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SECTION I

INTRODUCTION

Significant advances in digital computing capabilities, coupled with

parallel development of more efficient methods of analysis, have contributed

to the emergence of automated structural synthesis as a viable design tool.

Early contributions to the concept of optimum structural design can be found

in publications of Maxwell (Reference 1) and Michell (Reference 2). The

1950's witnessed the development of the simultaneous failure mode theory

(Reference 3), in which a structure was considered optimal if it failed in each

of the several failure modes at the same load condition. The contemporary

approach to the optimum structural synthesis problem can be traced to the

pioneering efforts of Schmit (Reference 4). The past two decades have
• °

witnessed considerable research activity in the field and has resulted in the

emergence of two distinct approaches - the optimality criteria methods

(Reference 5) and the nonlinear programming technique (Reference 6). An

extensive review of the literature in this period is documented in Refer-

ence 7 . Of the optimality criteria and the nonlinear programming strategies,

the latter is considered a more general approach, and is used in the work

described in this report.

The nonlinear programming approach has enjoyed considerable success in

the design of elastic structural systems subjected to static load condi-

tions. The methodology involves the coupling of a mathematical nonlinear

programming algorithm to an analysis procedure for a given problem domain,in

order to obtain an optimization programming system (Reference 8). Despite the

apparent success of this approach, there are several drawbacks that must be

considered in its implementation. Strictly speaking, the problem of optimal

structural synthesis is one of repetitive analysis of candidate designs, to

obtain the best in terms of a prescribed set of conditions. Rather than use
a random selection of the trial designs, the optimization algorithm provides

a systematic search procedure. Furthermore, the search for new designs is

terminated when certain mathematically determined conditions for optimality,

such as the Kuhn-Tucker conditions (Reference 9), are satisfied. The search

techniques for constrained optimization problems need the gradients of the

constraints and the objective function, in addition to the function values.

1 -. , _
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Hence, in the presence of a large number of design variables and constraints,

such methods become extremely inefficient from a computational standpoint.

Several approaches have been suggested to circumvent the problems of

large dimensionality described above. One approach to reduce the computer
resource requirements is to substitute the detailed analysis of the structure

by an approximate analysis of a reduced order model. Such methods have been

proposed and implemented with a great degree of success. The other approach

is to simplify the design space itself by reducing the number of design

variables and constraints that the optimization algorithm has to contend

with. Design variable linking is a process that allows the user to limit the

number of design variables in the optimization. Constraint deletion and

cumulative constraint representations permit a further reduction in the

dimensionality of the design space. Additional savings in computational

effort can be achieved by constructing high quality explicit approximations to

the design space. A detailed description of these concepts is available in

References 10, 11,and 12

The developments described above have been largely confined to the design

of statically loaded, elastic structural systems. Constraints obtained from a

dynamic loading environment have largely been of the form in which the natural

frequencies of the structure are constrained to lie in some prespecified

pockets (Reference 13). Transient response constraints (Reference 14) and

constraints from a random loading environment (Reference 15) have received

little attention in this effort. Also included in the latter category is the

optimum design of structures which exhibit geometric or material

nonlinearities.

The primary focus of the work described in this effort was to assess the

applicability of optimization methods in the design of structures that undergo

significant plastic deformations under dynamic loads. This includes the

development of an optimization programming system for the task. An additional
task was to identify the problem areas typical of this class of structures,

where the analysis is inherently nonlinear and does not lend itself conven-

iently to the approximation concepts developed in context of optimum design of

elastic systems. The test problem chosen for this task was a shell colliding -

against a rigid wall with a prescribed velocity, resulting in severe plastic

deformations in the structure. An interesting feature of the proposed problem

2
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is its resemblance to a shape optimization problem, a subject that has

received considerable recent attention (References 16 and 17). Subsequent -,,.

sections of this report describe the structural optimization problem, the

implementation of the cumulative conztraint concept to circumvent the

parametric nature of the design constraints, the description of the

optimization programming system,and preliminary results for the test

problem. Shortcomings in the present approach are also identified.
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SECTION II

STRUCTURAL SYNTHESIS PROBLEM

1. MATHEMATICAL PROBLEM STATEMENT

The general statement for a nonlinear programming, optimum design problem

can be written as follows.

Minimize W(-) (1)

Subject to gj(U) 4 0 j=1,2,...m (2)

hk(J) = 0 k=1,2 ...p (3)

d 4 d.4 du  i=1,2 .... n (4)1 1 *I .--

Here, W(d) is the objective function and, in structural optimization problems,

is typically the structural weight; gj(d) and hk(d) are the inequality and

equality constraints that prescribe bounds on the response quantities of

interest. The constraints are generally defined in a normalized manner as

follows.

g z R 1 ( 0 (5)

all

Here, z(d) is the response quantity to be constrained and, in structural

design, would typically be the element stress, nodal displacement, natural

frequency of the structure, or a buckling load parameter; z is the

prescribed bound on this response quantity. The vector - represents the

design variables that are to be optimally assigned in the optimization

algorithm and are generally the element member sizes, material properties, or

geometry definition parameters. The individual components di of the design

variable vector have prescribed lower and upper bounds, d. and du,
respectively. These permit specification of limits on design variable changes

to achieve the desired objective. It is important to note that the objective

and constraint functions are, for most realistic structural design problems,

implicit functions of the design variables. The sensitivity of these

functions for the design variables must be obtained by numerical techniques.

4



2. THE FEASIBLE USABLE ALGORITHM

The optimization algorithm adopted in the present work is based on the -

feasible directions approach of Zoutendijk (Reference 18) and is the basis of

a constrained minimization program CONMIN (Reference 19). The basic approach .',

of this technique is described herein for completeness. Consider the scalar

objective function W(d) that is to be minimized subject to the constraints

gj(U) 4 0, j=1,2,...,m, where W and gj are general nonlinear functions of the

design variables. The feasible directions approach is in the category of .

direct methods for constrained optimization and proceeds towards the optimum

in a sequence of design variable update cycles of the form "-.

j+I
di  di + ..(6)

where, SJ is the direction of search established by the algorithm and a is
I the step size that must be taken in the direction of the proposed search. The

search direction is deemed to be feasible if a small move in that direction

from the current design does not cause an increased violation in the con-

straints. For linear and convex constraints, this can be mathematically

stated as

S 0 (7)

where the equality condition is applicable in the case of linear and outward-

curving constraints. Further, the direction is considered to be both feasible

and usable, if in addition to Equation 7, the following inequality is also valid. -'".'"."

STVF < 0 (8)

This represents an improvement in the objective function for a mini-

mization problem. A geometric interpretation of this approach is shown in
Figure 1. The inequalities given by Equations 7 and 8 result in a feasible-

usable sector in the design space in which the search must proceed. The step

size selection for the algorithm is based on a one dimensional search along

this direction. The basic technique used in CONMIN is to minimize W along a
steepest descent direction until one of the constraint boundaries is encountered.

The search then proceeds along this boundary till the objective function can

5 .
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no longer decrease. The significance of objective and constraint function

sensitivity for the purpose of optimization is abundantly clear from this

discussion.

3. HIGH VELOCITY IMPACT COMPUTATIONS - EPIC 2

The analysis for the design problem considered in this study is complex,

and involves the transient dynamic response of a continuum. The ability to

model arbitrary geometries of the continuum is of absolute essence in any

automated design environment, and hence a discrete numerical approach is pre-

ferred. The EPIC-2 computer program is configured to obtain solutions for

dynamic response analyses in impact and detonation problems, for plane strain,

and axi-symmetric situations. Furthermore, it has the capability to model

strain hardening and high strain rate effects that are typical of the problem

under consideration. The geometry of the domain is discretized into tri-

angular elements, with lumped masses at each node. The displacements within

the elements are assumed to vary linearly between the nodes, giving the

triangular elements the semblance of constant strain triangles in the finite "

element method. The solution grid is Lagrangian in that it moves with the

material during elastic and plastic flow. For an initial set of prescribed

displacements and velocities, the strains and strain rates are determined by

considering the spatial derivatives of the former. The strains are then used

to determine the stresses using the constitutive laws. Once the element and

nodal stresses are established, the corresponding nodal forces and and nodal

accelerations can also be determined. New estimates of the nodal velocity are

obtained by a linear extrapolation of the velocity at the previous time step

and from the acceleration determined for that step. This process is repeated

for the time period of interest,and a time history of the quantities of

interest such as strains, stresses, and pressures are stored for postpro-

cessing. Additional details on the theoretical and computational aspects of

EPIC-2 are available in Reference 20

4. EFFICIENT METHODS OF CONSTRAINT REPRESENTATION

The pressure and strain information available from EPIC-2 is a function

of time and the design constraints to limit these responses to allowable

7- .1 _



values during some predetermined initial period of impact, can be written as

fol l ows:

ci (-J t)I/ call - 1 4 0 (9) , 4,

(10)ipi( ,t)I/Pal - 1 < 0

where, Pall and call are the upper bounds on the pressure within the explosive

and the strains in the structural shell, respectively. The constraints

denoted by Equat 'ons 9 and 10 are parametric in time and a maximum response

cannot be determined by either a close form evaluation or a functional

maximization, particularly in the case of the pressure, which is a nonconvex

function of time. A discrete sampling of the response is therefore used to

represent the pressure and strain constraints. To avoid the problem of

misrepresenting the maximum response, a large number of closely spaced points

must be considered in the solution. This, coupled to the sizeable number of

elements that one must include in a relatively coarse model of the structure,

would result in an inordinately large number of design constraints for the

problem. -

This problem can be addressed by recourse to the cumulative constraint

formulation which allows the user to denote a large number of design con-

straints by a single representative measure. For the design constraints gj,

j=1,2,...,m, the representative cumulative constraint 9 is written as follows:

m
-e + Z < gj >r "f .

j=1 i
2= (11)-..,

1 m if Q

-e +- Ln( : exp(pg.))
P j=1

where <g.> - i if gi > 0
0 if gi 4 0

where, is a preselected parameter (order 10-1) that allows transition from

one formulation to the other and is chosen so that the change occurs close to

the constraint boundary; r is a constraint smoothing factor typically chosen

as 2 but is reduced as the constraint approaches the boundary; p is the

;.-2 - ....- - -.. ** ,. .-* .. **.- -" .- .- ° . .- j.- .. .- , .. . . ....- .. -. ... .- *. - . .. .
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constraint participation factor and its numerical value is typically of order..'%
I~00. The constraint participation factor is such that the most critical ..

constraint dominates the cumulative function. If a smaller value of p is

-chosen, a smear of a larger number of constraints can be obtained in the .-.

cumulative constraint. Discussions pertaining to the mathematical validity of

the constraint representation are available in Reference 21. -.
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SECTION III

IMPLEMENTATION OF THE PROGRAMMING SYSTEM ~..

1. PROGRAM STRUCTURE

The analysis and optimization programs described in the preceeding

sections were coupled into an automated synthesis environment by a sequence of

pre- and post-processor programs. The flow between these programs and the

other processors was controlled in the Command Language feature of Digital

Equipment Corporation (DEC) systems, and is best illustrated in the annotated

flowchart shown in Figure 2. This section of the report describes the specific

tasks of each module in the flowchart, including a description of the data

files that are necessary in the present implementation.

A typical input runstream for the program EPIC-2 can be broken down into

three segments. The first deals with input information pertaining to the task

that is to be performed, i.e., whether the program is to be run as a .

preprocessor only, or if dynamic response computations are required. It also

contains input on what information is to be saved for postprocessing. The

second portion of a typical runstream is devoted to the definition of the

geometry of the problem domain,and a third segment details element con-

nectivity information and additional information pertaining to velocity of

impact and time for which response must be tabulated. In a typical synthesis

procedure, it is the geometry of the structure that is generally changed to

achieve the desired objectives.

The program PREEPIC is the preprocessor to EPIC-2, and is configured to

generate new geometry information for the program in a desired format. It

makes use of the design variables, which in the present problem are r or z

coordinates of nodes, and computes the location of other node points in a

grid, the order of which is predetermined and not allowed to vary. The design

variable data is contained in a data file DESIGN which also contains lower and

upper bounds on the design variables. Other parameters that describe the

geometry of the structure, but do not change in the resizing, are contained in

• "another data file GEOM. All data files in the present task are unformatted

for ease of programming.

The optimization algorithm requires not only the function information for
%" .% C

the pressures and strains, but also the sensitivities of these response %.%
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. : quantities for each design variable. This sensitivity is obtained by a first "'..
order finite difference approximation, by perturbing each design variable, one

at a time. Hence, for n design variables, the analysis to obtain the response

sensitivities must be repeated n+1 times. The parameter that identifies the

variable to be perturbed is in the data file NDVNCON, which also contains

information on the number of design variables and constraints, the number of

explosive and structural elements, and the step size for the finite difference

approximation.

Each new runstream created by the preprocessor is executed by EPIC and

the output information is postprocessed in the program POSTEPIC. Here, the

cumulative constraints for the strain and pressure constraints are computed

and stored in a data file CONFUN for computing the sensitivity information.

optimization program CONOPT in a data file GGRAD. The program CONOPT contains

the call to the constrained minimization program CONMIN and also provides the

latter with objective function and constraint information as required. The

flow chart illustrating the execution of the optimization program is shown

Figure 3.

For purposes of computational efficiency, the nonlinear optimization

problem was replaced by a sequence of piecewise linear approximations.

Consider the case of a general nonlinear objective function F(-) to be ...
minimized subject to nonlinear inequality constraints g.(-), j=1,2,...,m, and

I u
- prescribed lower and upper bounds on the design variable vector, xi and x

u ,

• .respectively. At any given point in the design space, the objective and

constraint functions can be assumed to be linear for small changes in the

design variable vector. The function sensitivities can be obtained at the

given point and updated values of the functions can be written as follows.

F(7 + Y) F(7) + VF(7) . (12)

gj (i + tY) gji) + Vgj().tA (13)

3 .J 3

The validity of these approximations is ensured if the change in the

design variable vector is restricted to be a small one. One possible approach

of ensuring this is to permit a ±20% change in each component of the design

12.-
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I I
vector for any piecewise cycle. The optimization problem statement for such a .

repetitive piecewise linear approximation can be stated as follows.

Minimize F(7) (14)

Subject to gj(7) 4 0 (15)

0.8 xi < xi < 1.2 xi  (16) r

ux 4 X? (17)

This process is repeated till the constraints are satisfied and the

objective function does not show an appreciable change in successive

iterations.

2. THE TEST PROBLEM DESCRIPTION

The projectile shown in Figure 4 is chosen as a test problem to assess

the validity of the programming system implemented in this study. The

projectile has a steel shell and is packed with an explosive charge. It

impacts a rigid target, normal to the surface and at a prescribed velocity.

The rigid target assumption was made to reduce the complexity of the analysis

problem as would be introduced if the projectile were allowed to penetrate the

target. The impact causes severe plastic deformations to develop in the

structural shell and also introduces a pressure pulse into the explosive

charge. The optimum design requirements were formulated to maximize the total

internal volume and hence the explosive carrying capacity of the shell. The

design constraints include an upper bound on the plastic strains at any point

in the shell and on the maximum pressure in the explosive. An additional

constraint was imposed requiring the ratio of the explosive weight to the

structural weight to be above some prespecified value. --- a-'-.

A mathematical statement of this problem can be formulated as follows:

Maximize V E Minimize (-V(7)) (18)

where V is the internal volume of the shell

14
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Q b e 4 0 (19). . -"

Subject to g1 ~( 1  ae ) 0(9

~ ~ 0(20)
92 - 2(Pi'Pall ) '* 0 (0

9 0.675 W /W -1~0(1

exp str I C 0 (21)

In the above expressions, the values of eall and Pall are 0.5 and

0.725x10 6 psi, respectively; W and Wst r are weights of the explosiveexp str ewihso h xlsv
and the structural shell. The time duration of impact for which these

conditions are to be satisfied was chosen as 80 psecs. The constant 0.675 of

(21) was selected on the basis of typical explosive to structure weight ratio

in a 5001b class warhead. The design variables selected for this study are

designated as xi, i=1,2,...,5, in Figure 4.

16
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SECTION IV

NUMERICAL RESULTS '"

Numerical results for the problem described in the preceeding section,

were obtained for two specific cases. The first, involves a fixed external

geometry and variation of the first three design variables only. This permits

a change in the internal geometry of the shell. To obtain a better understanding

of the design space, parametric variations of the design variables were attempted ,..-

to observe their influence on the strain and pressure constraints. These plots "" - °

are shown in Figures 5 and 6, and show a nonlinear but monotonic behavior. A

starting design variable vector of {x}T = {2.0,4.5,4.5}in. was chosen. For

these values of the design variables, all three constraints were violated.

The internal volume of the shell was 4856.11 in3 . A total of five piecewise

linear optimization cycles were required to satisfy the constraints and

resulted in an optimum volume of 5715.15 in3 , and an optimum design variable

vector {x}T = {3.696,4.9,4.9}in. The design variables x2 and x3 were at their

maximum permissible values at the optimum. In each piecewise linear cycle, a

design variable move of ±20% was permitted. The iteration history of the

objective function is shown in Figure 7.

The nose section of the projectile shows the most severe plastic defor-

mations. A sketch of this section at time of impact and at 80 psecs is shown

in Figure 8 and the distortion is clearly in evidence. Similar plots for the

optimized design with a thicker nose plate are shown in Figure 9. The extent A.

of distortion is clearly reduced to satisfy the ^-nstraint on allowable

plastic strains.

The problem was repeated with the addition of two more design variables.

These were the radius of the truncated cone at the nose tip and the position

of the shoulder, where the transition between the conical and cylindrical

shapes occur. The starting design variable vector was the same as in the

previous case, including the variables that describe the external geometry.

Seven piecewise linear optimization cycles were required for convergence to an

optimum volume of 5882.87 in3 , and a corresponding design variable vector

{x}T = {2.561,4.9,4.9,12.232,2.338}in. The nose radius increased slightly

above the starting value and the shoulder of the projectile moved closer to

the nose.
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Plots of the strain history for the most critically strained structural

element for the starting and optimized designs are shown in Figures 10a and

lob. Similar plots for the pressure response in the explosive are shown in

Figures Ila and 1ib. An exaggerated view of the nose section for the

optimized design is shown in Figure 12. A reduction in the plastic

distortion, as stipulated in the optimization requirements, is clearly

indicated.
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SECTION V

CONCLUDING REMARKS

The report describes the preliminary implementation of an optimum

synthesis methodology for the sizing of structures that are subject to high

strain rate deformations. The use of hydrocodes for analysis appears to be a

logical choice for this class of problems. In the current application, the

hydrocode EPIC-2 was coupled to a feasible usable search directions program

CONMIN to obtain the synthesis procedure. Numerical testing of the proposed

method indicates the potential for using such techniques in the design

process. Extension of the current work to include target penetration and the

associated time dependent pressure boundary condition on the shell, is a

natural choice. Despite the encouraging results obtained in this effort,

there are several issues that need to be addressed at a fundamental level.

At the very outset, it is important to emphasize the considerable

investment of computational resource required for hydrocodes to run in a

repetitive analysis mode. For the class of problems examined in this effort,

it appears that the constraint functions can be approximated by explicit

linear or quadratic functions. Approximate analysis procedures, similar to

the reduced basis concepts in the synthesis of elastic structural systems,

must be explored in some detail. The design problems that are most likely to

be addressed in such an environment include the element of shape change in the
. -e

basic configuration. This is a relatively new discipline in the field of L

automated synthesis and requires a focused effort in context of this

problem. The response sensitivities generated by perturbing the nodal

coordinate system also include the effect of a reorienting grid system. This

effect must be isolated to obtain better convergence characteristics in the

optimization process. The current set up is somewhat limited in that the

order of the grid is not allowed to vary in the optimization. This places a

restriction on the allowable changes in the design variable. A variable

order, adaptable grid for the analysis problem is seen as a possible solution

to this problem.

Ongoing research on this subject is expected to address some of the

problems outlined above and will be reported in other publications.
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