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SUMMARY

Described in this report is a user-oriented-computer-program CIVM-JET 4B
to predict the large-deflection elastic-plastic structural responses of frag-
ment-impacted single-layer: (a) partial-ring fragment containment or deflector
structure or (b) complete-ring fragment containment structure. These two types
of structures may be either free or supported in various ways. Supports
accommodated include: (1) point supports such as pinned-fixed, ideally-clamped,
or supported by a structural branch simulating mounting-bracket structure and
(2) elastic foundation support distributed over selected regions of the struc-
ture. The initial geometry of each partial or complete ring may be circular
or arbitrarily curved; uniform or variable thicknesses of the structure are
accommodated. The structural material in assumed to be initially isotropic;
strain hardening and strain rate effects are taken into account.

An approximate analysis utilizing kinetic energy and momentum conserva-
tion relations is used to predict the after-impact velocities of each fragment
and of the impact-affected region of the ring; this procedure is termed the
collision-imparted velocity method (CIVM). This imparted-velocity information
is used in conjunction with a finite-element structural response computation
code to predict the transient, large-deflection, elastic-plastic responses of
the impacted structure whose deflections are assumed to be in essentially one
plane and, hence, these structures are called two-dimensional (2-d). In this
process the equations of motion of both the impacted structure and the fragment
are solved in small steps in time.

Provisions are made in the CIVM-JET 4B code to analyze the responses
of 2-d structures which are subjected to impact by from 1 to 6 fragments each
with its own size, mass, mass moment of inertia,—translational velocity, and
rotational velocity. The effects of friction between each fragment and the
impacted structure are included.
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SECTION 1

INTRODUCTION

The CIVM-JET 48 computer program is an addition to the series of

computer programs which arc intended to be made available to the aircraft

industry for possible use in analyzing structural response problems such a~,

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

This computer program may also be applicable to crashworthiness problems which

are of interest to the automobile and nuclear power plant industries.

The computer program written in FORTRAN IV, permits one to predict the

large, two-dimensional, elastic-plastic transient Kirchhoff-type response of a

single-layer structural ring, which may be a complete ring or just a partial

ring. The ring may be subjected to various restraints and supports* and to

rigid-fragment impact. The geometrical shape of the structural ring can be

simple circular or arbitrarily curved, and the ring may have independently-

varying thickness along the circumferential direction. The material behavior

may be elastic strain-hardening, and/or strain-rate sensitive.

The program employs the spatial finite-element representation of the

ring and the temporal finite-difference solution procedure. For predicting

the transient responses of the structural ring to rigid-fragment impact, energy

and momentum considerations are employed in an approximate analysis to predict

the collision-induced velocities which are imparted to the fragment and to the

affected ring segments. The presence of fragment/ring surface friction is

taken into account. The pertinent analytical development and the solution

method upon which the program is based are presented concisely in Appendix A.

The reader is invited to consult Refs. 1, 2, and 3 for background information

and a detailed description of this solution procedure.

Section 2 of this report is devoted to describing the general organiza-

tion and capabilities of CIVM-JET 4B, including (1) the ring structural geometry,

supports, elastic restraints, and material properties accommodated, (2) circular

This includes "ring support brackets" which are treated as"branches".
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rigid-fragment collision interaction, and (3) the solution procedure. Next,

in Section 3, the main program and subprograms of CIVM-JET 4B are described,

including a partial list and explanation of the variable names used in the

program. The input data and output information are presented in Section 4.

A complete FORTRAN IV-listing of the program is given in Section 5. Example

problems, including input data and the resulting solution data are given in

Section 6. Finally, Appendix A summarizes the equations on which the program

is based.



•• I

SECTION 2

GENERAL DESCRIPTION OF THE CIVM-JET 4B PROGRAM

2.1 Ring Geometry, Supports, 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 (or Kirchhoff) hypothesis is employed; that is, transverse

shear deformation is excluded.

The computer program can treat single layer structural rings. The layer

may be of independently-varying thickness; however, the total thickness remains

small compared with the circumferential dimension of the ring. The cross sec-

tion of the layer is assumed to be rectangular in shape, and the centroidal

axis is employed as the circumferential reference axis of the ring (Fig. 1).

The structure can be either a complete ring or a partial ring with or

without slope discontinuities. The geometric shape of the circumferential

axis of the ring can be circular or arbitrarily curved. The outward-normal

direction is defined in such a manner that as one moves along the circumferen-

tial axis in the positive r) direction from an arbitrary reference point, the

outward-normal direction is always toward one's left as shown in Fig. 2, where

XYZ is the global reference Cartesian coordinate system with the X-axis point-

ing out of the paper. At any point on the circumferential axis, i is a local

unit vectrr defined in the same direction as the +X axis, a is *> unit tangent

vector along the positive circumferential axis direction, and n is a unit

outward-normal vector which is defined by the right-hand rule as n - i x a.

Once the positive circumferential direction is defined, the outward-normal

direction is then determined accordingly (see Fig. 2). For any given C/D

structur0, the positive circumferential direction must be chosen so that the

positive outward-normal is directed toward the "outside" of the C/D structure

such that fragment impact can occur only on the "inside" of the C/D structure.

In the spatial finite-element analysis, the ring is represented by an

assemblage of discrete (or finite) elements compatibly joined at the nodal

stations. The geometry and nomenclature of a typical arbitrarily curved ring
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element are shown in Fig. 3, where the deformation plane is n»£ and the coordi-

nates n along and £ normal to the centroidal axis of the beam are employed as

the reference coordinates of the beam eJement. The nodal number is increased

along the positive circumferential direction.

The behavior of each finite-element is characterized by a knowledge of

the four generalized displacements: v, w, if) = (3w/9n) - (v/R), and x = (3v/3n)

+ (w/R) at each of its nodal stations where v and w are the reference plane

displacements in the tangential and normal direction, respectively; R is the

radius of curvature. The displacement behavior within each finite-element is

represented by a cubic polynomial in n, for the circumferential displacement v

and a cubic polynomial in n for the normal displacement w, anchored to the four

generalized nodal displacements at each node (see Appendix A and/or Ref. 1 for

further details). For application to arbitrarily curved, variable thickness,

ring structures, the finite elements are described by reading in at each nodal

sfition (and eacn element end, for slope discontinuity) the global Y and Z

coor'mates, the slope (the angle between the tangent vector and the +Y axis),

• i.id the thickness. Within each finite element, the slope is approximated by a

quadratic function in n and the thickness of each element is approximated as

being piecewise linear between nodes.
As for the support conditions of the structure, the program includes two

types of prescribed nodal displacement conditions (see Fig. 4a):

(1) Ideally-Clamped (v = w = i/; = 0)

(2) Smoothly-Hinged (v = w = 0)

and two types of elastic restraints (see Fig. 4b):

(a) Point elastically restrained (elastic restoring spring) at given

locations (3 directions: normal, tangential, and torsional)

(b) Distributed elastically restrained (elastic foundation) over a

given number of elements (3 directions: normal, tangential, and

torsional).

A global effective stiffness matrix supplied by the elastic foundation and/or

the restoring springs will be evaluated in the program from the virtual-work

statement, for the case in which the structure is subjected to one or both of

these two types of elastic restraints.



The 2-d containment/deflector (C/D/ structure may also be regarded as

being supported by attachment brackets as depicted, for example, in Fig. Ar~

These attachment brackets (cr branches) are idealized to behave in the 2-d

fashion shown in Fig. 46. These brackets are modeled as consisting of a single-

layer, variable-thickness, 2-d structure of arbitrary initial shape in the

plane of the C/D structure, and are connected compatibly with the C/D struc-

ture; the other end of each bracket may be supported in any of the common

fashions (clamped, pinneJ, elastic support, etc.). Tne program provides for

a maximum of five support brackets. In the fragment attack, usually only th<2

C/D structure suffers physical impact; however, if the analyst has a physically

plaus'.ble situation wherein th3 idealized support bracket could be impacted

by a fragment (such a case is depicted in Fig. 4d), the impacted portion must

be defined a= the main C/D structure since impacts on a branch are not accommo-

dated in this program. It should be noted, however, that the actual brackets

in the bracket-supported C/D structure (see Fig. 4c) must undergo 3-d deforma-

tion — this aspect is not accommodated in the present 2-d model. Fir ally,

a support bracket (or branch) may be attached to any nodal station of the main

2-d C/0 structure.

The main structure and branches can be of different elastic, or elastic,

perfectly-plastic or elastic-strain-hardening"behavior. The strain-rate

effects of the material can also be taken into account. In the present anal^aj-S

the strain-hardening material is accounted for by using the "mechanica1 sub-

layer model" (Ref. 1). A useful feature of this model is the inclusion of
i

kinematic hardening ar.d the Bauschinger effect. The strain-rate effect is

approximated by assuming that the uniaxial stress-strain curve is affected by

strain-rate only by a quasi-steady increase in the yield stress above the

"static" value (Ref. 1)

2.2 Fragment/Ring Collision-Interaction Analysis

For analyzing the collision induced transient responses of two-dimensional

containment and/or deflector rings and fragment motions, the fragment is ideal-

ized as a non-deformable fragment of circular configuration (Fig. 5). The

modeled-fragment diameter, mass, mass moment of inertia, and velocity compo^nts

are specified by the user to correspond with those of the actual fragment.

F! ?827 TECHNiCAL LIBRARY
Blcig 7015, Room 119-A

Vandcobcrg AF3, CA 93437-&021



The process called the collision-imparted velocity method (CIVM) is used

for the collision-interaction analysis (see Refs. 1-3). In this process,

energy and momentum considerations are employed to predict the collision-

induced velocities which are imparted to the fragment and to -the impact

affected zone of the ring. Also, the following simplifying assumptions are

invoked:

(1) The collision process is instantaneous and involves only the frag-

ment and the impact-affected zone of the target ring. The impact

affected zone is defined as the fraction of the ring that responds

to fragment impact instantaneously with momentum changes. The size

of the impact-affected zone of the ring can be estimated from the

speed of a longitudinal wave or from semi-empirical data.

(2) In an overall sense, the fragment is treated as being rigid but at

the "immediate contact region" between the fragment and the struck

ring the collision process is regarded as acting in a perfectly

elastic (e - 1), perfectly inelastic (e = 0), or an intermediate

fashion (0<e<l), where e represents the coefficient of restitution.

(3) The colliding surfaces of both the fragment and the target ring may

be either perfectly smooth (\i = 0) or may be "rough" (\i f 0), where

y denotes the coefficient of sliding friction. Hence, respectively,

force and/or momentum (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 impact-affected region of the ring and in an anti-

parallel fashion on the fragment. Any forces which the ring segment

on either side of the impact-affected region may exert* on that

segment as a result of this instantaneous collision are considered

to be negligible because this impact duration is so short as to

preclude their "effective development".

(5) To avoid unduly complicating the analysis and because of the small-

ness of the arc length of the ring finite elements, each affected

Such forces are termed "internal forces" as distinguished from the "external
impact forces".



ring element is treated as a straight beam segment (see Fig. 6} in

the derivation 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.

An information flow schematic of the CIVM procedure is shown in Fig. 7.

Briefly, the analysis procedure indicated in Fig. 7 consists of the following

principal steps:

1. Motions and Positions of Bodies

The motions of the fragment and of the containment and/or deflector

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 th3 body locations were known to the present instant in time at which

the 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 an (approximate) calcu-

lation of the time of fragment-ring contact.

3. Contact-Time Calculation

The fragment and ring-node positions, velocities, and accelerations

are known at an instant in time prior to ring-fragment collision. Using.this

information, the (approximate) time of ring-fragment contact (within the small

increment, At, in time), and the point of contact on the ring are calculated.

When this information has been obtained, one then proceeds to carry out a

collision-interaction calculation.

4. Collision-Interaction Calculation

In this calculation energy and momentum conservation relations are

employed in an approximate analysis to compute the collision-induced changes

in (a) the velocities V- (translation) and u), (rotational) of the fragment and

(b) nodal velocities of the ring impact-affected segments. The coordinates

which locate the positions of the fragment and of the affected segments are

thereby corrected from their tentative uncorrected-for-impact locations.



.1

One then returns to step 1, and the process is repeated for as many time

increments as desired.

The details of this analysis procedure as well as various considerations

and simplifying assumptions employed are discussed further in Appendix A.

2.3 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 equations

of motion of the structural ring which is permitted to undergo large-deflection

elastic-plastic transient deformations. In the interest of conciseness and

convenience in this report, the user is invited to consult Ref. 1 and/or

Appendix A for a detailed derivation and discussion of the equations of motion.

For present purposes, it suffices to note that the governing equations of

motion for the complete assembled discretized structural ring correspond to

the unconventional (improved) formulation of Ref. 1 and may be written in the

following form*:

(2.D
where

• *

{q*} and {q*} are the global generalized displacement vector

and acceleration vector.

[M*J is the mass matrix of the complete structure.

{?*} is a "generalized loads" vector representing

both elastic and some plastic behavior contribu-

tions.

[H*] {q*} represents "generalized loads" arising from both

large deflections and plastic strains.

[K*] represents the effective stiffness matrix supplieds
by the elastic foundation and/or the restraining

spring.

In the present procedure, a diagonal "lumped" mass matrix is employed.

The justification for the use of lumped mass instead of consistent mass is

outlined next. A comparison of numerical results obtained using lumped mass

The right-hand side of Eq. 2.1 is zero since it is assumed that there are no
prescribed externally-applied forces acting.



vs. consistent mass, given in Ref. 1, for ring-type structures shows similar

results for both mass systems. The use of a lumped mass matrix also results

in a decrease of the highest natural frequency, compared with the use of a

consistent mass matrix, for the assembled structure, and thus permits one to

use a larger time step, At, for the structural response calculations (as will

be described shortly) . This fact, coupled with reduced storage requirements

and additional savings of computation time in each time step because of the

simple form of the mass matrix, makes the use of a lumped mass matrix computa-

tionally efficient. Finally, in the collision interaction analysis the

element (and structure) mass properties are assumed to be lumped at the nodal

points. Thus, for consistency, the mass properties of the ring structure used

in the global timewise solution procedure should also be nodal lumped masses.

The resulting equations of motion are solved through the use of the 3-

point central difference time operator whereby one obtains a recurrence equa-

tion which provides a solution step-by-step in finite-time increments. Based

on computing experience, this operator is much more simple and requires a

minimum of storage and operations (compared, for example, with the Houbolt

operator) within each time step of calculation for advancing the solution ahead

in time. However, it should be noted that in order for the 3-point central-

difference operator to provide a reliable prediction, the time step size, At,

employed must be small enough. To insure a suitably small At, the following

procedures are built into the computer program utilizing this central-difference

operator so that the time-step size. At, can be either specified by the user

or the program will compute the largest natural frequency, 0) of the system

and will then choose a value of At =0.8 (2/w ), where At < 2A>max max — max
is the stability criterion of a corresponding linear dynamic system; the

factor 0.8 is introduced in order to take large-deflection effects into account.

The u) , which represents the largest natural frequency contained in the

(linear) mathematical model of the structure, is obtained by an iteration

process applied to



where [K*] is the usual elastic stiffness matrix of the structure which is

used only for the calculation of allowable At, and is not employed in the

global timcwise solution because of the use of Eq. 2.1 in place of the "con-

ventional" equations of motion.

Following the calculation of the allowable At, the equation of motion is

solved by using the central difference operator. Also, a collision inspection

and correction procedure is carried out for each time-step of the advancing

calculation. In the following, the general solution process is described

briefly.

First, information is provided to define the geometry of the ring includ-

ing' its prescribed displacement conditions and elastic restraints. In addition,

the ring material property constants and the attacking-fragment parameters are

defined. Also defined is the structural discretization information and numer- v

ical integration data. It should be mentioned that Gaussian quadrature is

employed in the present analysis to evaluate the element-property matrices —

this requires that the stresses and strains be evaluated at a selected finite

number of Gaussian stations over the "spanwise" and depthwise region of each

finite element. Next, the mass matrix and the stiffness matrix for the entire

structure are evaluated by assembling the element mass and stiffness matrices.

Then the proper prescribed displacement conditions are imposed and a reduced

mass matrix and stiffness matrix are obtained by deleting the corresponding

rows and columns associated with those generalized displacements which are

prescribed to be zero. Also constructed are the discrete element property

matrices that do not change with time (and remain constant throughout the pro-

gram) , such as the matrices relating strain to the nodal generalized displace-

ments, etc. The maximum natural frequency, u , of the structure is thenmax
calculated from Eq. 2.2, and the maximum allowable step size, At , is found.

max
This value is compared with the user specified value of At, and the smaller of
the two values is chosen for the timewise solution procedure. If the user has

chosen the time-step "over-ride" option, the user specified At will be used.

The ring structure is assumed to be at rest at time t , and the position

and velocity of the attacking fragments are known at time tQ. From this in-

formation the generalized nodal and fragment displacements and displacement

increments are computed for the first time increment At. Then, the fragment-

ring collision inspection and correction procedure is carried out. If one, or

10



more, ring-fragment collisions have occurred during this At, the coordinates

which locate the position of the fragment and impact-affected nodes of the

ring are thereby corrected from their tentative uncorrected-impact locations.

Next, the strain increment developed from t to t at every Gaussian station

(or point) required over and depthwise through each finite element are calcu-

lated. From a knowledge of the prescribed initial stresses (if any) and the

strain increments, one can determine the stress increments, the stresses, and/

or the plastic strains and the plastic strain increments through the use of

the pertinent elastic-plastic stress-strain relations including the plastic

yield condition and flow rule. Next, one can calculate the equivalent

generalized load vectors arising from large deflections and plastic strains.

Then, the proper recurrence equations, which is the finite-difference repre-

sentation of the equations of motion, are solved to obtain the ring-nodal

generalized displacements and displacement increments of the next time incre-

ment. The pertinent equations of motion for the fragment are also solved to

obtain the displacements and displacement increments of the next time incre-

ment for each attacking fragment. The process then proceeds cyclically for

as many time steps as desired. It should be noted that the ring structure

remains at rest until the first ring-fragment collision occurs.

For the present purposes, the above general description is considered

to be adequate; one may consult Appendix A and Refs. 1-3 for a more detailed

discussion of the solution and evaluation process.

11



SECTION 3

DESCRIPTION OF PROGRAM AND SUBPROGRAMS

3.1 Program Contents

The CIVM-JET 4B program is composed of a main program and 23 subroutines

which appear in the program in the order listed. The names and functions of these

programs are as follows.

MAIN Reads the ring geometry, material property data, the structural

discretization information, and/or the prescribed displacement

conditions and elastic restraints. Also, read in are the fragment

geometry parameters and the fragment velocity components. It

computes the quantities 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. Also, the lumped mass

matrix [* M*J is generated by this routine and stored in row form.

ASSEF This subroutine assembles the generalized nodal load vectors (due

to large-deflection elastic-plastic effects) of each individual

element into a generalized nodal load vector for the structure as

a whole.

ASSEM This subroutine updates the structural stiffness matrix as the

element stiffness matrix is generated. The components of the

assembled stiffness matrix IK*], which is a symmetric matrix, are

stored in a linear-array form; only the lower triangular part of

[K* I need be and is stored (row-wise) starting with the first nonzero

element in the row and ending with the diagonal term.

BRAN This subroutine reads the geometry, boundary constraints, and elastic

restraints for a branch. The global numbering system of the main

structure is then modified to include the branches. BRAN establishes

arrays which contain information facilitating the rotations required

in other subroutines. It also establishes identifier arrays which

distinguish between elements of the main structure and elements of

the various branches.

CUBIC A slave subroutine of ROOT4. Used to calculate one real root of a

cubic equation.

12
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DINIT This subroutine initializes all ring response calculation vectors and

advances each of N fragments to its location at a time (which is

user specified) prior to initial impact.

ELMPP This subroutine evaluates the element stiffness matrix [k], for

each discrete element, and then performs discrete element assembly

to form (K*J for the complete structure with respect to global

coordinates. Next, the prescribed displacement conditions (if any)

are imposed on [K*J to form a restrained matrix. Also evaluated

are the transformation matrices between the strain at each spanwise

checking (Gaussian, or other) station and the generalized nodal

displacement conditions of the element.

ENERGY Computes the energies of the fragment and the ring at each printout

cycle. The ring energies are subdivided into the plastic energy,

elastic energy, kinetic energy, and energy absorbed in the elastic

foundations.

ERC Imposes the proper prescribed displacement conditions to the (K*l

matrix by restraining the corresponding rows and columns of the

matrix.

FICOL Finds the corresponding location of an element in the linear array

expression to a location in a two dimensional array expression of

the [K*J matrix.

IDENT The IDENT subroutine is u^ed to print out the values of certain

input parameters at the beginning of the run, and is used to

identify the type of run that is being made.

IMPACT This subroutine is the controlling routine for carrying 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

controls the application of appropriate correction factors to the

velocities of the fragment and the nodal points of the affected elements.

IMPCTE A slave subroutine of IMPACT. This subroutine calculates and

applies the appropriate correction factors to the velocities of

13



t
the fragment and the nodal points of the elements affected when

a fragment-ring collision has occurred.

MINV Performs the matrix inversion; a standard Gauss-Jordan inversion

method is used.

OMULT Performs the multiplication of a square matrix (stored as a vector)

and a vector. A vector results.

PENTRN A slave subroutine of IMPACT. Given the position of the fragment

and ring nodes and the geometry of the fragment and idealized

ring structure, this subroutine determines whether any "overlapping"

(penetration) exists between the fragment geometry and the ring

geometry.

PRINT PRINT controls the program output and format.

QREM Evaluates the effective stiffness matrix [K*l, supplied by the

elastic foundations and/or the restoring springs, and then imposes

the prescribed displacement conditions on [K*l accordingly.

ROOT4 A slave subroutine of TCONT. ROOT4 solves the quartic equation

which is encountered in the calculation of the time of fragment-

ring contact. Only real roots are calculated (imaginary roots

have no meaning here).

ROTAT This subroutine generates the transformation matrix necessary to

rotate from the global displacement system to the element displace-

ment system. This matrix is then applied to the element [kl matrix,

the displacement vector and the equivalent load vector (as required)

to perform the rotation for the connecting branch elements and any

elements containing discontinuities.

STRESS This subroutine evaluates the generalized load vectors, (R.H.S. of

Eq. A.30a) arising from the presence of large-deflections and plastic

strains. First, the stresses and plastic strains are determined

at each quadrature station, which involves the use of the sU-ain-

displacement relation and the stress-strain relation. The strain-

hardening and strain-rate sensitivity effects are taken in considera-

tion. Next, the appropriate Gaussian integration scheme is used

14
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to form the element generalized nods'1 load for each discrete

element, and finally, an assembled <, .leralized nodal load vector

is calculated.

TCONT A slave subroutine of IMPACT. This subroutine determines the

(approximate) real time at which contact of the fragment onto the

ring occurs (within a given increment in time). TCONT calculates

the time of contact, element contacted, point(in space) of contact,

and the fragment involved in this fragment-ring contact.

TSTEP This subroutine is called during each problem run to compute At

UPDATE

'max
and to constrain the user-specified At to be < At . It finds•" max
the highest natural frequency, < m̂ax'

 in the mathematical model of

a corresponding linear dynamic system fM*] {q*} + [K*] {q*} = 0 by

using an iteration process, and then calculates a value of At =max
0.8 (2/uj ).max

A slave subroutine of IMPACT. This subroutine calculates the

position of the ring nodes and fragment e.g. at time t. given the

position, velocity, and acceleration of the ring nodes and fragment

e.g. at time t (where t, may be greater than or less than t ).o 1 o

3.2 Partial List of Variable Names

A(I,J) (A], an 8x8 matrix defines the transformation between the element

generalized nodal displacements {q} and the parameters {$} in the

assumed displacement field of each element. It is destroyed in

computation and is replaced by its inverse [A ].

AA(JR,I,J) A matrix that stores all of the fA~ J matrices.

ADOT(I) The angular velocity of the Ith fragment (rad/sec). Positive sign

denotes counter-clockwise rotation.

AEPCI,J,K) Transformation matrix which relates strain at Ith additional strain

point to the generalized nodal displacements of the element on which

it is located.

AINT Pre-impact approach velocity of the fragment-impacted ring element

system normal to the ring element relative to the fragment.

15



AL(I) Element arc length of the Ith element.

ALFA(I) Angular rotation of fragment I (rad.).

ANB(I) Same as ANG(I), applies to initial input for branch nodes.

ANG(I) The slope, which is the angle between the tangent vector and the

+Y axis, at the Ith node.

ANGDB 1 The slope, which is the angle between the tangent vector and the

ANGDKDJ +Y axis, at the Ith slope discontinuity. ANGDB refers to initial

input for branches.

APHA The angle between the chord connecting the first node of the

element to the second node, and the +Y axis.

APN Fragment-induced impulse normal to the impacted ring element

surface.

APT Fragment-induced impulse tangential to the impacted ring element

surface.

ASFL Stress and/or plastic strain weighting factor on the Lth sublayer

(I,J,K,L) in the Kth depthwise Gaussian point at the Jth spanwise Gaussian

station of the Ith element.

AXG(I) 1 Input vectors with dimension NOGA: contain Gaussian quadrature

AWG(I) ] constants, x., and weights, W. of
I

B(L)

employed in the spanwise integration over each element.

Width of the ring (inches); L=l for main structure; L>2 for

branches.

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 {[D J, I = 1,2,3, see Eq. A.14).

BI(L) Same as B.'J(L), for largest average nodal strain.

BIG(L) The largest computed strain at the Gaussian stations for the Lth

substructure , up to the present cycle. It should be ncted that

strains are computed at every cycle. L=l for main structure,

L>2 for branches.
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BIGA(L) The largest computed strain at the additional strain points, up

to the present cycle.

BINP(I,JM The longitudinal force and the bending moment, respectively, over

BIMP{I,J) f the cross section at the Jth spanwise Gaussian station of the Ith

element (see Eq. A.26).

B0NE The highest natural frequency squared of a corresponding linear

dynamic system.

BTIM(L) Same as BTIME(L), applies to nodes.

BTIMA(L) The time at which the largest computed strain occurs at the addi-

tional strain points. L=l for main structure, L>2 for branches.
BTIME(L) The time at which the largest computed strain occurs at the

Gaussian stations.

Elastic energy stored in ring up to the present time.

Kinetic energy stored in fragment up to the present time.

Kinetic energy imparted to ring up to the present time.

Current global Y coordinate and Z coordinate, respectively, of

the Ith node.

CR(J) Coefficient of restitution between the Jth fragment and the

impacted ring surface.

DALFA(I) Impact-corrected angular displacement increment of the Ith fragment

at the current time step.

DCRTE Critical distance used in calculating where a positive penetration

has occurred between a fragment and a ring element. It is equal

to the fragment radius plus one half the mean element thickness.

DELD(I) Vector contains the generalized nodal displacement increment

during the current time step.

DELTAT Time-step size used in the program, At.

DELTR Time remaining during a time step At. Used in impact inspection

and correction calculations.

DENS(L) Density of the Lth structural segment. L=l for main structure,
2 4

L>2 for branches (Ibs-sec /in ).

17



._!___ I

DFCGU(I) Impact-corrected V direction displacement increment applied to

the position of fragment I.

DFCGW(I) Impact-corrected Z direction displacement increment applied to

the position of fragment I.

DISP(I) Vector which contains the generalized nodal displacements at the

current time instant.

DROT(L) Stores information used in rotating a displacement vector into

the global system at a point of slope discontinuity.

DS(L) Material constant used in the strain-rate sensitivity formula.

L=l for main structure, L>2 for branches.

DUMMY A dummy argument in the calling statement of Subroutine

ROTAT.

EFLN(L) The effective impact length of the ring (inches). L=l for main

structure. L>2 for branches.

ELK(I,J) Element stiffness matrix of dimension 8x8 'Eq. A.18d).

ELMAS(I,J) Element mass matrix of dimension 8x8 (Zq. A.16).

ELRP(I,J) Element effective stiffness matrix of dimension 8x8 supplied by

elastic restraints.

EPS(L,J) Input quantities of abscissa of the uniaxial stress-strain- curve

for the Jth mechanical sublayer material model. L=l for main

structure, L>2 for branches.

EPSI(I) 1 Average axial strain on the inner surface and on the outer

EPS0(I) I surface, respectively, at node I.

EXANG If EXANG=360.0, the structure is considered to be a complete

ring. If EXANG ^ 360.0, the structure is considered to be a

partial rina.

FACTFN Impact-induced correction factor applied to the normal-to-impact

displacenent increment of the attacking fragment at the time

of contac,.
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FACTFT

TACTFO

FACTN

FACTT

FARE 1

FCUR f

FCGU(I)

FCGW(I)

FLVA(I)

FMASS(I)

FM0I(I)

FREQ

GFL(IR.I.J)

GZETA(IR,I,J)

HB(I)

HTH(L)

Impact-induced correction factor applied to the tangential-to-

impact displacement increment of the attacking fragment at the

time of contact.

Impact-induced correction factor applied.-to the rotational dis-

placement increment of the attacking fragment at the time of

contact.

Impact-induced correction factor applied to the normal-to-

impact displacement increment of each affected node.

Impact-induced correction factor applied to the tanguntial-to-

impact displacement increment of each affected node.

Midplane axial strain and curvature increment, respectively, at

the selected spanwise Gaussian station of each element.

The global Y coordinate of the centroid of the Ith fragment.

The global 2 coordinate of the centroid of the Ith fragment.

Assembled generalized load vector corresponding to large deflec-

tions and plastic strain presence; it equals {?*} + [H*] {q*}.

2 4
The mass of the Ith fragment (Ib-sec /in.).

The mass moment of inertia of the Ith fragment (Ib-sec -in).

The highest natural frequency of a corresponding linear dynaaic

system of the ring.

Stress and/or plastic strain weighting factor on the Jth depthwise

Gaussian point at the Ith spanwise Gaussian station of the IRth

element.

Distance from the centroidal axis to the Jth depthwise Gaussian

point at the Ith spanwise Gaussian station of the IRth element.

Thickness of the ring at the Ith node.

Same as H(I), applies only to initial input for branches.

The branch thickness for the Lth branch at its connecting node.
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131(L) Same as IBIG(L), applies to nodes.

IBIG(L) The element number whose strain, computed at one of its Gaussian

stations, exhibits the largest value during the present computer

run. L=>1 *.,? main structure/ L>2 for branches.

IBIGA(L) Same as IB •' ;,), applies to additional strain points.

IC0L(I) Vector, of length NI, contains the column number of the first non-

zero entry in the Ith row of the structural mass and/or stiffness

matrix.

ICON INDICATOR = 0 if last data input
/•

1 if more runs are desired

ICONT INDICATOR, if >0 then the program expects data for a continuation

run.

IFLAGiI,J) A flagging matrix which indicates whether element I has been

impacted by fragment J during a given time step, At.

IK Number of discrete elements into which the whole structure is

discrotized for analysis.

IM(-'° Indicates the occurrence of an impact in the previous time cycle.

IMCOU Indicates the number of impacts up to the present time instant,

INUM(I) 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 or stiffness matrix.

IRRUN A counter-, is equal to the number of runs of CIVM-JET 4B in a

single computer submittal.

ISTA(I) The number of the Gaussian station at which the strain is a

maximum.

ISTAA(I) The number of the additional strain point at which the strain is

a maximum.

ISIZE Number of locations required for the storage of the structural

mass or stiffness matrix in linear-array form.

ISUR(L) Same as ISURF(L), applies to nodes.

ISURA(L) Same as ISURF(L), applies to additional strain points.

L=l for main structure, L>2 for branches.

ISURF(L) INDICATOR = 1 if largest computed strain occurs on inner surface

= 2 if largest computed strain occurs on outer surface

Refers only to strains calculated at Gaussian stations.
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IT Current time-step (cycle) number.

JF The fragment number which is involved in the ring segment impact.

KII Number of nodes included in impact-affected region.

KR0W(I) The row number of the Ith irregular row in the structural mass

or stiffness matrix.

LATT Indicates how the branch is attached to the main structure:

«• -1 inner surface

= 0 tnidsurface
a 1 outer surface

LBR(I) The number of a branch upon which a boundary condition is to be

applied.

LHIT(I) Indicator array. I = branch number. If LHIT(I}=0, branch is to be

impacted; in the present program LHIT(I) must be set equal to zero.

IMT(I) Array which stores the element numbers of those branch elements

where impact cannot occur.

LNTMIN Element upon which the first impact has occurred during a given

time step.

MATT(L) Indicates the node at which the Lth branch is attached.

MIRP Indicates the first fragment that is released at a time after the

initial impact.

MK(I) Vector which contains new-nodal numbers for the main structure,

given I as the old nodal number.

MKE(I) Indicates the substructure to which the Ith element belongs.

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

MNEL(I) Number of elements in the Ith substructure.

Ml Cycle at which regular printing starts.

M2 Printout will occur every M2 cycles.

MPU Indicator for punched output: IF MPU = 0, no punched output.

IF MPU it 0, data is punched from

last time cycle.
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MREAD "\ Number for the data input tape unit, printed output tape unit,

MWRITE ', and the punched output tape unit, respectively. These names

MPUNCH must be assigned a number in MAIN corresponding to the user's

computing facility requirements.

NBS(I) The prescribed-displacement condition identification number.

NBCB(I) Same as NBC(I), applies to initial input for branches.

NBC0NB The number of nodes at which the prescribed displacement condition

is to be specified: refers only to branches.

NBC0ND The number of nodes at which the prescribed displacement conditions

are to be specified.

NBK Indicates the number of branches that are to be added to main

structure (not to exceed 5).

NDEX(I) The corresponding position in the linear-array of the first non-

zero entry in the Ith irregular row.

NDIS The number of elements containing a slope discontinuity.

NEDI(I) The main structure element number of the Ith element containing

a slope discontinuity.

NEDIB(I) The branch element number of the Ith branch element containing

a slope discontinuity.

NELT(I) Number of elements in the Ith branch.

NF The number of fragments considered to be impacting the ring.

NFL The number of depthwise Gaussian points through the thickness of

each layer for the numerical evaluation of stress resultants

(axial forces and bending moment) at each spanwise Gaussian

station.

NI Total number of degrees of freedom (unrestrained); it equals the

number of nodes times 4. Also, it is the number of rows in the

assembled structural mass or stiffness matrix.

NIRREG Number of irregular rows in the assembled structural mass or

stiffness matrix.



N0DBB(I)

N0DEB(I)

NODP(I)

N0GA

NPP

NQR

NREL(I)

NRST(I)

NREU(I)

NS

NSFL(D

NTOVR

NVEC(I,J)

P(L)

The node number along branch (I) at which a boundary condition

is to be applied.

The node number at which the prescribed displacement condition

NBC(I) is to be specified.

Nodal number (from main structure numbering system) at which the

Ith branch starts.

The number of Gaussian stations to be employed for the spanwise

numerical integration of the element properties over each element.

The number of point elastic restraints (elastic restoring springs)

and the number of locally distributed elastic restraints, respec-

tively, which are to be specified over the structure.

Number of positive penetrations during time DELTR.

Indicator, which if > 0 indicates that this structure is subjected

to elastic restraints (point and/or distributed).

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 distributed elastic restraint is to be specified.

The total number of nodes. For a partial ring NS=IK+1. For a

complete ring NS=IK.

Equals the number of mechanical sublayers in the strain-hardening

material model; also is the number of coordinate pairs defining

the piecewise linear stress-strain curve of the substructure's

material.

L = 1 for main structure, L >_ 2 for branches.

Allows the user to override the automatic time check.

= 0 (or blank) time check used

= 1 User's DELTAT used regardless of value calculated by

subroutine TSTEP

Array containing nodal numbers which form the end points of the

_Ith element. J =-1 or 2 [First or second node, number clockwise

for main structure, outwards for branches, and inwards for a

branch attached to node 1 of a partial ring.)

_Constant used in the strain-rate sensitivity formula.

L = 1 for main structure, L > 2 for branches.
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PAL

PAX

PIE

PLAST

QACL(I)

QVEL(I)

RCOS(I)")

RSIN(I)j

REX(I)

RFACTR

RL(I)

RMASS(I

RMX(I)1
ROT(I,J)

RWORK

SCTP

SCTY

SCRP

J

Fractional distance from point of impact to first node of the

impacted element.

Fractional distance from point of impact to second node of the

impacted element.

Represents IT = 3.141592653589793.

Total plastic work done on the structure up to the current time

step (mechanical work dissipated during plastic flow).

Vector which contains the generalized nodal accelerations at the

current time instant.
Vector which contains the generalized nodal velocities at the

current time instant.

Cosine and sine, respectively of the angle that element I makes

with the global Y axis. Used in transformation from impact to

local and local to global coordinate systems.

The length coordinate along the centroidal axis from the node

NREL(I) at which the Ith point elastic restraint is to be

specified.

Strain rate factor used in the stress calculation.

Straight line length of ring element I used in the collision

inspection and correction analysis.

Lumped mass and moment of inertia values, respectively, at ring

structure node I.

Array which contains information needed to rotate a stiffness

matrix.

I = Number of branch

J = 1 or 2

ROT(I,1) = 0.0 if Ith branch connects to first node

of main structure. Equals 1.0 for all other connecting

points. ROT(I,2) = Ang^e of rotation.

Total energy stored in ring, up to the current time.

The tangential and normal translational restoring spring elastic

constants, respectively.

The rotational restoring spring elastic constant.
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SCTU ") Tangential and normal translational elastic foundation stiffness

SCTWj constants, respectively.

SCRU Elastic foundation modulus in torsion.

SIG(L,J) Input quantities for the ordinate of the uniaxial static stress-

strain curve for the Jth mechanical sublayer material model.

L « 1 for main structure; L >^ 2 for branches.

SINT Relative tangential velocity between the ring impact-affected

nodes and an impacting fragment.

SN0(N,L) Uniaxial static yield stress of the Nth mechanical sublayer

material model.

L = 1 for main structure; L >^ 2 for branches.

SNS(I,J,K,L) Axial stress of the Lth mechanical sublayer at the Kth depthwise

Gaussian point at the Jth spanwise Gaussian station of the Ith

element.

SNY Uniaxial yield stress of the mechanical sublayer, taking strain-

rate sensitivity into account.

SOL(I) Contains the solution vector of a series of matrix equations.

SPDEN Total energy stored in the elastically-restoring springs and/or

the elastic foundations at the current time instant.

SPRIN(I) The assembled effective stiffness matrix supplied by elastic

restraints (stored in a linear array form).

STIFK(I) Assembled structural elastic stiffness matrix, stored in a linear-

array form.

TAII Time of initial impact.

TANK . Boundary between rolling and sliding friction.

TIME Current time (IT*DELTAT).

TIMF Time at which all calculations are to stop.
*

TMIN Time of first contact t measured from start t of the sub-c . mnun
time step interval (see Eq. A.107).
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TNJ (J)

TPRIM(J)

TRAN(I,J)

Indicates whether or not fragment J has been released before

the start of calculations.

Length of time that fragment J has been traveling prior to initial

impact of the first fragment.

Transformation matrix, used to rotate displacement vector and

element stiffness matrices into global coordinates. Used for

branch connection and slope discontinuities.

Trial Y and Z coordinates, respectively, of the Ith node during

impact calculations.

Input vectors with dimension NFL; contain Gaussian quadrature

constants x. and weights, W. of

* /

used in the numerical integration of stresses and/or plastic

strains through the thickness.

UDOT(J) Tne velocity component of the Jth fragment parallel to the global

Y axis.

UNK(J) Coefficient of friction for the Jth fragment.

VEL(I) Vector contains post impact nodal velocities.

VELFA(J) Same as: ADOT(J)

VELFU(J) UDOT(J) used-in_impact calculations

VELFW(J) WDOT(J)

WDOT(J) The velocity component of the Jth fragment parallel to the global

Z axis.

XDIST(I) Distance from reference axis to attachment point of Ith branch.

YK(I) ' A general work vector. It is finally used to store either the

number 1 or 0 for each element (I) to indicate whether a transfor-

mation is-necessary. YK(I) is used together with ROT(I,J) to

identify and aid in rotating an element's stiffness natrix.
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Y0UNG(L)

Z(D

YB(I)

ZB(I) j

Elastic (Young's) modulus (the slope of the 1st segment in the

piecewise linear approximation of the.uniaxial stress-strain

curve).

L = 1, main structure; L >, 2 for branches.

Initial Y coordinate and Z coordinate, respectively, of the Ith

node.

Same as Y(I) and Z(I); applies only to branch nodal input.
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SECTION 4

USE OF THE CIVM-JET 4B PROGRAM

4.1 Input Information and Procedure

The information' required to punch a set of data cards for a run of the

program is presented in a step-by-step manner in this section. The variables

to be punched on the nth data card are shown, and to the riqht is the format

to be used for that card; the definition of and some restrictions for each

variable are given directly below. This is done for each card, in turn,

until all are described.

Card 1

B(l), OENS(l), EXANG

where

B(l) The width of the main structure (inches) {other structural

portions are called "branches")
2 4DENS(l) The material density of the main structure (Ib-sec )/in

EXANG The angle (in degrees) that the ring subtends: for a complete

ring, EXANG = 360.0; for a partial ring, EXANG j 360.0.

Card 2

IK,

where

IK

NOGA, NFL, NSFL(l), MM, Ml, M2, NF, TIMF 8I5,P15.6

The number of finite elements used to model the main structure.

The total number of elements, including branch elements cannot

exceed 50 (however, this limitation may be relaxed by changing

the appropriate 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 property matrices. NOGA=3 is used in CIVM-JET 4B.

NFL ' The number of depthwise Gaussian points to be used for the

numerical integration through the thickness at each spanwise

Gaussian station. This number cannot exceed 6.

NSFL(l) See Card 5A foe description.
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MM

Ml

M2

NF

TIME

The cycle number at which the run is to stop.

The cycle number at which the regular printout is to begin.

Ml must not equal 0.

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

every M2 cycles) .

The number of fragments considered to be impacting the ring.

This number cannot exceed 6.

The time at which the program will stop all calculations.

Card 3A

Z(l), ANG{1), H(l) 4D15.6

where

Y(l) |

Z(1)J

Initial Y coordinate and Z coordinate, respectively, of the

first node (inches).

ANGd) The slope (degrees) which is the angle between the tangent

vector and +Y axis at the first node. An angle from the +Y

axis to the tangent vector in a counter-clockwise direction

is defined as the positive direction.

H(l) The thickness of the ring (inches) at the first node.

Additional Cards 3B, 3C,... are punched in exactly the same format as

Card 3A until the total number of No. 3 cards equals the total number of nodes

of the main structure (IK+1) for a partial ring and equals IK for a complete

ring, where IK is the value appearing on Card 2.

Also the following two conditions must be satisfied by ANG(I) (where

I is the node number) :

(1) -180° < ANG(I) < +180°

(2) An element cannot have a change in slope between its first node

and its second node that is greater than 15 . This refers only

to the shape of one element (see Fig. 3); slope discontinuities

between two elements are handled on Card 4.

Note that for bookkeeping purposes, the nodal slope is defined to be identified

with the first end (left-hand end) of the element at that node for structures

with continuous slopes. However, where a slope discontinuity occurs on the
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main structure, a node must be used and two slopes must be given: (1) one

(given on Card 3) associated with the second end (right-hand end) of the

pertinent element and (2) one associated with end one (L-H end) of the next

element; the item (2) situation is dealt with by Cards 4A, 4BA, 4BB, 4BC,

etc.

Card 4A

NDIS

where

NOIS

15

The total number of elements in the main structure having a

slope discontinuity at the first node of the element.

If there are no slope discontinuities on the main structure, set

NDIS = 0 and go to Card 5.

Card 4BA

NEDI(I), ANGDI(I) 4(15,015.6)

where

1 = 1 , NDIS

NEDI(I) The element (on the main structure) at which the Ith slope dis-

continuity appears on the element's first node.

ANGDI(I) The appropriate slope (degrees} fcr the Ith slope discontinuity;

the slope is measured between the tangent vector to the element

at the station in question and the +Y axis (see Card 3A, ANG(l)

for a description of the measurement system).

Additional Cards 4BB, 4BC, etc. are used until all of the "slope dis-

continuities" are described. (See Fig. 8 for a further description of the

discontinuity option.)

The sequence of cards starting with Card 5 and going through Card 5DB

contains all of the data for branches to be applied to the main structure,

except that elastic restraints must be handled as one unit on Card 15. If

no branches are to be applied. Card 5 has NBR=0; then proceed to Card 6. Only

5 branches are allowed, with a maximum of 10 elements in any one branch. A
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branch may not be connected to another branch. Branches may be attached to

any node on the main structure, or to the inner or outer surface of the main

structure at any node but only one branch may be connected to a given main-

structure node. Note that if a complete-ring primary structure is specified,

no branch may connect to.node 1 of the primary structure. The following

sketch shows typical permissible arrangements of the branches:

BRANCH #2

BRANCH #3

Note the difference in the numbering schemes for branch 1 compared with

branches 2 and 3; the last geometry input card for a branch pertains to

its junction with the main structure. Numbering of the primary structure

is done independent of any branches. Typical branch numbering is given in

the above sketch. Note that all numbering in the above sketch is done in

each substructure's system. The program will renumber (in a clockwise manner)

the entire finite element systsm.

The following describes the sequence of Cards (5A through 5DB) needed

to accommodate branches (these cards are nested in such a way that each

branch's material and geometric properties are specified, branch by branch,

followed by slope-discontinuity information for all branches, followed by

boundary condition information for all branches):

Card 5

NBR

where

FORMAT

15
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NBR The number of individual branches being added to the main

structure (NBR<5).

If NBR=0 GO TO CARD 6

Card 5A

NSFL(L), B(L), DENS(L), DS(L), P(L) 15,4015.6

where

L=2, NBR+1, (L-l) is the branch number, and the values of these variables

when L=l are equal to the main structure's material.

NSFL(L) The number of mechanical sublayers in the strain-hardening

model of the material of the (L-l) branch, and is equal to

the number of coordinate pairs defining the polygonal approxi-

mation of the stress-strain curve of the material (NSFL(L)<5).

Width of the (L-l) branch (inches).B(L)

DENS (I)

DS(L)

P(L)

2 4Mass density of the (L-l) branch (Ib-sec )/in

See Card-6

(L-l) Branch

Card 5AA

EPS(J,L), SIG(J,L)

where

J = coordinate pair number £ 5

(L-l) = branch number <_ 5

EPS(J,L) ~) See Card 7 for definition of quantities

SIG(J,L) I

4D15.6

Additional Cards SAB and SAC are puncned in exactly the same manner

as Card 5AA until the number of coordinate pairs equals NSFL(L) punched on

Card 5A. Do not include any unneeded (blank) cards.

Card 5B

NELT(I), NODP(I), LHIT(I), LATT(I)

where

I = 1,5 is the branch number

NELT(I) Number of elements in Ith branch (NELT(I)<10)
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_ . i
MODP(I) Node of main structure (in original numbering system) at which

Ith branch is attached. See figure on page 31.

LHIT(I) Determines whether or not branch can be impacted:

LHIT(I)=0 No impact

LHIT(I)=1 Impact

Note; In the present CIVM-JET 4B program, a branch cannot

be impacted; set LHIT(I)-0 for all branches.

LATT(I) Determines where branch is to be attached.

L,YTT(I)= -1 inner surface

0 midsurface of the main structure

1 outer surface

Card 5BA

YB(I,J), ZB(I,J), ANB(I,J), -HB(I,J) 4D15.6

where (I = branch number, J = node number). Nodes are to be

numbered 1 to 10 where node 1 is the first node of a branch

(not attachment point). Node is on circumferent* I axis of

branch.

YB(I,J) Y coordinate of node (inches)

2B(I,J) Z coordinate of node (inches)

ANB(I,J5 Tangent angle measured to Y axis (degrees); see ar, jle 6 of Fig. 3.

HB(I,J) Thickness at node J

Note: See Card 3A [ANG(l)1 for sign convention used for ANB(I.J).

Note: If a branch attaches to node 1 of a partial ring (it

can not be attached to node 1 of a complete ring), the limbering

starts with the branch node farthest away from the attachment- point.

Therefore, the (NELT-H) node is the attachment point. If the

branch attaches to any other node of the primary structure,

start numbering with the node immediately after the attachment

point. Thus, node NELT --ill be the node farthest away from

the attachment point. However, node (NELT+1) will always be

the attachment-point node. Thus nodes 1 to NELT are always

particular only to -the branch, and node (NELT+1) is the common

node with the primary structure. The subroutine BRAN automatically
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updates IK (the total number of elements), NS (number of nodes),

and NX (D.O.F.). Therefore, the initial input (Cards 1-4 and

6-14) is punched as though the branches did not exist.

Cards 5BB, SBC, etc., are punched until(NELT-H) nodes have been

described.

Card 5C

NDISB

where

NDISB

15

The number of elements in the branches having a discontinuity

at their first node. (Do not count the discontinuities due

to the attachment of the branch to the main structure.)

If there are no discontinuities on the branches, set NDISB = 0 and go

to Card 5D.

Card 5CA

NEDIB, NBDI, ANGB 2I5.D15.6

where

NEDIB The element number (along a branch) at which the discontinuity

occurs.

NBDI The branch in which the element NEDIB is contained.

ANGB The slope (degrees); See Card 3A [ANG(D] for sign convention

used for ANGB.
Cards 5CB, 5CC, etc. follow until the information for all NDISB branch

slope-discontinuities has been given.

Card 5D

NBCONB

where

NBCONB

15

The number of boundary conditions applied only to the branches.

(Total B.C.'s on structure <_ 7)

If Card 5D=0 go to Card 6.



Card 5DA

NBCB(I),

-where

I -
NBCB(I)

NODBB(I)

LBR(I)

NODBB(I), LBR(I) 4(315)

1, NBCONB

Type of boundary condition. See Card 14 for description.

The node number of the particular brancK on which the B.C.

is being applied (see sketch prior to Card 5 description).

The branch number on which the B.C. is being applied (see

sketch).

A total of seven boundary conditions is allowed, including the primary

structure and all branches. Therefore, Card 5DB is punched if more than 4

B.C.'s are to be applied to the branches.

The cards grouped under the number 5 contain the complete description

of all the branches (except for elastic restraints). These cards are -nested

branch by branch, such that a branch's material and geometric layout are

completely described before starting the next branch. After all branches

have been described, and the branch slope-discontinuity information has been

given, then the boundary conditions are applied to all the branches.

An example is given below for a main structure containing two branches,

each of a different material, and five boundary conditions on the branches.

For each material a three sublayer model is used. The first branch contains

two elements, while the second branch has three elements. The first has one

slope-discontinuity, the second branch has none. The following list gives

the card number (described in this section) in the order they would appear

in the input deck:
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Branch 1

Card 5

Card 5A

Card 5AA

Card SAB

Card SB

Card 5BA

Card 5BB

Card SBC

go to top of
next column —

I

:
;

1

i

I

Card 5C

Card 5CA

1 N
Card 5D

Card 5DA >

Card 5DB ,

j

Card 5A

Card 5AA

Card SAB

Card SB

Card 5BA

Card 5BB

Card SBC

Card 5BD .

Slope

f Bran

Discontinuities

-

Boundary Conditions

Card 6

DELTAT, DS(1), P(1), NTOVR 3D15.6,I5

where

DELTAT The time step size. At (seconds) to be employed

for the central difference time-wise integration operator.

If the value of At is set equal to zero on this card, the

program will compute the largest natural frequency, u> ,
max

of the corresponding linear system and will then choose a

value of At = 0.8(2/0) ). If the user specifies amax max *
At > At , the DELTAT is reset to Atmax max

NOTE: If the user specifies DELTAT = 0 then the user should establish MM,

Ml, and M2 on Card 2 based on a At = 1 microsecond. The program will then

adjust these cycle numbers to correspond to the internally generated DELTAT.

The values of the constants D and p, respectively, used in

the strain-rate sensitivity formula for the main structure's

material.

Override for automatic check of DELTAT.

= BLANK DELTAT is checked.

= 1 DELTAT is not checked.

NTOVR
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Card 7AA

EPS(l.l), SIG(1,1), EPS<2,1), SIG(2,1) 4D15.6

where

~EPS(lil) | The first coordinate pair of strain, C, and stress, O,

SIG(1,1) i curve of the main structure which is used to define the

polygonal approximation of the stress-strain diagram. 'The

stress-strain diagram from which these values (and those

following) are obtained must be upwardly-convex with non-
2

negative slopes; £(J,l)=in/in and O(J,l)alb/in .

EPS(2,1)1 The second coordinate pair of strain and stress in the main

SIG(2,1)J structure.

Additional Cards 7AB and 7AC are punched in exactly the same manner

as Card 7AA until the number of coordinate pairs equals NSFL(l) punched on

Card 2. The total number of coordinate pairs must not exceed 5. -Do not-

include any unneeded (blank) cards.

Card 8

NOP, NASP 215

where

NOP Indicates the type of strain output desired (given at

inner and outer surface)

= 0 Average strain at each node

= 1 Average strain at each node plus strain at each

Gaussian station

= 2 Average strain at each node plus strain at

designated additional points

= 3 Strain for all three of the above options

NASP Number of additional strain points requested; NASP £ 5p

If NOP ̂  2 or 3, go to Card 9.

Note: It is suggested that the user use NOP=1 or NOP=3 in order to

obtain a complete set of strain output for a first run of a

problem. NOP=0 or 2 can be used for additional runs of the

same problem in order to reduce output costs.

Card 8A 215,015.6

N3BS(I), NSEL(I), AZET(I)
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where

1 = 1 , NASP

NSBS(I) Number of the substructure on which the additional strain

point is requested: NSBS = 1 main structure;

if NSBS > 1 the substructure is a branch whose number is

(NSBS - 1)

NSEL(I) The element along the NSBS substructure on which additional

strain point is requested. No more than 10 additional strain

points are allowed on any one element. -

AZET(I) The s coordinate of the additional strain point measured

from the first node of the element (s is a fractional length

(in/in) of the element itself).

Cards BB, 8C, etc. are used until all the additional strain points

have been described.

Card 9AA

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

Card 9AB

D15.6

Card 9AC

UDOT(I), WDOT(I), ADOT(I), TPRIM(I), CR(I)

where I = number of fragment

FH(I)

I < 6

The diameter of the circular disk model of the Ith fragment

(inches).

FCG(I) The Z coordinate of the centroid of the Ith fragment before

' and at the time of its release. The positive direction

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

FCGX(I) The Y coordinate of the centroid of the Ith fragment before

and at the time of its release. The positive direction

represents a location to the right of the global 2 axis

(inches).

38



FMASS(I) The mass of the Ith fragment (Ib-sec /in).

FMOI(I) The mass moment of inertia of the Ith fragment (Ib-str -in).

UNK(I) Coefficient of friction between the Ith fragment and the

ring inner surface.

UDOT(I)- The velocity component of the Ith fragment parallel to the

global Y axis before initial impact (in/sec). Positive

UDOT(I) represents a fragment traveling to the right.

WDOT(I) The velocity component of the Ith fragment parallel to the

global Z axis before initial impact. The positive direction

denotes a fragment traveling in an upward (+Z) direction

(in/sec).

ADOT(I) The initial angular velocity of the Ith fragment (rad/sec).

Positive sign denotes counterclockwise rotation.

TPRIM(I) Time (seconds) that the fragment is allowed to tifcvel before

program starts to track its location. One usage of TPRIM(I)

allows fragments to be released after the first fragment

has impacted and calculations have begun.

The fragments should be ordered as follows to allow

proper use of the TPRIM capability: Fragment 1 should be

the fragment that will make first contact with the ring.

Time zero is the time of release of this fragment. The

second group of fragments includes all of the fragments that

will be released before the first fragment impacts. The

fragmentscan be placed in any order within their group. The

third group contains those fragments released after the first

fragment impacts; these must be ordered such that the first

fragment to be released is first and so on within this group.

TPRIM(1) = Time of impact of first fragment minus time of

release. Since time of release of fragment one is equal to 0, TPRIM(l)

equals time of first impact. Actually, TPRIM(l) must be less than

the time of first impact to guarantee a proper impact solution.

TPRIM(I) where I = 2, NF equals TPRIM(1) - Time of

release of the Ith fragment. Thus, TPRIM, for those fragments

released after the first fragment impacts, will be negative.
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CR(I) Coefficient of restitution between the Ith fragment and the

impacted ring inner surface; 0<CR<1, 1 for perfectly elastic,

0 for perfectly inelastic, 0<CR<1 for intermediate, CR=1 is

usually recommended.

Cards 9BA, 9BB, 9BC, 9CA, 9CB, 9CC,... should follow (in blocks of

three cards) until the information for all NF fragments has been completely

specified.

Card 10

AXG(l), AXG(2), AXG(3) 3D25.16

3D25.16

Card 11

AWG(l), AWG(2), AWG(3)

where

AXG(I) ] Vectors, of dimension NOGA, contain Gaussian quadrature

AWG(I) J constants, x. and weights, W., respectively, for the numerical

evaluation of

f
J

The following data appear on Card 10, since NOGA-3:

0.1127016653792585D+00 0.5000000000000000D+00 0.8872983346207415D+00

and the data ~

0.2777777777777778D+00 0.4444444444444444D+00 0.2777777777777778CH-00

on Card 11.

Card 12A

TXG(l), TXG(2), TXG(3) 3D25.16

Card 12B

TXG(4) 3D25.16

Card 13A

TWG(l), TWG(2), TWG(3) 3D25.16

Card 13B

TWG(4)

Note: If NFL £ 3, Cards 12B and 13B are eliminated.

If NFL > 4 the extra terms are added to Cards 12B and 13B.

D25.16
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where

TXG(I) . Vectors, of dimension NFL, contain Gaussian quadrature

-TWG(I) / constants, x. , and weights, W , respectively, for the numerical

integration of

If NFL=4, for example, then the following data appear on Cards

12A, and 12B.

-0.8611363115940530D+00 -0. 3399810435848560D+00 0.3399810435848560D+00

0. 86113631159405 30D+00

and the data

0.3478548451374540D+00 0.6521451548625460D+00 0.6521451548625460D+00

0.3478548451374540D+00

appear on CArds 13A and 13B.

Card 14A

NBCOND 15

Card 14B

NBC(l), NODEB(l), NBC(2), NODEB(2). . . ,NBC(4) ,

where

NODES(4) 1415

NBCOND The number of prescribed displacement conditions to be

specified on the main structure. The quantity NBCOND + NBCONB

must not exceed 7. Note that the information on Card 14B

corresponds to the original nodal numbering scheme for the

main structure.

NBC(l) 1 The identification number and the node number, respectively,

NODEB(l)j for which the first prescribed displacement condition is to

be imposed.

NBC(2) 1 The second data group of the identification number and node

NODEB(2)J number, respectively, for which the second prescribed dis-

placement condition is to be imposed.
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The appropriate form of the data group NBC(I) and NODES(I) should be

repeated NBCOND times. If NBCOND=0, that means there is no prescribed dis-

placement condition to be imposed on the main structure; then, skip to Card 15.

The prescribed displacement condition identification number can be

equal to 2 or 3, depending upon the type of the prescribed displacement

condition. Its description follows:

NBC(I)=2 Ideally clamped condition. Setting v, w, and 0 at node

NODES(I) to zero.

NBC(I)=3 Smoothly-hinged condition. Setting v and w at node NODEB(I)

to zero.

Card 15

NQR,

where

NOR

-NORP

NORP, NORU 315

Indicator, which if > 0 indicates that the structure is

subjected to elastic restraints (point and/or distributed).

The number of point elastic restraints (elastic restoring

springs) which are to be prescribed over the structure. This

number must not exceed 4.

NORU The number of local distributed elastic restraints (elastic

foundations) which are to be prescribed over the structure.

This number must not exceed 4.

If there are no prescribed restraints on the structure, set NQR--0 and

let NORP and NORU be blank.

Card 15A and Card 15B are included only if NQR > 0 in Card 15. If NORP=0,

skip to Card 15B.

Card 15A

SCTP, SCTY, SCRP 3D15.6
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Card 15AA

NREL(l), REX(l), NREL(2), REX (2) ...NREL(4), REX (4)

where

SCTP

4(15,015.6)

The translational-tangential restoring spring elastic constant

(Ib/in).

The translational-normal restoring spring elastic constant

(Ib/in).

The torsional restoring spring elastic constant (in-lb/radian).

The element number and the length coordinate along the

reference axis from node NREI,(I) of the element, respectively,"

at which the Ith point elastic restraint is to be specified.

(Note that the element numbers used here must be in the numbering system which

the program generates internally for the entire system after branches have

been added.)

The data group NREL(I), REX(I) should be repeated NORP times. If

NORU=0 in Card 15, omit Card 15B, and Card 16 follows directly.

SCTY

SCRP

NREL(I)

REX(I)

1

Card 15B

SCTU,

where

SCTU

SCRU

SCTW

Card 15C

NRST(I),

SCRU, SCTW 3D15.6

Elastic foundation modulus in translation along the tangential

direction (Ib/in2).

Elastic foundation modulus in torsion (in-lb)/rad-in).

Elastic foundation modulus in translation along the normal

direction (Ib/in ).

NREU(I),:.. NRST(4), NREU(4) 815

where

NRST(l)

NREU(l)

NRST(2)

NREU(2)

The first element and the number of elements, respectively,

over which the first elastic foundation is to be specified

(the first elastic foundation is distributed to element

NRST(l), through and including element (NRST(1)+NREU{1)-1).

(Note that the element numbers used here must be in the

numbering system which the program generates internally

for the entire system after branches have been added.)

The first element and the number of elements over which the

second elastic foundation is to be specified.

Data group NRST(I) and NREU(I) are repeated NORU times.
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Card 16

ICONT

where

ICONT

15

Integer which if greater than 0 indicates that this is a

continuation run. In order to use this option, it is

necessary to obtain the following continuation cards from a

previously run job. To do this, set the variable MPU=1 at

the beginning of the MAIN routine. This will cause the

following set of data cards (16A through 16IA) to be punched.

When using this deck, set ICONT=1 and use the same data cards

as used before, except to change the values of MM and Ml on

Card 2.

If ICONT=0, skip Card 16A - 161 and go to Card 17.

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

produced from the output of the previous run follows immediately. The

continuation deck contains the following information:

Card 16A

IT, TIME, IMCOU, TAII

where (L=l for main structure; L=2, NBR+1 for branches):

2(15,020.13)

IT The number of the time cycle at which the previous run had

stopped, and is the beginning time cycle of the present

continuation run.

TIME The absolute time at which the previous run stopped, and

is the beginning time of the present continuation run.

IMCOU The number of impacts up to the end of the last run.

TAII Time of initial impact.

215,2020.13,15

Card 16B

IBIGA(L), ISTAA(L), BIGA(L), BTIMA(L) , ISURA(L)

where (L=l for main structure; L=2, NBR+1 for branches):

IBIGA

ISTAA Information for maximum "additional-point strain". Same as

BIGA ^ their counterparts on Card

BTIMA

ISURA
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(315,2020.13)

Card 16C

IBIGtLl, ISURF(L), ZSTA(L), BTCiD, BTZME (L)

where (L=»l for main structure; L-2, NBR+1 for branches):

ZBIG(L) The element number whose computed tensile strain exhibits

the largest value during the previous run.

ISURF(L) Equals 1 means largest computed tensile strain occurs on the

inner surface; equals 2 means on the outer surface.

ZSTA(L) The Gaussian station at which the maximum strain occurred.

BIC(L) The largest computed tensile strain during the previous run.

BTIME(L) The time at which the largest computed tensile strain occurred

during the previous run.

Card 16D

IBI(L), ISUR(L), BI(L), BTIM(L) 2Z5,2D20.13

where (L=l for main structure; L=?, NBR+1 for branches):

IBI(L)

ZSUR(L) Information for maximum average nodal point strain. Same

BI (L) as their counterparts on Card 16C.

BTIM(L)

Card 16E

MIRP, TNJ(I),..., TNJ(NF) ^ I5,6Di2.5

where

NF

MIRP

TNJ(I)

Card 16FA

DISP(I)

DISP(I)

Number of fragments impacting structure.

Number of next fragment waiting to be released.

Indicates whether or not the Ith fragment has been released.

TNJ(I)=0.0 not released

TNJ(I)=1.0 released

4D20.13

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.

Card 16GA

DELD(I)

DELD(I)

4D20.13

The displacement increment change of the Ith degree-of-freedom

of the structure at time cycle IT. Repeat c.;rds until all

degrees-of-freedom are included, with 4 different values/card.

Card 16HA

SNS(IR,J,K,L) 4D20.13

SNS(IR,J,K,L) The axial stress on the Lth mechanical sublayer at the

Kth depthwise Gaussian point at the Jth spanwise Gaussian
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station of the IRth element at time cycle IT. Repeat cards

until all values for the entire structure are included, with

4 different values/card.

Card 16IA

F'̂ 'JU(J),

FCG'J(J)

FCGW(J)

ALFA(J)

UDOT(J) ̂

WDOT(J) S

ADOT(J) j

J = 1,NF

FCGW(J), ALFA(J), UDOT(J), WDOT(J), ADOT(J) 4D20.13

The controidal position of the Jth fragment in the Y direction
f

at time cycle IT (inches).

The- centroidal position of the Jth fragment in the 2 direction

at time cycle IT (inc.ics).

The total angular displacement of the Jth fragment at time

cycle IT (radians).

Fragment velocities at time cycle IT (in/sec); see Card 9AC

for more details.

Card 17

ICON

where

ICON

15

Integer that controls the stopping of the entire program.

= 0 The program will stop after all of the required print-

outs are made for a particular run.

= 1 The program will expect a new set of Cards 1-17 for

another ring problem.

4.2 Input for Special Cases of the General Stress-Strain Relations

In the following, the specific input data for three special cases of

the general elastic, strain-hardening constitutive relation handled by the

computer prograrr are given. Only the relevant data are noted. (L=l for main

structure; L=2 to NBR+1 for the NBR branches):
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1. Purely Elastic Case

Set NSFL(L)=1 on Card 2 (Card 5A) and make EPS(1,L) and SIG(1,L)

on-Card 7 (Card 5AA) sufficiently high so that no plastic deforma-

tion occurs; for example, EPS(1,L)=1.0, SIG(1, 1.)=K3(1,L) , where

ES(1,L) equals the elastic (Young's) modulus.

2. Elastic, Perfectly-Plastic Case

Set NSFL(L)=1 on Card 2 (Card 5A) and make EPS (1,L)=SIG(1,L)/

ES(1,L) on Card 7 (Card 5AA) .

3. Elastic, Linear Strain-Hardening Case

Set NSFI,(L)=2 on Card 2 (Card 5A) and set EPS(1,L)=SIG(1,L)/ES(1,L) .

Also EPS(2,L) and SIG(2,L) on Card 7 (Card 5AA) are taken sufficiently

high in order to avoid plastic deformation in the second subflange.

For example, EPS(2,L)=1.0, and SIG(2,L) = (1.0-EP3 (1,L))*ES (2,L)+SIG(l,L) ,

where ES(2,L) is the slope of the segment in the plastic range.

4.3 Description of the Output

The printed output be -ins with a partial reiteration of the program

input which identifies the problem solved. This output includes information

-on-initial— geometry, the nodal and element numbering system originally assigned

by the ucer, the new updated nodal and element system generated internally in

the program if branches are present, the branch attachment points, the ring

material properties for the main- structure and each branch, the 'ragment

properties, the boundary conditions and elastic restraints that are input,

the Gaussiai stations and weights used in the program, ti.e lumped mass matrix

and the element arc lengths, the time step used in the program and the maximum

permitted time step, and the effective lengths associated with the main

structure and the branches. (NOTE: If override option is used, the p: (.'gram

will calculate a maximum At value and print this out. However, the At used

in the program calculation will be the user-sp'jcif ied At regardless of its

value.) Exanple outputs are presented in Section 6. After initial printout

has been completed, the following information is printed out (assume NOP=3

here) after cycle Ml has been completed, and at e~ erv J!2 cycles thereafter

(see Subsection 4.1, Card 2):
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1

WORK AND ENERGY TO END OF TIME- CYCLE IT - -TIME

FRAGMENT

[IT]

KINETIC ENERGY

[CINETF(II)]

WORK INPUT INTO RING

RING KINETIC ENERGY

RING ELASTIC ENERGY

RING PLASTIC WORK

ENERGY STORED IN ELASTIC RESTRAINTS

- [RWORK]

« [CINETOJ

- [CEIAS]

= [PLAST]

- [SPDEN]

CYCLE = [IT]

ELEMENT SI STP.l SO SI STA2 SO SI STA3 SO

1

2

3

CYCLE = [IT]

STRAIN AT ADDITIONAL POINTS

1

2

SI SO El EO
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I I I . I .1 I

J
I
1
2

3

(IT] TIME = (TIME]

V W PSI CHI COPY COPZ L M STRAIN (IN) STRAIN (OUT)

FRAG NO.

1

2

FCGU FCGW ALFA FRUV FRWV FRAV

SUBSTRUCTURE

1

2

SUBSTRUCTURE

1

2

MSTR ELE TIME

LARGEST ADD. PT. STRAIN '

STA

ELEM ADD. PT. TIME

SUBSTRUCTURE

1

2

LARGEST NODAL STRAIN NODE SURF TIME

where

IT = Cycle number

TIME = Elapsed time corresponding to the end of cycle IT (sec.)

II = Fragment number II = 1,NF

CINETF(II) = The current value of the kinetic energy remaining in fragment:

II (in-lb) .
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RWORK

CltJKTO

ELAST

PLAST

SPDEN

SI

SO

STAl

STA2

STA3 ,

El

EO .,

1 Total work imparted to the structural ring up to the present

time by fragmc;nt impact (in-lb).

The current value of kinetic energy present in the structural

ring* (includes both the rigid body and the relative kinetic

energies) (in-lb).

Total elastic strain energy stored in the entire structural

ring at the present time instant (in-lb).

Total plastic work * done on the structural ring (mechanical

work dissipated duilng plastic flow) (in-lb).

Total energy stored in the clastically-restoring springs and/

or the clastic foundations at the current tine instant (in-lb).

if the presence of elastic xc^Lralnts is specified.

Strain at the inner surface of the ring

Strain at the outer surface of the ring

Spanwisc Gaussian Station at which strain was calculated

Relative elongation at inner or outer surface, respectively,

at the additional strain-points; obtained from E1=/1+2Y1, - 1.

It should be noted that the rigid body part of the kinetic energy, which is
use.', to accelerate the "rigid body" mass of the structure, can be extracted
and identified separately. However, for the present program dealing with
r.ith.-r general structural geometries and with various support/restraint
conditions, it would be very unwieldy (but not impossible) to identify these"
separate kinetic energies; hence, the total kinetic energy is calculated
and printed out.

**Thu plastic work done on the ring is estimated by subtracting the sum of the
clastic and kinetic energies present in the ring from the total input energy
'due to the fragment impact; i.e., RWORK=CINETOELAST-t-PLAST+S?DEN. It should
be mentioned that the approximate nature of this numerical calculation will
sometimes yield impossible results such as negative values of plastic work or
values greater than zero when the ring has not yet reached a plastic condition;
thu«:, the value of plastic work should be considered only approximate, and
spurious results as noted above should be ignored. This form may also be
considered to contain, in addition, the energy dissipated by friction.
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»*U- •

I = Node number. For a partial ring, the value of the total

number of nodes equals the value of the total number of

elements plug one. For-a-complete ring, the value of the

total number of nodes equals the value of the total number

of elements.

V = The middle plane axial displacement at node I (in).

W = The middle plane trans"erse displacement at node I (in).

PSI = The generalized nodal displacement fy = (3v/3n.) - v/R at

node I (rad).

CHI = The generalized nodal displacement x " Ov/3n) + w/R at

node I (rad).

COPY = The V-location of node I in the global (inertial) coordinate

system (in).

COPZ = The Z-location of node I in the global coordinate system (in).

L = Axial internal force resultant over the cross section at the

midspan point of element I (Ib).

N = Internal bending moment of the cross section at the midspan

point of element I (in-lb).

STRAIN(IN) = Average strain on the inner surface at node I.*

STRAIN(OUT) = Average strain on the outer surface at node I.*

FCCU = Global Y coordinate of the centroid of the fragment at the

current time instant (in).

FCGW = Global Z coordinate of the centroid of the fragment at the

current time instant (in).

ALFA = Angular rotation of the fragment to the current time instant

(rad).

FRUV = The current velocity component of the fragment in the Y

direction (in/sec).

FRWV = The current velocity component of the fragment in the Z

direction (in/sec).

FRAV = The current angular velocity of the fragment (rad/sec).

Positive sign denotes counter-clockwise rotation.

At nodes on the main structure where a branch connection occurs, the contribu-
tion of strain frsm the branch is not included in the nodal averaging process.
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SUBSTRUCTURE = The portion of the ring being considered.

1 » main structure

2 a 1st branch

- 3 « 2nd branch

MSTR •= Maximum strain on the substructure at a Gaussian station.

ELE = Element on which max. tension strain occurred.

TIME = Time at which max. tension strain occurred.

STA = Gaussian station at which max. tension strain occurred on element ELE.

NODE = Node at which largest average valuu of tension strain occurred .

ELEM = Element on which largest value of tension strain occurred

at an additional strain point.

ADD. PT. = Additional Point Number

TIME = Time at which the max. tension strain occurred

Note! Checks for largest average nodal strain and largest additional-point

strain are made only at print out cycles. Check for largest Gaussian-

station strain is made at each'cycle.

In addition to the above information which is printed out at each

desired time cycle, whenever there is an impact the'following information

is printed out:

THIS IS IMPACT NUMBER [Mj

ELEMENT NO. = [LNTMIN]

TIME = IT =

LOCATION ON ELEM

FRAGMENT NO.

[RFC)

[JFl

where

M = The number of the impact ftotal number of impacts up until

that time)

TIME = The time of contact between fragment and ring

IT = Cycle during which impact takes place

JF = Fragment involved in this collision

LNTMIN = Element (on main structure) involved in the collision

RFC = Fraction of the element length from the point of ring-

fragment contact to the first node of the impacted element.
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At the conclusion of the run, a final update of the maximum strain

occurring on each substructure (main structure and each branch) and for the

additional strain points on the main structure and each branch is printed

out. Also/ a note as to whether or not continuation cards were punched is

made.

4.4 Guides and Restrictions for Code Usage

4.4.1 General Instructions

The CIVM-JET 4B computer code is capable of handling a wide

variety of transient, large-deflection structural response problems involv-

ing impact-induced loading. This capability is beneficial to the user since

it is contained in one computer program; however, it can be unnecessarily

costly to run the program if all of the options included are carried along

but are not being used.

In order to save storage locations and therefore save computer

costs on each run, several subroutines can be removed when they are not used

during that particular job submittal.

The following is a list of subroutines which must be included in

every run of the CIVM-JET 4B program:

1.

2.

MAIN

ASSEF

3. ASSEM

4. CUBIC

5. ELMPP

6. ENERGY

7. ERC

8. FICOL

9. IDENT

10. IMPACT

11. IMPCTE

MINV

PENTRN

PRINT

ROOT4

16. STRESS

17. TCONT

IS. UPDATE

12.

13.

14.

15.

The remaining subroutines: BRAN, DINIT, OMULT, QREM, ROTAT, and

TSTEP may be left out depending upon the type of problem being solved.

Subroutine TSTCP may be optional when the user desires. If the

user inputs a time-step and does not wish this time step to be checked by

the CIVM-JET 4B program, the user merely omits including the TSTEP subroutine,
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and only inputs the following three cards instead of TSTEP.*

SUBROUTINE TSTEP (KLOW, NDEX, NIRREG, DELTAT)

RETURN

END

In like manner, if the user- does not wish to apply any branches

to the main structure, the BRAN subroutine becomes optional. If no branches

are used, BRAN is input as follows:

SUBROUTINE BRAN (NBR)

RETURN

END

Thus, for any-subroutine that is not being used for a particular

run, just submit the firnt card of the subroutine (the name card) and the

RETURN and END cards. This will save the user input costs, compilation costs,

and storage costs. The same procedure is used for QREM if no elastic restraints

are defined, for ROTAT if no branches or slope discontinuities are used, for

DINIT if continuation cards are being used for input, or for OMULT only if

TSTEP and-QREM are also left out.

4.4.2 Use of Branches vs. Use of Discontinuities

In the present CIVM-JET 4B program, both branches attached to and

slope-discontinuities in the main structure can be, accommodated. Because of

the- way in which these two features are handled in the program logic and, in

particular, for determining ring-fragment collision, certain general guidelines

should be followed by the user for more efficient ur of the computer code.

The dominant consideration involves the determination of ring-

fragment collision. In the present code, impact on a branch is not accommodated,

so that if branch impact is an important consideration for a particular problem,

then the slope-discontinuity option must be used in place of the branch option,

thus identifying this region not as a branch but as a part of the main

structure. Note, however, that in all cases where three elements are to be

connected at a single nodal point (such as in the case of a branch at the

nidspan of a bean), one of the elements must be defined as a branch. In general,

Because the Central Difference Operator is conditionally stable, the use of
subroutine TSTEP is recommended for the first run of a given structural
geometry and finite-clement mesh arrangement to insure that a stable At will
be used in the timewiso solution.
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at any node where three elements are joined, one of these elements (and all

subsequent elements in that portion of the structure) must be defined as

branch elements. However, two branches may not start at the same node of the

main structure.

During each increment in. time, At, a collision inspection is

carried out for each element on the main structure for each of the N fragments

considered, but no collision inspection is carried out for elements defined

as branch elements. This fact can be used to reduce the total computation

time; if the user knows a priori that no collisions will occur in certain

regions of the structure, then those regions should be defined as branches

wherever possible (note that branches cannot be specified to be attached to

another branch).

As noted in Section 2, the positive n direction must be chosen

in such a way that the outward normal for each element is directed toward

the outside of the structure, where the fragments are considered to be in

the inside of the structure. In some special (but plausible) cases, the

outside region of a portion of the structure may overlap with the inside

region of another portion of the structure either in the initial structural

configuration or after some deformation of the structure has occurred, within

the current collision inspection program logic, such overlapping regions

cannot be accommodated. Consider the following initial structural configura-

tion:

1 n

fragment
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With the positive normal directions N as shown (and considering the entire

structure as a main structure, using the slope-discontinuity option), the

outside regions of segments 1-2 and 3-4 would overlap with the inside region

of segment 2-3. To accommodate such a configuration, segments 1-2 and 3-4

must be defined as-branches so that no collision inspection is performed

for those segments. Consider now the following initial structural configura-

tion:

fragment

For the initial configuration (solid lines), no insido-outside overlapping

occurs. However, after deformation of segment 2-3 (dashed line, assuming

fragment impact is as depicted above), the outside regions of segments 1-2

and 3-4 will overlap with the inside region of segment 2-3. Again, in this

case, segments 1-2 and 3-4 must be defined as branches.

4.4.3 Impact at or Near a Constrained Node

In the present CIVM-JET 4B program, the case of fragment impact

on or near a constrained node is handled in an approximate fashion. The

nature of this approximation is discussed briefly here as a guide to the

user in interpreting results when impact occurs on or near a constrained

node.

The assumption used is as follows: when impact occurs near a

constrained node, the only nodes which can respond with impact-induced

velocity changes are those nodes which lie within the impact-affected region

and which are located on the impacted side of the constrained node. In

56



essence, no impact-induced information is allowed to propagate past the

constrained node (for the purpose of inipact corrections), and a portion of

the impact-induced impulse is "absorbed" by the constraint. Although no

impact-induced information is allowed-to-propagate past the constrained

node for the purpose of impact-induced velocity/ the impact-induced informa-

tion will filter through the constrained node in the global timewise solution,

if the constrained node is smoothly hinged. If the node is ideally clamped,

no impact-induced information will filter past the constrained node in the

global timewise solution. It should also be noted thut as the point of

ring-fragment impact approaches the constrained node, the impact-induced

ring response approaches zero; when impact occurs directly on a constrained

node, the fragment simply rebounds and no impact-induced structural response

occurs.

For a more thorough discussion of this topic, the reader is

referred to Appendix A.

4.4.4 Comments on Strain Calculation and Mesh Sizing

In the present CIVM-JET4B program, options are available which allow

the user to obtain strain printout at the spanwise Gaussian stations (which

includes the element midspan location), and/or at additional points on the

structure specified by the user. Nodal average strains are given automatically

at each regular printout cycle. This-flexibility can be of great value to the

user, but certain precautions should be taken by the user in interpretLnq the

strain results.

The strain-displacement relation employed in the present curved

beam elements is qiven by Eq. A.12. An examination of this equation shows

that nonlinear terms are included only in the membrane behavior, and only

linear terms are included in the bending behavior. Thus, the membrane non-

linearities have been assumed to be more significant than the bending non-

linearities. The calculated distribution of strain may be quite different from

element to element, and the strain distribution within each element will, in

general, not be the same as the "exact" distribution. This behavior corresponds

to the fact that in the present f irute-eler.ent model the predicted strain dis-

tribution approximates the actual strain distribution in an average (intoqral)

sense, and not in a pointvise seise. Although the calculated distribution ma^
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be the same as the "exact" distribution at some points within the clement, the

choice of a "best" point (or points) for strain evaluation within an element Is

not obvious. The choice of v,w,ip, and x a3 generalized nodal paramutcrs assures

strain continuity at tho nodes, but in qencral the bending strain will

not be continuous at tho nodes; thus, the predicted strains at tho inner and

outer surface of an element will not, in general, be- continuous at the nodes.

Because of these facts, certain precautions should bo taken by tho

uwr when assessing strain distributions in space and/or time. If detailed

Ktrain distributions arc required over a portion of the structure at a particular

time instant, it is suggested that several printout points be chosen in each

clement (e.g. Gaussian stations and nodal averaged points) in tho region of

interest. When these calculated values are plotted, the analyst can then mako

a reasonable "fairod" estimate of the "proper" distribution. It should be noted

that severe strain gradients within an element do not necessarily indicate poor

bohavior of the solution; however, it is in these regions where the analyst must

exercise the greatest caution in making a reasonable faired estimate of the

proper distribution. Although not conclusive, experience to date with the

proscnt CIVM-JET4D computer code suggests that these regions of predicted

severe strain gradients arc most often observed near clamped boundaries and may

be found near tho region of ring- fragment impact.

If strain time-history information is required at various points

on the structure, these points can be specified as additional strain points and

the time histories may bo obtained directly. In addition, it is recommended

that spatial distributions near these points of interest be obtained at several

timo instants to assess whothrr or not the strain at the point of interest is

tti reasonable agreement with the curve-fitted (or faired) distribution in that

region of tho structure. If those steps arc followed, a reasonable engineering

assessment of strain information should be obtained.

The equations in Appendix A have been developed within the assumption

of larqe deflections but small strains. Thus, reliable results may not bo obtained

in localized regions where largo strains arc predicted. However, the actual

strain level at which the "small strain" assumption becomes invalid is not known.

Thus, the limitations of tho present analysis, for practical engineering problems,

cannot be clearly stated; further study of tho limitations of the present analysis

versus appropriate vvell-dcfinod experimental data is required. In the future

it is recommended that models which can accommodate arbitrarily largo strain be
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developed for both two-dimensional (planar) and throe-dimensional (non-planar)

deformations. Tn the meantime, however, it is believed that the capabilities

of the present C1VM-JET 4B analysis and program can provide useful engineering

estimates.

In the present CIVM-JET 4B program, considerable flexibility is

given to the user in terms of defining the size and number of elements to bo

used for a particular structural geometry. However, certain guidelines should

be followed in the selection of a finite-element mesh for the present impact

analysis. It is recommended that a uniform mesh be employed for all analyses,

the only exception being in regions where structural detail dictates the use

of nonuniform elements. Clearly this recommendation is justified for the

general case where the point of initial (and subsequent) impact is not known

a priori. Now consider the special (limiting) case where it is known a priori

that all ring-fragment impacts will occur at (approximately) the same point on

the structure (e.g. initially straight, uniform thickness, doubly clamped beam

with the only nonzero component of the fragment velocity being normal to the

beam mid«urface, and initial impact occurring at the midspan of the beam). A

uniforr mush is again recommended for this special case, based on the- following

considerations. The impact effected length,' L -_, is directly related to the

size- of the time step (i.e. L _- = J— At) and when using the central difference

operator the allowable time step, At, is inversely related to the highest natural

frequency, u) , of the assembled-structure. -If the element size in the region
max

of impact is decreased, then u> is increased and At and, thus, L ,. arc decreased.
max eff

In the limit, as the element size is decreased, the impact-induced "loading" will

become concentrated at the point of impact and unreasonably high strain predictions

may be found near this region of concentrated loading. It is believed (based on

experience to date with the present CIVM-JET 4B program) that the choice of a

uniform mesh for this case will yield the most reliable predictions.
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SECTION 5

COMPLETE FORTRAN-IV-LISTING OF THE

CIVM-JET 4B PROGRAM

The CIVM-JET 4B program consists of the following main program and 23

subroutines:

1. MAIN

2. ASSET

3. ASSEM

4. BRAN

5. CUBIC

6. DINIT

7. -ELMPP

8. ENERGY

9. ERC

10. FICOL

11. IDENT

IMPACT

IMPCTE

MINV

OMULT

PENTRN

12.

13.

14.

15.

16.

17. PRINT

18. QREM

19. ROOT4

20. ROTAT

21. STRESS

22. TCONT

23. TSTEP

24. UPDATE

The program is written in double precision arithmetic. A complete

FORTRAN IV listing of the program is given below in the above- order. The

number of memory locations required on the IBM 370/168 computer at MIT is

approximately 415,DOT bytes; this includes locations for the MIT computer

library subroutines.
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âc

to
CO
cu
J

to
l-l

z •
O On
M UJ

«e to
OS
E-i M
w E
Z M
ft. E*
CU

X M
•a tr
a: E-

o

o

o
c
0
•o
•

H
-4
•

X
*c
E
Cu
•

O
z
«
•o

Oi
•ij

•
Cu
Cu
Z
*•*

M̂

IP
 

S
D

3
D

IV
IS

1
0

N
 

P
R

O
C

E
S

S
.

ac
to

%
O
05
ftl
C3

to
^

Z
O
M
E-
•e
BS
E*4 ix
W E- X
Z J t-
C1- 'î  *-]
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SECTION 6

ILLUSTRATIVE EXAMPLES

The following two examples are presented to assist the user in checking

the adaptation of CIVM-JET 48 to hia computer facility.

6.1 A Variable-Thickness, Partial Ring — Includes Branches, Slope Discontinu-

ities, and an Elastic Foundation

6.1.1 Problem Description

The geometry of the main structure, as shown in Fiq. 9, is a partial

ring composed of an initially-straight potion and a circular portion. The

straight section is 10.0 in long, 1.5 in wide, and varies linearly in thick-

ness from 0.3 in at its pinned end to 0.1 in where it joins the circular por-

tion. The circular section has a 5.0 in mean radium, a 1.5 in width, a 0.1 in

uniform thickness, and consists of a 60° arc. The partial ring is supported

by a pinned jo nt at its left-hand end, a branch connected at the straight-

circular junction, and an elastic foundation located as depicted in Fig. 9a.

This foundation consists of arbitrarily chosen normal k and tangential k

stiffness equal to 1500 psi and 3000 psi, respectively.

The "main structure" of the partial ring is called substructure

one (1) and is assumed to consist of aluminum material with a yield stress of

46,000 psi, an elastic modulus of 10 psi, and is represented by a two-

mechanical-sublayer model defined by the following stress-strain (0,c)

pairs: 0 ,e. = 46,000 psi, .0046 and 0 ,c = 58,000 psi, 0.18000. The
_ i

strain-rate constants were chosen to be D = 6500 sec and P = 4. The i
- 3 2 4

density is 0.25 x 10 (Ib-sec )/in .

The branch (termed substructure 2) is a steel structure 1.0 in

wide, 2.23607 in long, and has a constant thickness of 0.4 in. The branch has

a slope discontinuity between its two equal-length elements. The branch

attaches to the outer surface ot the main structure at the eleventh node of

the ring and is clamped at its other end. The branch material is represented

by a three-mechanical-sublayer model defined by O , e = 80,950 psi, .00279;

0 ,E = 105,300 psi, .02250; and G ,e = 121,000 psi, .20000 (with an elastic
£ ^ J -J
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modulus of 29 x 10 psi and a yield stress of 80,950 psi). Tho strain rate

constants for the branch arc D • 40.4 sec and P • 5, with a mass density of

0.733085 x 10~3 (Ib-sec2)/in4.

The variable—thickness straight portion of the structure is

modeled by 10 equal-length finite elements) 6 equal-arc finite elements repre-

scr.t the constant thickness curved section; and 2 equal-length elements repre-

sent the.- constant thickness branch. This makes a total of 18 finite elements

used for the entire structure.

The ele,vonts of the main structure are initially numbered consecu-

tively from 1 to 16, and the branch elements are initially numbered from 1 to

2; this is depicted in Fig. 9b. The program will then renumber the elements!

from loft to right to include the branch elements in the global system; the

resulting renumbering is shown in-Fig. 9c.

The attacking fragment has the following parameters (see Fig. 9a):

radius r = 0.5 in, mass m = .385610 x 10 (Ib-sec /in); mass moment of
-4 2

inortial If = 0.482014 x 10 (Ib-sec -in); initial translational velocity

components: Y =• 2607.96 in/sec, Z = 1482.75 in/s ;c; initial rotational

velocity 9. = 0.0; initial C.G. position Y__ - 6.0 in, 2 = -2.0 in. The
I CG CC

value of the coefficient of restitution, e, is set at 1.0 to represent a

perfectly-elastic impact reaction, and the coefficient of friction is set to

0.0.

mho strain is to be calculated at each «,* the three spar.wise

Gaussian stations and each node of the main structure and the branch.

Also, 3 additional point's at whicn strain predictions are desired are

requested. Two of these are on main structural elements 9 and 11; the

point on element 9 is located near the point of first impact and the point

on element 11 is located near the branch connection (s coordinates 0.53

and 0.05, respectively). The additional strain point on tne branch is located

at s = 0.50 of the first element. This corresponds to the same location as

the second Gaussian station on this element. The strains should be exactly

the same at this point since both the Gaussian station a 3 the additional

point are at the Game physical location.

The CIVM-JET 4B program will be used to calculate the structural
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response of the ring and the motion of the fragment, using a time step of 1

microsecond. Printout of structural responses and fragment position 'data are

de0<.-ed at intervals of every 40 cycles until 600 cycles have been completed.

6.1.2 Input Data

The values to be punched on the data cards are as follows:

Card 1

6(1) - 0.1500000+01

DENS(l) - 0.250000D-03

EXANG - 0.3600000+02 (partial ring)

(arbitrary value; EXANG j 360.0 for partial ring)

Card 2

IK - 16

NOGA - 3

NFL = 4

NSFL(l) - 2

MM - 1560

Ml - 780

M2 - 40

NF » 1

TIMF = 0.1580000-02

FORMAT

3D15.6

815,015.6

Card 3A

Y(l)

4D15.6

ANG(l)

0.0

0.0

0.0

0.3

Additional cards are provided until all 17 nodal stations of the

main structure are described.
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Y(17)

2(17)

ANGU7)

H(17)

0.143301D+02

-0.250000D+01

-0.600000D+02

0.100000D+00

Card 4A 15

ND15 • 0

There are no slope discontinuities on the main structure; skip to

Card 5.

Card 5

NBR

Card 5A

NSFL(2)

B(2)

DENS(2)

DS(2)

P(2)

0.100000D+01

0.733085D-03

0.404000D+02

0.500000D+01

Card 5AA

EPS(1,2) = 0.279000D-02

SIG(1,2) = 0.809500D+05

EPS(2,2) = 0.225000D-01

SIG(2,2! = 0.105300D+06

EPS(3,2) = 0.200000D+00

SIG(3,2) = 0.121000D+06

Card 5B

NELT(l)

NODP(1)

LHIT(l)

LATT(l)

= 2

= 11

= 0

= 1

IS

15, 4015.6

4D15.6

415

174



4D15.6

, .

Additlonal c

..«—*•

attachmcnt

15

Card 5C

Card 5CA

T 0.2656510*02 15

Card 5D

Card

NOOBBd)

2

2

4 (31 5)

DELTAT

n.

°

0 1000000-05
°'1U
Q.6500000̂ 04

n 4000000̂ 01
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Card 7AA

EPS (1,1)

4D1S.6

EPS (2,1)

SIG(2,1)

0.460000D-02

0.460000D+05

0.180000D+00

0.580000D+05

Card 8

NOP

NASP

Card 8A

NSBS(l)

NSEL(l)

AZET(l)

- 3

- 3

- 1

- 9
- 0.530000D+00

215

215, D15.6

Additional cards are punched until all 3 additional strain points

are described.

NSBS(3)

NSEL(3)

A7.ET(3)

Card 9AA

FH(1)

FCG(l)

FCGX(l)

FMASS(l)

FMOI(l)

Card 9AC

UDOT(l)

WDOT(l)

ADOT(l)

1

11

0.500000D-01

0.100000D+01

-0.2000000+01

0.600000IH01

0.3856100+01

0.482014D-04

Card 9AS

UNK(l) = 0.0

= 0.260796D+04

= 0.148275D+04

= 0.0

5D15.6

D15.6

5D15.6
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TPRIM(l)

CR(1)

Card 10

AXGU)

AXG(2)

AXG(3)

Card 11

AWGU)

AWG(2)

AWG{3)

Card 12A

TXG(l)

TXG{2)

TXG(3)

Card 12B

TXG(4)

Card 13A

TWG(l)

TWG(2)

TWG(3)

Card 13B

TWO(4)

Card 14A

NBCOND

0.960000D-03

0.1000000+01

0.11270166537925850+00

0.50000000000000000+00

0.88729833462074150+00

2.7777777777777780+00

0.4444444444444440+00

0.̂ 777777777777780+00

-0.86113631159405390+00

-0.33998104358485600+00

0.33998104358485600+00

0.86113631159405300+00

0.34785484513745400+00

0.65214515486254600+00

0.65214515486254600+00

0.34785484513745400+00

= 1

Card 14B

NBC(l) = 3

NODES(1) = 1

3D2S.16

3025.16

3025.16

D25.16

3025.16

D25.16

15

1415
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Card 15

NQR

NORP

NORU

315

- 2
- 0

- 2

Ship Card ISA and go to Card 15B

Card 15B

SCTU

SCRU

SCTW

Card 15C

NRST(l)

NREU(l)

NRST(2)

NR£U(2)

Card 16

I COOT

« 0.

- 0.

- 0.

» 9

= 2

- 13

= 3

= 0

300000D+04

0
150000D+04

3D15.6

815

15

Skip to Card 17

Card 17 15

ICON = 1

Note: Setting ICON = 1 causes the program to search for another

complete set (Cards 1-17) of data cards. In this case the data cards for

example number 2 (described in Section 6.2.1) followed immediately after

the data cards for example number 1 and both problems were run during the

same computer submittal. If ICON = 0 the job will terminate.
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6.1.3 Solution Output Sat*

The following is the cutput obtained as a result of the CIVM-JET 4B

analysis of this partial ring example.

The numbering system for the nodes and elements is listed as well

as an identification of the branch attachment point and the slopes at the

branch connection and at the slope discontinuity. The partial ring initial

geometry, boundary conditions, and elastic foundations are defined as well as

all the necessary data pertaining to the impacting fragment. A "maximum

allowable" time step is computed and the user generated time step is checked

against this.

Each impact is recorded (there are 7 impacts during this run)

and the essential data concerning element number, fragment number, time, and

location are output. For each printout cycle, an update of each nodal position,

the fragment position, the strains at each Gaussian point, each node, and each

additional strain point is given.

Initial impact occurs on element 9 at 967.796 microsecond after

fragment release. During this computer run the maximum strain reaches 5.79%

on the main structure and only 1.281 on the branch.

Note that for conciseness only a portion of the requested output

is presented here. Included are: all initial problem data, printout at time

cycles 980, 1020, 1060, 1100, 1140, 1180, ... skip to 1540, 1580 (last); a

record of all impacts occurring up to time cycle 1580 is retained.
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6.2 A Uniform-Thickness, Unsupported Complete Circular Ring Subjected to a

T-58 Rotor Tri-Hub Burst

6.2.1 Problem Description

The geometry of the free-ring containment structure, as shown in

Fig. 10, is a free circular ring, 0,4 in thick, 2.5 in wide, with a mean

radius of 7.7 in. The ring is subjected to a tri-hub burst (consisting of

three perfectly symmetric fragments which are idealized as being circular and

non-deformable) with each fragment being released at different times. Forty

uniform finite elements are used to model the complete ring.

The 4130 cast steel ring material is represented by a three—

mechanical-sublayer model defined'by CTj.E.. = 80,950 i/si, .00279; O »e_ = 105,300

psi, .0225; and <*,•£, = 121,000 psi, .2000 with an elastic modulus of 29 x 10

psi and a yield stress of 80,950 psi. The strain rate constants are D = 40.4
- 1 3 2 4sec and P = 5, and the mass density is taken to be 0.733085 x 10 (Ib-sec /in )

The attacking fragments (Fig. 10) have the following similar

properties: radius r = 2.42 in; mass m = 0.932 x 10~ (Ib-sec ); mass moment
-1 2of inertia If = 0.666 x 10 (Ib-sec -in); initial translational velocity of

5515 in/sec and an initial clockwise negative angular velocity of -1972.0

(rad/sec). The value of the coefficient of restitution, e, is set at 1.0 to

represent a perfectly-elastic impact reaction, and the coefficient of friction

U is assumed for illustration to equal 0.5.

The fragments are located 120 apart from each other, and their

C.G.'s are at the same radial location 2.797 in. The TPRIM of the first frag-

ment equals 0.760000 x 10 sec and determines the start of the computer calcula-

tions. The second fragment is assumed to be released 160 ̂ seconds after the

first fragment; hence, its IPRIM equals 0.600000 x 10 sec. The third and

last fragment is assumed to be released 910 yseconds after the first fragment;

thus, its TPRIM equals -0.150000 x 10" sec. (Note: the third fragment is

released after calculations have begun.) An additional strain point is specified

on element 40 near the point of first impact; the s coordinate equals 0.57.

The CIVM-JET 4B program will solve this collision interaction

using a time step of 2 microseconds. Printout starts several microseconds

after initial impact and will continue every 20 cycles until 300 cyles have

been completed.
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6.2.2 Input Data

The values to be punched on the data cards are as follows:

Card 1

DENS(l)

EXANG

Card 2

IK

NOGA

NFL

NSPL(l)

MM

Ml

M2

NF

TIMF

Card 3A

Yd)

2(1)

ANG(l)

3D15.6

0.250000D+01

0.733085D-03

0.360000D+03 (Complete ring)

40

3

4

3

690

390

20

3

0.138000D-02

0.0

0.770000IM-01

0.0

0.400000D+00

815, D15.6

4D15.6

Additional cards are punched until all 40 nodes of the main

structure are described.

Y(40)

Z(40)

ANG(40)

H(40)

Card 4A

NDIS

-0.120454D+01

0.760520D+01

0.900000D+01

0.400000D+00

15

Skip to Card 5
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_..!.__. I

Card 5

NBR

Skip to Card 6

15

Card 6

DELTAT

DS(1)

Pd)
NTOVR

Card 7AA

EPS (1,1)

3015.6,15

£PS(2,1)

SIG(2,1)

EPS (3,1)

SIG{3,1)

Card 8A

NSBS(l)

NSEL(l)

AZET(l)

Card 9AA

FH(1)

FCG(l)

FCGX(l)

FMASS(l)

FMOI(1)

Card 9AB

UNK

0.200000D-05

0.404000D+02

0.500000D+01
BLANK

0.279000D-02

0.8095000*05

0.225000D-01

0.1053000+06

0.200000DfOO

0.121000D+06

Card 8

HOP = 3

NASP = 1

1

40

0.570000EH-00

0.484000D+01

0.139850IH-01

-0.242227D+01

0.932000D-02

0.666000D-01

= 0.5000000+00

4D15.6

215

215, D15.6

5D15.6

D15.6
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Card 9AC 5D15.6

UDOT(l) = 0.275750EH-04

WDOTU) = 0.477613D+04

ADOT(l) = -0.197200D+04

TPRlM(l) = 0.760000D-03

CR(1) = 0.100000D+01

Repeat the above block of 3 cards until all 3 fragments are

described.

Card 9CA

FH(3)

FCG(3)

FCGX(3)

FMASS(3)

FMOK3)

Card 9CB

UNK(3)

Card 9CC

UDOT(3)

WDOT(3)

ADOT(3)

TPRIM(3)

CR(3)

Card 10

AXG(l)

AXG(3)

AXG(3)

Card 11

AWG(l)

AWG(2)

AWG (3)

0.484000D+01

-0.279700D+01

0.0

0.932000D-02

0.666000D-C1

0.500000D+00

-0.551500D+04

0.0

-0.197200CH-04

-0.1500000-03

C.I 00000 CH-01

0.1127016653792585CH-00

0.5000000000000000D+00

0.8872983346207415CH-00

0.2777777777777778D+00

0.4444444444444444D+00

0.2777777777777778D+00

5D15.6

D15.6

5D15.6

3D25.16

3D25.16
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Card 12A

TXG(l)

TXG(2)

TXG(3)

Card 12B

TXG(4)

Card 13A

TWG(l)

TWG(2)

TWG(3)

Card 13B .

TWG(4)

3D25.16

-0.8611363115940530CH-00

-0.3399810435848560D+00

0.3399810435848560CH-00

= 0.8611363115940530CH-00

0.3478548451374540D+00

0.6521451548625460D+00

0.6521451548625460rH-00

0.3478548451374540D+00

Card 14A

NBCOND = 0

Skip to Card 15

Card 15

NQR

NORP

NORU

Card 16

ICONT

= 0

= 0

= 0

Skip to Card 16

Skip to Card 17

Card 17

ICON = 0

The program will now terminate its run.

3D25.16

3D25.16

3D25.16

15

315

15

15
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6.2.3 Solution Output Data

The following is the output for about 600 microseconds of respon'o

after initial impact of the complete ring tri-hub burst impact interaction.

Each fragment was released at a different time/ and the posit* ~>n of each

fragment is tracked separately during the run.

The first segment of output gives a breakdown of the ring initial

geometry and the defining quantities of the 3 fragments. A calculation of the

maximum time step is made and is used to check the user-generated time step.

Initial impact occurs on element 40 by fragment one, at 763.913

microseconds after the release of the first fragment. The second fragment

impacts on element 13 at 158.214 microseconds after the first impact. Fragment

3 was released at time 0.910 x 10 sec. and has not impacted during this run.

Strain information is printed at each Gaussian station, at each

node, and at the designated additional strain point. The maximum strain is

14.58% and occurs on the outer surface of element 13 at 245.087 microseconds

after initial impact.

In the interest of conciseness, onlya portion of the called-for

output is given. Included is all input verification information, scheduled

output at the end of time cycles 390, 410, 430, 450, 470, 670, and 690 (last),

and regular printout occurring at each ring-fragment impact (note that all

impacts are listed). This output listing is intended for use in verification

of the adaptation of the CIVM-JET 4B computer code to other computing facilities.

201



TliCKE ARE NH BLANCHES CONNLCTEO ID THE MAIN STHUCTUKE .THEREFORE
THt NUMBERING S Y S T C M FOR NODES AND ELEMENTS RFMAINS UNCHANGED

AOIMTIONAL STRAIN fOINT
1

ELEMENT
*C

S COORDINATE
0.9700000*00

COMPLETE RING ••CIVM-JFT *B*« CONTAINMENT ANALYSIS

RING PROPERTIES

M A T E R I A L PROPERTIES Or PA1U STRUCTURE ARE:
WIDTH nr RINGIINI
DENSITY Of RING
NUP3ER OF ELEMENTS
NUKfER OF OPANMSE GAUSSIAN PTS.
NUMHER OF (IEPTHMISE SAUiSUN PTS.
NUMHER OF MECHANICAL SUBLAYERS

OS FOR STRAIN RATE
P FtiR STRAIN RATE

STRAIN 111 . 0.2790000-02

S T R A I N 1?) • 0.2250000-01

S T R A I N (31 • 0.200000(1*00

STRESSI1)

STRESSI2I

S T R E S S ( 3 >

0.2500000*01
0.7330850-0)
40

3
4
3

0.40*0000*02
0.5000000*01

• 0.6095000*05

• 0.1053000*06

• 0.1210000*06

INITIAL GEOMETRY AT EACH NODE is AS FOLLOMS<

NODE NO. V COORD

I 0.0

2 0.t2D<.550«01

3 0.2379430*01

* 0.3*95710*01

» 0.*K595f>»0!

6 0.5<.**7?D«01

T 0.62294,30*01

8 0.6860750*01

9 0.73231*0*01

10 0.7frD5?00«01

11 . 0.7700000*01

12 0. 763*200*01

13 0.73231*0*01

Z COORD

0.7700000*01

0.760)200*01

0.73231*0*01

0.6860750*01

0.6229*30*01

P.5***720»01

0.*52S95D»Ol

0.1*95730*01

0.2379*30*01

0.120*550*01

0.0

-0.120*550*01

-0.2379*10*01

SLOPE (RAO. 1

0.0

-0.1570000*00

-0.31*1590*00

-O.*712390*00

-0.6283190*00

-0.785398000

-0.9*2*780*00

-0.1099560*01

-0.12566*0*01

-0.1*13720*01

-0.1570ROO«01

-0.1727360*01

-0.188*940*01

RING THICKNESS AT NODE I

o.*oooooo*oo

o.*oooooo»oo

O.*000300«00

O.*000000»00

0.*COOOOD*00

o.*oooooo«oo

o.*oooooo»oo

o.*oooooo»oo

o.*oooooo»oo

0.*OOOOOD»00

O.*000000«00

O.*000000»00

o.*oooooo»oo
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14

15

16

IT

18

19

20

21

22

21

24

25

26

27

28

29

30

11

12

31

14

15

16

37

18

39

40 '

0.6B6075D*01

0. 62294 »0*0l

0.5444720*01

0.4'j2 5950*01

0.34<»5710«0l

0.2179430*01

0.1234550*01

0.0

-0.12D455D»01

-0.237943r'0i

-0.5495710*01

-0.4525950*01

-0^5444720*01

-0.6229410*0:

-0.6&6075D*;}!

-0.7321140*01

-0.7605200*01

-0.7730000*01

-0.7635*00*01

-0.7321130*01

-0.6060750*01

-0.6?2943D«Ol

-0.5444720*01

-0.4525950*01

-0.3495710*01

-0.2379430*01

-0.1234450*01

-0.1495riU«01

-0. 4525950.01

-0.5444720*01

-0.6229430*01

-0.6060750*01

-0.7321140*01

-0.7605200*01

-0.7700000*01

-0.76052CO«01

-0.7321130*01

-0.6060750*01

-0.6221430*01

-0.5444720*01

-0.4525950*01

-0.3495710*01

-0.2379410*01

-0.1204550*01

0.0

0.1204552*31

0.2179430*01

0.3495710*01

0.4525950*01

0.5444730*01

0.6229430*01

0.6860750*01

0.7121140*01

0.7605200*01

-0.2042040*01

-0.2 149 1 10*01

-0.2156190*01

-0.2513270*01

-0.2670150*01

-0.2827430*01

-0.2914510*01

0.3141590*01

0.2934510*01

0.2827410*01

0.2670350*01

0.2513270*01

0. 2156190*01

0.2199110*01

0.2042040*01

0.1884960*01

0.1727880*01

0.1570800*01

0.1413720*01

0.1256640*01

0.1099560*01

0.9424780*00

0.7853°80»00

0.6283190*00

0.4712390*00

0.3141590*00

0.1570800*00

0.4000000*00

0.4000000*00

0.4000000*00

0.4000000*00

0.4000000*00

0.4000000*00

0.4000000*00

0.4000000*00

0.4000000*00

0.4000000*00

0.4000000*00

0.4000000*00

0.4000000*00

0.4000000*00

0.4000000*00

0.4000000*00-

0.4000000*00

0.4000000*00

0.4000000*00

0.4000000*00

0.4000000*00

0.4000000*00

0.4000000*00

0.4000000*00

0.4000000*00

0.4000000*00

0.4000000*00
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IUIN VICTOJ Or HIGHEST "001

-0.2610410*00
0.430«>0>90

0.7CB2210-CO

0. 7Z«1030*'">
•0.41«2HO.OO

0.4844MD.OO
-o.4«8r»iu>oo

-O.I'tl61U*00
0.32362C9'CO

-0.2MJ610*00
O.H71'7n.OO

-0.446H7U-OI

-a.4j3i4»o«oo

0.31IOM0.09

0.9441110-01

Ml

0.«H

0.*'67>IOO*''0

-O.»»»MVI»OO
o.ioooaauoi

-0.4130lln.CO

•0.'171*4(1-03 - O . l l

O.I'C.'160-r, 1
"O.M l»«70-12
O.T3 >/»i«!l-C2 -0

o..-4i; »c-ij -o

Oi I •f t) i2n*o'3
•^.I19l/I0»0"
o.it i***o*no

O.UIIUli l -12

0.1
-0. i

a.:
o. i

o.i.-:tnn-ci

O.lt! U1C-01

- ' ./• 'IU6U-CI

0.6231)10-01

CM I
-o.44i6T»o*oa
0.40«30tO*00

- O . I 2 M 2 '0<"3
-0.93UMO-OI

-0.21tTtlo-OI
-1.4613620-03
0.34)4600-01

-O.fMOHO-OI
0.1211610*00

-o.i604j.rn.oo
0.1«6|410*03

o!lt2<3'0*00

-J.lfOMO-Ol

0.1261220*00
-O.VSI2140-OI
0.9211410-01

0.1104680*00

-0.2420160*09

-o.t ira4io*ao

-0.2*13110*00

-0.9110XO-OI
-0.213«<60-01
0.1427420*03

-0.2413440*00

0.3111340*03
-0.4360870*03
0.44|U>0*00

C.1134110-02
-0.51900JU-02

HICMESI n.lu'H. ««E(1U€JCT IK40/SECI *

THE CQ-nttt VllUE Or THE Nil OELTll • 0.444706273tl>27070-01

OilTll SxOUlO ECUILI 0.4403000-01
TH( VALUE Of Oc lTAT UlfO It 1*T >KOO«41 1st 0.2000000-01

THE rjiio.ixi xu"tE«s IDE IMC VALUES roa THE EMECMVE IEN;TNS roi THE NB« >ius I SECTIONS or THE s'nucruu
0.3471963.00

THE «oiio»iio u

I-UCI NO. |

r ti>( SOLUTION or (HE F«»C»FSI- mie i«*»ct

T I K E 0.76t«130-01 DUIIN( C'CIE »t tit" 40 DISTANCE 0.547IMO-00
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ENERGY AND MORK AT THE CNO OF TIME CYCLE 190

FRAGMENT

I
2
1

KINETIC ENERGY

0.1/18140*06
3.2712110*06
3.2712110*06

urm INPUT INFO RING • 3.99*1200*05
RING KINETIC ENERGY • 3 .*S2*660«04
RI-IG E L A S T I C ENERGY • 3.4691120*0*
RING P L A S T I C MIIMK • O.*9*7*10*0)
E'ltRGT STORED IN E L A S T I C R t S T R A l N T S 0.0

CYCLE- 190
ELEM SI STA1 SO

1
2
3

*4
6
7
8
9

10
11
12
1)
1*
15
16
IT
18
19
20
21
22
21
2*
25
26
27
21
29
10
11
12
1)
14

14
16
17
3*
19
*3

-0.64200-01
0.59690-02

-0.50250-02
-0.1*110-02
-O.lbBOO-Ql
-0.915*0-04
-0.25J8P-06
-0.10110-08
-0.96210-11
0.0
0.0
0.0
0.0
0.0
0.0
0.0
o.o
o.o
0.0
0.0
0.0
0.0
o.o
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.12870-1!
0.43930-09
0.41220-07
0.17690-04
O.J967B-0*
0. '.7170-01
0. 26330-02
0.54400-02
0.60'«-0-0l
0.14160-01

0.67040-01
-C.IM40-01
-O.*»**0-02
-0.1*000-02
-0.16660-01-
-O.»2»00-05
-0.25220-06
-0.2997&-08
-0.94710-11
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.3
0.0
0.0
0.0
0.0
0.0
0.0
0.22620-11
0.76670-09
0.49910-07
0.287-10-05
0.61500-0*
0.68*40-01
0. 17*90-02
0.929H'-02

-0.114 in-oi
0.66230-02

SI STA2 SO
•0.17420-02

0.4704(1-02
-0. M80P-02
-0.119)60-01
-0.103*0-01
-0.41740-04
-0.1*200-06
-0.16569-03
-0.521*0-11
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
o.o
0.0
0.0
0.0
o.769an-n
0.7525H-08
0.2H5P-06
0.32*7(1-05
C. 14551-01
0.1*260-02
0.4290U-02
0. 122 t*P -01
0.3622H-OI

-0.56090-02

0.17110-02
-0.54810-02
-C. 10190-02
-0.902911-01
-0. 1061(1-01
-0.57UU-04
-0.14070-06
-0. I756D-SB
-0.55*60-11
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
o.c
0.0
0.0
0.0
0.0
0.0
0.0
o.o
0.0
0.0
0.0
0.0
0. 81470-11
0.2676(1-08
0.21060-06
0.87480-04
0.16540-01
0.14240-02
0. 5900d-02
0.5104D-OC
0.3063U-01
O.IC990-01

SI STA1 SO
0.52970-01

-0.15240-02
-0.16400-02
-0.28910-01
-0.24470-0*
-0.115PO-04
-0.26110-07
-0.28860-09
-0.87690-12
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1*170-10
O.*5960-08
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STkAIN AT ADDITIONAL POINTS
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ENERGY AND WORK AT THE END OF TIME CYCLE »10

FRAGMENT KII.ETIC ENcRCV

3.2712)10*06
0.2712)10*06

HORK n»UT INTO RISC • 3 .9141270*05
*f4C KINETIC C'JERGY • 3.2678620*05
KI'.C ELAST IC £NC«GY • 1.7060700*04
RING PLASTIC WORK • ).6556510*05
ENCRGY STORED IN ELASTIC RESTRAINTS 0.0

CYCLE* *io
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1
2
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«
5
6
7
8
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10
11
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17
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20
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0.1778D-01'
0.53120-07
0.60 36D-06
O.*4870-0*
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0.12530-02
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0.5)640-02
0.59720-02
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-0.76610-02
0.51150-01
0.88020-01

CYCLE- 410
S T R A I N AT 4C01UONM POIN1S

1 -P
SI SO

.293921260-01 0.6731584JO-OI
El EO

-0.288070490-01 0.651409150-01
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0. (3410*0*
0.2*150*05
0.12160*05
0.1)443*06
0.150*0*06
0. 1*0*0*06
O.l))30'06
0.12180*06
0.12650*06
O.I2>60«06
0.1)*80*06
0.11160*06
0.12170*06

MHV •

»
0.69990*0*

-O.>1120*04
-n.«M«o."»
0.452»0*04
0.45450*0)
0.2*480*0)

-o!2l650*0)
-0.20160*0)
-0.19)10.}]
-0.1*590*Ci

-0.1*160*01

-0.11120-0)
-O.H3U3-35
-O.)75)0-06
0.77»2n-3«
0.579*0-06
0.12*10-04

C. 10900-02
0.15720-01
0.11180*00
0.2*480*01
0.14090*02
0.61650*02
0.11'SO.O)
O.»»260*01
0.6*200*0)
0.48250*0)

-C. 27660*01
-0.»1950*C1

0.17550*0*
-O.*12»0*0»
-0.12810*05
-O.*)810*0*
0.16200*05

1K1INIINI
-0.58190-01

0.61 700-01
0. 27160-01
0.56170-02
0.13710-02
0.2'210-02

0.2*166-01
-0.716)0-02
-0.1 7-570-02
-0.6). 80-0)

-0.15110-0*

-0.1! 770-0"
-O.I '1 10-09
-1. 72*00-11
-C. 21150-12

0.16290-12
0.11220-10

0. 1)90-08
0. 1240-07
0. 6)50-06
0. -190-05
0. 74)0-0*
0.11613-01
0.1 2i80't 2
0.11910-02
0.54170-02
0.468 10-02
0.422dO-02
0.47390-02
0.5)480-02
0.51080-02
0.20740-01
0.71540-01

-0.1CI10-01

jttmioun
O.IC95 "00

-0. 114* 7-01
-0.45* 3U-02

0 "65M-C2
0.41110-02

0.206«i)-07

0.62510-01
-O.J256T-02
-0.19)11-02
-o.«iiia-ci

-O.)624n-oi
-0. 18220-11
-0. 71160-12

O.I. 110-11
0.. •••13-10

0.9212'J-Oo
0.17)30-06
0.1)213-05
0. 1 l**j-3*
0.17620-04
o.*oi5:-ai
0.152IO-C2
0. 19150-02
0.596 70-07
0.52113-02
0.47110-02
0.5)823-02
0.66650-02
0.10210-01
0.4559I3-92

-0.1)193-01
0.44120-01

««.»» •

0.1292980*0* -0.172*620*0*

-O.«776l)0«0« -0.1972000*06

0.0 -O. 1972000*0*

SUeS74UCTu'E
I

SUISMVCTU'C
1

SUBS7<UC>uaC
t

0.914*650-01
fit
t

SUM
2

JTJ,
I

tl«l
0.1200000-0)

100. T. S7>6IN
0.67)1)80-01

1001L SI9IH
0.1091280*00

U.CN
60

Nooe
i

100. >T.
I

SinF
1

TIRC
0.1200000-0)

imc
0.8200000-0)

SIWFlCC
2

0? POOR
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ENERGY 110 MORK AT THE C'lO Of TIHE CYCLE 410

FRAGMENT KINETIC ENCRGV

0.1TH19L»06
0.2712I10<06
o.27i2iiD»06

HOB-. INPUT INTO RUG • 0.99*120D«0*
RING K INETIC ENERGY • 3.2149150*05
RING E L A S T I C ENERGY • 3.5642020*0*
RING P L A S T I C W3RK > 3.6976850*05
ENERGY STOJEO IN ELASTIC R E S T R A I N T S 0.0

CYCLE* 410
E(.E« SI STAl SO

1 -0.67190-01 0.9*830-01
2 0.2***D-01 -0.66210-02
1 0.29870-01 -0.10550-01

*5
6
7
e
9

1C
ii
12
13
I*.
15
16
17
In
19
20
21
22
2i
2*
25
26
27
28
21*
30
31
jf
11
1*
15
16
17
18
19
40

0.92690-02
-0.17460-01

0.25530-03
0.42860-02
0.30540-C2
0.3886U-0*
0.27550-C2
0.20270-C2
0.418)0-02
0.4)5)0-32
O.U66D-02

-0.9132C-C3
-0.14663-02
-0.9**OB-0)
-0.*IOCO-0)
-0.1)170-03
-0.18760-C*

0.66660-0*
0.27720-03
0.9*600-03
0.20060-02
0.35080-02
O.M663-02
0.38360-C2
0.31650-02
0.21250-02
0.19520-C2
0. 12I21'-02
0.212711-02
0.17900-C2
0.20*00-02

-O.»*85t>-0)
0.805*0-0)
0.10170-01
O.J 7000-01
0. 59720-01

-0.12960-01

-0.2711C.-02
C. 51270-02
O.*0|20-02
0.11930-02
0.211)0-02
O.*7980-02
O.*«2*ll-02
0.2591li-02
0.)7I70-02
0.175711-02
0.11650-02

-0. IO**C-Oi
-O.I** 90-02
-0.92*60-03
-o.*oion-c3
-0.12760-03
-C.IH9P-0*

C. 963*0-0*
O.)8l20-03
0.11380-02

-C. 26290-02
0.**27U-02
O.*<>680-02
C. 35700-02
0.2)070-02
0.26**l)-02
O.)07*l)-02
0.28000-02
0.25090-02
0.2*660-02
0.11860-02
O.*976t-02
0.56090-02

-0.20500-05
-0.1369P-01
-O.«*600-02

0.*576P-01

SI S T A 2 SO
-0.1*930-01 0. 17)10-01
0.290*0-01 -0.86110-02
0.2225'J-Ol -0.95HO-02
0.51C6')-02

-0,,71620-0*
0.2*960-02
0.
0
0,

.286»r-02

.10210-02
,192)0-02

0.27*21-02
0.
0.
0.
0.

-0.
-0.

.2680H-02

.38190-02
,28810-02
,17140-0)
, 1IJ8--02
,110)0-02

-0.68C20-03
-0.
-0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

,27641-0)
,79550-04
,16*90-0*
,15)80-0)
,53010-0)
.1*091-02
,28290-02
*01 11-02

, I7gin-02
,28690-02
25500-02

0.23*51-02
0.
O.
0.
0.
0.

-0.
0.
0.
0.
0.

-0.

1 1S90-02
13990-02
1*560-02
19*60-02
1 19*1-02
597)11-05
)1°.00-02
1869,1-01
179.0-01
270*1-01
•029U-01

-0.21*50-0)
0.59*70-02
0.178*11-02
0.
0.

2*5)0-02
, ))6*0-02

0.*081U-02
0.
0.
0.
0.
0.

-0.
-0.
-0.
-0.
-0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

-0.
-0.

315l')-02
32630-02
*2961-02
30520-02
27*70-01
13101-02
i)0ei)-02
7*:ic-o)
299*0-03
3579Q-0*
17700-0*
16570-03
573*11-01
153*0-02
)1120-02
4*920-02
**)*fl-02
3527P-02
2BI 30-02
13*40-02
20*211-02
217511-02
20210-0?
?29CO-0?
2269"— OC
*995ll— 02
20570-02
572*11-02
11370-01

0.29090-01
0. •>*80H-Ol

SI STAl SO
C. 50310-01 -0.44510-01
0.11380-01 -0.11390-01
0.1599U-01 -0.72640-02
0.18620-02

-0.86290-03
0. 40020-02
C. ,798*0-02
0.16410-02
0.40420-02
0.
C.
0.
0.

-0.
-0.
-0.
-C.
-0.
-0.
0.
0.
0.
0.
C.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
C.
0.
0.

-0.

26810-02
1*150-C2
359*0-02
14*50-02
72060-C)
1)1)0-02
92050-C)
*2810-03
1*110-03
29000-04
52010-04
24«,00-03
79340-03
19990-C2
)7C30-02
46020-02
364*0-02
20610-02
18440-02
29350-02
18790-C2
2)2)0-02
15)10-02
21400-C2
12240-02
10*20-72
76650-02
31)10-01
48150-01
15000-01

-0.4*180-01

0.,32560-02
0.50490-02
0.27860-02
0. 36880-02
0.45030-02
0.14490-02
0.
0.
0.
0.

-0.
-0.
-0.
-0.
-0.
-0.
0.
0.
0.
0.
0.

19370-02
403CO-02
50020-02
238*0-02
61380-03
15970-02
1 1 900-02
57280-03
20310-01
*5670-0*
46960-04
23830-03
77660-03
19580-02
36470-02

0.46160-02
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

-0.
-0.
0.
0.

41490-02
361*0-02
32230-02
2*330-02
201*0-02
2)310-02
23300-02
21550-02
30510-02
56690-C2
736*0-03
72500-02
26930-02
53760-01
87080-01

CYCLE- 410
STRAIN AT ADDITIONAL POINTS

1 -C . 3<
SI

*, 5)970-01
so

0.682*151)0-01
El EO

-0. 119911650-01 0.660595980-01

210



IIM* 0.860000-0) Tint »MI« INIMII inner . o.i6«87*0-0*

1

ta
u
it
u
i»
15
14
II
18
11

11
22
tl
26
15
26
f 7
28
21

II
W
II
1*
)t
J4

11

1*
M

0.»2 180-01

-4.55210-01

•o.i4»ot>-:i
-0.21170-31

•O.lV.lu-OI
-0.15200-01
-0.13110-31
-0.47570-02
-3. 14140-02
0.11 740-32
0.44)10-02
0.45120-J2
0.21*10-12
0.11141-3:
0.50640-3)
0. I*1- J- -0)

0.47350-34
0.6«4IO-04

0.26570-0)
0.14800-3)
0.27710-0:
0.650*0-02
0.1116D-JI
0.1 7590—0 1
0.22510-31
9.2721U-3 t
o.i25in-:i
0.17120-31
0.44210-31
0.51710-01
C.6C760-31
0.70950-31
O.»144t>-3|
0.100)0. CO
0.1250U-00
0.11750*00
0.95710-01

M»C 10.

0.

0.
-}.
-3.
-0.

-0.
-0.
-0.

0.
0.
3.

0.
0.
3 .

0.
9,
0.
-.

-3.
-0

•J.

-0.
-3.
-3.

-0.

-o!
-0.
-3.

-5.
-3.

-0.
-0.
-0.
-0.
0.
0.

•

47220*00

21 7)3-02
45110-01
24.20-01
12070-C2

50110-02
115 10-02
10060-34

12010-02
20123-32
221 10-02
11120-C2
IHCO-C2
51010-0 )
2'7 JO-C 1
72 110-24
18120-14

21100-C5
» 5C 10-15
i ) 700-04
i irio-c)
4 )9io-r )
11110-02
26160-32

J2'00-"2

li 'So-ci
222 )0-"1
29440-0 1
17270-01
45110-01
54 1 10-3 1
72710-CI
LOC50*03
14910-u 1
7H780-OI
JSC50-CO

»ctu >

Ml
•0. 101TO»00

-0.

c.
0.

c.
0.
c.
c.
0.

-?.
-c.
-*-.
•r.
-0.
»£.
-r.
-0.
-c.
-0.

-0.
-c.
-'.I.
• }.

•'.
-c.
-('.
-0,
-c.
-t>.
-^.
-0.
-0.
5.
0.
0.

17-IO-02

1 M60-02
14 760-02
22190-02
45 fc50— 0 1
16 * IO-3 1
14500-32
Hi ru-'>2
66550-0 1
21440-3)
lt.710-04

77 140-"*
121 60-05
1 LI*9D-'/4
47DO-C4
1 7 140-11
55140-0 1

1416U-02
2»-4D-:2

6/^D-«2

)»»?o-r2
15 710-^2
11160-01
I ) 710-31
1475U-9!
1 74^0-^1
12 5^0-01
21.-8D-31
44.40-Cl
11)50*00
I tft10*"0

CHI
O.I17<!0-01

0.71660-12
0.1MCU-02
0.2)41(1-52
0.164/U-02

0.50I6U-C2
0.4412L-02
l.lo" 10-12
0.21280-32
O.)l4l0-;i
1.41770-C2
3. 1605C-C2

-9.151 70-0)
-1.15260-02
-0. 100)0-12
-3.44120-3)
-3.14)70-01
-3.24)23-0*

3.511 10-04
0.26560-0)
0.85520-0)
I.2HCO-02

0.11150-02
0.67289-02

3.27I10-D2

0.2827U-32
0.21562-^2
5, 256 JU-32
0.20 110-12
0.20J60-02
0.21570-02
0. )t'9)0-Q2
0.47C20-3.2
0.1)740-01
0.9526C-02

-0.21090-02

torr
0.42189-01

0.2)2«0-01
o.i*)ro-oi
0.44140-01

0.6K*70*01
0.7)170-01
0.760*0-01
C.770l l*Cl
0.160(0-01
3.7)250*01
0.61600*01
0.62781*01
0.5*410*31
0 .45250*11
0. )415n*0l
0.2)71001
0.12050*01

-0.6P410-G*
-0.12050*31
-0.21800*01
-0. 1*163*01
-0.45)10*01
-0.54510*01

-0.6*640*01

-o! 75140*31
-0.7*780-01
-0.7!610*01
-0.72720*01
-0.67120*01
-0.61*40*01
-0.51)40*01
-0.41960*01
-0.11*63*01
-C.22')0*3\
-0.11640*01

FCCV • »Lf» •

COM
O.S|72"«Ol

0.71420.01

0.6/103*31

0.15110*C1
0.2)110*01
0.11150*01
0.67573-02

-0.12010*01
-0.2)810*11
-0.15010*01
-0.45 100*01
-0.54410*01
-c.62)co*:i
-0.646l"*3l
-0.7)2)0*01
-0.7605D*01
-0.77COt)«OI
-0.76050*01
-o.7)un.ci
-3.64510*C1
-0.62250*01
-0.5->41*01

-0.)472D*01

-0.1IICC-CI
0.)H20-01
O.i:44il*01
0.24|7n*OI
O.J521001
0.45510*01
0.5'520*91
0.62070*01
0.6d620*01
0.74410*01
0. 71160*01

f«U» •

t
0.21)70" 05

0.51410*05
0.66S20-05

9.11100*35

0.12*.)3*"5
0.11*10*16
0.85487-C5
0.fl*220-"5
0.11 763*06
0. 86010*15
O.D7)0'C6

-0.15M1.05
-O.lt.140-05
-0.2"610«15
-0.81513-04
-0. 2)1t-0-l'4

0.41610-0)
0.46)50-04
0.16010-15
0.42710-15
0.*6290*l-5
0.12)50*16
0.111JD-C6
0.1)0 70*05
0.7)12D*:j

C. 49770. 05
0.51180*35
0.50419*99
C. 41)00*05
0.*2)<n*C5
0.43)00*05
0.53510*05
0.47513*05
0.61610*05
0.12700*05
0.11420*05

MM* •

N

0.11*70-05

-0. 14200*05
-0.570)0*04

0.47451*04
0.12460-14

0.))l4n*C)
0.15750*3)
0.)15JO*0)
0.557)0*0)

'0.45150*0)
0.16510*0)

-0.1)560*02
-O.I6t5a*0>
-0.11150*")
-0.5U40-C2
-0.22170*12
-0.60210*Cl

0.11670*01
O.ll4t0*02
0.41890*02
C.I1C90*C>
0.27)40*0)
0.45860*0)
0.625)0*C)

ols3!10.0>
-0.)2 110*3)

0. 61150. CJ
0.61540*31
0.54)20*0)
0.27C:o*0)

-0.17160*0}
0.111)0*04

-0.11710*04

-A. 15*70*05
-0.47210*04
0.12180*04
0.12460*05

HI

J7H4I1IIP1I
-0.40540-01

0.41)20-01
0.11410-11
0.12470-01
0.11740-01

-0. 10*69-01

0.2571CI-02
0.11120-02
0.14/03-02
0.2/650-02
0.11140-02
0.41710-01
0.14060-02

-O.Hl 7C-0)
-0.14603-02

-0. 1)540-0)
•0.40)70-01
-".12DO-01
-P. 21 740-04

0.521)0-04
0.21710-01
a.77ioo-oi
O.l'l 745-02
C. 16610-32
0.45540-C2

0.25870-02

0.2671D-02
O.I7470-1J
0.26C20-02
C.I '260-02
9.22660-02
0.11400-01
C. 15880-0)
0.87153-02
0.17280-01
0.60110-01

-0.187*0-01
V •

snuixicuti
O.li06o*:o

-0.11910-01
-0.I1240-C1
-0.410C3-C2
0.50550-12
0.426)U-02

.21210-02

.)5)40-CJ

.491110-02
.11640-02
.20000-C2
,)1210-02

0.46010-C1

-0.12)41-0)

-C.151CO-12
-0.10790-02
-0.*7653-0)
-O.I581C-C)
-0.26813-C4

0.66010-C4
0.2D43-C)
0.1)2)3-0)
0.22129-02
0.41173-02
0.41)10-52
O.M65C-12
0.21040-02
O.)0563-02
O.J0483-02
0.26610-02
0.26663-02
0.2945J-02
0.20673-02
0.62280-02
0.64913-02
0.14810-02

-O.J6420-02
-0.6)770-02
0.41460-01

I -0.10»5«70*CO 0.5)61460-01 -0.16726)0*01 0.2154)10*0* O.)1129«0-04 -0.1721610*0*

I 0.4)52520*01 -0.114*710*01 -0.11(0400*01 0.2757500*04 -0.47761)0*04 -0.1172000*04

1 0.0 -0.2717000*01 0.0 -0.5515000*04 0.0 -0.1172000*04

suMnucrux
I

SldlfXUCIUM

I

SUttMUCTuM
I

0.1*82*70-01
(1C
I

JU«f

2
sr«
t

i»cesr too. •'. sr»i
0.612*150-01

mctJT -.ODII
0.11:4*20*00

Tine
0.1600000-01

NODI
I

SUM
t

tl.t
0.<409000-01

n«c
0.84000CO-0)

SUIfkCI

211



ENERGY AND WORK AT THE END OF TIME CYCLE *50

KINETIC ENERGY

0.1718190*06
0.2712310*06

FRAGMENT

I
z
3

U07K INPUT INTO RING • 0.II*I200*0?
RING M'ltllC FNfRSY • 0.2220380*05
Rl'lG E L A S T I C LNEHGY . 0 .51195*0*0*
RING P L A S T I C HJ*« - 0.7186860*05
ENMGY STIMED IN ELASTIC HEJTxAINIS 0.0

OCL6- *50
E l t M

1
2
3
4

5
6
7
a
<t

i'.
11
12
13
1*
l*t
U
11
I B
1"
2C
21
22
23
2*
2^
26
2)
22
2T
33
31
12
I t
3*
3«>
3ft
If
38
39
*0

S T R A I N

SI S T A I SO
-0.71310-01

0.2032U-01
0.22*00-31
0.13*80-01
0.13880-02

-O.*l*20-02
-0.31560-82

0.2079-J-02
-3.22590-0*
-9.83960-03
-O.J0120-03
0.9195U-01
0.13503-03
0.2C21D-02
0.31*90-02
0.23970-02
0.267*0-02
0.616*0-12
0.7736!>-'32
C.5q9*D-C2
0.2*383-02
0.1330)-01

-0.47353-01
-0.5636')-03
-0.')332D-03
-0.3290D-C3

0.3679, -01
-0.2C"0-0'
-C.13BCO-02
-O.U11U-P2
-0. 147111-02
-C. 79260-03

0.2272U-0*
-O.JS71D-0?
-O.SO'' 70-02

0.4J91D-02
0.1563P-OI
0.13320-01
0.55*RO-Ol

-0.19960-01
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FIG. 3 NOMENCLATURE FOR GEOMETRY, COORDINATES, AND DISPLACEMENTS
OF A CURVED-BEAM FIKITE ELEMENT
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(b) Elastic Restraints

FIG. 4 SCHEMATICS FOR THE SUPPORT CONDITIONS OF THE STRUCTURE
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(c) Schematic of a Bracket-Supported Fragment Containment/
Deflector Structure

FIG. 4 CONTINUED
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FIG. 5 SCHEMATICS OF ACTUAL AND IDEALIZED FRAGMENTS
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FTG. 6 IDEALIZATION OF RING CONTOUR FOR COLLISION ANALYSIS
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CONTACT-TIME CALCULATION

COLLISION-INTERACTION CALCULATION
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RING
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FIG. 7 INFORMATION FLOW SCHEMATIC FOR PREDICTING RING AND FRAGMENT
MOTIONS IN THE COLLISION-IMPARTED VELOCITY METHOD
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FRAGMENT
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(a) Illustrative Fragment C/D Structure with Slope Discontinuities

-9

ANG(6) = +a

DISCONTINUITY ANGLE
CONTRIBUTION Q

v,w — GLOBAL DISPLACEMENT
DIRECTIONS AT NODE 6

VIEW A

Exploded View of Node 6 — Angle Definitions

FIG. 8 DEFINITION OF SLOPE-DISCONTINUITY ANGLES FOR AN
ILLUSTRATIVE FRAGMENT AND C/D STRUCTURE
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VIEW B
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(c) Exploded View of Node 8 — Angle Definitions

FIG. 8 CONCLUDED
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f I
NOTE: FRAGMENTS ARE MATERIALLY SYMMETRIC, THEIR C.G.'S ARE

RADIALLY SYMMETRIC, AND THEIR TRAWSLATIONAL AND
ROTATIONAL VELOCITY MAGNITUDES ARE EQUAL

0.4 IN.

FREE RING—>
(STEEL) \

ELEMENT 03,
NO.

CG=2.797 IN

FRAG.

TRANSLATIONAL
VELOCITY

FIG. 10 PROBLEM DATA, GEOMETRY, NOMENCLATURE, AND FINITE-CLEMENT
MODELING FOR EXAMPLE 6.2
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APPENDIX A

GOVERNING EQUATIONS ON WHICH THE PROGRAM IS BASED

A.I Formulation for Variable-Thickness Arbitrarily-Curved Beam Elements and

Structures

The geometry and nomenclature of a typical curved beam discrete element

are shown in Fig. 3, where the deformation plane is n/C and the coordinates n

along and C normal to the centroidal axis of the beam are employed as the

reference coordinates of the beam element, '.tie slope/ $, of the reference

circumferential axis, which is the angle between the tangent vector and the

y-axis of the local-reference Cartesian coordinates may be approximated by a

second degree polynomial in n as follows:

(A.I)

where the constants b , b, , and b_ can be determined from the known initialo 1 2
geometry of the curved beam element. Assume that the change in element slope

between nodes i and i+1 is small so that

„, ~ = (A.2a)

and

5"" (£,.., - £ ) = <£.,/ - 4>i (A.2b)

This restricts the slope change within an element to < 15 degrees. The arc

length, r\. , of the elemunt is approximated to be the same as the length of a

circular arc passing through the nodal points at the slopes $. and $ ; n

is given by

Ĵ
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where L~ is the length of the chord joining nodes i and i+1 and is given by

(A.3a)

and Y. and Z, are the initial Y and Z.coordinates, respectively, of the ith

node. The three constants in Eq. A.I are then determined from the relations

r* <a;
J «•'* <f> drj = J <

(A.4)

= O

o o

From Eq. A. 4, the constants in Eq. A.I are found to be

(A.5)

Accordingly, the radius of curvature, R, of the centcoidal axis may be expressed

as R = - O4>/3n)~ » - (b, + 2b n)~ , and the coordinates Y (n) and Z(n) of the

centroidal axis are given by

1
Y(rj) = Y4 •»• j cos [<£(i) + * ] d^ (A.6a)

o

and

*/ , f\ r^^^ld
^ (A.6b)

where

(A.6c)

The thickness variation of the element is approximated as being linear

between nodes; thus
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(A.7)

Employing the Bernoulli-Euler hypothesis, the displacement field v, w of

the beam may be specified by the reference plane displacements v and w, and

the rotation/ ty, as follows:

(A.8)

where

(A.Sa)

To account for the strain-inducing modes and the rigid-body modes, the assumed

displacement field takes the form:

v

w

(A.9)

or in more compact matrix form, Eq. A.9 becomes

U(-\)
(A.9a)

The generalized displacements (q) are selected so that there are four degrees

of freedom v, w, ip, x=^v/3n) + w/R at each node of the element:

= f.
(A.10)
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where

Co*$k Sii4>t O O O

- »ir» <t>k Coî i O O O

o o i o o

0 O O 1 0

°»4V,I *"•*„, A53 rjt 0

-*«^t,, «*i l̂M Ati O .^f"

0 0 / 7.- '̂̂  *1*

0 0 0 1 -lf(^

o o

0 0

o o

0 - 0

o n*

n! o

V 7/^'4

. -f/H ^,

o

o

o

o

1?
0

*x
*7?

and

(A.lCa)

(A.lOb)

Corresponding to the assumed displacement field Eq. A. 9, one finds

and

o o | A 2.7
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w>

Under the Bernoulli-Euler hypothesis, the only nonvanishing strain com-

ponent and corresponding stress component are the axial strain, C, and the

axial stress, a. For this case, the nonlinear strain-displacement relation

may be expressed as:

(A.12)

where

,
Z

(A.12a)

Combining Eqs. A.9 through ? 12, one obtains

(A.13)

and

(A.14)

where

J = Le>jLu]'[A"J for i = 1, 2, 3

and
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O O

o o -£'-7«r -2

In the process of solution, it is necessary to evaluate the strain incre-

ment Ae from time t , to time t . Using Eqs. A. 12 and A. 14, one has
m m-l m

where

<!£„ = ID, !{&%„} * L̂ mj{o,

(A.lSa)

In the formulation of the impact analysis scheme, a lumped mass model

has been assumed. For consistency a lumped (diagonal) mass matrix must be

employed in the global timewise solution (note that the use of lumped mass

also results in additional storage and computational efficiencies when compared

with the use of a consistent mass matrix which is, in general, fully populated).

The lumped mass matrix of the ith discrete element is given by the following

expression:
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! . I

ma

(A.16)

where

(A.16a)

(A.16b)

(A.16c)

and where the thickness-dependent constants, c^ and c , are given by

(A.16d)

(A.16e)

(A.16f)

In these expressions, p is the mass per unit volume of the beam element, b is

the width of,the ring, n is the arc length calculated from Eq. A. 3, and Eq.

A.7 has been employed to accommodate the variable-thickness properties of the

beam element.
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The effective stiffness matrix supplied by the elastic restraints may be

obtained from the variation of the work done by the elastic restoring spring

forces, 6w :

<5v w
(A. 17)

or

1,

(A.17a)

where

fc] -
*v o o
O *w O

O O *y. (A.lTb)

and k and k / respectively, are the linear elastic spring constants and k. isv w ' y
the torsional elastic spring constant.

Substituting the assumed displacement function into Eq. A.17, one has

n.

(A. 18)

where

£*./• (A.lSa)
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• effective element stiffness matrix

supplied by the elastic restraint

In the present analysis, the equations of motion for the complete dis-

cretized structure are based on an "unconventional" formulation in which the

conventional elastic stiffness matrix, [K] , does not appear explicitly. How-

ever, in order to calculate an allowable time step size, At, for the condi-

tionally-stable central-difference timewise operator, the largest natural

frequency contained in the (linear) mathematical model of the structure must

be determined. To perform this calculation, the elastic stiffness matrix for

the assembled structure must be computed. The elastic stiffness matrix for

an element is obtained by considering the variation of the work of the axial
Pstress, 6u., expressed in terms of displacements and plastic strains, e in

the form:

(A-18b)

Employing the strain-displacement relations given by Eqs. A. 12 and A. 14,

Eq. A.lSb becomes

(A.18C)

where [k] is the element elastic stiffness matrix and is given by

[k]-
|2_ . . - . (A-18d)

The additional terms in Eq. A.18c are equivalent loading vectors correspondi.-.g

to geometric and material no.ilinearities. These terms are employed in the

conventional formulation of the equations of motion for the assembled struc-

ture, but are not employed in the unconventional formulation used in the

CIVM-JET 48 analysis. Again it should be emphasized that the elastic stiffness
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matrix is used only in the calculation of the largest natural frequency of

the structure, and is not used in any subsequent calculations.

The equivalent nodal force which corresponds to the internal axial stress,

o, can be obtained from the expression of the variation of the work of the

axial stress:

(A. 19)

Substituting Eq. A. 14 into Eq. A. 19 and introducing the stress resultants for

the beam cross section

"* dA (A. 20)
At A,

where the integrations are taken over the cross section, A. of the ith beam

element, L, is the interne! force, and M is the internal bending moment of

the cross section, results in

O

7.

*
f J ( {D,}L

where

7,
(p!= I

1.

M = /( (ojLo.J *- {oj LDJ)L<JI (A.22)
o

Note that {p} and [h] are quantities pertinent to the unconventional formula-

tion of the equations of motion, Eq. 2.1. The integrations along the centroidal
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axis length of the beam element which appear In {p} and [h] of Eq. A. 22 are

performed numerically by using the Gaussian quadrature scheme. The axial

force L and moment M at those spanwise stations will be described and evaluated

next.

Because of nonlinear material behavior, although the strain variation

through the beam thickness, by the Bernoulli-Euler hypothesis, is linear, the

variation of stress across the thickness may be nonlinear. For computational

convenience, the stresses are evaluated at selected Gaussian points across

the thickness, and the corresponding weighting factors are used in evaluating

the pertinent integrals by Gaussian quadrature. The strain-hardening behavior

of the material may be accounted for by using the mechanical sublayer model

in which the material at each Gaussian station is treated as consisting of

equally-strained sublayers of elastic, perfectly-plastic material, with each

sublayer having the same elastic modulus but an appropriately different yield

stress. For example, if the yield strain of the kth sublayer is e . , the
OK

yield stress of that sublayer is

<5~oK = E £ok (k - 1, 2, ... , n) (A. 23)

where E is the elastic (Young's) modulus.

An illustration of the method of computing the axial stress and/or

plastic strain increment is presented as follows. One begins by knowing the

sublayer stress a., , nt time t . for the kth sublayer of the jth depthwise3 K , m~ i m— i
Gaussian station, and the strain increment Ae . at station j at time t (that3 ,ni m
is the strain increment from time t . to time t ) . One then takes a trial

value (superscript T) of 0.. which is computed by assuming an elastic path:
}K i m

^^ = <V,~-. + E *£>,~ (A-24)

A choc1: is then performed to see what the correct value of C must be.
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* If -si* * « j i r w * o^k then < * , „ • 0- and at m « o

If <r7 > o" ., then O"!b = <T,k andV k elt

- <Toh then « J K ~ « -<Toh. and

(A. 25)

This procedure is applied to all sublayers of each Gaussian station j;

having done this, the axial force and moment of the beam cross section can be

determined by

L- jordA i b£ r (£ O J K A J k )

= b £ Z J^ ( £ crjk A j k) (A.26)
A J I*

where A is a combination of the mechanical sublayer weighting factor and the

Gaussian weighting factor W., which is defined by

WJJ ' c - * ' (A.27)

In Eq. A.27, w is the Gaussian weighting factor and
j

°"k. - °it-, (A. 28)

is the kth slope of the polygonal approximate stress-strain diagram.

If desired, the sublayer yield stresses may be treated as strain- rate

dependent. Since the strain increment at the jth Gaussian station and hence
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the strain rate is known at this stage of computation, the rate-dependent

yield stress o . of this kth sublayer at station j isyx

(A. 29)

where D and p are empirically-determined constants for the material and may,

in general, be different for each sublayer, 0 . is the static uniaxial yieldOK '
stress of the kth sublayer at any jth Gaussian station.

Finally, by employing the standard finite-element assembling procedure,

the resulting equations of motion for the "complete discretized structure"

are (for impact-induced loading only)

CA.30)

where the nomenclature of each term is explained in Subsection 2.4. In the

computer program it is convenient to employ Eq. A, 30 in the following form:

CM']/?'/- -/**/• MM -MM <A-30a)

where the terms on the right hand side are treated conveniently as one vector.

A. 2 Collision-Interaction Analysis, Including Friction

In the present collision-interaction analysis, the curved variable- thick-

ness containment/deflection ring is represented by straight-line segments

(Fig. A.I): (a) to identify in a simple and approximate way the space

occupancy of the beam segment under imminent impact attack and (b) to derive

the impact equations. The inertia effects of the impacted beam segments are

taken into account by means of a lumped-mass collision model; that is, the

ring is treated as having only point masses lumped at each nodal station as

indicated in Fig. A. 2. Other simplifying assumptions which are invoked in

the present analysis are described in Subsection 2.2.

For the lumped-mass collision model, the impact-effected beam segments

are represented, as depicted in the exploded-line schematic of Fig. A. 2, by

concentrated masses m., .... m ., . . . , m, (or i+k-1) , respectively, where
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the rin-.}-fragment collision point is encompassed by the jth segment which is

bounded by nodal station j and j+1 a clockwise numbering sequence is

used. In the collision analysis, it is convenient to resolve and discuss

impulses, velocities, etc., for both the fragment and the ring impact-affected

nodes in directions normal (N) and tangential (T) to the straight line segment

j; the positive normal direction is always taken from the inside toward the

outside of the ring, while the positive-tangential direction is along the

straight line from node j toward node j+1 (see Fig. A.2a). Consequently, the

lumped-mass velocities for each of the impac'.-affected nodes and the idealized-

fragment velocities are expressed with respect to this local N/T inertial

coordinate system as (VJN, VJT>, (V̂ , V^} (V̂ , V̂ ), and (VfN> vfT>

in the exploded schematic shown in Fig. A.2a.

It is assumed that the instantaneous collision process results in a

normal-direction impulse ?„ and a tangentially-directed impulse P applied to
N T

the ring, and in equal but anti-parallel impulses to the fragment. The

impulses applied to the ring are assumed to be distributed over the impact-

affected nodes (see Fig. A.2b) as

(A.31)
is 1,2., • K

where (see Fig. A.2b) the effective length*, L ,,, bounds the impact-affected

zone of the ring, which is the fraction of the ring that responds with momentum

changes due to the collision of a fragment, s. is the distance measured from the

For present purposes, L ,, is taken to be equal to the finite-difference-
calculation time interval At times the longitudinal wave speed (E/p) of
the structural material; one may employ other estimates of L ,,, if desired.
In the preceding, E is the elastic modulus and p is the mass per unit
volume.
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impacted point to the ith impact-affected node, and the constant, C, is

determined by assuming that the sum of the impulse applied to each impact-

affected node equals the total impulse imparted; thus/

c.i (A.31a)

therefore, one has

* (A.31b)
<•/ <- t f f ' ' l<(

 l

The impacted-affected nodes are those nodes located within the impact

affected zone; that is |s.|<L . However, it is assumed that the two-mass

nodes j and j+1 of the segment j which encompasses the impact point always

respond to impact with momentum changes, even if the distance from the impact

point to one or both of the two nodes (j and j+1) is greater than L ... Let

6 and Y be tne distances measured from the "point of fragment impact" to

masses m, and "»...,» respectively, as indicated in Fig. A.2. The distribution

of the impulses is-estimated-in-the- following manner:

(1) If 6 >. Lef£ and Y < Leff, then (Fig. A.2c):

(A.32)
PIT * PJT r C *,' pr

where

• "•' ' / £ >
«r, » T ~* and C- ' ' ̂ •• (A.32a)

(2) If g < L ,, and y > L .,, then (Fig. A.2d):erf — err

P^ = PCj»,)̂  * Co<* *H (A. 33
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where

** ' a ^- "-' and _ - . , , . - . ., ,, .(A.33a)

(3) If 3 >_ l*_ff and y >^ L -., then (Fig. A.2e)

C >*" £/ s C •*//SI/ . (A.34a)

(A.34b)

where

c- 'A (A.34c)

It should be emphasized here that the determination of which mass nodes

fall within the impact-affected region is a discrete process in the sense

that only mass node locations are considered instead of considering the true

volume of mass included in the '.mpact-affected region of the structure. Such

an approximation is made necessary by the use of a lumped-mass model in the

collision-interaction analysis. In essence, the use of a lumped-mass model

implies that the nodal mass represents the mass distribution in a region of

the structure surrounding the node, and, thus, by including a mass node in

the impact-affected region, one is automatically including, in the impact-

affected region, that portion of mass in the region of the node. It is clear

that, in general, this approximate technique will result in having more or

less structural mass included in the impact-affected region compared with the

true structural mass within L „„. However, in an average sense, this dis-ef r
crepancy is within the overall approximate nature of the impact-interaction
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analysis. In addition, the calculation of L f{, which defines the distance

the collision-imparted impulse "signal" travels in the structure during a

finite time interval, is based on the global increment in time, At. This

implies that the collision occurs at the beginning of a time step/ and that

the "signal" travels for a length of time equal to At. As will be shown in

detail in Subsection A.5, the scheme employed in the present program can

determine ring-fragnent collision at any time within a given At. In general,

a collision will not occur at the beginning of a time step, so that the signal

propogates for a time, At*, which is less than At, and the true L .. is then

less than the L , based on At; however, t, . is assumed to remain constant

and is based on At. '.'his approximation of L ff counterbalances the discrete

process of determining which mass nodes fall within the impact-affected region.

It is believed that these calculations, although approximate, will yield

reasonable results for the fragment-impact-induced structural response.

Denoting by primes the "after-impact" translational and/or rotational

velocities, the impulse-momentum law may be written to characterize the

"instantaneous impact behavior" of the system, as follows:

Normal-Direction Translation Impulse-Momentum Law

m L - V] - - pw (fragment) (A. 35)

(ring impact-affected

nodes) (A.36)

Tangential-Direction Translational Impulse-Momentum Law

v« O,; - V,T ] - - FV (fragment) (A.37)
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•H«, fv/T-v,T J = *i
(ring impact-affected

nodes) (A.38)

Rotational Impulse-Momentum Law

I Too;' - e*j, 1 - f, p (fragment) (A. 39)
•V L ' -f J ~ -f rr

where

m^ • mass of the fragment

If • mass moment of inertia of the fragment

about its CG

r. - the radius of the circular disk model

of the fragment

PN • normal-direction impulse

PT - tangential-direction impulse

a. « proportional constant which is equal to (Co') as defined

by Eqs. A.31 through A.34.

The relative velocity of sliding s" and the relative velocity of approach A"

at the immediate "contact points" between the fragment (at Cf) and the ring

segment j (at C ) are defined by

5* = [_y/ - ĉ >'r, ] - [*, V,'T + o(i V/T ••- - . . - » • «k v^ J (A.40)

. V,^ * «±Vzu 4 • • ' 4 *"K Vfcw J (A.41)

Substituting Eqs. A.35 through A.39 into Eqs. A.40 and A.41, one obtains

5 = S0 - &f pT (A.42)
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A' - A0- (A.43)

where the initial (pre-impact) relative velocity of sliding S , the initialo
relative velocity of approach A , and the geometrical constants BI and B are

given by

-•**( ̂ ~] - [*,VIT +-*tVZT + • ' • + <*k.V*-r~] (A.44)

B - -I- + IL" 4- fl" + f£i + • ' - -f ̂ ? <A 46)

- - - * - — ' -I- I * * . . - -f f:i (A. 47)

where in Eqs. A.44 and A.45_by defintion A >^ 0; otherwise, the two bodies

will not collide with each other. Also, if s > 0, the fragment slideso ~
initially along the ring segment. It perhaps should be noted that sliding of

the bodies on each other is assumed to occur at the value of "limiting friction"

which requires that P = !^PMI ' and when PT<|WPM|' onlV rolling (i.e., no

sliding) exists. For a given value of e and a given value of y which, respec-

tively, describes the degree of "plasticity" of the collision process, and

accounts for the f national properties (roughness) of the contact surfaces,

2 ( k + l ) + 3 equations (Eqs. A. 35 - A. 39 and Eqs. A. 42 - A.43) can be solved to

obtain the post-impact quantitites (V^, V'IT> , (V^, V^) , ... , (V^, v£ip) ,

(V' , V' ) and u^ as well as P and P ; these are the 2 (k+l)+3 "unknowns".

The graphic technique which provides a convenient way to obtain the

values of P and P at the instant of the termination of impact as described

in -Ref . 4 is employed in the present collision- interaction analysis. In this

255



technique, the trajectory of an "image" point P in the plane formed by the

impulse coc dinates P and P (Fig. A.3) represents the state of the colliding

bodies at each instant of the contact interval. The image point-P which-is

initially located at the origin and is denoted by P (? » 0, P - 0) will

always proceed in the upper half-plane with increasing P . The locations of

the line of no sliding S' • 0 and the line of maximum approach A' » 0 are

determined by the system constants B. and B . From Eqs. A.42 through A.47,

it is noted that B and B arc positive always; also the lines S' = 0 and

A1 = 0 are parallel to the P axis and the P axis, respectively, and inter-

sect with each other at point P, in the first quadrant of the P , P plane as

shown in Fig. A.3. Depending on the values of the coefficient of sliding

friction p, the coefficient of restitution e, the system constants B and B ,

and the initial conditions S and A , several variations of the impact pro-o o
cess may occur and will be discussed in the following.

First, the cases in which the coefficient of sliding friction p ranges

from o<p<°° will be considered; the two special cases with p « 0 (perfectly-

smooth contact surfaces) and p = <*> (completely rough surfaces) will be dis-

cussed shortly thereafter.

Case I; If 0<p<», the friction angle V and the angle A formed with the

P axis by the line connecting PQ and P are defined by

•) . i -i-V> - Ta.n ju.

and

A ±J\_ = +a.n
^I O

(A.49)

Initially, the image point P travels from point P along the path P L which

subtends an angle v with the P" axis because the limiting friction impulse
N

P = pp is developed during the initial stage of impact. Subsequently:

(a) if p = tan v < tan A (Fig. A.3a), line P L will intersect

the line of maximum approach A" = 0 at point P., before

reaching the line of no sliding S" = 0. The intersection
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point PI represents the state at the instant of the

termination of the approach period. This is followed

by the restitution period; the impact process ceases

at point P" (path P - P. - P') . The coordinates of

are

= e) p.. (A.so)

where p ., the ordinate of point P is determined from

the simultaneous solution of equations P *• pp and

A' = 0, and is g-ven by

D = A* (A. 52)

(b) However, if y « tan V > tan A (Fig. A.3b), line P L~ o
will intersect the line of no sliding S' = 0 first

at the intersection point P- which marks the end of

the initial sliding phase. The image point P then

will continue to proceed along the line of no sliding

S' = 0 through the intersection point P with line

A" = 0 to the end of impact at point P" (path P - P_-

P - P"). .The final values of P and P are:

(A.53)

"5 = (A. 54)
6,

where P.., is the ordinate of point P, which represents
N3 3

the end of the approach period and is given by
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A.
e.

(A.55)

The above solution process can be specialized to

represent the cases with U « 0 and u - <°.

Case II; If y *• 0 {perfectly smooth contact surfaces), line P L

coalesces with the p axis. The image point P will move along the p axis to

the end of impact. Thus

p r e) (A. 56)

(A.57)

Case III; If y = °° (completely rough contact surface), point P moves

initially along the £5 axis to the intersection with s' - 0, then will follow

the line S' = 0 to the end of impact. The post-impact value of p and p are

O+ O -^
6,

fAT58)

(A.59)

Knowing the values of p and p at the end of impact for the above dis-

cussed various impact processes, the corresponding post-impact velocities then

can be determined from Eqs. A.35 through A.39 as follows:

= v//v +

v' = v, + "> P T
VIT V/T ^

Node 1 (A.60)
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Mode 2 (A.61)

rw,

- V*T +

Node K (A.62)

- V*T - -^

(A.63)

Fragment

Thus, this approximate analysis provides the post-impact velocity information

for the impact-affected nodes of the ring and for the fragment so that the

timcwise step-by-step solution of this ring/fragment response problem may

proceed. Note that these post-impact velocity components are given in direc-

tions N and T at each node of the idealized impact-affected ring segments; as

explained later, these velocity components are then transformed to (different)

global directions appropriate" for the curved-ring dynamic response analysis.
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A.3 Prediction of Containment/Deflector Ring Motion and Position

The timewise solution of the resulting equations of motion for the

"complete assembled discretized structure", Eq. A.30, may be accomplished by

employing an appropriate timewiae finite-difference scheme. The 3-point

central-difference operator is chosen for use in the present analysis. In

this solution scheme, the relations between displacements and displacement

increments at any instant of time are

./ (A.64)

and

At time t , the acceleration and velocity may be expressed in terms ofzn
displacement increments by the following central-difference f initc-diffcronce

expression:

Employing Eq. A. 30, the unconventional form of the dynamic equations of motion

at any time instant t becomesm

Since the right-hand side of Eq. A. 67 is known, one can solve for {q*} .

Because the assembled mass matrix, [M*], is a diagonal matrix, the "inversion"

of [M*] required for the solution of Eq. A. 67 is accomplished simply by taking

the inverse of each diagonal term in [M*]. In practice, only the diagonal

entries in [K*J are -retained in the computer storage. With {.q*} now known,

one can calculate {Aq*} , from Eq. A.66a asm+1
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'L (A-68)

Thus, from Eq. A. 64 one has

(A-69)

The calculations of {Aq*} and {q*} . have been made assuming that no ring-
mT A

fragment collisions have occurred between time instants t and t ... However,m
a ring- fragment collision may occur between time instants t and t ,.» thism nvri
would require a "correction" to the {Aq*} found from Eq. A. 68. Thus, one

first uses Eq. A. 68 to form a trial value (overscript T) for {Aq*} ,, and,

hence, a trial value for {q*} . , :m+i

1+ L., (A-70)

Next, the collision inspection and correction procedures, which will be

described in Subsection A. 6, are performed to determine the actual displace-

ment increments {Aq*} .,. Then the actual displacement at time t ., is givenm+ i mr i
by Eq. A. 69.

After the calculation of {Aq*} .. and {q*} ,, the strain increment atnH-i m+i
any point in the element can be obtained, with the strain increment available,

the stress increment and stress is computed from the stress-strain relation.

Then the stress resultants are obtained. Equations A. 67, A. 68, and A. 69

furnish the displacement increment and displacement for the next time step.

The process is cyclic thereafter.

It should be noted that no "commencing sequence" is required in the

present analysis for the central-difference timewise operator. This is

because there are no prescribed initial velocity distributions or prescribed

externally-applied forces in the present analysis; only impact-induced

structural motion is taken into account. Thus, the ring structure is assumed

to be at reot (thus {Aq*} = {q*} = 0) at all tine instants prior to initial
m ra -

fragment- ring collision. When initial (and subsequent) fragment-ring collision
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occurs, a nonzero value for {Aq*} results, which is determined from theffl+j.
impact-interaction scheme, and no additional starting sequence is required.

A.4 Prediction of Fragment Motion and Position

In the present analysis, the fragment is assumed (see Ref. 3) to be

nondcformable and, for analysis convenience to be circular; henco, its equation".

of motion for the case of no externally-applied forces are:

m Y - O (A.71)

(A. 72)

I, 0 = O (A. 73)

where (Y-,ZJ and (Y , 2 ) denote, respectively, the global coordinates

and acceleration components of the center of

gravity of the fragment (see Fig. A. 2).

6 represents the angular displacement of the

fragment in the +u_ direction (Fig. A. 2).

In timewise finite-difference form, Eqs. A. 71 through A. 73 become

(A.74.

(A. 76)

where overscript "T" signifies a trial value which requires modification,

explained later, if ring-fragment collision occurs between t and t ...
m m+l

as
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A. 5 Calculation of Ring-Fragment Time of Contact

In this subsection, an improved method* for determining the time of ring-

fragment contact will be developed. It is assumed, based on the ring node

and fragment e.g. locations at time t , that no overlapping of ring-fragment

geometries occurs at time instant t / , based on the {trial) ring nodem
and fragment c.g locations at time instant, t .,, that overlapping of ring-

WTl
fragment geometries does occur at time t ... Thus during the finite increment
in time, At(- t ,, - t ), ring- fragment contact must have occurred. Thetn ~~~~— —
problem, then, is to determine at wb»t time, between t and t .,, ring-fragmentm m+i
contact occurs, and where on the C/D structure it occurs.

In the present development, only a single fragment and single element

need be considered; a similar calculation can be carried out for each element

separately and for each fragment being considered. Consider the uniform-

thickness straight beam element shown in Fig. A.4. As noted in Subsection A.2,

the (generally) curved element is approximated, for the impact analysis, as a

straight beam, and, in addition, the variable-thickness element will be assumed

to be of uniform thickness (equal to the average thickness, h, of the element)

for the impact analysis. The global Y,Z coordinate system is taken as the

reference system for this analysis. Define vectors P, and"? (see Fig. A.4)

such that P, is the vector from node 1 to node 2 and f is the vector from

node 1 to the fragment c.g. The vectors P. and "p define the relative posi-

tion of node 2 and the fragment e.g., respectively, with respect to node 1

at time" instant t , where it has been assumed that no ring-fragment overlapping

occurs at time t .m
The perpendicular distance, d, from the fragment c.g. to the vector P

urface of

cross-product:

(midsurface of the element) at time t can be obtained by using the vectorm

(A-77)

where p. is the magnitude of the vector P. and 6 is the angle fror. "p to ~P .

Denotinj the nodal coordinates by Y. and Z. (i = 1,2) and the fragment c.g.

coordinates by Y, and Z , the vectors P. and P can be expressed as

'improved compared with that used in Refs. 1 and 3.

263



(A.76)

and the distance, d, at time t is calculated by
m

d. Pi ..n* . Lfî L1 « [^-XXzt-z.)-(v;-Y.)U,-^)l (A.79)

In order to calculate the time of contact, the perpendicular distance, d,

from the fragment e.g. to the element midsurface must be known as a function

of time. The element nodal and fragment e.g. velocities and nodal accelera-

tions arc known at time t , and the accelerations are assumed to be constantm
over the finite increment in time, At (= t ., - t ). Denote the velocities andm+i m
accelerations in the Y and 2 directions at node t by v ., v ,, a . and a .,

yi zi yi zi
respectively, and the fragment e.g. velocities in the Y and 2 directions by

v and v ,, respectively. The position of node 1 (for example) as a functiony r zr
time, y,(t), can then be expressed by the following Taylor series expression:

Y,(t; = Y, * vY,t * i fly,** (A-80)

where the time reference has heen shifted in such a way that t=0 corresponds

to time t . Expressions similar to Eq. A.80 can be obtained for the quantitiesm
y (t), z (t), z (t), yf(t), and z (t) where it is noted that the acceleration

of the fragment is zero. When these expressions are substituted into Eq. A.79,

an expression for the distance, d(t), from the fragment e.g. to the element

reference surface, as a function of time is obtained in the form

(A.31)
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where

t) a,, • (4tt + a,,) aK, J

8* (A.82b)

(A.82c)

(A.82d)

E s (z.-ZtJCY.-Yr) - (Y,~Yi)(z,-Zf) (A.eze)

(A.82f)

1= < (A.821)

(A.82J)

It should be noted here that the coefficients in Eq. A.81 are dependent only

on the element nodal and fragment e.g. locations, velocities, and accelerations

at time instant t . The tine of contact is defined as that time at which d(t)
m

is equal to the critical distance, d , where the critical distance is the sum

of the radius of the fragment, r_, and half the average element thickness, h:
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C/c =

Thus, the calculation of the time of contact, t , reduces to the solution of
c

the following equation:

c/c = *** + Bt }* Ct* + Dt *C (A>84)

[Ft< + Gt' + Ht*+lt+J]k

or

* (A.85,

Several approaches for the solution of Eq. A.85 may be envisioned. However,

before discussing the alternate approaches, it is important to note that the

only solution of Eq. A.85 which is of interest in the calculation of time of

contact" must be non-negative and less than or equal to At since contact mu~t

occur between time t and time t ,, (recall that At - t , - t ). Since At is,m __ -IDT! m+1 m
typically, of order 10 or 10 , the solution method chosen must be able to

solve Eq. A.85 accurately for small values of t.

Because no closed-form solution of Eq. A.85 is available, the use of a

numerical iterative (approximate) solution scheme such as the Newton Raphson

procedure would be necessary. However, such schemes often suffer from poor

convergence behavior unless an accurate "initial guess" is made. For the

general impact problem, the use of such numerical iterative schemes has thus

been judged to be too unreliable and more direct methods have been sought for

the solution of Eq. A.85, as discussed next.

The right-hand-side of Eq. A.85 (term in brackets) is expanded in a Taylor

series about t=0 as

(A.86)
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If the terms of order t are neglected and Eq. A. 86 is substituted into

Eq. A. 85, the following quartic equation results:

- _f JT4 -
"

« o
The advantage of using Eq. A. 87 in place of Eq. A. 85 is that closed-form solu-

tions to quartic equations are available (see, for example, Ref. 5); thus, a

computer subroutine which obtains the real roots (imaginary roots are of no

interest in the present time-of-contact solution) of a general quartic equation

has been included in the present CIVM-JET 4B program. The coefficients in

Eq. A. 87 are determined from known displacement, velocity, and acceleration

information using Eqs. A. 82, and the calculation of the time of contact is

thus reduced to the solution of Eq. A. 87.

Numerical experimentation with the solution of general quartic equations

suggests that the roots of larger magnitude are predicted more accurately.

In particular if, for example, the exact solution of a given quartic equation

has one real root of order 10 and another real root of order 1, then-the

order 1 root will be predicted accurately, but large errors will be found in

the prediction of the order 10 root. In the present impact analysis, the

roots of interest are of the order of At (typically 10 ) . To avoid errors

in the prediction of these small roots, a change of variables, namely t=l/x

is made in Eq. A. 87, and the resulting quartic equation in x is solved. In

this way, the x roots of interest are large (corresponding to small t roots)

and accuracy of these roots is assured. It should be noted that if the constant

term in Eq. A. 87 is zero, then t=0 is a valid root and the solution of the full

quartic is not required.

Finally, it is important to clarify under what conditions the use of

Eq. A. 87 instead of Eq. A. 85 is valid. The only approximation employed in the

development of Eq. A. 87 is that the right-hand-side of Eq. A. 85 can be approxi-
4

mated by a Taylor Series expansion, retaining only those terms up to order t .
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The coefficients in Eq. A. 86 are related only to information at the nodes of

the element and, in fact, Eq. A. 86 is an expression for the change in the

length of the element as a function of time. The use of Eq. A. 87 in place of

Eq. A. 85 is deemed valid if for the values of t of interest (i.e. 0 £ t £ At) ,

the Taylor series of Eq. A. 86 can be showp to behave as

where J is the element length at time zero. It can be shown, after some

manipulation, that the behavior of the Taylor series is (at worst) that given

by Eq. A. 88 If the relative displacement in the time increment:, At, of node 2

with respect to node 1 in a direction parallel or perpendicular to the element

midsurface does not exceed 10% of the element length at the beginning of the

time increment (i.e. at time t ). This condition should be satisfied for all
ID

conceivable engineering applications of the current ring- fragment impact

analysis and, thus, the use of Eq. A. 87 to calculate the time of ring-fragment

contact (impact) is justified.

In summary, when ring-fragment impact is determined to occur between

times t and t ,,, Eq. A. 87 (along with Eqs. A. 82) is employed to calculatem
the time of ring-fragment contact, t , within that time interval. In practice

(as will be explained in detail in the next subsection) , this calculation is

performed for each element in order, considering each of the n attacking

fragments one by one. The only robots of Eq. A. 87 which are considered valid

are those real roots which satisfy

O ± t * At = t*.r t, (A.39)

When a valid value is found for t , the point of ring-fragment contact,

p , can be calculated by the following vector dot product:

TT
where the vectors"?. and~P are evaluated at time t = t . The quantity p is

• L i C O

the distance from node 1 to the point of contact divided by the element length

(at time t ). The point of contact, as defined by Eq. A. 90 must be between
c

0 and 1 for contact to have occurred on the element length, i.e.
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O * PC ̂ I '(A.91)

If Eq. A.91 is not satisfied, contact has not occurred on the element length.

Thus, both Eqs. A.89 and A.91 must be satisfied for element-fragment contact

to be valid. Note that the method developed in this subsection will, in

general, determine contact between a fragment (assumed to be circular) and

an infinitely-long straight "element" passing through nodes 1 and 2 of the

actual structural element under consideration, and thus, the condition given

in Eq. A.91 must be imposed.

A.6 Collision Inspection and Solution Procedure

A.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

modification- this procedure can also be applied for an n-fragment attacic an

discussed in Subsection A.6.2.

At various stages in the impact inspection and solution procedure, tho

updating of ring node (or fragment) positions and/or velocities is required.

In the interest of conciseness, the form of these updating equations is

presented now, and reference to these equations will be made. The location

(denoted by an over-bar) of the ring nodes {q*} , i. -'.-me time t1 is given by

v/here {q*} is the initial (i.e. t=0) location of the ring nodes and {q*} ,

is the total displacement of the ring nodes up to time, t=t'. The Iccaticn

of tho ring nodes, {q*}.,+»fc,» at a time, t=t'+At' (within a time increment

/it), in terms of the location {q*} ,, velocity {q*} ,, and acceleration {q*} ,,

of the ring nodes at time, t=t*, is given by the following Taylor Series

expansion:
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It Should be notc'd that Eq. A. 93 can be derived from the central difference

expressions, and is thus consistent with the central difference tinewise

operator employed in the present CIVM-JET 4B program. Finally, the velocity

at some time, t*t'+At', is yiven by the expression

'
Equations A. 92 through A. 94 have been written for the ring nodes j the updating

equations for the fragment are of the same form with the acceleration of the

fragment taken to be zero. It should be noted that the acceleration of the

ring nodes is assumed to be constant within a time increment and is equal to

the rinc,-node acceleration at the beginning of the timo st«p being considered.

The following procedure indicated in the flow diagram of Fig. 7 may bo

employed to predict the motions of the ring and rigid fragment, their possible

collision, the resulting collision- imparted velocities experienced by each,

and the subsequent motion of each body:

Step 1: Let it be a-sumcd at time t that the displacements (q*) , (V ) ,
— > m m t m

and (ZJ and displacement increments fAq*} , (AY ) , and (Azj
f m m t m rm

are known. One can then calculate the strain increments (Ac)
m

at all Gaussian stations along and through the thickness of the

ring.

Step 2; Using a suitable constitutive relation for the ring material, the

stress increments (Ac) and the plastic strain increments (Ae ) ar.m m
corresponding Gaussian stations within each finite element can be

determined from the known strain increments (Ae) . This informa-

tion permits determining all quantities on the right-ha^d side of

Eq. A. 67.

Step 3: Solve Eq. A. 67 for the nodal accelerations, {q*} , then solve for
- *• - rji •"

the trial displacement increments, {Aq*} / by using Eq. A. 63,

the trial ring displacements, (q*} +., by using Eq. A. 70, and use

Eqs. A. 74 thiough A. 76 for the trial fragment displacement incrs-

ments (A?,) ,, (A2,) ,, and (I,1) . In addition, the ring
f m-t-1 < f m-t-1 m+1

node velocities {q*} at time t are calculated by using Eq. ,\.~6'
^ m a
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for those nodes not impact-corrected during the previous time

cycle, and using the impact-corrected velocity updated to the

end oi; the previous time cycle for those nodes subject to impact

corrections during the previous time cycle. It is assumed that

the fragment velocities, (YJ , (2J , and (G ) at time t aret tn i m i m m
known.

Since one or more ring- fragment collisions may have occurred

between t and t , the following sequence of steps may be employedm
to determine whether or not a collision occurred and, if so, to

effect a correction of the displacement increments of the impact

affected ring segments and of the fragment.

In the present scheme, several collisions may occur during a given

global time step At «• (t . , - t ) . Thus, the global At will bem+l m

subdivided into subiicrements in time which will be denoted by

At*, where At* is the time remaining in the global At and is given

by

(A. 95)

where t* is the reference "beginning" time for the current colli-
m

sion inspection cycle. Thus, for the first inspection for a givon

At, t* must be initialized to t / and At* must be initialized tom m
At. In subsequent inspections (if any) within this At, the value

of t* will be updated to the time of ring-fragment contact, andm

Eq. A.95 will be used to calculate At*. Because the impact inspec-

tion is most conveniently carried out in the global Y,Z coordinate

system, one first transforms the nodal displacement, velocity,

and acceleration vectors at time t , {q*} , {q*} , {q*} , into the
x m m m m

global Y,Z coordinate system (note that the fragment information

is already in the global Y,Z system). Then the ring node ard

fragment locations, {q*} , (YJ , etc. at time t are calculated
n r m m

by using Eq. A.92 and the trial ring node and fragment locations at
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1 I
time t , {q*} , (Y ) , etc. are calculated by using Eq. A. 93ro* i n+ 1 x tin* L
(uhere t'-t , and At'-At*). Having completed these initializations,m
the following sequence of substeps may be employed to determine

whether or not a collision occurs within the subincrement At*

(»At on this first inspection) .

Step 4a; To chc -k for the possibility of a collision between the fragment

and ring element j (approximated as a straight beam) as depicted

in Fig. A. 5, compute the trial projection (P.) , of the line3 m+i
from ring node j to point Cf at the center of the fragment, upon

the straight line connecting ring nodes j and j+l, as follows, at

time instant t , :m+1

4

(A.96)

r 5 -

whore the Y,Z are inertial Cartesian coordinates obtained from

1 1 T
{q*} ,, (Y) . etc. Now, examine (p.) , ; three cases aren m+1 m+1 3 m+l
illustrated in Fig. A.5a.

\

Step 4b: If (p.) , < 0 or if ( p . ) ^ > 1. where X, > 0, a collision between
• 3 nH*l D fflTi j j

the fragment and ring element j is impossible. Proceed to check

ring element j+l , etc., for the possibility of a collision of the

fragment with other ring elements. Mote that fc. is the length of

the jth element at time t j^.

Step 4c; If 0 £ ( p . ) . £ 1 . , a collision with ring element j is possible,

and further checking is pursued. Next, calculate the fictitious
T

"penetration distance" (a ) +. of the fragment into ring element

j at point C by (see Fig. A.5b):

(A-97)
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where

* avera9fl Distance from the reference surface

to the inner surface of the ring element

which is approximated as a straight beam in

this "collision calculation".

- radius of the fragment.

(A.98)

• the projection of the line connecting node

j with the center of the fragment upon a

line perpendicular to the line joining nodes

j and j+1.

TNext, examine (a.) . which is indicated schematically in Fig. A.5b

and is given by Eq. A. 97.

TStep 4d: If (a.) ., < 0, no collision of the fragment upon element j has* j m+1 —
occurred during the time interval from t* to t ... Hence, onetn m+i
can proceed to check element j+1, etc. for the possibility of a

collision of the fragment with other ring elements.

TStep 4e: If (a.) > 0, a collision has occurred. Steps 4a throug'i 4d
- - 3 m+1 T

are repeated for each element; if no positive values of (a.) ,
3 m+i

have been found, no ring-fragment collisions have occurred; then
T

proceed to Step 9. If any positive values of (a ) have been

found, ring- fragment collision has occurred; proceed to the next

step.

Since ring- fragment collision has been determined to have occurred

between times t* and t ,, the following sequence of substeps nay
m m+1

be employed to determine the time and location of ring-fragment

contact:
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Step 5a; Given the locations and velocities of the fragment and the nodes

of element j at time t*, form the coefficients A-G given by Eqs.

A.82 and solve for the roots of Eq. A.87. Choose th'j smallest,

positive, real root, if this root satisfies Eq." A.«9 (whore- At in

Eq. A.89 has boen replaced by At* here)

O $ t i At* (A.99)

then this root is the time of contact (t ) for element j, and

proceed to the next step. If thin root does not satisfy Eq. A.99,

set (t J . equal to a large negative number and proceed to the next

element.

Step 5b; Special consideration must be given to the case where (t ) =0.

Because the present scheme allows for several subincrements, At*,

in time within the "global" increment in time, At, for the purpose

of collision inspection and correction, the value of (t ) =0 is

allowable only if this element has not been impacted at some prior

time during the current global increment in time, At. Thus, a

"flagging" array is set up at the start of each At t.o determine

whether or not a particular (t ).=0 is allowable. If (t ).=0 isc j c j
not allowable, set (t ). equal to a large negative number and

proceed to the next element. Otherwise, proceed to the next step.

Step 5c; The point of contact, (p ),, on element j is now calculated by

usi.ig Eq. A.90. This value is then inspected to determine whether

or not contact occurs within the actual boundaries of element 3.

If (p ) satisfies Eq. A.91 (repeated nere for convenience)

O s- (pc) $ I (A. 100)

then contact has occurred on elcrrerit j, and one proceeds to the

naxt element. If Eq. A.100 is not satisfied, contact has not

occurred on element 3: set (t ). (for the jth element) equal to

a large negative number and proceed to the next element.

274



Step 5d; Steps 5a through 5c are repeated for each element until all ele-

ments on the main structure have been considered. In practice,

several allowable values of t can be found, corresponding to

different elements, in one subincrement in time, At*, the desired

value being the minimum (t ). value of all allowable values. Thus,

a quantity, (t ) . , which is-the minimum of all calculated (allow-c min
able) values of (t ) , is initialized to At* just prior to Step

5a. Following Step Sc, the calculated value of (t ). is compared

with the current value of (t ) , . If the following condition isc min
satisfied

then the value of (t ) . is redefined to be the value of (t )..c min c j
When all elements have been processed, the quantity (t ) . willc min
contain the actual minimum value of all values of (t ).. The

element number and point of contact associated with this value of

(t ) . are also identified. Because of the form of Eq. A.101,
c min

if equal values of (t ). are calculated for two or more elements,

the higher element number will be associated with (t ) . (ele-c min
ments are processed in ascending numerical order). Following the

determination of (t ) . , a "flag" is set for the element corres-c min
ponding to (t ) . indicating that a value of (t ) .=0, for thise c nun c 3
element, is not allowed during the remainder of the current global

increment in time, At.

Step G: Having determined the time of ring-fragment contact, the ring-node

positions, {q*} , and the fragment position, (Y,) , etc., are
m I m

updated to the time of contact by using Eq. A.93, and the ring-

node velocities, {a*} ,' are updated to the time of contact bv
m

using Eq. A.94. For both calculations, t'=t*, and At' = (t )
^ m e m m

Again, it should be recalled that (t ) is the time of contact,
* c mm

;nce

updated to the time of contact by

referenced to time t*. The reference bcqinning time, t*, is now
m m
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tt, " t!L «• (tjmm (A. 102)

and the time subJncrsment, At*, remaining in the global increment

in time, At, is updated by using Eq. A.95. The quantities {q*} ,
. — m

{q*} , (Y,) , etc. are no longer needed, so their values are
m f m

replaced by the appropriate updated values. Thus, the quantities

{q*} , (q*) • (Y\.) , (ZJ , and (OJ now refer to the ring nodem in tnt £ m im
locations and velocities and fragment locations in the global Y,Z

coordinate system, at time t* which is the time of ring-fragmentm
contact (see Eq. A.102).

Based on the collision-interaction analysis developed in Subsection

A.2 , the post-impact velocities of the impact-affected ring nodes

and the fragment aro now calculated. That is, the pro-impact

nodal velocities ({q*} at time t = t*) and fragment velocitiesm• •_ •
(Y_, Z., 0, at time t = t*) are updated to their post-impart
f f r m

values using Eqs. A.60 through A.63.

(Note that Eqs. A.60-A.63 are written in terms of an N,T coordinate

system, as defined in Subsection A.2. Thus, the nodal and frag-

ment velocities, assumed to be in the global Y,z coordinate system

prior to the collision-interaction analysis, must be transformed

into the N,T system at the start of the collision-interaction

analysis, and the resulting post-impact velocities, calculated in

the N,T system via. Eqs. A.60-A.63, must then be transformed back

to the global Y,Z system after completion of the collision-inter-

action analysis).

For convenience, the post-impact velocity information, in the

global Y,Z coordinate system, is assumed to "replace" the pre-

impact velocity information. Thus, the quantities {q*} , (Y,) ,
m f m

(Z,) , and (9 ) now refer to the post-impact velocity of the
I m r m

nn'j-nodes and fragment at the time of contact, t*.
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A deciaion must now be made concerning whether or not to continue

on to another collision inspection. The collision inspection/

correction process is repeated: (1) if the value of At* is posi-

tive and (2) if the number of collision inspection/corrections

within the current At has not exceeded u specified maximum (equal

to 50 per fragment in the present analysis). If either of those

conditions is violated, no further inspection is performed, but

if both conditions are satisfied, further collision-inspection is

carried out. In either case, the next step is followed.

Step 8a; Before proceeding to the next collision inspection (or proceeding

to Step 9, if no further inspections are to be made), tho rin<j-

node and fragment (trial) positions at time t .,, must be updatedm+i
- using their positions, post-impact velocities, and accelerations

(ring nodes only) at time t*, but using Eq. A.93 with t '=t* , andm m
At'=At*. If further collision inspection is to be done, Steps 4a

through 8a are then repeated to determine whether or not a nnq-

fragment collision occurs during the subincrement of time, .it*,

from time t* to tine t ,, and, if so, to effect a correction of
m m+1

the impact-affected ring nodes and fragment velocities. If no

further collision inspections are to be carried out (because of

the conditions stated in Step 3) the next step (Step 9) should bo

followed. At this point, the reason for the special consideration

given to the case (t ) =0 in Step 5b can be clearly seen. The

ring node and fragment positions have already been updated to

the time of contact, t*, via Step 6. On the next pass throughin
Steps 5a-5d (calculation of the time of contact during the sub-

interval in time At*), the ring and fragment are, in fact, in

contact (recall that a contact tine of zero corresponds to tine

t*) and a value of (t ) „ will be obtained from Eq. A.87 form c 3=0

In the present impact inspection scheme, corrections must be made for all
nng-fragrent collisions to avoid spurious results in subsequent inspections.
The specified maximum of 50 has oeen included only to guard against user
i 'put errors. In practice (assuring correct user inpiir infomstior.) tnis
linit should never be exceeded.



that element impacted during the previous At*. Thus, the special

consideration and flagging procedure described in Step 5b must be

employed so t'.mt multiple corrections for the same ring-fragment

collision can bo avoided.

This step will be executed when no (further) ring-fragment collisions

are found up to Lime t . The corrected ring-node and fragmentniTi -
displacements in the global Y.Z coordinate system at time t

are now calculated by solving Eq. A. 92 for {q*}., where t'=t ,.t , m+l
The velocity at those nodes affected by one or more impacts is

then updated to time t ., using Eq. A. 94 where t'at*, At'=At* andm+l m
assuming that {q'*}.* " {q*} • It should be noted that the velocity

m m
at time t . for those nodes not affected by impact is calculatedm+1
using tho central-difference expression as discussed in Step 3.

The corrected nodal displacement and velocity vectors, currently

in the global Y,Z coordinate system, are now transformed back into

the appropriate ring coordinate system. Following this transforma-

tion, the corrected ring node and fraqcment displacement increments

({Aq*} ,, (AYJ ,, etc.) arc calculated by subtracting the dis-
m+1 f m-t-1

placements at time t (i.e. {q*l , (YJ , etc.) from the correctedm m t m
n^ f.irv fc

Step 10: Having determined the corrected displacement increments and dis-

placements for the ring elements and fragment, this time cycle of

calculation is now complete. One then proceeds to calculate the

ring nodal coordinate increments and the fragment coordinates for

the time step from tm+1 to t̂ 7, starting with Step 1. The pro-

cess proceeds cyclically thereafter for as many time increments

as desired.

It should be noted that in this approximate calculation, only the coordinate
increnencs of the fragment and of tho impact affected ring segments 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 approxinations acceptable.
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This solution procedure may be carried out for as many time steps

as desired or may be terminated by invoking thu use of a termination criterion

such as, for example, the reaching of a critical value of the strain at the

inner surface or the outer surface oi 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 tho ring has occurred; however, this hus not been done in the

present program.

Finally, note that it is possible for the fragment to come in

contact with two ring elements simultaneously. In this situation, a correc-

tion would be made for the higher-numbered element first as noted in Step 5d.

The higher-numbered element will then be "flagged" as being impacted and on

the next subincrement in time, At*, a value of (t ).«0 will be found for the^c j
lower-numbered element and a correction will be made. A similar situation

arises when multiple fragments impact the ring simultaneously, as will be

discussed in the next subsection.

A.6.2 N-Fragment Attack

In the case of "attack" by n idealized fragments, each with its

individual mf, I , r , to., V , and V. , a similar procedure is used. During

each it*, 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 of

the ring segments. If any positive penetration distances are computed, the

calculation of ring-fragment contact time will follow for each element and

each of the n fragments in turn. This calculation sequence will identify the

first ring-fragment contact within Lt*, and the fragment number <-ind element

number involved in the collision. The appropriate corrections, as a result

of this collision, will be made, and the process will be repeated for the

next <lt*. During the next At*, the same fragment or a different fragment may
collide with the ring structure; the appropriate corrections will then be

made for this collision. This process is repeated until either (1) more thin

50 ring-fragment collisions occur for a given fragment, or (2) the value of

At* is zero, which occurs at t=t , or (3) no (more) ring-fragment collisions

arc found witnin the global time st^p, it. After all of the corrections ha-e
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been carried out for the present At time interval, the calculation process of

Fig. 7 proceeds similarly for the next At.

Note that it is possible for two or more fragments to impact the

ring structure simultaneously. This plausible situation is accommodated in

the present scheme. Because of the "flagging" scheme discussed in Step 5b

of the previous subsection, the collision involving the higher fragment number

will be corrected for first ( and will be flagged). On the next At* (sub) step,

the next highest fragment number involved in the simultaneous impart will

yield a valuo of (t ) . '»0 and a correction will be made corresponding toc mm
this ring-fragment collision, and so on, until corrections have been made for

all fragments involved in the simultaneous impact. In essence, the ring

structure and fragment positions remain unaltered while a series of corrections

is made (with (t ) . =0) , corresponding to all of the fragments which impactc rain
simultaneously.

Finally, it should be noted that no provisions have been made for

collisions (or interactions) between the fragments themselves. Thus, all

collisjons (and subsequent interactions) ar^ assumed to bo botwoen a fragment

and the ring structure.

A.7 Ring-Fragment Colj.' non on or Me?r a Constrained Node

The impact-interaction analysis presented in Subsection A.2 is baspd on

the assumption that all nodes within the impact-affocted region are free to

respond with velocity changes as a result of ring-fragment <~ollision. If any

of the nodes withn the impact-affected region arc constrained, then the

analysis of Subsection A. 2 rust be- -•ndifie'J slightly. These modifications,

and their subsequent application to the present Analysis, are described in the

present subsectior..

For th« preseit analysis, assume that one of th« nodes within the imract-

affo'-C'-d rcguti is wOr.strai-.od -uc'- -hat no r.orrral or tangential motion is

permitted. Denote this node narober by the subscript "c". At node c, the

constraint will co-tribute a reuct.on for<,e (or reaction impulse) so that the

trarislational i-np-ise-noro-tun rulitions (Kqs. A. 36 and A. 38) at node c must

now be written as
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rtit [Vt'T - VCT ] • <*c PT - PT* (A.103b)

R Rwhere the additional terms pM and p are the reaction impulses at node c in

the normal and tangential directions, respectively. The pre-impact velocities,

CN and cT, must be zero and because of the constraint, the post-impact

velocities must also be zero, thus Eqs. A.103 state that the restraint "absorbs'

all of the impulse associated with the constrained node.

The analysis developed in Subsection A.2 can be followed exactly if the

value of a for the constrained node is set equal to zero, i.e.

cfc . 0
 (A'104)

This is equivalent to introducing equations of the form of Eq. A.103 and

immediately solving for the reaction impulse, which yields a total value of

zero on the right-hand side of Eq. A.103 In practice, the use of Eq. A.104

allows one to treat the special case of impact on or near a constrained node

within the framework and equations developed in Subsection A.2.

It should be noted that the quantity a* for the constrained node is not

set equal to zero. This quantity defines the relative portion of the total

imparted impulse which is associated with a given node which lies within the

impact-affected region, and is calculated by using Eq. A.31 whether or not

the node is constrained. In general, the constrained node may fall anywhere

within the impact-affected region. Because of the character of the present

impact interaction analysis in which only transnational (not rotational)

motion of the ring is considered (both translational and rotational motion

are included in the global tinewise solution), it is difficult to include the

effects of impulse propogated past the constrained node. For the case where

the node is ideally clamped, no information can propogate through the con-

straint. But if the node is pinned-fixed, rotational information _ould propo-

gate past the constraint; to accommodate this situation, rotational effects

would have to be included in the analysis of Subsection A... An alternate,

interim nc-asur' is taken in the present analysis, and is described naxt.
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1. . i 1

Assume that the point of contact and the effective length, L ff, are such

that the constrained node and nodes beyond the constrained node fall within

the impact-affocted region. Because the analysis of Subsection A. 2 cannot

predict the propagation of impact information past the constrained node, the

effective length, L .,, is, in the present scheme, artificially reduced (for

the current At only) in such a way that the constrained node falls within the

impact-affected region but no nodes past the constrained node fall in the

impact-affected region. Having redefined L -. in this fashion, the equations

of Subsection A.2 are then followed exactly with Eq. A.104 being employed at

the constrained node. This approach has the effect of concentrating the

impact-induced impulse at those ring nodes on the impacted side of the con-

straint, with a portion of the impact-induced impulse being absorbed by the

constraint, and no impulse being felt at nodes beyond the constrained node.

However, it should be recognized that, although no impulse information is

passed through the constrained node by the impact interaction analysis, the

impact information will propogate through the constrained node, if physically

possible, in the global timcwise structural response solution.

For the case where impact occurs directly on a constrained node, only

that constrained node is assumed to lie within the impact-affected region.

Following the equations in Subsection A.2 and employing Eq. A.104, the frag-

ment will simply rebound (as if impacting a rigid wall) and the ring structure

will experience no momentum changes for this impact.

Finally, it should be noted that the present approach is an interim

measure, and further effort is required to develop a more comprehensive

approach for treating impact near a constrained node. However, the present

method is believed to be sufficiently general, within the current overall

assumptions of the analysis, to yield reasonable results for current engineer-

ing applications.
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FIG. A.5 CONCLUDED
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