ELRI{I,JI=ELR{J, 1)

DG 13 1=1,8

DO 13 J=l:8

ELRR(I,J)=0.0

DG 13 K=1,8
ELRR(I$JI=ELRR{TIZJIFELRITZKIXAAINE,K4J)
DO 14 I=1,8

DO 14 J4=1,8

ELRP{I,J)=0.0

DO 14 K=1,8 .

ELRP{I,J)= ELRP{I,J)+AA{NE,K,I)*ELRR(K J)
CALL ASSEM{NE,ELRP,SPRIN) .
CONTINUE

IF{NORU .EQ.0) GO TO 4 '

READ{MREADy3) SCTU,SCRU, (NRST{I},NREU(T),I= I,NORU)
FORMAT{2EL5.64+815)
READ(MREAD,83)scrw,(NRsrlIi,NREucI),I:l,neRU}
FORMAT (D15.6,815)
WRITE(MKRRITE,777T)SCTU,SCTHW,SCRU

QREMOT30

"QREM0740

QREMQ75C
QREMOT60
QREMOTT0
QREMG78C
QREM0790
QREM0800
QREMQBL0
GREMO8B20
GREM08130
QREMOB40
QREMQ850
QREMO860
QREM0870
QREMOEEC

‘QREMG890

QREMO900
QREMC910
QREM0920
QREMO930
QREMQ940
QREMOS50
QREM0960
QREMG979Q
QREMCSSC
QREMOY90
QREM1000
QREM1010
QREM1020
QREM1030
QREM1040
QREM1C5C

FORMAT( /310X, * THE VALUE OF THE TANGENTIAL SPRING CONSTANT IS =';D1QREM1060
#5.6¢/4910X,*THE_VALUE OF THE RADIAL SPRING CONSTANT IS =*,015.64/, QREM1CT0

*IOX:'THE VALUE CF THE TGRSIONAL SPRING. CGNSTANT 15

'4D15.64/)

QREM1C80
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102

105

DO 15 1Q=1,NTORY
NSTAT=NRST{IQ)
NENO=NREU(IQ)

DO 16 IR=1,NEND
NE=(NSTAT-1)+IR

IF(NE .GT. IK} NE=NE-IK
P5=Z(NE+1)-Z (NE}
Pe=Y(NE+1)-Y(NE)}
P7=ANGINE+1)}-ANG{NE)
APHA=ATAN{P5/P6) ;

IF(P6.LT.0.0 .AND. P5.LT.0.0) APHA ARHA-3.14159265
IF{P6ELLTL0.0 AND. P5.GE.C.0). APHA APHA+3.14159265%

BNGINE+1)=ANG{NE+1)
BNG{NE)=ANG{NE) ~

IF(PT.GT.(4.7124) JAND.APHALLT.O. 0} BNG(NE+1) =ANG (NE+1)-6. 2831853
IF(P7.6T.{4.7124) . AND.APHA.GT.0,0) BNGINE)=ANG(NE)+£.2831853
IF(PTiLT.(-4,.7124) . ANDLAPHALGT.0.0) BNGINE+1)=ANG{NE+41)146.,2831853
IF{P7.lTel{-4.7124) . AND.APHALLT.0.0) BNGINE)=ANG{NE}-6.2831853

- BZER=BNG{NE)-APHA

Bl=(~2 *BNGINE+1)—~4,¥BNG(NE)+6.%APHA)/AL (NE)

. B2=(3.%BNG{NE+1)+3.¥BNGINE) =6, ¥APHA) ZAL { NE) %% 2

DO 102 [=1,8"
DD 102 J4=1,8

ELR{I,J)=¢C.C
00 103 J=1,NOGA

ZET=ALINE) *AXC{J)
PHIP=B1+2.%B2%Z2ET
PHI=BZER+BI*ZET+B2*ZET**2
WET=AL{NE}*ARG(J)
YZET=C.O
LIET=0.0
00 105 JJ=1,NCCA
P2=BZER+BL¥ZETH*AXG(JJV+B2* (ZETH*AXG(JJI) ) ¥*%2+APFA
YZET=YIETH+COS(P2)*IET*AWG(JJ)
ZZET=ZZETHSIN(P2)I%ZET *AWG(JJ) ‘
P3=YZET*SIN{PHI+APHA)-ZZET*COS{PHI+APHA)

QREM1090
QREM1100
QREM1110
QREM1120
QREM1130
QREM1140
QREM1150
QREM1160
QREM1170
QREM1180
QGREM1190
QREM1200
QREM1210
QREM1220
QREM1230
QREM1240
QREM1250
QREM1260
QREM1270
QREM1280
QREM1290
QREM13C0
QREM1310
QREM1320
QREM1330
QREM1340
QREM1350
QREM1360
QREM1370
QREM1380
QREM1390
QREM1400
QREM1410
QREM1420.
QREM1430.
QREM1440
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P4=YZET*COS{PHI+APHAI+ZZET*SIN{PHI+APHA)

ELR{1y L }=ELR{Ly 1)+ (SCTUXCOSEPHI) ¥%2+4SCTUXSIN(PHI }¥%2)*KET
ELR{Z2y1)=ELR{24 11+ {{SCTU-SCTW)XSIN{PHI)¥COS(PHIL) J*WET
ELR{3, I=ELR({34 1) +{P3ESCTUCOS{PHI ) -P4*SCTWHSIN{PHI) ) *WET
ELR{Sy 1)=BLR(Sy 1 V- { ZETH¥2KSCTWXSIN{PHI ) )*WET
ELR(6,1)=ELRI6 1)~ { ZET**3¥SCTWXSIN(PHT) )HWET
ELR(Z2y2}=ELR(2,2)+(SCTUXSIN(PHI)*¥2+SCTWXCCS(PH] )*%2)*WET
ELR(342)=ELR{342)+{P3XSCTURXSIN(PHI }+PA4XSCTWXCOS{PHI )} }*KET
ELR(S+2)=ELR(5,2)+{ZET*%2%SCTWXCOS(PHI))FWET
ELR({6+2)=ELR{G 42V + (ZET*%*3%SCTWECOS {PHI) ) *WET
ELR{3¢3)=ELR{ 3,3+ (P3432%SCTU+P4RX2RSCTW+ SCRUIV*WET
ELR(593)=ELR{543)+{PA*SCTWXZET#*2+2,04SCRUXZET ) *KET
ELR(643)=ELR{6+3)+{P4*SCTWRZET**3+3 ,0%*SCRUXZET**2 ) *WET
ELRIS545)=ELR{S+5V+{ZETH*¥4%SCTH+4, OXZETHx2%SCRU)Y*RET
ELR{GsS)=ELR(64S)+{ZETH45%SCTWH6, OFZETH*2%SCRUI*UWET
ELR(6,6)=ELR(646)+{Z2ETH*6XSCTUHF JOKIETH24*SCRUVKUET
ELR(44y1)=ELR{4,1)+ZET#COS{PHI ) *SCTUXWET
ELR{741)=ELR( Ty 1 )+ZETH%2XCOS{PHI ) *SCTUXWET

- ELR{B8+y1)=ELR(B4 1)+ ZET*¥3XCCS (PRI }*SCTURWET

CELR(4,2)=ELR{ 4, 2)+ZETHSIN(PHI)*SCTU*WET
ELR{7+2Y=ELR( T+ 2 )+ ZETH%2%SIN(PHI }*SCTUXKET
ELR{By2)=ELR(B42 )+ ZET*¥*3*SIN(PRI )*SCTURWET
ELR(443)=ELR{ 4,3} + (P3%*SCTUH+PHIPHSCRUI*ZET*UWET
ELR{7,31=ELR[ 743 )+ {P3%SCTU+PHIP*SCRU)IRZE T**2%WET
ELR{B8+3)}=ELR{B+3)+{P3#SCTU+PHIP*SCRU I*ZET**3*WET
ELR(4+4)=ELR{ 44 )+ (SCTU+PHIP*%¥2ESCRU VXZET #*2EWET
ELR(594)Y=ELR{5,4)+2.%ZET*%2%PHIPX*SCRUXKET

ELR{6 24 )=ELR (644 )43 ¥ZET#%3¥PHIPXSCRUAKET
ELR{T+4)=ELR{T 44 )+ (SCTU+PHIP**2%SCRU }¥ZET**¥3%WET
ELR(By4)=ELR(8,4)+{SCTU+PHIP**2%SCRU}XZET**4¥WET
ELR{7+5)=ELR{ 745} 42 . %ZET**I*PHIP*SCRUXKET
ELR{8y5)Y=ELR{8,5)+2 . ¥ JETHXGXPHIPXSCRUKWET
ELR(T+6)=ELR(7,6)+3,*%ZETH*¥4xPHIP*SCRUXWET
ELR(B36)=ELR(By6)+3.%Z2ETH*5%PHIP*SCRU*WET
CELR(T+7)=ELRAT + 7 )+ (SCTUHPH IPHK2%SCRU VS ZETH*4*WEY
ELR{8 s T)=ELR{By7I+{SCTU+PHIP*#2% SCRU)I¥Z2ETH*S*WET

QREM1450
QREM1460
QREM1470
QREM1480
QREM1490
QREM15CC
QREM1510
QREM1520
QREM1530
QREM1540
QREM1550
QREM1560
QREM1570
QREM1580
QREM1590
QREM16C0
QREM1610
QREM1620
QREM1630
QREM1640
QREM1650
QREM1660
QREM1670
QREM1680
QREM1690
QREM 1700
QREM1710
QREM1720
QREM1730
QREM1740
QREM1750
QREM1760
QREM1770
QREM1780
QREM17S0
QREM1800
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ELR{B+8)=ELR{B8,8)+ (SCTU+PHIP*%2%SCRUI¥ZETH¥EXWET

CONTINUE

DO 5 I=1.7

IP1=1+1

DO 5 J=1P1,8

ELR(I s JI=ELR{J,1)

po 6 1=1,8

DO 6 J=1.8

ELRR{Y+J)=0.0

DO 6 K=1,8 .

ELRR{I,J)=ELRR{I, J)*ELR(I!K)*AA(NEv vd)

DO 7 I=1,8

Do 7 J=1,.8

ELRP{IsJ)=0.0C

DO 7 K=1,8

ELRE(I 2 JISELRP{TIZJI+BAINE,LK, I)*ELRR(K,J’
CALL ASSEM{NE,ELRP,SPRIN)

CONTINUE .

TF(KBCCND .ES. 0} RETURN

DO 91 TI=1,NBCCND

JTa4=NODER( 1) *4

JT4M3=3T4-3

JT4M2=0T4=2

JT4M1=dT4-1 .

CALL ERC{JT4M3,SPRIN,NI,ICOL)

IF(NBC{I).EQ.]l .OR. NBC(I).EQ.2) CALEL ERC{JT4MI1,SPRIN,NI,ICOL)
TF{NBC({I)+EQ.2 .OR. NBC(I}.EQ.3) CALL ERC{JT4M2 ,SPRINSNI, ICOL}

CONTINUE
RETURN
END -

QREM1810
QREM1E20
QREM1830
QREM1840
QREM1850
QREM1860
QREM1ETO
QREM1880
QREM183¢C

(QREM1900

QREM1910
QREM1520
QREM1930
QREM1940
QREM1950
QREM1960
QREM1970
QREM1980
QREM1990
QREM2C00
QREM2010
QREM2020
QREM2C30
QREM2040
QREM2050
QREM2C60
QREM2070
QREM2080
QREM2C90
QREM21C0
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202
402

403
205

SUBROUTINE STRESS
IMPLICIT REAL#8(A-H,0-Z)

STRSCCI1C
STRS0020

TO EVALUATE GENERALIZED NODAL LOAD VECTCR DUE TG LARGE DEFLECTIDNSTRSCG3O

AND ELASTIC~PLASTIC STRAIN

DIMENSION ELFP(B),BEPS(B),CEPS(B;S)yBINPN(B),BINPN(B),FHB(3'3)g
APN (81, PM{8) yHNL(8)

COMMON/EG/Y(51)4Z(51) 3 ANG(51)4HI51)sBoEXANGsNS, IKsNOGA,NFL,NSFL,
#N1,1COL{205) 4NBCOND,NBC(4) ,NODEB{4)

COMMON 7@/ FLVA(2C5),DISP(205) yDELD(205) 4SNS(50434645)
*BINP(50,3)4BIMP{5053) 1 TDISP(205), TU(205), THI205),
*COIY{205),C012(205),DELTAT

COMMON /HM/ YOUNG,DS,C5,C6,ASFLI50,3,635),GZETA(50,3,6),SNC(5)

COMMON /BA/ BEP(5053,3,8),AL150)4AXG(3),AWG(3)

SIN(Q)=DSIN{Q)
€0$(Q)=DC0S(Q)
ATAN(Q)=DATAN(G) .
ABS(Q)=DARS (Q) :
SQRT{Q)=DSART(L)

DO 502 IR=1,IK
" DO 503 J=1,NOCGA

BINP{IR,J}=0.

BIMP(IR,J)=0.

DO 402 I=1,3

BEPS(1)=0,

DO 402 K=1,48

INDEX= (TR—1¥%4+K

BEPS(1)ZBEPS (1) +BEP (IR, Iy 1, KJ*DELD(INDEX)

CEPS{J,2)=0.0 "

DD 403 K=1,8

INDEX={IR-1)#*44K

CEPS(J32)=CEPS(J42)+BEPITIR,J,2,KI*DISP(INDEX)

FARE=BEPS{ 1) +CEPS{J,2)*BEPS(2)-BEPS(2)%%2/2,

. FCUR=BEPS(3)

DG 151 K=1,NFL

BENP=0.

BEPX= FARE+GZETA( IR, 4y K)¥FCUR

STRSCC40
STRS0C50

" STRS0060

STRSOC70
STRSCCBO
STRS0090
STRS0100
STRS0110

- STRS0120

STRS0130
STRSC140
STRSQ150
STRSO160
STRSQ170
STRS0180
STRS0190
STRS0200
STRSG210
STRS0220
STRS0230
STRS024C
STRS0250
STRS0260

' STRS0270

STRS0280
STRS0290
STRSC3CC
STRS0310
STRS0320
STRS0330
STRS0340
STRS0350
STRS0360
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91
20

30
92

40

255

17

ig
19
301
35

151
503

107

101

IF(DS.GTe 0.0) RFACTR=1.+4{C6*ABS(BEPX))*%CS
DO 35 L=1,NSFL
SNS{IRyJsKeL)=SNS(IRyJ,K,L)+YOUNGHBEPX
IF(DS.EQ. 0.0) GC TG 255
IF{SNSA{TIRyJsKsL)=SNO(L})30,301,91
SNY=SNO{L)*RFACTR
IF(SNS{IRyJsKsL)=SNY1301,301,20
SNS{IRsJsK,L)=SNY

GO TO 301

IF(SNSTIRy JyK,L}+SNO(L))92,301,301
SNY=SNO(L)*RFACTR
IF(SNS(IRyJyK,L)+SNY) 40,301,301
SNS{IRyJsKyL )==SNY

GO TO 301

TE({SNS{IR,JyKyL)=SNOI{L)) 18,301,17
SNS{IRyJsKsL)=SNO(L) -

60 TO 301

TF(SNSTIRy JsKyL) #SNO(L)) 19y 301,301
SNS(IRyJ+Kyk }==SNO(L) :
BENP=BFNP+SNS (IR yJsK ,L)*ASFL(IRszK,L}
CONTINUE

BINP( IRy J)=BINP(IRy.J) +BENP

BIMPUIR,J)= BIMP(IR;J)+BFNP*GZETA(IR¢J,K)
CONTINUE

CONTINUE

DO 101 J=1,NOGA

HWB(Jy2)= CEPS(J,Z}*ANC{J)*EINPtIR,J)*AL(IR)

BINPW(JI=BINP (IR, JI*AKG(JI*AL(IR)
BIMPW(JI=BIMP (IRyJIXAWG{JI) *AL(IR)
CONT ENUF

DO 102 I=1,8

PN(1)=0.

PM(I)=0.

HNL(1)=0.0 .

DO 102 J=1,NOGA
PN{I)=PN{I)+BEP(IRsJo 1o [)*BINPW{J)

STRSC37C
STRS0380
STRS0390
STRS04CO
STRS0410
STRS0420
STRSC430
STRS0440
STRS0450
STRS0460
STRS0470
STRS0480
STR50490
STRSC5C0
STRSO510
STRS0520
STRSG530
STRS0540
STRS0550
STRS0560
STRS0570
STRSO580
STRS0590
STRS06CO
STRS0610
STRS0620
STRS0630
STRS0640
STRS0650
STRSC&60
STRS0670
STRS0680
STRS0690Q
STRS0700
STRS0710
STRS0720


http:IF(OS.EQ
http:IF(OS.GT

86T

102

2C0

105
502

PM{TI)=P¥(I)+BEP(IR,J»3, 1)*BIMPW(J)
HNL{T)=HNL(I)+BEP (IR Jy2, TI¥HWB(Jy2)
DO 105 I=1,8
ELFP(I)=PN{I)+PM{I)+HNL(I)

CALL ASSEF{IR,IK,ELFP,FLVA,EXANG)
RETURN

END

STRS0730
STRS0740
STRS0750
STRS0760
STRSOT70

STRS0780

STRS0790



2.6 Illustrative Examples

A.6.1 Free Circular Uniform-Thickness Containment

Ring Subjected to Single-Fragment Attack

In this example a free, initially-circular ring: 7.70-in midsurface
radius, 0.40-in thick, and 1.25-in long.is subjected to attack by a circular-

5 2
3 {ilb-sec ) /in, mass

disk fragment with radius r_ = 3.37 in, mass 4.60 x 10
moment of inertia 2.61 x 10_2 lb—secz—in, initial tramnslational velocity
6,400 in/sec, rotational velocity 20,000 rpm (2100 rad/sec), and Yo = 3.63 in.
{(see Fig. A.5).
The stress—strain curve is approximated by straight-line segments having

the following stress—-strain coordinates: (0,£) = (0 psi, 0 in/in); (80,950 psi,
.00279 in/in); (105,300 psi, .0225 in/in); and (121,000 psi, .200 in/in).
Strain-rate effects are neglected. The mass density of the material is taken

to be 0.732 x 10_3 (lb~sec2)/in4.

The number of equal-length finite elements to be used to describe the

complete ring is 40.

Let the CIVM-JET-4A program calculate the transient response of the
ring. The time increment At = 1 Usec is chosen, which has been shown (by
numerical experimentation) to be suitable to provide a converged solution for
this case. By consideration of the ring and fragment geometry and the velocity
components of the fragment, a calculation has determined that there is no pos-
sibility of initial impact before approximately 303 lUsec after f;ag@ent release
which is assumed to occur at the condition (instant} shown in Fig, a.5. To
expedite the calculation and to eliminate the possibility of accumulation of
error in the calculation of fragment position (while not significant in this
example, a major consideratibn in caleulation involving obliguely=-oriented
translational velocity vectors), the fragment is advanced to its position at
300 Usec after release through the use of the TPRIM value specified in the in-
put data.

Six hundred and fifty computational cycles (650 Usec) of structural
response and the associated impact interactions are to be computed. These com-
putational cycles, it should be noted, stdrt at TPRIM = 300 Usec. Printout is
desired at 5 cycles after TPRIM and every 40 cycles thereafter. An energy accountin
calculation for the system is desired.
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Card‘l

Card 2

Card 2a

A.6.1.1 Input Data

The values to be .punched on the data cards are as follows:

Format

. - 3D15.6
B = 0.125000 D+01
DENS = 0.732000 D-03
EXANG ’ = 0.360000 D+03 (complete ring = 360 deg)

. 815
IK = 40
NOGA =3
NFL =
NSFL = 3
MM = 650
M1 _ =5
M2 = 40
NF =1
. _ 4pi15.6

Y(1) = 0.000000 D+00
Z(1) = 0.770000 D+01
MG(1) .= 0.000000 D00 )
H(1) = 0.400000 D+00

-

Additional 2a cards are provided in the same format until all 40

nodal points are described.

0.120454 Dol

¥ (40) =
Z(40) = 0.760520 D+01
ANG (40) = 0.900000 D+0L
H{40) =

G.400000 D+00
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Card 3

Card 4

Card 4a

Card 5

Card ©

Card 7

Card 8

DELTAT
CRITS
bs

EPS(1)
SIG(1}
EPS (2)
5IG(2)

EPS (3)
SIG(3)

FH(1)
FCG(1}
FCCX (1)
FMASS (1)
FMOT (1)

UNK (1)

UDOT(1)
WDOT (1)
ADOT{1)
TPRIM (1)
CR(1)

AXG(1)
BXG{2)
AXG(3)

0.100000 D-05
0.200000 D+0O
0.000000 DHOOQ (strain-rate effects are
neglected)
6.279000 D-02
0.809500 D+05
0.225000 D-01
0.105300 D+06

0.200000 P+00
0.121000 D+06

0:674000 D+O1
0.363000 D+0YT
0. 000000 D+00'
0.460000 D-02
0.261000 D-01

0.000000 D00

0.640000 D+04

0.000000 D400

- 0.210000 D+04

0.300000 D~03 (300 usec aiter
0.100000 D+H0l release)

0.1127016654

0.5
0.8872983346
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Format

4n15.6

4D15.6

4D15.6

5D15.6

D15.6

5p15.6

3F15.10



Card 9

Card 10

Card 11

Card 12

Card 13

Card 14

AWG (1)
AWG(2)
AWG (3}

TG (1)
TG (2)
TXG (3)
TXG {4)

TWG (1)
THG (2)
TWG(3)

TWG (4)

NBCOND

NOR

ICONT

I

The total input deck

0.2777777778
0.4444444444
0.2777777778

-0.8611363115
—0.3329810435
0-3399810435
0.8611363115

0.3478548451
0.6521451548
0.6521451548

0.3478548451
y) {no prescribed displacement
conditions)
0 {(no prescribed elastic
restraints)
= 0 {no initial conditions)‘

for this example should appear as follows:
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3F15.10

4r15.10

4F15.10

I5

315

5



0.125000D 01

40 3 4

0.000000DD00

0412064550 01
0042379430 01
00.3495730 0L
00.452595D 01
0U.5444720 G1
00 622943D 01
00.6860750 01
00.732314D Cl
00.760520D 01
00.77€0C00 01
0047605200 0l
0047323140 01
00.686075D 01
00.622943D 01
00.544472D 01
0044525940 01
00.349572D0 01
00.237943D 01
00.120454D 01
~0.2508980-05
~041204550 01
~0.237943D 01
-0.349573D C1
~-0.452595D 01
-0.544472D 01
~046229430 01
-0.686075D0 01
-0.732314D 01
~0.760520D 01
-G, 7700000 01
~047605200 C1
~0.732313D 01
-0.686075D 01

0.7320000-03
3 650 5
0.770060D 01
0007605200 01
00.7322140 01
00.€6860750 01
00.6225430 Cl
00.544472D (1
0044525550 Q1
00.349573D0 €1
00.237543C 01
€0.120454D 01
~0,1254490-05
~0.120455D C1
~042375420 Gl
-0.3495730 C1
-0.452555D 01
~0.5444720 C1
—0.622543D 01
~0.686575D Cl
~0.722314D 01
-C.766520D C1
-0.7706C0D €1
-0.760520D 01
~G.732313D ¢1
~C.686C75C 01
—0.€22543D C1
~0.544472D 01
-0e 4525640 C1
~0.349572D €1
-0.237543D G1
-0.120454D ¢l
00.376347C-C5
00, 120455D Gl
00.227543D €1
00,34$5730 01

03600000

4G 1

C.CCogQrgsC
—CeSCO00D0D
-(.180000D
-C0.270000LC
-0.3600000
-C.45000CC
—0e54C0CAC
-C.£330000
-C.7200000
-(.819000D
~C.S0CGC000
-0 5900000
-C.1080¢G0C
-0.1170000
-G.126000C
-CG.1350G608
-0e 1440000
-0.1530CCD
-0.,162000C
-0.171000C
60.180060CC
(G.17100CC
CC.1620CGD
0d.153000C
00.1440GC0D
00.1350G60D
0041260000
00.117¢00D
00.108000D
0C.49500000
0C¢,5€0Q00D0
CC.810000D
0C.72000CD
0C.630000C

03

GO
01
02
02
c2
¢z
02
02
02
02
02
02
03
03
03
03
03
03
03
03
032
03
k!
03
03
63
03
03
03
62
g2
a2

62

02

€.400000D 00
00.4000000 00
00.4C00G00 00
0044600005000
00.4C0000D 0O
CC+4CCO00D GO
004000000 00
06.400000D 0C
£0.4G0000D0 00
GC.400000D 00
GC.4CGGOCCD 0G
06.4000000 00
GC.4G0000D 0O
00.4C00000 00
0C.4000600D GO
GC.4GC0000 00
004000000 00
00.40G0000 GO
0G.4000000 00
04000000 0O
CC.4CCO00D 0O
CCe4Q0000C 00
0G. 4000000 00
00.4000000 00
00.400000D 00
0C.4CLC00D 0O
0C+400000D 00
6C.4000000 00
00.4000000 00
00.4C0060D 00

- CCe4CC000QD 00

00+400000D 00
€C.4CG000D 00
004000000 00



74

~0e622943D 01
-0.5444720 01
-0.452594D 01
~-0.3455720 Q1
-0.,237943D Gl
-04120454D 01
00.100000D-05
00.279000D~02
00.200000D0 QO
00.674000D O1

100,0006000D0 00

00.64C0C0D G4
0.1127016654
S 0.2777777778
=0.8611363115
0e3478548451
0
0
0

0044525950 01

'00.544473D QL

00,622943D 01
00.686G750 01
00.732314D C1
0047605200 01
00.200000D CC
C0e 809500D G5
00.121000D 06
00.363GC0D 01

00.0C000GD GO
0.5 :

0.4444444444

-0.3269810435
066521451548

0C.540000D 02
0C.4500000 ©2
0043600000 €2

£0.270000D0 C2
 00. 1800000 02

€€.S00000D 01
£0.CO00COC OC
00»225000C-C1

00.000000C 00

~0.210000D C4
0.8872983346
0.2777777776
€.3369810435

" Ce65214E154E

00440C000D 00"

00.400000D 00
0044000008 00
00.460C00D 00
0044000000 00
GC.46C000D .00

004153000 06
00.460000D-02
0G.3600000~03

C.8611363115
" Ce3478548451

'0042610000~01

€C0.100000D0 O1


http:CC.40OOOD.00

A.6.1.2 Solution Output Data

The following output for example 1 was cbtained through the use of a
CIVM-JBET-4A analysis. In the interest of conciseness, only the output ob-
tained at time cycles’ 5, 45, 325, 405, 605, and 645 after TPRIM is presented
to enable a user to check the proper adaptatidn of CIVM-JET-4A to his com-
puting facility.

The ring material and geometric properties, and prescribed displacements
‘or restraints, the initial nodal coordinates, and the fragment gecmetric and
initial velocity and energy properties are output to provide an input-data-

consistency check.

The initial impact is detected at 3 cycles after TPRIM at a position’
along the length .of element 4. During the subsequent computational cycles, i~
pact positions are detected indicating that the fragment is traveling in a

clockwise direction along the surface of the ring.

The maximum circumferential strain response of thé ring reaches 9-84

per cent at 382 |Usec after TPRIM at the outer surface midsp%n of element 7.7

The energy "breakdown"- at a given time cycle is presented immediately

before the structural response data for that time cycle.

+In the preseﬁt example, the strain responses were computed only at the midspan
station of each ring finite element. :
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RING PROPERTIES

SUBTENDFC ANGLE OF RING

WIGTH OF RING{IN)

DENSITY OF RING

NUNMBEP QF FLEMENTS
NUMAFR (IF SRANWISE GAUSSIAN PTS.
NUMRER OF CEPTHWISE GAUSSIAN PTS.

NUMAFR DF VECHANICAL SUBLAYERS

STRAIN (1)

STRAIN (2)

STRAIN (2}
NOCE NO,

1

10

11

17

13

'CCHPLETE RING ¥4JET#* CORNTAINMENT ANALYSIS

0.279000D-02 STRESS (1) =

C.2250000-Q1 STRESS (2}
€. 20C000D+00STRESS (3) .

¥ COORD
0.0

0.1204550+G)

re2379430+C1

. Ce3495730+C1

0.4525950+61
G 5444720+01
046229430401
0.68607?n+91
C.?323|46+Cl
0.7605200+01
C.1700CON+C1
C. 7605200+ 01

0.732314D+01

- H

7 COORD*
0.7700000+01

C¢.740520D+0}

C.732314D+01
06860750401
0.6229430+01

Qu3444T720401

0.452595D+01
0.3495730401
0.237943D4C1
lﬂ.lZOQEQDfOL

G0

041204550401

~0.7379430+01

= ©.360000D+03

0.125000N+01
0.72200CD-03
a0
3

4
3

oo un

0.809500D+05
0.105300n+¢6
0.1210000+06

SLGP?

0.0
=0, 1570BC0+00
~0.314159D+00
—0.4712390+00°
-0.62A3190+00
-0.785398D+00
-0.942478D400
-0.109956D4+01
~0. 1256640401
-041413720+01

© —0.157080D+01
-0,172788p+01

~0,18B496D+01

.

'‘RING THfCKNESS AT NODF |

0. 4000000400

0.4000000+00

G+ 4000000+00

"0.400090D4+00

0.4C00000+00

0.400000D+00

" 044000000400

c.aooooon{oo
c.4oooonn+0;
0.400000N+00
0.4000000+00

0.4000000+20

0.4000000+00

.



L0Z

14

15

L6

17

La

L9

20

21

22

24

75

26

?7

28

29

3l

32

0.6860750+01
€. 622943D+01
0. 5444 720401
0.4525550+01
0.349573N+01
0.2379430+01
0.1204560+01
0.0
~0+1204550+01
~0,2379430+01
~0.3495730+01
~0.45259504 01
-0.5444120+o;
-0.6229430+01
40.686?75“#0[
=0,7223140+01
~0.7605200+01

=C.7753CCD+C)

=0.76c05200+401

~0.7223140+C1

~€.34957304+0)
-0.4525950+01
-0.5444720+01
~0.6229430+401
-0.6860750+01
-0.732314D+01
~0.76C5200401
~C. 7700000401
-G. 7605200401
~€.732314D+01
~0.6B6075A+01
~0.622943040L
=0.5444720+01
-0.4525950+01
-0.349573D+01
~0.237943D+01
1204540401
0.0
0.120455D+01

0.237943C+01L

—0.2042040+01
~0.219912D+01
“0.235615D+01
-0.2513270+01
—0.2670350401
~0.2827430+01
-0, 2984510+01
0.314159D+01
0.29845104CL
02827430401

0.,2670350+01

0.2513270+01

0.2356190+01
0.219912D+01
0.204204D+01
'0.1884960+01
0.172798N%01
'6.1570300+n1
0.164137204+01

041256640401

K

0. 400000D+00
0.4030000400
$+4000000+00
0.400000D+00
04 4000000+00
o.«opocoﬁ+oo
0.4000000+00
0.4005600+90
8.4000000+00
0.4000000400
0.4000000+00
0.4000000+00"
cl«oodunn+éo
0.4000000+006
0+ 4000000+ 00
0.4000000+00
0.4000000+00
0.4000000+00
0.400000D+00

0.4000000+00



80T

34

35

EL

3v

kL

39

40

~0.086075D+0L

»0Ge6229430+01

=0.5444720+01

~0.4525550+01

~0.3495T730+01

=0.2373430+01

-0.120454D+01

FRAGMENT PRCFERTIES

FRAG.NO.
1

WIDTH OF FRAG.
4

0.6740000+01

COLLISICh PARAMETFRS

FRAG.NO,
1

VEL IN ¥ DIR. VEL }N Z DIR.

0.640000D+04

Q.0

G.3495730+ 01
0.4525950¢01
0.5444720401
0-622963q+0t
G.6060750401
0.7323140+401

C.7605200+01

FiSS GF FRAG.

€. 4600000-02

€. 10995604901 0. 4000000 +00
0.9424780+00 0,4000000+400
2.78534%80+08 0+4000000+00
0.6;83199*00 0+ 4000000+00
04712390400 0. 4000000400
Ca314159D400 ’0.4000000’00
€« 157080D+00 0.400000D+00
MOMENT OF INERFTIA OF FRAG. FCGY
0.261009D~01 0.0

ANGa VEL. COEFF

=0.2100000+04

THERF IS ND PRESCRIBEC DISPLACEMENT CONDITION
THERE ARF NO ELASTIC SPRING CONSTANTS
ST2ZE NF ASSEMBLED MASS OR STIFFNESS MATRIX = 1632

«0OF RESTIT.
0.1000000+01

INITIAL KINETIC EMERGY
C«15175080406

FCGL
04 3630000+01

GOEFF. OF FRICT
0.8



IHPACT IT= 3 ELEFENT NO. = 4 — FRAGHENT NOe - 1
LOCATION OGN ELEMENT = 0.8473680+0¢C PENRETRATION DIST = 0.2048190-02

CURRENT TIME CYCLF FRAGMENT KINETIC ENERGY
5 i 0. 1435840406

WORK ThPUT INTC RING TO TIME STFP 5 = 0.81T74L90+04

RIMG KINETIC ENERGY AT TIME STEP ] 0. 4595490404

RIMG ELASTTIC EMERGY TQ TiIME STEP 5 = 0.7T926770+02

RING PLASTIC WORK TO TIME STEP = 0.3499520404

ENERGY STCRED EM FLASTIC RESTRAINTS = 0.0 .

dJ= 5 TIFE= 0.500000-05
! ¥ L] PSI CHI CopY COPZ L L] STRATNEIN) STRAIN{OUT)
1 C.0 0.0 G.0 0.C 0.0 0.77000+01 0.86800401 0.47730-01 0.54900-06 T.64770-06
2 0.6%5660-06 —0.12810-06 -0.20891D-06 0.£2960=06 0.12050¢01 Qu.7605D+0L 0.1196N+04 —0.31690+02 0.11520-03 0.49650-04
3 Ga8690D-04 0.36360-04 0,19990-03 0.54810-04 0.2380D+01 0.7323D0+¢01 0Q.3397D+05 0.37280402 0.2303D-02 0.23800-02
4 0.91690-03 0.12610-01 C.75220=04 0.5543D=04 40.35020+01 0.6872D0+C1 0.22610+24 0.53420+02 0.10060-03 0,2111D-03
5 =0+3943D-03 (.54C80-02 —=C.2514D—03 0.34320-04 0.4529D+0L 0.62340401 0.14070405 ~0.16580+402 0.9872D0-03 0.95300-03
6 ~C.37800=04 0,10230-04 -0.99%90-04 0.37650-04 0.54450+01 0.5445D+01 0.5331D+403 —~0.157T80+02 0.53470-04 9,20430-04
7 -0.27740-06 -0.24400-07 0.12300=06 (0.35000=06 0.6229D0+01 0.4525D0401 0.36690+0L 0.2030D0-01 0.23190-04 G.27390-C6
B 0.C 0.C 0.0 0.0 G.68610+01 0.34900+01 0.0 D0 0.0 0.0

9 0.¢ O.C 0.0 0.4 0.73230+0L 0.23790+#¢01 0.0 0.0 0.0 C.0
1 0.0 0.0 0.9 0. C 0, T600D+01 (412050401 0.0, 0.0 0ul 4.0
11 C.0 0.0 0.0 #.0 0.7700D+01 0.0 Q.0 0.0 Q.0 4.0
12 G.6 4.0 0.4 0.0 0.76050+01 =3.12050+01 0.¢ 0.0 0.0 G.0
13 0.0 0.0 0.0 G0 Q.7323D+01 -=C.2375D+01 Q.0 0.0 Q.0 0.0
14 C.( 0.0 Ge@ J.0 0.6B610+01 =0.34960+01 Q.0 0.0 0.0 0.0
15 C.C 0.0 ¢.0 0.¢ 0.6229D+01 ~0.4526D+01 0.0 0.0 0.0 €.0
16 C.0 0.0 C.0 0.9 0.5445D+01 -0.54450+01 0.0 0.0 0.0 0.0
17 C.C 0.0 0.0 Tt 0.4526D+01 =0.62290+01 0.0 0.0 Q.0 0.0
16 C.C G0 C.0 Cal 0.3496D+01 ~0.68610+01 0.0 0.0 0.0 G0
19 G.G 0.0 C.0 d.0 0.23790+01 —0.73230+01L 0.0 0.0 0.0 0.0
20 0.8 .0 C.0 .G 0.12050401 ~0.76050+¢01 0.0 0.0 0.0 C.0
2l cC.cC 0.0 0.0 0.é 0.0 =0.77000+01 Qa0 0.0 0.0 0.0
22 C.C 0.0 0.0 0.0 -0.12050+01 -0.76050+01 0.0 0.0 3.0 0.0
23 C.C 0.0 C.0 0.C —0.23790+01 =0.7323D+01 0.0 0.0 0.4 0:0
24 0.C 0.9 0.9 0.t ~0.34960+01 =0.6061D+01 0.0 0.0 0.0 0.0
25 0.0 0.0 0.0 0.0 =0.45260401 ~0.62290+01 Q.0 0.0 Q9.0 [ ]
26 (.0 0.0 G.0 0.L ~0. 54450401 -0.5445D+0] 0.0 0.0 0.0 Qe
27 €.C 0.0 0.0 0.G —0.6229D+401 —0.452560+01 0.0 0.0 0.0 0.0
28 L.C G.0 .0 0.0 =0.68610+01 =0.34960+01 &.0 T.0 0.0 Q.0
29 0.0 0.0 0.0 G.C =0.73230401 ~Ca2379D+01 0.0 0.0 0.0 0.0
30 C.0 0.0 0.0 0.C ~0,7605D401 -Q.{2050+01 0.0 0.0 Q.0 0.0
3F Q.0 0.0 0.6 0.¢ =0.770004+01 0.0 0.0 0.0 0.0 U.C
12 0.0 0.0 0.0 0. =0.76050+01 0.12050401 Q.0 4.0 0.0 0.0
33 0.0 0.0 0.9 0.0 —0,73230401 0.237%0+01 0.0 0.0 0.0 0.0
34 0.0 0.0 0.0, C.l =0.68610401 Q.34960+01 0.0 0.0 0.0 Q.0
35 C.C 0.0 0.0 0.0 —0.062290+01 0.4526D+01 0.0 0.0 0.8 0.0
36 0.0 0.0 c.0 . —~0.54450401 0.54450+01 0.0 0.0 0.0 0.0
37 0.0 0.0 0.0 0.C =0.45260¢C1 0.62290+01 0.0 0.0 0.0 0.0
38 Cal 0.0 0.0 0.0 —-0.3496D+01 Q.6B41D+01 0.0 0.0 0.0 [N
39 0.0 0.0 0.9 0.C ~0.23T79D401 0.73230+01 0.0 0.0 0.0 Qa0
40 C.0 0.0 c.0 Gu0 =0.12050+01 0.76050+01 0.0 0.0 0.0 0.0

" FRAG NO.= FCGU = FCGH = ALFA = FRUY = FRWY = FRAV =
1 0.1951090+C1 0.3628510401 —0.6405000+0¢ 0.6095080404 —0.496285D0+03 ~—0.2100000+34


http:0.2379D.00
http:0.459540D.04
http:0.1435840.06
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[MPACT [T= 21 ELEMENT NO. =

LGCATION CN ELEMENT =

CURRFNT TIME CYCLE

a8

FRAGMENT
1

WORK INPUT INTO RING TD TIME STEP
RING KINETIC ENERGY AT TIWE STEP
RING FLASTIC ENFRGY TQ TIME STEP

RIMNG

PLASTTIC WORK 7O TIME STEP

ENERGY STGRED IN ELASTIC RESTRATINTS

= 45 TIME= C.450000-04

v
0. 59800-02
0. 81530-G2
0.15450-01
Q. 64210=-02
~0.428680-C2
=0+ 1042P0-01
=0+ 7130D-02
=0+ 50450-02
=0.25210~02
-C.22700~02
=0, 1134D-02
=0.40260-03
-0.1€230~03
-0.1927D-04
=0, 27800-05
-0.31e20-04
~0.29020-07
=0. 2189008
-C.12760-C9
-C.73050~11
-0+33050-12
~0.12850~-13
=-0,4324D=15
-0.11$50-16
4. 2707D-16
£.9288D-15
0.27300~13
G.69T60~12
g.15260-10
0.28420-09
0s4462D~08
G+ 58330-07
0.62530=-06
0.53950~05
0.26590-04
C.18930~03
G.71980-03
Q0.192680~02
0.35380-02
0.47600-02

FRAG Niew

1

W
~0.26B81D~02
=0.59260-02

0.20240-01

0.15180+00

G+9021D-01

0.9528D-02
—0.55640-02
=0.1946D-02
=0.84340-03
-0.46¢30-03
=0,17940-03
=0.5321C~04
~0.1194D-04
-0.20610~05
~0.27540-06
=0.30340-07
«0.2689D0-08
=0.1573D~09
-Q.1214D-)0
~0.6333D=-12
-0.28250-13
~0.16850=L4%
=0,36160~16
-0,11070-17
~0.22990-17
~0.7771D-16
~0.2214D=14
~0.59670~13
-0.13250-11
=0,25110-10
=0.+4030D-09
-0.54170-08
=0.60200-07
=0.54450-06
-0.29400-05
=0.22310~04
~0.56700-04
-0.3143D-03
=0e TH250-03
«0.,13450~-02

0.21935504+01

PSI
~Gs32600=-02
=0.20200-02

Cs64960-01
€.26980-01
=0Q.74200-01
~Q+33080-01
0.19930-02
0.290860=-02
G« 76570-03
¢.52430-03
C»22990-03
Ca 7406004
Qe17660-04
1,31850-08
0+44590=06
0+49630-07
£.44810-08
0.2338D-09
0.20780-10
0.10950-11
Q.4921D~12
Ce LG04D-14
G.63770-16
0l 7560~17
~0+397T0-117
-0+1370D-15
-0.4C840-14
=0.10390-12
~0s2287D~11
-0.42930-10
=0.,6807D-09
-G.9012D0=-08
=0.98240-0Y
=0.8669D~06
~0.60650~05
=0,32830-04
—0,13350-03
-0.39730~03
=0404450-03
-0,12230-02

0.543087D+00

0.3606420401

4 FRAGMENT 0. =

PENETRATION DIST =

KINETIC ENERGY

45
45
45
45

CHI
0.8004D~03
0e14200-02
©0.1337T0-01
0. 2E310=-01
0.2188D0-02
0444 060=02
0.12270-02
Q.11090-02
0.080450-03
0.50820-03
Q0. 81430-03
0. 3809003
0aL1360-03
0.23650-04
0.36510-05
Q.43560-06
0+41400-07
0.,32070-08
0. 2¢590-09
0.11110-10
0.50940-12
0.20020-13
0.67990~15
0.2118D-16
0. 4291016
0.14600-14
0.42630-13
0.10T40~11
0.23180-10
0.4246D-09
0.£5270-08
0.83030-07
0.65870-06
0.T0540-05
Q. 44620~04%
0.20780-03
0. £6540-03
0. 13030~-02
0.12240-02
0.36100-03

FCeU = » FCGH =

0.141390D+06

0. 1036040+05
0.4489110+04
0.4462450D+03
0.543302D+04
0.0

cary
0.5980D-02
0.12120+0L
G.24000401
4. 3569D+01
045740401
0.54%44D+01
0.62210+01
0268570401
0.73210+01
0.76040+01
0. 77000401
0. 7£050+01
0.73230+01
0.6861D+01
0.62290+01
0454450408
0. 45260401
0.3496D¢01
0.23790+01
Q. 12050401
0.33050-12
~0a1205040L
=0.,2375D+01
=0+34960+01
—0.4526D 4401
=0.5445D+01
—Q. 62290401
=0.68610401
=0.,73230+01
=0+ 76050401
~0.77000+01
~0a76050+0L
=0.73230+01
~0.68610+01
=0.62290+01
—0.54450+Q1
-0.45250401
=0.34940¢01
~Q0e23760401
=04 12000+01
ALFA =

=0.724500D+¢00

CoPZ
Q. T69T0 0L
0.75980+01
0.73380+01
0.69940+01
0.63060+01
0. 5459D+01
0.452804+01
0.34990¢01L
0.23830+01
0.12070+01
0,11340=02
~0a1204D+0)
=0423T790+0L
=043495D+01
=0.45260+01
~0.54450+01
=0.62290¢01
~0.6861D+01
=0.73230401
=0.7605p+91
—Q.T700D+0L
-0.7605D+01
=0.,73230+01
-0.68510401
-0.6229D+01
=0.54450401
—0.45260+01
=04 34960401
=0.2379D0401
~0.12050+01
0.44620-08
0.1205D0+00
0.2379D+01
G.3495D401
0.45260+01
0.5445D0+01
0.6230D+01
0.68610+01
0.732604+01
0. 76050+01
FRUV =

0. 6004350+04

0.5126100-03

L

0.1B550+05
0+24050+0%
0.2664D+05
Q.326560405
043030D+05
0.1686N+05
0.E3210¢05
0417140405
0.14180+05
041304D#05,
D.085180+04
0.35220+04
0.9779D+03
0.19450+03
0.29090+02
(433930401
0.31710+00
0.2424D=01
0e15410-02
0.82460-04
0+3756D~05
0.14680-06
0¢4971D~08
0+46140-09
0.10660-07
0.3127D-06
0.79240~05
0.17220-03
0.3179D~02
0.49380-01
0+63650+00
0.6697D+01
0.56310402
0.2678D+03
017970404
0.62180+04
0,1404D+05
0418360405
0+13330+05
0.126Q0+05

FRWYV =

~0.6323120

L
-0.1980D+03
~0. 20920 +04

021190404
0.26290+04
~04 20460+04
=D43174D404
=0415800+0%
0.3566D403
0,39270+02
0.4703D#02
0.2482D+02
0« B9T9D+0L
0.234040+01
043590+00
0.63030~01
g.T1810-02
0.65940-03
0. 49750=04
0.31290-905
0. 16610-06
0. 75160-08
0.29230-09
0.9849D-11
0.9105D=-12
0.21120-10
0. 6223009
0.15860=-07
0. 3468D-06
0.6459D-05%
0.1014D-03
0. 1325D0-02
0. 14190-01
0.1223D+00
0.8271D+00
Q442600+0)
0« L603D+02
0.4202D+02
0.71510402
0,61530+02
0.3291D+03

STRAINLIN)
0, 1484002
0.1661D-01

~0.13840~02

~0.81540-02
©0.1150D=01
©.82380-02
0.14180-02
0.81270~03
0,92680-03
0.85020~03
De56150-03
0.23350-03
0.65020~04
041295004
041940005
0.22650-06
0.2118D~07
0.16200-08
0.10300-09
0.55120-11
0.2511D-12
0.98200~14
0.33240-15
0.3086D-16
0.7131D-15
0.20910-13
0.52980-12
0, 11510-14
0.21250-09
©.32990-08
0.42500-07
0. 44700-06
0.37550-05
042450004
0.11950%03
044121003
0.92440-03
0.11920-02
0.65540-03
0452830-03

FRAV =

+)3  ~0.2100000+04

STRAIN(OUT)
0.1074D0-02
=0.55470=-02
0.10780-01
0.25180-01
~-0,21020=02
~0.33550-Q2
G.10920-02
C.15500-02
0.10180-02
0.94750~03
Ge51280~03
0.25210-03
0.6579D0-04
0.13850-04
0.20700-05
0.2413D-06
0.22540-07
0.17220-08
0.1094D-09
0,58560-11
0.266TD=12
0.1042D-13
0.35280~15
0.3274D-16
0.T5680-15
0,22200~13
0.5626D-12
0.1223D0-10
0.22580-09
0.35090-08
0+45240-07
G 4T620=-06
0+4008M-05
0.26210~04
€.12830~-03
Q+44520-03
Cv£0110-02
Ge13400-02
0.98270-03
Ga 1209002


http:0.16860.05

4

-

P o e bt e g ot gt et
MOV PWREOOE-CWN DG N~

CURRENT TIME CYCLE FRAGMENT KINETIC ENERGY
325 3 G.590508140+05
WORX INPUT INTO RING TO TIME STEP 225 = 0.611771D+05
RING KINETEC ERERGY AT TIME STEP 325 = 043438920405
RING ELASTIC ENERGY TO TIME STEP 325 = 0.154364D+04
RING PLASTIC WORK TO TIME SYEP 325 = 0.252443D+05
ENERGY STGRED IN ELASTIC RESTRAINTS = 0.0
= 325 TIME= 0.325000-03
v W PSI t+1 cory copPz
0. 33910400 =0.2732D+00 0.20220-01 0.3488D~02 0.33910400 0.74270+01
0.3T7540+00 -0.13240+00 0.12240+00 —0.1254D~02 0415550+01 0.T416D+01
0.36820¢00 0.1406D+00 ©.23750400 —0.134T0-01 0.27730+401 0.7343D+01
0.27250+00 0.565TD#00 0.29T00+00 -0.1409D-01 0.3996D+01 Q.T2410+01
0.157204+00 0.9121D+00 0.18230+00 0.26850~01 0.51890+#01 0.5608750+01
0.38470~01 0.10860401 ~0.1379D~01 @G.61210=-01 0.6240D+01 0.61860+0L
=0,79700~01 0.91660+00 -0.29260+00 0.26850-01 0.6924D+01 0.5529D+01
=0.23560+00 0.39560400 ~0.52120+00 ~0.80850~01 0.71060+01 Q.38850+01
~0.324004+00 ~0.17520400 -0.26832D0400 -0.40130-02 0.70530+01 0Q.26440+01
=0+27310+00 =0.3330D+00 0.5995D0=01 0.29410-02 Q.72330+401 0.14270+01
—0.23120+00 —0.280LD+00 ©.8173D~01 -~0.20760-02 O0.74200+01 0.23120+00
~0.19520+00 —0.2175D+00 0.74500-01 —0.1694D-02 0.742104QL ~0,97780+00
=0.16650+00 =0.16770+00 0.52810-01 -0.25000-03 0.72150+01 ~0.21690+01
=04 14270+¢00 =0.140TD+00 0.33990=-01 =0.E1690-03 0.68000+01 ~0.3305D0+01
=0.1217D+00 -D.12690+00 0.,23970-01 0.3214D~03 0.6198P+01 -0.4353D+01
=0 10210400 —0.115T70400 0.24850-01 0.5904D-03 0.5435D+01 —0.52910+01
=04+ 84550=01 ~0.5%850-01 0.2507D=01 0.41970-03 0.45360+01 —0.60990+61
~0e 695TD=01 =0.84130=00 0.20060=-01 0.74600=03 0.3520D0+01 —0.67540+01
—0.56450-01 -0.73040-01 {¢.1481D0-01 0.70950~03 0.,24110+01 ~0,723460+01
=0:4462D0=01 =0.66730=01 0.94300-02 0.57820-03 0.1238D0+01 —0.7532D+01
=0.33580=-01 =-0.60880~01 C.10260-01 0.8060D-03 0.3358D=01 =C.7639D+01
—0.2374D-01 —0.55230-01 (0.59590-02 Q.59190-03 -0.LE72D+01 —0.7554D+01
~0.15030~01 —0.5272D0-01 (0.37230-02 0.29210-04 -0.2349D+01 —-0.72780+01
=0.68790-02 =0.50860-01 0.18750-02 =0.,91300~05 —0.34670+01 —C.68190+01
0. 11980-02 ~0,50400~01 ~0.46280-03 0.082830-04 =0.449T0D+0L ~0.61880+01
0.9290D-02 -0.5121D0-01 —-0.2203D-02 Q.17820-03 —0,54150+0) —0Q.54020+01
0e17660~01 ~0.53020=-01 ~0.43300~02 0.41270-03 -0.6197D+01 -0.44800+01
0.26740-01 -0.5722D-01 -C.80568-02 0.35150-03 —0.68220401 -0.3446D+01
0.3670D=01 =0.62370-01 ~0.B3260-02 0.20000-03 =0.72750+01 =0.2325D+01
0+ 47220-0% ~0,67130-01 =0.11280=01 0.26160-03 ~0.75460+01 ~0.E147D+01
0.5870D~01 ~0.75540-01 —0.17730-01 Q.36000-03 —0.76240+01 0.58700-01
0. 7206D=0L ~0.90760~0L -0.22450-01 0.21370~03 ~0.7504D+01L (.1262D401
0. 8783001 ~0.10450400 =0.19530=-01 0.43260=03 =0.7197D+¢01 0.2431D0+01
0.10530+00 —-0.11120400 —0.1874D-01 0.5686D-03 —0.6T7L40+01 0.35390401
0412400400 ~0.12220+00 -0.30500-01 (0.34180-03 -0.60580+0t 0.4554D0+01
0.14510400 =0414840+00 =0.49530=-01 =0.10980-03 =0.523TD+0l 0.54420+01
0, 17060400 =0419400+00 ~0.65960~01 ~0.16270-02 ~0.42T40+01 0.61730+01
0.2030D+00 ~0.240850400 —0.TO570-01 —0.20700-02 —0.32020+01 0Q.67310+01
0+ 24370+00 =0.29310+400 =0.587LD~01 =0.14180-02 «0.205TD+01 0.71200+01
0a2907D4Q0 ~C¢.3L000+00 ~0.34400~01 0.32520-03 —=D.86890+00 0.73450+01
FRAG NO.= FCGU = FCGW = ALFA = FRUY =
L 0.350351C+01 0.320048D#01 —0.1312500+01 0.3356800+04

L
Ge T429D+04
0.37330+04
0.10630+05
0.96180+04
0.14820+05
G+ 2234D+05
Q0.2079D+05
0. 10680+05
0414720405
Q4 TTBD+04
0.45490+04
0.1062D+05
Q.8515D+04
0.70820+04
0.10360+05
Q0.1072D0+05
Q.10210+05
0.11860+05
0.12790+05
0.132560+05
0.92690+04
0.22820+04
0.57560+03
0.23600+04
0.11390+04
0.13250+04
0.5784D+04
G+8243D+04
0.56790+04
0.49550+04
0.68150+04
0.T492D+04
0.3009D+04
0.8854D+04
0.1131D0+405
0.93%00+04%
0.4B8B5D+04%
Q-55260404
0.38630+04
0.1318D+04

FRWY =
—D.175873D+0%

H
=0.365T0+04
=0.27870+04%
=0.3560D+04%
=0.42490+04
=0.32T80+04
=~0.08236D+03

=4 1620+04
0.27850+04%
~0.4597D+04
-0.3235D+04
0.7605D+03
027T20+04
G.27390404
0. 16000+04
=0.1411D+03
-0.35380+02
G.T9910+03
0.8376D+03
G4.86180+03
-0.13120+03
0.68640+403
0.3558D+03
0.29540+03
0.37460+03
0.2776D+03
0433790+03
0.59530+03
0.45640402
0.4T7220+03
0.1031D0+04%
0.75440+03
~0.46860403
=0.1257D+03
0. 18780+04
0.2653D+04
0.2408D404%
0.4572D+03
=0.1908D+04
—0.30090+04%
=0.3961D+04

STRAIN(IN)
0.22130-01
042762001
0.21120~01
0.16860~01
0.92520-02

-0.52210-~02
0.45630-03
0.59250-01
0.71840=01
0.4141D-02

—0.71860-03

—~0.25720-02

—0.24150-02

=0.11660-02
0.86020-03
0.,77590—~03

-0.12280-03

—0.486T0-04

=0.94320-05
0.10500-02

—0.69470-04

~0.21050-03
~0.26580-03

—0.22460-03

=0.20650-03

-0.25810-02

=-0.21680-03
0.52100-03

—0.26T80~-0%

=0,7240D-03

~0.31020-03
0.10010-02
0.68200-03
-0.13310-02
=0.22250-02
~3.20470-02
=0.31320-03
0.23460-02
0.45410-02
0.10090-01

FRAY =

—0.210000D+04%

STRAIN{GUT)
~0.11610-01
=0.1040D0-01
09509003
0.54630~01
0.73790-01
0.86710-01
Qs 75640=-01
=0.25040-01
=0.36310-01
~0.31530—02
0.16560-02
0.4590D-02
0.38040~02
0.21430-02
0.56850~-03
G+ 70270-03
0.15300~02
0.1683D-02
0.17730-02
0.7787TD-03
0.13500-02
0.52530-03
0.34510~-03
4.55000-03
#.36560-03
0444070~02
0.10140-g2
C.61540~03
0.87%60-03
0.1407D-02
1.12500-02
0.31970-04
0.42210-03
0.25520-02
0.4064D0-02
0.33750-02
0.1211D=-02
=0.15740-02
-0.34950-02
~0.79760~02
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ELEMENT NO. =
LOCATION ON 0.374T43D+00

ELEMENT NO. =

LOCATION ON 0.319467D+00
ELEMENT NO. =
LOCATION ON 0.293027D+00
ELEMENT NO. =
LOCATION DN 0.2546720+00
ELEMENT NOa. =
0.2061430+00

FA XA

ELEMENT NOa. =
0.193966D+00

ELEMENT NQO. =
LOCATION ON 0.115253D+00
ELEMENT NO. =
LOCATION ON G«2402880-01
ELEMENT NO. =
LOCATION ON 0.6341900~01
ELEMENT NQ. =
LOCATION ON 0.533236D-01
ELEMENT NO. =
0.1494610-01

A58 NDOE NO.

FRAGNENT NQ, =
PENETRATION DIST

FRAGMENT NO, =

PENETRATION DIST

FRAGMENT NO. =
PENETRATION DIST

FRAGMENT NC. =
PENETRATION DIST

FRAGMENT NOD. =
PENETRATION DIST

FRAGMENT NO, =
PENETRATION DIST

FRAGMENT NO., =
PENETRATION DIST

FRAGMENT NO. =
PENETRATION DIST

FRAGMENT NO. =
PENETRATION DIST

FRAGMENT ND. =
PENETRATION DIST

FRAGMENT NO. =

PENETRATION DIST =

FRAG NO = 1 PD

0.13681%D-03

0.7827660~04
0.787990D~04
0.1135110~03
0.1627600-05
0.1562500~-03
0.800680D~04
a 0.73q99an-o;
04122451004
0.666657n-nq

0.5990600~04

0.2861920-04



£1Z

40% i 0.8493220+05
WORK INPUT [NTO RENG TQ TIME SYEP 405 = 0. 66B8263D+05
RING KINEYIC ENERGY AT TIME STEP 405 = 0.353492D+05
RINC ELASTIC ENERGY TO TIME STEP 405 = 0.181917D+04
RING PLASTIC WORK TQ TIME STEP, 405 = 0.2965790+05
ENERCY STORED IN ELASTIC RESTRAINTS = 0.9
J=  4C5 TIMEn G.4050086-03
1 v 4 PSI * CHI coey
L 048840400 —0.36240+400 0.20320-01 0.35490-02 0.48840+00
2 0.5354D+00 ~0.18760+00 0413120400 =0+24010-02 0.1704D+01
3 0.53100400 0.12570400 0.256104¢0Q -0.18410-01 Q.29230+01
4 " 0.4242D400 0460650400 033190400 —0+24080=01 0.41490+01
5 Q0.28920+C0 C.102104¢0)1 €.22250400 0.18930-01 0.53560¢01
6 0.13400+00 0.12630401 Co79520=01 0.59210D=01 0.64547D+01
7 =0.14480~01 0.12640+01 =«0.1697T0+00 0.5394D-01 0.T2440+01L
B —0.19590+0Q0 G.83850+00 -0.5094D400 -0.6B230-01 0.753T0+01 -
9 =0.4132C+00 0414130400 -0.53420+00 —0.+ 106CD+00 0.73300+L1
10 =0+4528D+00 =0.3920D400 —L. 17090400 0.13650~01 0.71470+401
11 ~0.36620400 —0.4%595D+¢00 0.1064D+0Q —~0.33200-02 Q.7240D+01
12 -0.305904¢00 -3.37840400 0.-11100400 —0.46560-02 0.72790+01
13 ~0.25860+00 —0+29260+00 @.9956D=01 ~«0434030-02 ©0.71250+0F
14 =0.22060400 =0.22880+00 0.68490=01 ~0.10310~-02 0. 6757D+01
1% —0.18870400 ~0.19200400 0.45330-01 —0.52390-03 0.£6104D0+0L
16 —0. 16020400 =04 17410+00 0.32B4D-01 042402D-33 0.54350+01
LT ~0+1336C+00 —0.16010+00 0:2964D=01 0.37060-03 0.45400+0L
18 =C.10950+50 =0.1428D400 0.29710-01 ~=0. 1043D0-03 , «3529D401
19 ~0.58920-01 —0.12210+00 0.28830-01 —(.22500-03 0. 2426D+0L
20 ~0,T1200-01 —-Q.+105540+00 0.19820-01+ 90.10920-03 0.12580+01
21 =0.55230-01 =0.9647D-01 0%1241D-01 0.17660~03 0.%5230-0]
22 =0,590590-01 -0.90680-01 0.96570-02 0.52780-05 —0.11500+01L
23 =C.26550-01 ~0.8607D~01 £.67640=02 =0,4066D-04 ~0.2327D+01
24 ~0,13%4D=01 ~C+BQ6TN~01 C.55050=02 -0.35570=03 —0.3447D+01
25 =0.1719D0-02 ~0.7939N-01 =0.12640~02 =0.£5500-03 =0,44780¢01
26 C.1032D-01 -C.81%40-01 —0.30090~02 -0.43T90~03 —0.53940+01
27T  Q0+2293D-01 =0.84620~01 =0.53330-02 0.50210-05 ~0,6174D+01
28 0.36540-01 ~0. 86715001 ~0.57240-02 0.28040-03 —0,68000+01
29+ €.50850-0L —0.51750-01 ~0.14450-08 0Q.24190-03 -0.72520+01
30 0/66456D=01 -0.l0660400 -0.24000-0% O.,15860=03 —A.T510D+01
31 0.94720-01 =0as12360400 =0.22300-01 0.,2565D0-03 —-0.75760+01
32 0.1053D0400 ~0.13460400 =0,20470~-01 0.12510=-03 =0, 74560401
33 0.12720400 -0.14220400 —0.23890-01 0.2454D-03 —-0,T1490+01
34 Cal504D+00 —-C, 15620400 ~0,3T280=-01 ~0.3337D-03 —Q.66530+01
35 0.,17630+00 -0,18800+¢0Q -0.5541D0-01 =0, 15520-02 ~0,59740+01
36 0.2073D400 ~0.24310+00 -0.T9150-01 —0.25700-02 —0,5126D+0]
37 0,24870+0Q —C.3097D+00 —0,88090-01 -0,35120-02 ~0,4144D+«Q1
38  0.29640+400 =0,3731D400 ~0,85130-01 ~0,30420-02 =-0.3062D+G1
39 0,35580+¢00 -0,41710+00 -0.6998D-01 —0,14610-02 ~0,19120+01
40 0.42200+400 =0.42470+00 =0,38410-01 0.15160-02 ~0.7213D+00
FRAG NO.= FCGU = FCGH = ALFA =
1 0.375680D+01 G.306097D+C] ~0.148050D¢01
TMPACT ETma 409 ELEMENT NO. = 9 FRAGHMENT NO. =

CURRENT TIME CYCLE

LOCATION DN ELEMENT =

FRAGHMENT

0.28906020+00

PENETRATION DIST =

KINETIC ENEAGY

COPZ
0.73380+01
0.733604+01
0.72790+01
0.72090+01
066580401
3.6257D+01
0+52BL040L
0.4060D401
0.28160+C1
0415900401
043662D+00

«0a 04330400
~G.2643D+01
-0431950+01
~0.4250D+01
=0.5208D+01
—-0.6021D+01
—046684D+01
20.71B0D+0L
=0.T430D+01
—0.76040+01
=04 7522001
-0.72500+01
=0.6T9504+01
~0a 61660401
~0.53790¢01
=0, 44580401
—0+3424D4q1
-0.23030+01
-0, 11220+01
0.84720-01
0.12870+01
0.2456D+0]
4.3559D401
0.4558D+01
0454190401
0.5124D+01
0. 6663D+01
0, 70360¢01
0.72520401
» FRUY =

0.29089580+0%

Del156420

L ]
0.65330+40% ~0.3TH0E+04
0.8508D+04 —~0.35650+04
G.603TO+04 =0.35600+04
0-93080% G5 —0.43010+04
0.13220+405 —0.4278D+04
0413480405 -~0.1B690+03
011100405 0.423460+04
0.2176D+95 ©.38800+04
0.74430404 0.50120+03
0.20890405 ~0.4149D4+04
G«15040+05 =0.E1300+04
D.13810+05 0.1125D+04
0.13050+0% 0.3377D+04
0.78260+05 0.3154D404
0.7648D+04 0. 19920+04
0.11790+05 0.651510+03
G3.90410404 —0.11510+02
0.41050404 0.13990+03
0.39170+0%4 0.1441D404
0.41780+04 0.11840+04

-0.55610403 0,4282D+03
=0.34190+04 0.46010#03
0.59500+02 0.1385D+903
~0.10010404 Q. 11490404
—0.72920+04 0.2790D+03
=0,65820¢04 0.36930+03
0.1820p+04 (.22190+03
0i5561D+04 0412350404
0443200404 0.1525D%04
0.4T745D+04 -0.273?0#03
0.51850+04 —0,29140+03
0.5730D+04 0.54560+403
0.55400+0% 0,2139D+04
0,52400+04 0.3095D0+04
G.41350¢0% 0.2619D+04 ,
0413370404
0.424704+04
0.T4T30D404
9.83920404

=0.T5390+03
-0.23750+04

STRAINLIND
0.2218D-01
G.2940D-01
0.24020-01
0.17610-01
0.20L1D=-01
J.T76890-04

~014220-01
G+3004D-01
0.81420=-01
4 6204D-01
0+1959D-02

=0+6530D~03
~0.3613D=-02

-0.3068D-02

~0+1533Db-02
0.208020-03
0.63510-03
0+13830-03

~-0.12200-02
=0.9358D~03

-0.4%14D-03

~047TL140~-03

=-0.12920-03
=0.1257D~02
~0.7911D-~03

-0.83550-03

=0.10395-03

-0,0934D~03

-0.12790-92
0.60960~-03
0.6587D-03

=-0316910-03

~0.,18300-02

-0.,32020-92

=0.2050D=02

0.12120+04 -0,1296D-02

0.89510-03
$.3051D=-02

~0.35440404 0.6195D-D2

0.1078D+#05 =0.37430+04 0.1397D-01
FRWY = FRAV =
=0.1722640404 —0.2100000+04
[V E] '

STRAINLOUTY

- =0.11780-01

=041104D~01
=0.15420=02
0.53640-01
0.6701D~01
G+82140~01
0.9802C=01
0.37500~01
-0.38800-01
~0429360-01
0.42430-03
0.31160~02
0.86550-C2
004 584D=02
0.25870-02
041345D~02
0.61130-03
0.42770-03
0.17600-02
0.15120=-02
0.41470~03
0.24000-03
0.14740-03
0.11198-02
~0s21420-03
0.1\ 850=04
0.35490-03
0.1660D-02
0.1874D-02
De44600=-04
0.5608D~04
0.95900-03
0+2594D-02
0.4114D0=02
0.36710-02
0.16519~02
-0.8570D-04
~0.1961D-02
~0.42460=-02
~0.80660-02


http:0.10660.00
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http:0.65330.04
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oW Rt wmP WA

-

CURRENT- TIKE
605

CYCLE .

FRAGMENT

1

WORK [NPUT INTO RING TO TIMF STEP
RING KINEYIC ENFRGY AT TIME STEP
RING ELASTIC ENERGY TQ TiME STEP
RING PLASTIC WORK T¢ TIME STEP
ENERCY STCREGC IN ELASTIC RESTRAINTS

v
0. 89780400
0. 57450400
0.98110400
Ce 85060 ¢00
0.67720+C0
0.45210+00
G+21960+00
—0.2?7720-61
~0.3087D+00
=0«EL550+00
=0+ 78260400

~C. $84C0+CO
-0.56190+00
=0.47440+00
-0.40600+00
~0434000+00
0429770400
=0.25150+00
-0.20850400
—Cu 169LD+00
~0413310+00
-C.10010+00
—C.70290-01
~6+ 4324001
-C4 17650-01
0+ 80320-02
0+ 35250-01
0. &444D=01
€.9510D-01
C. 12690400
0.15950+0¢
6.193&0+00
0.23C490+00
0.2739D400
0.32670+00
€-39240+00
0.47330+00
G5650D4 00
0.67630+00
0,7897b+00

FRAG NOu=

1

W
~0.56013D+00
=G 34400400
0+67490-01
0.65520+00°
0.12690+01
0416510401
0.1851D+01
G.16920+01
0.1162D401
0+34140+00
=0,47530+00

~C.8384D+00
~0.7710D+00
=0.,61850+00
~0.47730+00
-0,3796D+00
=0.32420+00
=0.29250+¢09%
=0.26970+00
~0,.24530+00
-0,22280400
=0.20130+00
~0,.17990+00
<0.16340+00
=0.1584D+00
-0,1652D0+30
=0.1773D¢0&
~0.18760+00
~0.196 70400
=0.20420400
~0,21280+00
=0.23110+00
=0.27070+00
=0.3410D+30
~0.43270+00
~0, 53550400
=0.5324D+00
=0.70640+00
=0.7438D+00
—0.72120400

04236860401

FCGU =

645 TEME= 0.£05000-03

PSI
0.34050-01
G.L4960+00
0. 28200400
0.3%470+00
0.30670+00
0.20130+00

-0.55480-02
-0.3181D+00
=0.57120400
—0s TA65D+00
=C+41200+00Q

0,23840-0L
£.1300D+00
0.1885D+400
0.1541D+00
0. 10B00+00
0.T0850~01
0,5368D=01
0.46950-01
0.4226D~-01
C.34160-01
0.31330-01
0.25630-91
0.15430-01
0.,9167TD0=-03
-{.9483D-02
-0.15220-01
-0.1582D-01
=041935D0-01
=0.22310-01
-0.30320-01
—0,4675D0-01
=Q.7638D-01
=0.1040D+00
—0.1250D¢00
~0.1366D+08
=0.13370+00
~0.1225D+00
~G.97510=-01
=0.50080-01

605
605
605
605

cut
04302T0-02
-0.50000-02
-0,25810-01
+0.41840701
20.25630-02
0.286860-01
0:€7160-01
0.73020-02
~0. 12490400
—0.22060+00
-0.66520-01

0.17020-01
=0.17960-01
-D.17360-01
-0.96630-02
=0.£230D-02
~0.23260-02
-0, L1318-02
~0.86800-03

-0.50730-03

=0.37850-03
=0, 14110~03
-0.51900~04
0429410-03
0.53740-03
0. 456020-43
0.28890-03
0.50560-03
0.2492D-03
~0.52080~04
-0.26390-03
-0.90120-93
=0.24030-02
=0.51710~02
~0.76060-02
~0.9340D~02
~0.88970-02
-0.12270-02
~0.4501D-02
0. 51500-03

FLGH =
0.2749G00+01 =-0,1

0.70L3410+05

0.8162440+05
0.4091190+05
0. 2076320404
0.3863610+05
0.C

copy
0.8578D+00
0.21130+01
0.33336+01
0.4560D+01
0.5785D+01
0, 6932D+01
0.7856D+01
0.03580+01
0.83330+01
6.7846D+01
0. T7250+01L

0.6884D+01
D.6T764D+01
0.6525D+01
0.460820401
0.5422D+01
0.4576D+01
0.35870+401
0.24940+01
0. 13330401
0. 13310408
~01074D+01
~0.2257D+01
=-0.33830+01
=0.44190+01
<0.53340401
~0.61070¢01
=0.567230491
=0. 71650401
~0.74230401
=0.74870%01
—0. 73470401
-0.59940+01
=0+ 64330401
~0.56870+01
=0.4TB9040L
=0.37710% 01
=0.26680+01
—0.15060+01
=043117D+400
ALFA »

900500+01

KINETIC ENERGY

CoPL
0.7099D+01
0.TL13D+01
C.7084D+01
0.7054D+01
0.681004+01
0.62930+01
0.54360+01
0.42840+01
Ce30320+01
0. 18660+01
G« 78280+00

~0.3978D+00
-0.16070+01
-0427920+01
—0,39170+0¢
-8.49300+0L
-0.5792D+01
—0.6485D+01
~0.70020+01
-0.7336D+01
~0. 74770401
-0,74220+01
—047LT4D+0L
~0.67350+0L
-0.61120+01
=0.53220401
~0.4393D+01
-0.33530¢01
=0.22280+01
~0.10470+01
0.15950+00
@+ 1360D+01
0, 25150441,
0.35850+01
0.4536D¢01
©.53440+01
0. 59960+01
0.64900¢01
0468250001
0.7018D+01
FRUV =

0. 1909290404

L
0.52280+04
044651D+04
0.53730+04
0.8619D+04
Q.65750+04
0.61840+04
0. 69760+04
0.87890+04
G+ 89920+04
0. 73690404
0.562660+04%

Q0.132204+04
0.31710+04
0.4529D+03
0.24780+04
0.9940D+03
0.1312D+04
0.23000+04
0.22290+04
0.25060+04
0.4399D+04
0.4750D+04
057040404
055650404
0.42690+04%
0.4931D+04
0.73850+04
0.80940¢04
0.6TTTD+04%
0.52370+04
0.4489D+04
0a54320404
0432470404
0.25620404
0.1617D+04
0.79120+03
0.14700404
0.3534D+04
0.2302D0404
0.2000D+404

ERWY =
-0.135121D+04

H
=0.42670404
-0.37520+04
~0.35800+04
=0.45810404
-0+41860+04
~0.15330+04

0.78380+03
=0.30290+01
0.49620+04
0.3378D¢0%
=0 43460404

=0.51050+04
-0.1804D+04
0.2221D404
0.20470+04
0.3861D404
0427420404
0.10750+04
0.75070¢03
0.1291D404
0.45630403
0.91140403
0.15621D+04
0.23270¢04
0. 16600404
0.91510+03
0.96200¢02
0.5651p+03
0.47400+03
0.12800+04
0426280404
0,.34420404
De 30840404
021270404
0.13020+04
~0.66260403
~0-20720+04
~0.320640¢04
-0.38800+04
-0.43730+04

STRAINLIN)
0.24160-01
0.30330-01
0.,25510-01
0.22950-01
0.249220-01
0.59520-02

~-83.99210~02

-0.17160-02
Q.17810-01
$.69960-01
0.91540-01

0. 30300-01

0.55910~-03
=0+ 50450-02
~0.63070~02
=346042D~02
-0.27450-02
—0+95260-03
-0«6226D-03
«0.1162D0=02
=0.1686D-03
-0.61500-93
—0.12830~02
-0.2022D0~02
~0.14220-02
={0+60620-03

0.40%60-03
-0.2631D~-04
~0.+22940~04
=-0.9625D-03
=0.2407p~02
-0.%45010-02
=0+ 4358D~02
-0.32360-02
~0+16610-02

0+6043D-03¢

0+2067D~02

Qabh45D-08

0.8551D-02

041635001

FRAY =
=0.210000D+04

STRAILNIOUT)
~0.12960~01
~0.13370-01
=0.56320-02
Ce45240~01
0.58590-C1
G.73910-01
0.93270-01
0.82200~C1
0,63030-01
=0.27550-01
—0452060=CL

=04 2474001
0.10450-02
0463010-02
0.88340-02
0.62480~02
0.29260-02
0.12190~02
049299003
0.15070-02
0.77510~C3
0:12760-02
C.2069D-02
0.2789D-02
0+20108-02
0.12860-C2
0.60850-03
C.11420-02
09572003
0.16850-02
0.30260-02
0.52900-02
0.47770-02
€.36050-02
0e21360-02

«0432410-03

=0416400=02

~0.38000-02
~0,TL34D-02
~0ul1420-0t


http:0.68250.01
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645 1 0.6920670+05

WORK INPUT INTO RING TO TIME STEP &45 = 0.8255180+05

RING KINETIC FNERGY AT TIME STEP §45 = 0.4025440+05

RING ELASTIC ENERGY TO TIME STEP 645 =  0.213615D+34

RING PLASTIC WORK TO TIME STEP 445 =  0.4016130+05

ENERCY STCRED IN ELASTIC RESTRAINTS a 0.0

J= 845 TIMF= C.&45000-03
1 v H PSI CHI caey COPZ L M STRAIN(IN}
1 0.%8510400 =Q0.64770400 &.3594D-01 0.26400-02 0.98510+00 Q.7052D+401 0Q,103BD+04 ~0.38460+04 0.23440-31
2 0.10670+CL —0.37480%C0 0,1489D+400 —0,53840-02 0.2200D+401 $.70680+0)1 -0.12500+404 +0.3740D+04 0.29990-01
3 0, 1077R+0L  0.5057D-0l 0.2019D+400 -0,25880-01 0.34200+0) C.7938D¢G1 0.9810D+02 —0.42190404 0.25870-01
4 C.6564D+00 (0.65690+00 0.37900+00 =0.44010-01 46460401 0.70120+01 0.11560+#04 ~0.42160+04 0.23320-01
5 0.74280+400 (.1241D+01 0.32730+00 -0.1074D-~01 0.58720+401 0.6785D+01 -D.90150+403 =0.25470+04 0.22160-01
6 0.52180+00 C0.)708D+01 CG.2144D+00 0.35623D-01 0.7028D+01 0.62900+401 §.L1440+04 =0.1547D+04 0.56200~02
7 0.2T550+400 0.1938D#01 C.T633D0~02 0.666BD-01 0.794600+01 Q.5442D0+401 0.5111D404 -0.20240+04 =0,625080=02
8 0,2098D=-01 (Q.1818D+01 —0.28150+00 O0.18340-0) 0.684900+401 0.43020+01 0,22070+#04 G.80760+03 ~-0.30070-02
9 —0.2704D+00 Q.13380#01 =0.53970+00 ~0.10620¢0C¢ 0.,851204C1 C.30510+01 0.29130+04 0.4856D%04 0.T71700=02
10 =G, EG230+G0 C.53710+00 =0.T72080+00 —0.23290+00 0.80420+01 0.1483D¢01 0.7276D+04 0.41270+#04 0.50270-01
11 =C.83020+00 =0.3454D+00 ~0.5159D+00 =0.11170+00 G.73550¢CL1 0.83020+#00 0.53280+04 ~0.1562D0+403 0.B7150=-D1
12 =G. 17640460 =0, E5TAD+00 =0.1068D+00 0.13780-01 0.68700+01 =0.30215+00 0.80750+04 -0.5018D+04 Q.61380=01
13 -C,530460¢00 ~G,E7TON+00 04,198560+00 ~0.19CBD-01 0.6684D+01 -0.15090+01 0.7410D+04 -0.27990404 0.22700~02
14 =Cs5296D+C0 -0.7182D+00 Q,20600+00 ~0.20550-01 Qa646L0+01 —0.2698D+0G1 0.3649D+03 0.91940+03 -0.37060-02
15 -0,45210+00 —Q.55730+00 0.1797D#00 =0.1416D=01 0.6044D+01 —0.38330+401 —-0.51000+03 0.37240+04 ~0.77570-02
16 =0, 3878D+00 ~0,4380D+Q0 0.12T740+00 ~0.62270~02 C.5409D+01 —=0.40610+01 ~Q.5313D0+03 0.4079D+04 —0.7124D=02
17 —C.33200+00 —8.36750+00 0,8463D=01 =0.27500=-02 ©0.45790+401 —0.87370401 ~0,183F0404 0.31030+04 «0.3462D-02
18 —£.20100400 -0.22T30+00 0.6466D-01 =0.21500=-02 9.3598D+0) —0.64410401 -0.17010+04 0O.19G50+04 —0.20870-02
19 —0.2344D4080 -0,29670+00 0.52730=01 =0.16340-02 0.25110+01 ~0.6%969D4+01 —0.21300+04 (.19830+04 ~0,21980-02
20 =0, 19110+C0 =0.27470+400 0.40330-01 —-0.12160-02 0.13500+0) ~C.73040+01 ~0.,29030+04 Q+74950+03 =0.97510=03
21 —0,1506D0+¢00 —0.25620+00 0.35450=01 =~0.68970=03 0.15060+90 —0.74440401 =0.31430+04 =0.17000403 —0.40890-0%
22 ~0.1131N+00 ~0.23330+30 0.36T710=01 =0.,82770-03 —-0.10560+01 =0.73930+401 ~0.22350+04 0.4529D+03 —0.63270-03
23 ~0.79670=Cl =0.2044D+00 0.3381D-01 ~0.83550-03 —0.72400+401 ~0.71630+31 —~0.1583D+04 0.23T60+04 =0.2566002
24 ~0,50200-0L ~0,16170400 O0,18950-01 —0,54730-~03 ~0.33690+01 ~Ce6T220+01 ~0.4218D+04 0.30530¢04 -0.37240=02
25 —06.22790-01 -0.1770D+00 —0.13630=02 =0.209L0=03 —0.44030+01 —0.6100D+0! ~0.4254804Q4 0.19520+404 —0.23110-02
26 0.54600=02 =0.18500+30 =0.13590=01 ~0.177.0-03 —0.53150+0F ~G.5307D+01 —-{0.14580+04 0.2785D+03 ~0.3885D~03
27  0436168D-01 -0,2043D400 =0+15340~01 —0.58670-04 —0.6085D0¢01 =0.42770+01 0.204B0+03 -0.43520403 0,47030-03
28 C.68%50-01 ~0.2123D+0Q0 -0,12620-01 0.13860-03 =0.67030+01 ~0.33360+01 0.1B190+04 0.29600+03 ~0.18070~03
29 C.1028D+C0 —0.21450490 —0.14470~01 0,2378D=05 ~0.71510+01 —0.2216D401 0.36990#04 0.1713P+04% —0.1516D-02
30 £.]1366D400 —0.21910+00 -G,2518D-01 —0.14830-03 ~0.74100+0t —0. 10350401 Q.41060+04 0.18060404 =0415040-02
31 €.17160+00 -0, 23220400 -0.36480-01 -0.39630-03 ~0.74680+01 0.17160¢00 0.25230¢04 0.29020+04 ~0.29250-02
3?7 0.,20890+00 ~0.2568D0+00 =C.55620—-01 ~0.11930-02 ~G.73190+401 0.13710+01 0.41770+04 (0.3566D+404 —0.4759D-02
33 0.2502D+00 =0.3066D¢00 ~0.0T120=01 ~0.32080=-02 ~0.+69540401 0Q.25230401 0.62790+04 0e3069D+04 ~0.42320-02
24 (.2986D+00 -0,30£5D+0QC -0,1157D+00 -0.61980-02 -0.63810+0]1 0.35860+01 0.9183D+04 J.21B90+04 =0« 2043002
35 0,35010+00 ~0.40910+00 ~0.13T00+00 —0.87860-02 ~0,56290+01 C.45280+01 0.76200+04 J.6635D+403 —0.50770-03
36  G.43220400 —0.5983D0400 0. 14450400 —-0.98500-02 ~0.4716D+8)1 0.53270+401 0.59380+04 ~0.4820D+03 0, 77230-03
37 0.52220400 =0.656T0+00 =0.1428D+00 ~0.56080-02 ~0.36930+01 0.59710+0) {.58230+04 =0.23240+04 0.26280-02
38 0.62760400 —0.TT460+00 ~0.1301040D ~0.TTI50-02 ~0.25850+401 Q.64550+401 N.58670+04 —0.3202D+04 0.4910D-02
3¢ C.74490+00 =C.B1COD+00 =0.10380400 ~0.4961D-02 ~0.14210+0]1 0.67830+061 0.604T0+04 —0.39770+404 0.9704D-02
40 0.86840¢00 =0.T617D+0C ~Ca5216D0-01 049698003 =0.224604G0 0.69690+01 0.40020+04 =0+44400+04 0.1T716D-01

FRAG NOu.= FCGUY = FCGH = LFA = FRUYY = FRHY = FRAY = '
3 Ga%31114D+01 0.2696200+01 ~0.1984500+01 0.1B3377D404 —0.1305030+0% ~0.2100000+04
[MFACT IT = 646 NODE NG, = 11 FRAG NO = 1 PD = 0a2125520-04

LARGEST COMPUTED STRAIN =

0.,984228D-01 OCCURS AT THE OUTER SURFACE MIDSPAN OF ELEMENT =

40 CARDS PUNCHED QURING THIS RUN FOR CONT INUATION,

T AT TINE (SEC.) =

STRAINIOUT)
~8.13840-01
=0.13940-01
=0.6712D~02
Cs40L70-01
€.5901D-01
G.73550-01
0.8910D-01
0.82580-01
0.67530-01
=0.95750-C2
=0.47190-01
=0.39370~C1
=0.17010-03
044949002
0.9533D-C2
¢.70000~02
0.31380-02
C. 185302
Q. 19040=-02
0.574E8D-03
~0439240-03
0.32460-03
0.23480-02
0.25870-C2
0.17250-g2
Q. 1B7160=-03
~0.4297D~03
G.43150-03
0.20260-02

0.21500-¢2
0.33970~02
G.548530-C2
0.5195D-02
0.42050~02
Gel890D~02
0.21740-03
~0.16610-02
~8.37730=-02
—-0.73560-02
=0.11540=-01

0.3820000~03


http:0.67830.01
http:0.52220.00
http:0.6635D.03
http:0.2145D.00
http:0.!150D.01
http:0.90150.03
http:0.98510.00

A.6.2 TElastic Foundation-Supported Variable-Thickness

Partial Ring (Deflector) Subjected to Single-

Fragment Attack

The geometry of the structure, as shown in Fig. A.6, is a 90-deg partial
ring of constant midsurface radius 8.733 in. and width 1.5 in. The thickness
of the ring varies linearly from 0.3 in.'at the ideally hinged-fixed end to
0.1 in. at the free end. A portion of the ring consisting of a sector of

27 degrees from the free end is supported by a uniform elastic foundation.

This foundation consists of arbitrarily chosen normal kN and tangential kT

stiffnesses egual to 1500 psi and 3000 psi, respectively.

The ring material is considered to be elastic, perfectly-plastic
(EL-PP} with an elastic modulus of 29 x 106 psi and a yield stress of 80,950
psi. For purposes of illustration, the strain-rate constants of the ring
material are chosen to be those of mild steel: D = 40.4 and P = 5. The mass

3

density of the material is 0.732 % 10 (lb—secz)/in4- The "critical strain®

is assumed to be 20 per cent.

Ten equal-length finite elements are to be used to model the partial

ring.

The attacking fragment is identical to that considered in Subsection
A.6.1l. The presence of fragment-ring surface friction is comsidered by the

use of a value of 0.5 (arbitrarily) for the coefficient of friction 1.

‘The CIVM~JET-4A program will be used to calculate the structural
response of the ring and the motion of the fragment, using a time step of 1
microsecond. It has been calculated from the geometry of the ring structure
aﬁd the fragment geometric and initial wvelocity properties that no impact will
occuxr before 593 Usec after fragment release (which is assumed to occur at
the condition (instant) shown in Fig. A.6)}. To expedite the célculation, the
fragment is advanced to its position at 575 Usec after release by the use of
the appropriate input value for TPRIM. Printout of structural response and
fragment position data is desired starting at 5 cycles after TPRIM at intex-
vals of 40 cycles thereafter until 600 computational cycles have been com—

pleted.

216



Card 1

Card 2

Card 2a

The energy accounting option will not be used for this example.

A.6.2.1 Tnput Data

The values to be punched on the data cards are as follows:

Format
3D15.6
B = 0.150000 D+01
DENS . = 0.732000 D-03
EXANG = 0.900000 D+02
815
IK = 10
NOGA =3 :
NFL =4
NSFL =1
MM = 600
ML . =5
M2 =40
NF =1
' 4p15.6
¥(1) = 0.000000 D+00
Z (1) ' = 0.873300 D+OL
ANG (1) = 0.000000 .D+00
H(1) . = 0.300000 D+00

Additional cards in same format until all 11 nodal boints are described.

Y (11} = 0.873300 D+0O1
Z(11) = 0.000000 D+OC
ANG (11) = 0.900000 D+02
Hkll) = ¢.100000 D+Q0
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Card

Card

Card

Card

Card

Card

Card

3
DELTAT
CRITS
DS
P

4
EPS (1)
STG (1)

5
FH(I)
PCG(T)
FCGX (1)
FMASS (I)
FMOT ()

6
UNK{T)

7
upotT (1)
WDOT ()
ADOT (I}
TPRIM (I)
CR(T)

8
AXG (1)
AXG(2)
AXG(3)

9
AWG (1)
AWG(2)
AWG (3)

0.100000
0.200000
0.404000
0.500000

0.279138
0.809500

0.674000
0.363000
0. 000000
0.460000
0.261000

0.500000

0.640000
0.000000

- 0.210000 D+04

0.575000
0.100000

D-05
D+00
D+02
DHOL

D02
D+05

D+01
D+01
D+00
D-02
D-01

D+00

D+04
D+00

p=03
D+01

0.1127016654

0.5

0.8872983346

0.2777777778
0.4444444444
0.2777777778
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Format

4D15.6

4pis.6

5D15.6

bil5.6

5pil5.6

3F15.10

3rls.l0



-0.8611363115
-0.3399810435
0.3399810435
0.8611363115

0.34785484°51
0.6521451548
0.6521451548
0.3478548451

1 {one prescribed displacement condition}

" (Hinged-fixed support located at node 1)

L input deck

for this example should appear as follows:

1 {one elastic restraint)

0 (no point elastic springs)

1 {(one uniform elastic foundation)
0.300000 D+04 {tangential stiffness)
0.000000 D+00

8 (Uniform elastic foundation over

3 elements 8, 9, 10}

0.150000 D+04 (radial stiffness}
8
3

0

219

Format

4F15.10
4F15.10

5
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315
3D15.6,815
D15.6, 815
5



uce

0041500000001

10 3 4
0040000000 QO
00.136614D 01

00.265864D Q1.

00.3964700 01
00.5133130 01
0046175160 01

00.706514D CL°

00,778116D 01
00.830558D U1
00.862548D GC1
0048733000 0Ol
00.100000D-05
00.2791380-0C2

. 00.674000D0 01

00.50000CD 00

004640000D 04,

0.1127016654
0.27777177778
~0.8611363115

0.34178548451 .

1l

3 1

1 0 1
00.3000000 04
00.1500000 04

0

00.7220000-03

1 60C 5
00.8723CCD C1
00.862548D 01
008305580 01
00.778116D 01
€0.7065140 Cl
004617516D Gl
00,5133130 01
00435647CD C1
00.2658640 Gl
00.136614D (1
00.60000CD" GQ

06.200000D 00

C0.8CS5CCD CS
00.3630000 Q1

00.0CQOQCCD GC.

0.5

0.4444444444

—0.3355810435

0.6521451548 .

00.CCOCOCD CC
B 3

0€.5000000
40 1
€C.€C0000D
~C.5C00000
-Ce180000C
~C.27000QD
-0.360000C
~C+450000D
-G.540000D

" ~046300000

-0.7200Q00D
-0.8100000

. =C«SC0000D

00.4G40000

-00.C0CACCC

~Ces210000C

g2

ce
€1

G2

€2
02
02
2
02
C2
02
G2
¥

H oy

C4

C. 8872983346
042777777776
0. 3399810435
0.652145154¢€

€C.3C00000 0C
0€.2800000 GO
004260000C. 00
06, 2450000 0O
00.220000D0 00
CC+2C00000 00
0€.180000D 00
0041600008 00
0C.14C000D 00
00.1200000 00

*€0.1C00000 0O

00.5CC0C00 01
0C.460000D-02
00.5750000-03

0.8611363115
0.3478548451

00.2610000-01
00.1GC0COD 01


http:00.2600000.00

A.6.2.2 Solution Cutput Data

The following is the output obtained: as a result of the CIVM-JET-4A

analysis of this partial ring example.

The ring geometric and material properties, prescribed displacement con-
ditions, and applied elastic restraint constants are output as well as the
fragment geometric, initial velocity, and energy parameters, in order to provide

a means of conducting an input-data check.

The initial impact is observed to have occurred at 18 Hsec after TPRIM
along the length of element &, approximately 55 degrees from the support

(BI = 55 deg).

The strain exceeds the .specified "critical" strain magnitude for the

first time at cycle 245 in the location denoted by the asterisk (*).

The maximum strain of 8.44 percent occurs on the inner surface at the
midspan of Element 5 at 600 Usec after TPRIM. In this example, the strain

responses were computed only at- the midspan station of each finite element..
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(444

PARTIAL RING ##JET#* DFELECTION ANALYSIS

RING PROPERTIES

SUBTENDEC ARGLE

OF RING

HIDTH OF RING{IN)

DENSITY OF RING

NUFBER OF ELEMENTS

NUMBER OF SPANWISE GAUSSIAN PTS.

NUMBFER OF CEPTHHWISE GAUSSTAN PTS.
NUMBER OF MECHANICAL SUBLAYERS

0.2791380-028TRESS {1} =

STRAIN (1) =
NODE NG.
t

10

11

FRAG NG

¥ CCORD
¢.0

0s136614D+01
0.269080640+0L
0.3965700+01
G.5133130+01
0,5175160+01
G+ TC65140401
0.778116D+01
0.B830558D+01
0.8625480401

0.873300D+01

FRAGNENT PRCPERTIES
WIDTH CF FRAG.

L 0. 6740000 +01

FRAGaNC.

VEL IN ¥ DIR.

COLLISICN PARAMETERS

1 0.6400000+04

VEL IN Z DIR.

2 COOHRD
0.8733000401

0.862548D+01
Ce 8305580401
G.7781160+01
Co70651;D001
CooLT5L60+08
0.5133130:0[
03964700401
0.269864D+01
0.1366140+01

0.0

MASS OF FRAG.
0+4600000-02

ANGa VEL.

a 0.9000C490+02

= 0.1500000+01
0.7320000~03

.

= 1D

= 3

= 4

=1

08095000 +05
SLOPE

2.0
—0. 15706800400
~04 3141590400
-0.471239D+00
=0+6283190400
=0.7653980+00
~0.942478D+00
=0, 1099560401

~0, 1256640401

-0.241372D401

-0.15T08C0+01

RING THICKNESS AT NODE I~

0. 3000000+Q0

0.2800000+00

G+ 260000T+00

4. 2400000+00

0.2200000+4C0

0.200000D+00

0.1800000+400

0.160000D+00

0.1406000+Q0

0.120000D+00

0.1000000+00

MOMENY OF INERTYA QF FRAG,

0.2610000-01

—0.210000D+04

COEFF.0OF RESTIT.

,

0.100000D+01

FCGY
0. C

INITIAL KINETIC ENERGY

0.15LT5a0+04

FCG2

0.3630000+0L

CPEFF. GF FRICT

0.500000D+00


http:COEFF.OF
http:0.269864D.01
http:0.830558D.01
http:0.4712390.00
http:0.873300D.01

HINCER DNISPLACEMFNT CONDITIDN AT NODE = L
CCONSTEAINTS (ELASTIC FQUNDATION/SPRING) AS DES
SIZE CF ASSEMDLED MASS OR STIFFNESS MATRIX =

THE VALUF DF THE TANGENTIAL. SPRING CCNS

THE VALUF OF THE RAD]AL SPRING CONSTANT
THE, VALUE OF THE TORSIONAL SPRING CCNST

CURRENT TIMF CYCLE FRAGMENT
H 1
HORK IAPUT INTQ RING TO TIME STEP 5 =
RING KINE¥TC ENERGY AT TIFE STEP 5 =
RING ELASTIC ENERCY TO TIME STEP 5 =
RIAG PLASTIC WORK TQ TIME STEP § =
ENERCY STOREC IN ELASTIC RFSTRAINTS =
J= 5  TIMfa 0.500000-05
1 v W ‘PSE CHI
1 0.C 0.C .0 0.t
2 C.C 0.0 0.0 0.¢
3 Gt 0.¢ 0.0 0.
N 0.0 0.0 a.¢
5 el 0.0 0.0 0.
& .0 0.0 c.o 0.C
7T 0.8 t.0 0.0 0.¢
8 G 0.¢ C.0 0.0
9 0.0 3.0 Ce0 0.C
1c 0.¢ 3.0 G.0 0.9
It C.¢ 0.C .0 0.0
FRAG NO,= FCGY = FCGW =
1 €.37L20CD+0L  0,3630000+01

INPACT [T= 18 ELEMENT NOD., = &
LOCATEON ON ELFMENT = C.9806720+00

IMPACT (T= 19 ELEMFNT NO, = [
LGCATION ON FLEMENT = 0.9758970+0C

IMPACT JT= 1% ELFFERT HNO. =
LOCATION ON ELEMENT = ° 0,1539140+00

CREBED BELOW
270

TANT IS = 0.3000000+04
I5 = 0. L500000+04

ANT 15 = 0.0

KINETIC ENERGY

0.1517580+06
$.2910380-10

0.0

0, 7C95400-06

-0.7095100-06
0.0

cory
0.0
3.1366D¢0L
0.2659D+01
0.3565D401
0.51320401
Q.61750+91
0.708650+01
0.77810+01
G+8306D+01L
0.86250+0}
0.87330401
ALFA =

-0,121800D+01

FRAGMENT NO. =
PENETRATION DIST

FRAGHENT Nft. =
PENETRATION DIST

FRAGMENT NO. =
PENETRATIGN OIST

corz
G.B733D+01
0.86250+01
0.83060+01
0.7781D+01
Q. 70650+01
Q.6175D+01
0.51330+01
0.356504+01
0.26990+01
O.136604+01
0.0

FRUV =

—

[~ =R Nl RoToR-Na) ]
[=R=R=R=-Na=y_NaYelu]

IR

0.6400000+Q4 0.0
1
= 0.15B228D~03
1 .
= 0.442654T0-02

a  0.1426830-02

FRHY =

0.0
0el
0.0
0.0
Q.0

0.0
Qa0
0.0
0.0

STRATIN{IN}
.
Q.
O

(=R-~F-F-E-K-To¥-N=]-]

0
Q
0
¢
[+]
0
[+]

FRAY =
—0.210000D+0%

STRALK{QUT}
0.0
0.0
0.0
0.0
Qe 0,
0.0
0.9
Ga0
G.0



rZT

——

-

-

CURRENT TIMF CYCLE
45 1
WORK [NPUT INYO RING T TIBE STEP

RING KINEYIC ENERGY AT TIME SYEP
#ING ELASTIC ENERGY TC TINF STEP

RING PLASTIC WQRK TO TEME STEP
FNERGY STCRED TN ELASTIC RESTRAINTS

. FRAGMENT

KINETIC ENERGY

0.1122310+06
45 = 0.3952800%05
45 & 0.159736N405
45 = 0.125094D+04
435 = 0.18303LN+05

= 0.3340%4D+00

J= 45 TI¥Ex G,450000-04
v W PSI cHt _copY opz L H STRATNIIN)
1 0.0 0.0 . =0.15630-03 0.11610-02 0.0 0.8733D401 0.26710+05 0.13200002 0,2096D-02
2 0,29960-02 ~0.2396D~C3 —0,35680-03 0.29100-02 0.1369D+0L 0.8625D+0L 0.56160405 0,49650402 0.46880-02
3 0.$5720-02 ~0.14240-02 ~0.13100-02 0.65800-02 0,27070+01 C.8301D+0L 0.5248D+05 -0.22400+03 0,63680-02
4 €.1926D=C1 ~C.31690-02 0.1664D=03 [0,51270-02 0.39800+01 0.77700+01 0,6011D+05 -0.56570¢03 0.1162D~01
S 0.33550-01 0.15330-01 C.25560-01 |0.26510-01 0.5171D+61 Q.T057DFQL 0.7162D+05 0.33670+02 0.61860-01
& 0.47170-01 G0.25860400 0.12730-01 0.31720-00 0¢6415D+01 0,63560+01 0,47740+05 0.52B10+03 0,68920~02
7 0.14350-01 0.1457D+00 —0.36640-01 0.18100-01 D.7L910+01 0.5207D+0L 0.2899L+05 -0.20920403 0.50910-02
B 0.3663D-02 D.64380-02 -0.16490-0L 0.0409D0-02 0.778B0+8L 0.39650+01 0.29260+05 -0-13930+03 0.5338D~02
9 0.5034D-C2 €.2026D-02 ~0,8249D-03 ~0.41110-03 0.8310D+D1 0,26910401 -0.39560404 ~0.93300-01 ~0,69880-03
9 0.709(D-02 0.83100-03 —0.72090-03 -0.43550-02 0,86270+01 0.1359D+01 ~0.58510+04 —0.59720+00 -0.12160-02
1 0.41110-02 .3(830-03 ~0.4125D-03 -0.3390D0~-02 ©0.6733D«01 =0.41L10-02
FRAG NQ.e Feau = FCOW = ALFA = FRUY = FRHV = FRAY =
! 0.3939000+01 043616830401 =0.1296210481  0.5327300+404 ~0.4873510+03 -0.1865520406
CURRENT TIME CYCLE FRAGHENT KINETIC ENERGY
85 1 041122310406
WORK INPUT THTO RING TO TIME STEP 85 = 0.39528D+05 ‘
RING KINETIC ENERCY AT TIFE STEP a5 »  0,1114100+05
RING ELASTIC ENERGY 7O TIME STEP 85 = 0.12232680+0%
RING PLASTIC WORK TO TIME STEP 85 =  0.2714240+05
ENERGY STCAED IN ELASTIC PESTRAINTS s 0.118876D+02
J= €5 TIME= G.B50000~C4 .
v W P51 Y capy coPz L # STRAIN(IN)
1 c.t 0.0 ~0130960-01  0.15200-01 0.0 0.87330¢00L 0,T2350+05 =0.91760403  0416040~01
2 0.21230-01 ~0.25530-01 ~C.73130-02 0.1354D-01 0.13830+01 0,85970+0L 0,6957D+05 —0.51920¢02 0. 1062D-01
3 €.42030-01 -0.23280-01 ~0.97870-02 0.140L0-00 0.27280+01 C.B2610+01 0,68680405 ~0.20860403 0. 13260-01
4 0.655&0-Cl =0,3534D=01 0.8568D~02 O.L777D-01 0,400TD+0l 0.7720D¢01 0.461670405 -0.80260403 0.30540=01
5 0.95050-0L 0.72970-01 0.16310+00 0.53690-01 0.5254D+#0! ©.70680+01 0,38430805 0.64460403 0.6427D-01
& 0034760-0l 0.57650400 C.8823D-01 0,02660-01 0.56070+01 0.6558D+01 0,3568D405 0.13410+04 —0.8074D-03
7 ~0.29490-01 0.32060400 ~0416470+00 0.32590-01 0.73220+401 0,53560+01 0.3556D+05 —0.2B500+03 0.17420-01
8 —Gs65310-0L 0.30650~01 -0.95680-01 0.2047D~0] 0.17790+01 0,40370+01 0.2688D+05 ~0.L6640403 O.16240-01
9 ~0.45670-01 —0.58940-02 0.83970~03 0,13320~01 0.82820001 0.27390+01 - 0,1379D405 —0. 17350402 0.50470-02
0 -0.35350-0L ~0.5205D-02 0.26930-02 D0.687130-02 0.BE15D+01 0.1400D0l O0.66840+03 0.2576D+01 0.1:030-D3
1 ~0.31350-0L ~0.19190-02 0,15820=02 0.77700-02 0.8731D+0l 0.31350-01
FRAG NO.= FCEY = FCGH = ALFA = FRUV = FRWY = FRAV =
1 0.4152090401  0.3597340401 =0.13TL640401  0.5327300404 -0.4872810¢03 —-0,1885820+04
IMPACT IT= 119 ELEMENT ND. = 1  FRAGMENT NO. =' 1
LOCATION ON ELEMENT =  0.351180Ce00 PENETRATION DIST =  0.1405380-02
INPACT IT= 121 ELEMENT WO. = 1 FRAGHMENT ND. =

LOCATION ON ELEMENT =

03501830400

PENETRATION DIST =

G 1080 T4D-02

STRAINIOQUT)
0.21390-02
C.4BT50~02
0.50840-02
0. 7292002
0.63T50-01
0.13450-C1
CaZ24970-02
0.363p0~02

~0.7003D~C3

=0.12300-02

STRAIN(QUT}
Q.11030-01
0.11080-01
0.97990-02
0.45410-02
0.74810-01
0.33720~01
6.85710-02
0.56390-02
Gu48460-02
0.16910-03


http:0.4873810.03
http:0.82820.01
http:0.66070.01
http:0.40070.01
http:0.33670.02
http:0.22480.03
http:0.27070.01
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CUPRFNT TIME CYCLE FRAGMERT

12¢% t
WORK I&PUT INTC RIAG TO TIVE STEP 125 =
RIaG KINETIC EMERGY AT TIHE STEP 125 =
RIAG FLASTIC ENERCY TG TIME SYEP 125 =
RING PLASYIC wORK TO YEME STEP 125 =
ENEACY STGREE IN ELASTIC RESTRAINTS a

KINETIC ENERGY

0.968516D+C5

0.5490690+05
0,128231D+05
0.5980%0Dp+03
0.4031460+05
Q. 1711760+G2

= )28 TikF= 0.125000-03 R
v L] P51 Cr1 coeY £COPZ L M STRAINIINY
€.C 5.9 =0.90Q50=01L  0.9662D0-02 0.0 G.87330+401 0.321BD+05 —0.1494D404 0.19410=-01
0.23060=01 =0.E6680-01 ~0.3056D~C1 0.12830-01 0.137504C1 G.B534D+40L 0.24320405 =0.78940403 Q,L1550-01
Q. 53200-0L —0.10760400 =0.12490=-01 0.1226D0-01 0.27460¢01 0.81870+01 0.152B0+05 ~0.1344D4¢04 (0.15800=-01
0.,8530D-Gt =0.86610=-01 0.51350-01 0.1626D0-01 0.40010+0L Q,.766504¢01 0412060405 -047530D+403 $a343%90-01
£e57300-0L O0.F4TSD+00 0.2614D+00 0.26400-01 0,52990+401 Q.7128D0+01 C.11260405 0.1259D+404 0,58730-01
=0, 4685D0=C2 Q.70530+00 0.1456D+0¢ 0.70160~01 0.656730+401 0.566800401 0.4280D+Q5 0.13800+04 ~0.55030=-02
—C.88900=01 Q.50610+00 ~0.23440+0C D.43960-02 0.T74220+01 0.5503D+401 0.48250405 =0.43050+02 0,19790-01
~0.16390+00 0.9209D=01 ~0.17150400 O0.14130~01 O0,.77950401 O0.4156D+01 ~0.4904D405 —~0.2574D+02 0.27550~02
=0.16990+80 =0,40420~C1 0,56530-02 0.71080=-02 0.82150+01 0.28480+01 —-0.17090+05 —0.1156D+03 0.389B0~03
-0, 16260400 -G.260640-01 0.2438D0-01 0.4994D-02 0.8574D+C1 0.15230+0F —0.38950+404 O.306TD+02 —041164D0=02
-G.15710+C0 —C. 116700t G.15200=-01 Q.53610-02 Q.87210+G1 C.1577D+00
FRAG NO.= FCGU = FCGH = ALFA = FRUY = FREY = FRAV =
, L 0.4356263D401 0.3578360401 =0.1446380401 0,4910580+04 —0.4027330403 =-Q,L77287D+04
CURRENT TIME CYCLE FRAGHENT KINETIC ENERGY .
165 3 0.9685160+05
WORK [NPUT INTG RIKG TC TIME STEP 165 = 0.54906490+05
RING KINETIC ENERGY AT TIME STEP 165 = 0.121063D405 .
RING ELASTIC ENERGY TO TIME STEP 165 = 0.492656D0+03
RING PLASTIC WORK TG TINE STEP 165 = 0«41 83490405
ENERCY\FTDRED IN ELASTIC RESTRAINTS = 0.473040D403
= 1€5 TIME= £,.165000~02
v L PSi Cht copY COPL L L STRAIN{IN)
[ 0.0 =Ds13640+400 0a35060-02 0.0 0287330401 0Q«8T10D0+404 —~0.1740D+04 0.L8100-01
€.19590=01 «0.15350400 ~0.71770=01 0.84080-02 0.13620401 Q.8471D+0% -0«8230D+04 =0.33730404 0.13660-01
0.58630-0Q1 ~0.2C13D400 ~0.3937D-02 0.€2830~02 0.26920+01 0.80960+01 «0.1T670+05 ~0,3024D0+04 0.18620-01
£.54900-0L ~0.122600400 0.12710+00 0.51220-02 0.3994D+4C1 0.76290401 =-0.37820+04 0.12990403 0.30430-01
C.B6L20~Gl  0.19970400 0.30950400 0.M1750-01 0,.53200401 Q.7174D+01 —Q.468100+02 0.1191D+04 0.570Q0-01
=0,46950-01 0,8031D+80 C 17660400 C.E67290-01 C.67L00+#01 0.67T6D+0L ~0.5772040% ~0.8417D+02 ~0.79T1D~02
=(.14060400 0.68060+00 ~0.17L20400 0.24480-01 0.7540D+01 0.56520#Q01 (.28930+05 Q.1238D+04 0.9994D=-02
=0,23170+00 {.2327D+00 ~0,23570+0C 0.863BD-02 0.79720+40F G.43220+01 (.11180+05 ~0.13420+03 0.12350-01
-0.,2853D+00 ~0,52120-01 =0.26230-01 {.2601D0-01 0.B81680+01 0,2954D+01 0.96210+04 =0.4953D+02 {.82310-02°
=0 26520+C0 —0.47430-01 0.58260-01 G.79620-02 "0.B53TD+Jl (C.16210+01 0.6415D+04 0.69590402 0.54290-03
=0.255804C0 ~0.21460=01 C.37856D~0L 0,10740-01 0.087L2D+01 0.25%580+00
FRAG NO.= FLGU = FCGH = - ALFA = FRUY = FRAY = FRAV =
1 Ce 4559050+ 0L 0.3562250401 -0.1517300+01 0.4910580+04 —0.4027330403 =0.1T72870+04

STRAINICUT)
0.68430-02
0.79620-02
0441350-02

=0+940&0~-02
0475570-C1
0.45810-01
¢»11710-C1

-0A1672D-01

-0.14190-02

~€2%644D-03

STRATN{OUT)
C.94330~C2
0.3025D=-03

-0.52380-02

-0.30010-03
0.7T6400-01
0.3988D=C1
Q.1T750-01

=G 1091D-01
0.15637D=-03
0.21390-02


http:0.11180.05
http:0.436263D.01
http:0.1158D.03
http:0.4280D.05
http:0.71280.01
http:0.24320.05
http:0.9685160.C5

9z

CURRENT TIME CYELE FRAGMENT KINETIE ENERGY
205 1 0.B3607T0+0%
WCRK TAPUT INTO RING TO TIME STEP 205 =  Q.6815000+05
RING KINETIC ENERGY AT TIVE STEP 205 » 01402200405
RING -ELASTIC EMERGY 10 TINE STEP 205 = 0.626543C+03
RING PLASTIC WORK TD TIME STEP , 205 =  0.525326D+05
ENERGY STCRED Ih- ELASTIC AESTRAINTS = 0.9696860+03
J= 205  TIWE® £.205000-(3

r -, W PS1 crl capy copz L H STRAINLING
b GeC 0.0 ~0.18110400 ~0.3064D-07 0.0 0-9733D+01  0,28220%05 -0,18230+04 0.1978D-01
2 0.1864D=01 =0.2121D¢00 ~0.1153D+00 0.58650=02 0.13510401 0.84130+0L O.l3450408 —0.40170+04 0.211tD~01
3 £.70750-Cl -0.292004¢00 C.90040-02 0,12730-01 0.26760401 0.8006D+01 0.1137D405 -0, 27450404 0.2604D-0)
4 011670400 =0.14790400 0.18410+40C ~0.49570-03 0.40010401 0.7596D+0f 0,28570405 0.94400+03 0,31540-01
5 £.56T7T90-01L D,.23560+00 0334120400 0.30850=02 0.53500401 O.TE99D+01 0.29220+05 ©0.52520+03 0.6075D-01
6 =0, E546D~C1 0.£0510+00 0.2154D¢0C 0.60570-01 0.67580+00 0.6B50040]1 0.32220405 —0,4170D+03  0.40020-02
7 -0.16520+00 G.84450400 ~0.63650-01 0.37B00~01 0.76520+01 0.5763D+0L O0.9184D+04 084040403 0,49880-02
8 ~0:267604C0 0.58130406 —C.2940D+00 -0.14520-02 0.8178D401 0.44670+01 0.11490405 0.5451D+03 0,82060-02
9 ~0.3924D400 0.34030-01 ~0.1637D400 0312200-0F .0.62160401 0.30830#0) 0.177T8D#05 —0.39980+03 0.11300-01
16 ~C.38310+00 (. 73690-01 0.75820-01 0.24750~02 0.04930401 0.17330+01 0.1186De0% 0.3916D+02 0,20330-02
11 =0.37430+00 =0.33370-01 C.64570-01 0.10340-02 0,A700D¢0L 0,3743D+00

FRAG NOum FCOU = " FCER = . ALFA = FRUY = FRWV = FRAV =
1 C.4T578604C1  0.35492204C1 =-0.1586030401  0.4534190+04 =0.2503790+03 -0,1665010+04
IMPACT JT= 232 ELEMENT NO. = B  FRAGMENT NO. = i
LOCATION CN ELEMFNT =  0.385076D+CC  PENETRATEON DIST =  0.5795540-03
CURRENT TIPE CYCLE " FRAGMENT KINETEC ENERGY i :
248 " 0.8082560¢05
3
MORK INPUT INTG RING TO TIME STEP  .245 =. 0,7093290+05 .
RENG KINEFIC ENERGY AT TIME STER 248 x  0.1262130+05
RING FLASTIC ENERGY TO TIME STEP 245 = 0.6219270+03 . )
RTNG PLASTIC WORK TO TIME STEP 245 = 0.559764D+05 \ '
ENERGY STCREﬁllN ELASTIC RESTRAINTS - 0.1713320+04 )
J= 245 °  TIME= 0,245000-03 ' ) . ’

1 v W 278 CH1 coPY copz L N STRAIN{IN}
1 6.C 0.0 ~0.2264D400 ~0.12150=01 0.0 0.87330¢01 0.3217D405 ~0.189150404 0,21670-01
2 0.1446D-01 =0.2704D+00 -0.1510D400 0.29990-02 0.1338D+01 0.83560+01 0.2659D¢05 -0.33850404 0,30690-0)
3 [.52580-01 —0.3494D+00 0.2366D-01 0.20990-01 0,.26630401 0.7929D401 0.2595D+05 —0.22020404 0.31310-01
4 0413720400 ~0.17436+00 0.2195D+00 ~0.29440-02 0,40080+01 0.7563D+01 0.3414D+05 0.13080+04 0.3114D~01
5 010720400 0.2561D400 0.36280+00 01901002 0.53700401 , 0.7209040L Q.22900+05 0.77270+03 0.50540-01
6 =0,65840=01 0,92630+00 0.24340400 0.5214D=DL 0.67840+01 ' 0.68770401 Q.2156D+05 —0.1258D%04 Q. 7545D-02
T ~0.17800+00 0.5804N+00 0.2690D~0L G0.40700-00 0.7754D+00 0.5853D¢01 0.14530405 0.11100+04 0.1919D-02

. . .
B ~0.29770+C0 0.84210+00 ~C.29280400 0.52800-02 0.83960+01 046120401 0.60300404 -0.12190404 0.66020~02
9 —~0.47960+00 0,23120400 ~0.31500+00 —0.32760=01 0,B8377040L 0,32260¢01 —0.1052D+05 —0.57430403 0.1437D-01
10 ~0.50840+00 ~0.9068D~01 0.52330~0L 0.18250-01 0.8456040) 018540401 G.318560¢04 =0.15750+403 0.24620-02
11 =€.49210400 =0.47680-01 0.96020-01 0.17580-01 0.86B50%01L 0.49210400
FRAG AOu= ECGU = FCGH = ALFA = FRUV = FRHY = FRAV =
1 0.4927270401"  0.3540200401 -0.1652040401  0.445244D404 =0.2090900403 ~0.1640890+0%

STRAINIOUT}
0458430-02
~0.33380-02
=0.58400-02
C+50570~C2
0.70980-01
0s4241D=-01
0.3354D0-01
“C.86710=02
=0.1E410-01
Q.29260-02

STRAIN(OUT)
6.57120-02
—0,36750-02
-0.43830-02
0. 6935002
0.77810-01
0,37330-01
0.41480-0]

Ge26030-02
~0.20480~01
=-0.11300-02


http:0.81780.01
http:0.1402200.05
http:0,636077D.05
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1
3

-

4

A Rl E Y

D

[+]
1

J

L= -E R Rt B L

CURRENT TIME
405

WORK
RIAG KINETIC
RIMG ELASTIC
RIMNG PLASTIC

CYCLE FRAGMENT

1

INPUT INTO RING TO TIME STEP

ENERGY AT TIME STEP
ENERGY YO TIME STEP
WORK IO TIMF STEP

FNERCY STCREC Ih ELASTYIL RESTRAINTS

= 4Cs TIFEz 0.405000=-02

v

C.C
C.47030-03
0. 10720400
0.15350+00
C. 16760+00
~Ce 13490-01
=G.18830+C0

~0.36790+00
~0.56150+C0
—0.£764C400
=C+51C0D+C0

] Ps1
0.C =0.3446B80¢00
=0.4185D+40¢ ~(.23300+00
~0.8490D4Q0 0Q.46070-01
=0421490400 0.247804+00
0.16540+00 0.392690+00
C.9434D+00 0.37830+00
C.13920401 0,23110+00

0.1496D401 ~0.158380-01
0 1150D+0L ~G.40130400
0.29630+400 —0.43810+00
=C.11800+0C G.L13670-01

KINETIC ENERGY
Q.4356500+05

405
405
405
405

¢.1081940+06
0.1026100+05
0.1082682D+04
0. 510306D+C5
0.581914D+04

[ I T ]

Ck1 cory
=0+42220-01 0.0
=90,32100~03 0.13010+01

0.29290-0F 0.26310+0)
~0.23870-02 0.39940+¢01
-0.25740-02 0.53860+01
0. 7009001 0.6833D+4L
0.,37C9D0-01 0.B081D+0L

0.66670~01 0.89490+01
=0.37630-01 0.,9226D¢01
~0a72950-01 (0.37810¢01
0.17280-0F 0.85150+4G1

FRAG ND.= FCGUY = FCGW = ALFA =

1

0.5569750+G1 0.3545210+40F -0.1872380+01

[MPACT ITa 423 ELEFENT 0. =

LCCATION ON FLEMENT = 0.5443780+00

CURRENT TIME

445

CYCLE FRAGMENT

1

HWORK IAPUT INTO RIAG TO TINE STEP

RING KINETIC
RING ELASTIC
RING PLASTEC

ENERGY AT TINF STEP
ENERGY TO TIME STEP
WNRK TQ TINME STEP

ENFRCY STYCRED N ELASTIC RESTRAINTS

= 445 TIME= 0.445000-03

v

0.C
-C.88¢90-04

0.10630+00

0. 1968D+00

0.16210+00
-0.2883D-01
~Ca 23400 +00
=G+ 441 80+C0
—~0. 64620400
~0.97100+00
=0.10670+01

W P51
0.0 -~0.35830+80Q
=0.41930+00 ~0.2220D+00
~0.5540D+00 ¢,22000-01
~0.34380+00 0.,25160+00
C.1950D+0C 0.4154D400
0.55230+00 0.40910+00
0.14530401 0.2914D+00
0.1627D+01 0.408670-02
0.13300+01 =0.3439D0+00
0.507CD+00 =0.50170+00
—0. 11490400 -0.16318400

] FRAGHMENT NOD. =

KINETIC ENERGY
0.4253710+05

445
445
445
445

0.1092210+06
0.8261220+04
0.292276D+03
0.9304810+05
0.7619600+94

CHI cory
-0.48060-01 0.0
0.17680-02 0.13000+01
0.28750-01 0.26290+01
~0.32640-02 0,3984D+01
~0.12800-81 ¢.5379D+0L
0.54100-01 0.68280+01
0.18710~81 0Q.,81080+01
0.866)40-01 0.90300+01
“0.15790~01 0.9371D+01
=0, 10480400 0.89740+01
0.1C320-01 0.8618D+0L

FRAG NQ,.= FCGU = FCGH = ALFA =

1

0.5702330+01 0.352565604C1 =0.1919160+01

IMPACT IT= 458 ELEVMENT NO. =

LOCATION GN ELEMENT =

6  FRAGMENT NO. =

0.85801&4D¢0C PENETRATION DISY

1]

1
PENETRATION DIST =

9

CoPZ
0.87330+01
0.82120+0L
017500401
0.7413D+01
0.71280+0L
C.68520+01
0.6104D+01

0.4972D+01
0.3588D0+01
0.22780+01
0.91000+400
FRUV =

«3326730+04

0.2551570:

+ COPZ
0.,87230+01
0.82110+01
0.77460+01
Q.73860+01
0.71230401
0.68690+01
0.61300+01
0.50970+01
0.3724D%01
0.2404D+01
D.10670+01

FRUY =

«320903D0404

0.358018D

L
0.T7992D+405
0.76210405
0.62630+05
0.5051D+45
0.3442D+05
0.32310+05
0.1809D+0%

0.74100+04
0.55170+04%
0.41720+04

FRRY ©
=0.19987GD

—03

L
0429630+05
0,25540+05
0419870405
0.1787D+05
G.13180405
G4 19190405
0.1311D+95
0.2076D+04
0. 54650+04
055560404

FRHY =

M
-0.63550¢03
065310402
~0.31730+03
-0.36420403
=0.1563D+03
=0.14390+03
0.72540+02

=0.10520+03
Q.87370+03
~0.37800+03

STRAIN(IN)
0.3348D0-01
0.53370=-01
0.3983D0-01
0.4113D0-01
£.77050-01
0.49230-01
042196001

0.14800=01
—041291D=01
0.20060=-01

FRAY =

+03 -G.1L7505D+#04

]
=0.61690+03
0.9484D+03
—0.87070+03
=0.44050+03
=0.44820403
=0.68170403
0s553T0+03
—0.41030+403
0.9626D+03
0.16260+02

STRAINCIN)
0.35710-01
0.49620-01
0.40690-01
0.4014D=01
0.755640=-01
0.42700=-01
0.1899D-81
0.16930-01

—0.1937D~01
0.15860-01

FRAV =

=0.2497690403 ~0.115044D404

-03

STRAINLOUT)
0.93790-02
~0.1442D-02
0.+30650-02
Ce15830=-01
0.70550-01
0.69340-01
0+5271D~¢1

0.56640-01
-0.10100=-01
=0.16080-01

STRAIN{OUT)
0.58T80-02
1.16880-02

~0. 1122002
0.12330-01
G.75710-01
0.65T700-01
0.54330-01
0.55020=-01

=0+4944D-02

=0+112906~01


http:0.10670.01
http:0.1311D.05
http:0.87070.03
http:0.14390.03
http:0.6833D.01
http:0.65310.02
http:0.108262D.04
http:0.1026100.05

[:t44

CURRENT TIME CYCLE FRAGMENT KINETIC ENERGY

485 i 0.408357D+05
WORK INPUT INTG RING ¥O TIME STEP 485 = 0.1109230+06
RIAG KINETIC ENERGY AT TIME STEP 485 = (.565037D404
RING ELASTIC EMERGY TG TINE STEP 485 =  0.2021320+03
RTMG PLASTIC WORK TO TIME STEP 485 = 0.9456840+05
ENEFCY STCRED Th ELASTIC RESTRAINTS z 0.950198D+04
J= 485 TIME= 0.48500D-03 .

I v L] PSI CkHi COPY coez L L] STRAINI(ING STRAIN{OUT)
1 0.0 0.¢ —0,34500400 —0,45800-01 0.0 0.8733D+8) —-0.3878D+04 (.56319D0+03 0,31010-01 0.462700-02
2 =0.25240~02 —0.41440+4C0 =0.22820400 =0.17700=02 Ca1299D+01 0.82170+01 -0.,2996D+04 0.783460+03 Q.47500-01 -0410540-02
3 C+59810-01 =0.55880400 0.18990-01 0.27380=01 0.2621D0+401 0Q.7743D40CL =0.12790405 ~0.B8464D+¢03 0.37630~01  ~0+4072D+02
4 0.18820400 ~0.35440+00 0,24750+00 -0.£20810-02 G.39710+04 0.73800401 ~0.9263C+04 =0.9461D0+¢03 0.38740-01 Qe82990-C2
S 0al5340+00 O0.1TE87D+00 0.42T780450 «0.20570-01 0.53620+¢01 0. 7120D0¢01 -0.5389D0+404 —0.58780403 0,74040~01 Q.73250~01
& =Ce&319D0-01 G,STLLD#CO Q.42640+¢00 0,50280-02 0.6817D+01 0.6907D+01 ~0.51850+02 -0.10230+04 {,49830-01 Ce61550~C]
T =0.2940D+00 0,151&D401 0.33950+00 0.16070~02 0.81190+01 0Q.6262D0+01 0.21890+03 (.52080403 0,1734D-0] 0«52560-01
8 ~0.5214D+00 0.17CBD#QL  0.5420D0-01 0.63090=-01 0.90670+01 0.52050+01 0.6229D+04 ~0.3281D+02 0,15980-01 0.55090-01
9 073550400 O0.1479D+01 =C.30360400 —~0,38340-02 0.94850+01 0.38550+01 Q.25700404 0.9265D+403 =0,21050~01 =0.l6450-02

10 ~0,10560+01 0.70800+00 —0.51200400 ~0.10970400 0.91600+01 0.252004001 0.21086D0+04¢ 0.60360+03 0,755LD~02 =0.4065D-02

11 =C.12300+C) —-C.85C2D~01 —-0.36320+00 ~0.45650-01 Q.8644D+01 0.12300+01

FRAG ND.= fCGU = FCGR = ALFA = FRUY = FRHY = FRAV = .
1 0.5831900+01 0.3525130401 =0,i964850+0L  0.3217710+04 =0,3012490403 ~0.1L35070+04
THPACT [T= 5156 ELENENT NO. = 10 FRAGMENT NO. = 1
LCCATION €N ELEMENT = 0.7538880+0C PENETRATION DIST e 0.145281D-02
¢
CURRENT TIME CYCLE FRAGMENT KINETIC ENERGY
528 1 9.3609700405
WOAK INPUT TNTOD RING FO TIME STEP 525 = 0.1136610406 s
RING KINETIC FNERGY AT TIME STEP 525 = 0+528119D0+04
«RING ELASTIC ENERGY TD TIME STEP 525 = 0.32755T0+03
RING PLASTIC WORK TD TIME STEP 525 = . 0,9699990+05
ENERCY SYQREC IN FLASTIC RESTRAINTS = 0.1105280+05

J= 525 TIME= D.525000~03

1 v L [+ copy cepy ) L M STRAINCING STRAIN{OUT)
1 G0 0.0 ~0.33600400 -0.43520-01 Q.0 0,8733P+01 =0.1668D405 0.19610+04 0.27700-01 0.74870-02
2 —=0.42130-02 =0.41350400 =0.,24050+0¢ =0.74600~02 0.1297D+01 0.82180+01 —0.21820+05 -0,24160403  0.4784D-01  ~0.%45960-02
3 0.,95030-01 =0,56910+00 0.26390-01 0.26070-01 0.26130+0F Q.77350+01 —0.1410D0+0S5 0,23530+01 0,35640-01 -0.231%0-02
4 0.183T0400 —0,35850400 0.234960400 —-0.16700-02 0.396460401 0.73780401 0.1280D+04 =~0.LB4600404 0.42220-01 0.68670-02
5 0.1548D0+00 0.16660+400 0.44500400 =0.25210-01 ©0.53550401 (Q.7109D0401 ~0.116850404 =0,12590+04 0.76600=01 C.71610-01
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PARTIATL. RING

VARTABLE-THICKNESS,
ARBITRARILY-CURVED,
COMPLETE RING

>» Y

i+l *

FIG. A.l1 GEOMETRICAL SHAPES OF STRUCTURAL RINGS ANALYZED BY THE CIVM-JET-4A
PROGRAM
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FIG. A.2 NOMENCLATURE FOR GEOMETRY, COORDINATES, AND DISPLACEMENTS OF
ARBITRARILY-CURVED VARIABLE-THICKNESS RING ELEMENTS
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v=w=y=0 ‘:\DEALLY CLAMPED
v=w=0 HINGED-FIXED

v=9y=0 SYMMETRY

{(2) Prescribed Displacement Conditions

DISTRTIBUTED ELASTIC
FOUNDATION

POINT ELASTIC
RESTORING SPRINGS

(b Elastic Restraints

FIG. A.3 SCHEMATICS FOR THE SUPPORT CONDITIONS OF THE éTRUCTURE
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(c) Distributed Elastic Foundation Provisions

FIG. A.3 CONCLUDED
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(a) Elastic, Perfectly Plastic (EL-PP)

(SR 8

(01,8 . |

e e e —

l |
I |
| l
! ' |
i |
I |

(k} Elastic, Strain-Hardening (EL-SH)

FIG. A.4 SCHEMATIC OF POSSIBLE PIECEWISE LINEAR REPRESENTATION
OF UNIAXTIAL STATIC STRESS-STRAIN MATERTAL BEHAVIOR
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FIG. A.5 EXAMPLE PROBLEM:

RING
4130 CAST STEEL
r = 7.70 IN.
Cc
L = 1.25 IN.
h = 0.40 IN.
p = 0.283 LB/CU.IN. )
40 FINITE ELEMENTS USED FRAGMENT
r = 3.37 IN.
. £ 3 .
m. = 4.6 x 10 = LB-SEC”/IN.
49 I, =2.61x 10~% 1B-sECZ-IN.
- N I V. = 6400 IN/SEC.
2 - = 1 .
' w_ = -2100 RAD/SEC.
1] } . f /
= . IN.
: ] : Tog 3.63 IN
1 ! |
I ! \
i i I
H 1
1 ! 1 > £
1 2 3
STRESS—STRAIN REPRESENTATION
= BQ,950 PSE €).= 2.79 x 1073
= 105,300 PSI €, = 2.25 x 1072
= 121,000 PSI ° €, = 2.00 x 107t

UNIFORM THICKNESS CONTAINMENT RING
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I
k
LIMITS OF N
UNIFORM
ELASTIC FOUND. \\: Kp
Y
RING
I'c = 8.733 IN 0.1 IN
L = 1.50 IN +
g = 0.283 LB/CU.IN. .
10 FINITE ELEMENTS . FRAGMENT
LINEARLY-VARYING THICKNESS T, 3.37 IN
) m. = 4.6 x 107 LB-sECc?/IN
I, 2.61 x 10 2 LB-SEC’~IN
Ve 6400 IN/SEC
o . - 2100 RAD/SEC
A . {counterclockwise ig +)
T, = 3-63 IN
s b
¥
- £
= 80,950 PSI

g
Y 6
29 x 10° PSI

i

_FIG. A.6 EXAMPLE PROBLEM: VARIABLE-THICKNESS 90-DEG PARTIAL.RING (DEFLECTOR)
WITH UNIFORM ELASTIC FOUNDATION APPLIED TO A PORTION OF THE RING
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AFPPENDIX B

SUMMARY QF THE-CAPABILITIES OF THE COMPUTER CODES JET 1, JET 2, AND JET 3
FOR PREDICTING TWO-DIMENSIONAY, TRANSIENT RESPONSES OF RING STRUCTURES

This appéndix is intended to provide for the reader a convenient tabulax
SUmmary qf the principal features and capabilities of the twq*dimensional tran-—
sient large-deflection elastic-plastic étxuctural response ring codes JET l'
(Ref. 15), JET 2 (Ref. 16), and JET 32-3D (Ref. 24) developed under NASA
NGR "22-009-339. Thg present che CIVM-JET-4A has been developed by combining
the CIVM procedure with a modified version of the JET 3C_twordimensiona1 struc—

tural response code.

The JET 1 code of Ref; 15 pertaihs to single—layei complete, uniform-
thickness, initially-circular rings of either temperature-independent or tempera-—
ture dependent‘material properties. ThesSe rings may be subjected to prescribed:
(a) initial velocities, (b) transient mechanical loading, and/or (c} steady

nonuniform temperatures. The finite-difference method employed in this code

had been shown previously (Ref. 12) to provide reliable predictions for the

case of temperature-independent material properties.

The JET 2 code was written in order to extend this finite—difference

analysis capability-to treat multilayer rings —— cases anticipated to be of
future concern. In the interests of efficiency aﬁd the minimization of com—
puter storage requirements, temperature-dependent material properties and
thermal loading features were omitted from JET 2; if these omitted features
shonld turn out to be needed urgently {(but this, thus far, has not been the
case), they could be added later. ’

Since the JET 1 and JET 2 codes pertained to inifially*circular, complete
rings of uniform thickness whereas tﬁere was interest alsc in variable—thickness
arbitrarily curved, partial as well as complete rings, ﬁhe JET 3 series of codes
was developed. To accommodate these latter features as wéll as a variety of
types of (1) boundary conditions, {(2) elastic-foundation supports, and (3)

point elastic supports, the more versatile finite-element analysis procedure

was developed and, employed. For efficiency and user convenience, four versions

of the JET 3 program were developed; each version accommodates both complete
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rings and partial rings. JET 3A and JET 3B pertain to uniform~thickness,
initially-circular rings, and employ, respectively. the central-difference
and the Houbolt finite-difference time operator; for certain cases, the
latter finite-difference time operator may permit more economic converged
traﬁsient response predictions than the former. * The codeg JET 3C and JET 3D
are corresponding codes which accommodate variable-thickness, arbitrarily-

curved rings.

In all of these codes (JET 1 through JET 3D), the stimulii: (1) initial
velocity or impulse conditions and/or (2) transient mechanical loading must be
prescribed by the user or analyst. The externally-applied forces experienced
by a complete or a partial ring from fragment impact are not provided within
these codes. The user must supply his own estimate of the distribution and
time histories of these forces. HoweVer, in the CIVM-JET-4A code, fragment/
ring interaction and response effects are handled internally automatically,
for the idealized single~fragment and n—fragment cases provided and discussed

in Appendix A.

In convenient tabular form, the principal features. and capabilities

of the codes JET 1, JETZ, and JET 3a-3D are given in ths following:
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Feature

(Ref.15) (Ref.16) (Ref.24)

JET 1

JET 2

JET 3A

JET 3B

(Ref.24) (Ref.24)

JET 3C

JET 3D
(Ref.24)

Type of Spatial

Analysis Formulation
Finite Difference
Finite Element

Type of Finite-Difference
Time Operator
Central Difference
Houbolt (Backward
Difference)

Ring Geometry
Complete Ring
Partial Ring
Initial Configuration

Circular B
Arb. Curved
Constant Thickness
Variable Thickness
Single Layer
Multilayer Hard-
Bonded {1 to 3
layers)

Boundary Conditions
Ideally Clamped
Hinged Fixed
Symmetry
Free

Other Support Conditions
Distributed Elastic
Foundation
Point Elastic Springs

]
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Feature

JET 1

JET 2

JET 34

JET 3B

JET 3C

JET 3D

Material

Single Material
Different for Each Layer

Homogeneous

Initially Isotropic
Temperature Independent
Temperature Dependent

EL
EL-PP
EL-LSH
EL-SH
EL-SH-SR

W

MM X MM KK MM

W MK K

WK MK

"

LI

KoK KK

"

I

(T

HoW M MMK

"

L]

MMM MK

W

l

LI

L

Stimulii

Initial Velocity
Arbitrary
Half-Sine ovex each
of Selected Regions

Mechanical Loading
Arbitrary Spatial
Pistribution with
Arb. Time History
Half-Sine over each
of Selected Regions

Triangular Time
History
Arbitrary Time
History

Thermal Loads (Temp.

Distribution)
Distribution Thru
Thickness

Time-Independent
Prescribed Circum—
ferential Distribu-
tion
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Feature ’ JET 1 JET 2 JET 32 JET 3B JET 3C JET 3D

beformations: Kirchhoff

Type Only
Small b3 x X X . X X
Arbitrarily Large X x X X b4 X

QUTPUT INFORMATION
At Selected Times

Energy/Work Type and -

Amount x x X b4 x x
Nodal Station Data "
Locations Y,2 X X . b4 x - X X
Displacements - - . bd . X b:d 4
Moment Resultant X p:4 b4 x - b4 x
Circum. Force .
Regultant b4 x b4 X b4 X
Circumferential Strains
Inner Surface x x x X x X
Quter Surface bis X x b4 x b4

Location where Pre-—
scribed Value is
Exceeded . - x X X x® b 4

At Certain Other Times

Time of First Yielding x X .. - + - - -
Time when Strain First i

Exceeds a Prescribed

Value . - X x x x X
Time, Location, and

Value of Largest

Strain Reached Dur- -

ing Run - - Toox x- x x

CAPACITY INFORMATION

Maximum No. of Finite- . .
Difference Stations* . 100 100 - = - - -

Maximum No. of Finite
Elementg*® . - - 50 50. 50 50

i3 - >
These limits can be circumvented by altering the dimensions of appropriate
program variables (see each source reference).
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