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Section 1 

INTRODUCTION AND SUMMARY 

Full realization of the potential of advanced composite materials, for efficient 

aerospace structural design from a strength standpoint, and for the achievement of 

beneficial passive deformation in lifting surfaces, requires the availability of powerful 

and convenient automated design tools.   Recent efforts in the development of the series 

of computer programs, under the label ASOP (Automated Structural Optimization 

Program), have been directed toward that end. 

All of the ASOP programs, which operate on a finite-element model of the 

structure, apply the approach known as fully-stressed design for the satisfaction 

of strength requirements.   In this approach, the structural members are sized so 

that every member is stressed to a permissible limit, in at least one loading condi- 

tion, or is at a specified minimum gage •   In the case of statically determinate 

structures, an optimum (minimum-weight) design can be arrived at directly.   How- 

ever, in the case more common in aerospace structures, that of highly redundant 

structures, an iterative procedure is necessary, with successive resizing of the mem- 

bers of the structure until a fully-stressed design is achieved.   It has been demon- 

strated that such a design is not necessarily optimum from a weight standpoint 

(Reference 1), but it is believed to be close to optimum in most practical cases. 

The ASOP-1 program (Reference 2) is limited to noncomposite structures, 

but includes a capability for treating translational displacement constraints.   The 

ASOP-2 program is a further development (Reference 3) incorporating modifications 

to improve computational efficiency and the form of the results for useful application, 

as well as introducing a more generalized beam element and a capability for taking 

account of buckling in the strength resizing of noncomposite members.   In addition, 

it can treat elastic constraints at support points and provides a mean's for estimating 

material reinforcement for bolted joints.   Most importantly, it includes a capability 

for the strength resizing of laminated filamentary composites of balanced 00/900/±450 

layup. 

Jü_^*. tJj»l»lt.|..».»laa.;«iJu),ilj!^|),B.fflaa.^^.^.;;., 



 i.miiiiimnm^mmmmm^*^*'^^^ 

Both ASOP-1 and ASOP-2 use a method for determining stresses, known as the 

"nodal stress method," that tends to make the iterative process in fully-stressed 

design converge to a desitm in which structural properties vary more smoothly than 

when element average stresses are used (Reference 4).   While this method works 

reasonably well for metal structures, particularly where the finite-element model has 

the form of a nearly-rectangular grid, it has been found that it can produce a distorted 

picture of the stresses and corresponding strains around a node when the grid is less 

regular, especially where triangular elements are used, and where adjacent elements 

are of dissimilar materials or substantially different thicknesses.   This deficiency is 

particularly evident when composite materials are used. 

ASOP-3, which is described in the present report, represents a further 

development in the ASOP series of programs.   Because of the deficiency in the nodal 

stress method mentioned above, the program now utilizes element average stresses 

for resizing purposes.   In the case of bars and triangular membrane elements, which 

are uniform-strain elements, the average stress is simply the uniform stress 

associated with the strain.   In the case of quadrilateral membrane elements and shear 

panels, a heuristic procedure based on equilibrium is used to determine average stress. 

In beam elements, only that portion of the stress associated with axial load is an 

average stress; the bending stress is permitted to vary along the element and its 

maximum value is readily determined. 

Where ASOP-2 is limited to balanced 0o/90%  3° laminates in composite resiz- 

ing, considerably greater generality is achieved in ASOP-3.   It is now possible to 

accommodate laminates consisting of up to six layers, where a layer is defined as the 

aggregate of all laminae of a given material and fiber direction, and the fiber directions 

can be arbitrary.   It is still necessary, however, that the strength of the laminate be 

"fiber-controlled"  (Refer to Subsection 2.3).   An option in the program permits the 
balancing of the numbers of laminae in specified pairs of layers. 

In the analysis of composite structures to determine nodal deflections and 

internal loads, the full stiffness properties of the composite laminae, including the 

contribution of the matrix material, are taken into account.   The internal loads are 

* determined in this way for the whole laminate, which is then treated as a unit in the 

$ strength resizing process.   This manner of resizing permits the introduction of 

f desirable conservatisms, which are similar in nature to corresponding conservatisms 

applied in the resizing of the more restricted class of laminates in ASOP-2. 

1 
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The first of these involves the neglect of the load-carrying capability of the 

matrix material.   It is implemented by neglecting matrix stiffness in transforming 

internal loads (in the form of element stress resultants) to strains and in the subsequent 

transformation of these strains to layer stresses, which are needed for resizing.   As 

the determination of laminate stiffness properties requires a prior knowledge of the 

laminate layup, it is necessary to use a convergent iterative process to design the 

layup for the given stress resultants, starting with the design for which the internal 

loads were determined in the analysis of the whole structure. 

The other conservatism relates to the fact that, when all three components, 

Nx, Nv and N™, of the stress resultant acting on the laminate are non-zero, one or 

more of the layers may be less severely stressed than if Nx or Ny were zero.   It is 

felt in some circles that, because of the dynamic nature of some of the critical loading 

conditions, the N^ and N   components may not be acting simultaneously, and it may 

consequently be wise to include cases where Nx and N   are separately set equal to zero 

as additional loading cases for laminate resizing.   An option to apply such "cutoffs" 

is provided in ASOP-3. 

An additional advantage of treating the entire laminate element as a unit in 

strength resizing is that it permits the introduction of a criterion for failure in 

microbuckling, a highly localized buckling of the composite fibers.   Furthermore, it 

provides a proper framework for the future introduction of a capability of accommodat- 

ing failure criteria for more general, or panel, buckling of such elements.   Such a 

framework is not provided in programs that treat the layers of a laminate as distinct 

elements. 

A significant advance has been made in ASOP-3 over earlier ASOP versions in 

the area of design optimization in the presence of deflection constraints.   As in 

ASOP-2, a deflection-constraint resizing procedure, based on an optimality criterion 

involving gradients to a deflection-constraint surface, is used.   This procedure has 

been improved in ASOP-3.   Most importantly, it can now treat laminated composites, 

sizing each layer independently to satisfy the deflection constraint, unless layers are 

to be balanced, in which case the combined effect of such layers is taken into account. 

The interaction between stress and deflection constraints is taken into account in a 

manner which permits smooth and rapid convergence to a design that satisfies both 

constraints with near-minimum structural weight.   Furthermore, the deflection 

«.»ifjaffr , ^„p,,^,,..,,,^; f?wwT|«wipT«w'»ifp!;'. 
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constraint is not limited to a translational displacement at a discrete node of the 

structural model.   It can be represented as a linear combination of translational 

displacements, in specified degrees of freedom, at a number of given nodes.   This 

permits the introduction of constraints on angular displacements, or on deformation 

shapes such as lifting-surface camber. 

While deflection-constraint resizing is limited, at present, to a single constraint 

in a single-loading condition (although as many as twenty loading conditions can be 

applied in stress-constraint resizing), this limitation can be effectively circumvented 

in special cases.   In particular, the case of a cantilever structure, such as a high- 

aspect-ratio wing or tail surface, with constraints on angle-of-twist at several spanwise 

stations, can be treated. This is done by means of successive submissions of the 

program.   In the first submission, only the innermost constraint is applied.   A second 

submission is then made, in which only the next outboard constraint is applied, with 

the gages of all members inboard of the innermost constraint location being kept fixed 

in deflection-constraint resizing at the values yielded by the first submission,   lii 

subsequent submissions, constraints are applied at successive locations, moving 

outboard, each time keeping all gages of members inboard of the last constrained 

station fixed at their latest values.   This procedure cannot be expected to yield an 

exact result, but it should provide a design satisfying the constraints approximately. 

Typical results are presented for two models.   The first is a relatively coarse 

model of a swept wing, suitable for use in preliminary design.   The second is a much 

more refined model of a bomber fin.   In both cases, results are presented for a design 

based on the application of stress and minimum-gage constraints and another design 

based on the additional application of deflection constraints.   In the case of the swept 

wing, twist constraints are applied at two spanwise stations, using the procedure 

outlined above. 
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Section 2 

DESCRIPTION OF PROGRAM 

2.1   INTRODUCTION 

«f», 

a 

Various portions of the program are distinguished from one another on a 

functional basis.   Prior to any resizing step, either for stress constraints or for a 

deflection constraint, it'is necessary to analyze the structure, that is, to solve the 

equations relating nodal displacements to applied loads, and to determine the corre- 

sponding internal loads in individual elements.   Accordingly, one portion of the pro- 

gram is concerned with this analysis operation.   Another portion of the program takes 

the internal loads yielded by this analysis, and uses them in resizing the elements 

for stress constraints and constraints imposed by specified minimum and/or maximum 

gages.   It should be noted that minimum gages usually represent limitations associated 

with practical construction, while the maximum gage is normally used as a means of 

fixing an element's gage by setting the minimum and maximum gages equal to one 

another.   A third portion of the program takes the nodal deflections yielded by the 

analysis portion of the program, and uses them, in conjunction with other information, 

in resizing the elements for an imposed deflection constraint, taking cognizance also 

öf the stress constraints and specified minimum or maximum gages. 

When a deflection constraint is to be applied, two different phases, or "modes," 

in the redesign process are distinguished.   In the "stress-constraint mode," which is 

the one that is executed first, a number of cycles of analysis and resizing for stress 

and minimum and/or maximum gage constraints are performed, until a convergence 

criterion is satisfied or the number of cycles has reached a specified maximum.   The 

design should then be fully-stressed or nearly fully-stressed. 

The "deflection-constraint mode" is then entered with that design, and deflection- 

constraint resizing and stress-constraint resizing are done sequentially within each 

cycle in that mode, with an analysis following each type of resizing.   There are thus 

two analyses performed in each cycle in the deflection-constraint mode.   This cycling 

in the deflection-constraint mode is continued, until a convergence criterion is sat- 

isfied or the number of cycles has reached a specified maximum. 
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2-2   STRUCTURAL ANALYSIS AND MODELING 

The analysis portion of the program, in which displacements and internal loads 

are determined for given external loading, assumes linear elastic behavior of the 

structure and applies the matrix displacement method of finite-element structural 

analysis.   This method is well-documented (References 5 and 6) and is based on the 

replacement of the actual structure by a mathematical model, or idealization, con- 

sisting of finite elements that are interconnected at discrete points or nodes.  All 

external loads and displacement constraints are applied at these nodes. 

The types of finite elements that can be accommodated in the program are 

listed in Table 1 and are described in some detail in Appendix A. 

The type-2 beam element is generalized to provide for offset of the element 

nodes from the beam centroidal axis.   This permits more realistic modeling of com- 

mon components, such as fuselage frames, which have skin attached to one side. 

This feature is not applicable to the type-11 beam element, which is hinged at one end 

about one of the transverse axes. 

The triangular membrane element is based on the assumption that the strain 

(hence stress) is uniform within the element, leading to full displacement compatibility 

between elements.   The quadrilateral membrane element is constructed by assem- 

bling four of these triangular elements in a nonoverlapping arrangement, so that they 

have a common node at the intersection of the lines that connect the midpoints of pairs 

of opposite sides of the quadrilateral.   Two versions of this element (types 5 and 8) 

are available:  one in which all four nodes lie in a common plane, and the other in 

which this requirement is relaxed and a modest amount of warpage is permitted.   The 

interior node is not loaded externally and any out-of-plane load that develops as a con- 

sequence of the warp is "beamed" to the corner nodes.   The warped quadrilateral 

element is intended for use in idealizing lifting surface covers and fuselage skins 

that are only slightly warped. 

The shear element (type 6) is a quadrilateral panel based on Garvey's assump- 

tions (Reference 7).   It is very useful in modeling rib and spar webs and, because 

some warpage is permitted, it can be used also for fuselage skins. 
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Table 1.   LIST OF ELEMENTS IN ASOP~3 

Element Element No. Description                   | 

Bar 1 Uniform cross section              1 

Beam 2 Prismatic, offset                     1 

Beam 11 Prismatic, hinged atone end 

Triangular Membrane 4 Constant-strain membrane      | 

Quadrilateral Membrane 5 4 constant-strain triangles \ 
in the same plane                     1 

Quadrilateral Membrane 8 4 constant-strain triangles, 1 
warped                                         \ 

Quadrilateral Shear Panel 6 Planar or warped                      j 

«.. 

u 

Experience indicates that, for good results, quadrilateral elements should be as 

nearly rectangular as possible,  and their aspect ratio should be kept below 2.   Tri- 

angular elements should be avoided, if possible.   If they must be used,   they should be 

kept as nearly to an equilateral shape as possible.   Grids should be refined in regions 

of high stress gradient and may be made coarser in regions of relatively low stress 

gradient.   The idealization, in the transition between such regions, should preferably 

resemble an orthogonal curvilinear network. 

In the modeling of structures constructed of filamentary composite materials, 

only membrane elements (types 4, 5 and 8) can, at present, be used in the program 

for such materials.   Components, such as rib and spar webs, that carry primarily 

shear load, will normally have a layup consisting mostly of balanced +45° and -45 

layers.   The shear properties of such a composite can then be introduced into type-G 

elements, treated as being homogeneous.   For these elements, rounding to integral 

members of laminae will then have to be done as a separate operation following final 

redesign. 

Composite elements can have any number of layers, up to a maximum of six, 

where a "layer" is defined as the aggregate of all laminae of a given composite 

material (for example, graphite/epoxy), and with fibers in a given direction.   The 

fiber directions for the different layers can be arbitrary, except that, in aggregate, 

the layers should constitute a laminate whose strength is fiber-controlled (as defined 

1 
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in Subsection 2. 3. 3). It should be noted that the laminae in a layer, as defined above, 

will not normally be contiguous in an actual laminate, but, in membrane action, their 

combined effect will be the same as if they were contiguous. 

A composite material, as defined in the program for the purpose of data input, 

consists of the whole laminate, including number of layers, filament direction in each 

layer (relative to a reference direction which, as seen later, is the x -axis in the 
P 

property axis system), and properties of the material in each layer.   Starting and, if 

desired, minimum and maximum numbers of laminae in each layer are also specified. 

Layers of composite elements are treated internally in the program as separate 

elements, except in resizing for stress constraints, where the interaction between 

them is taken into account, as discussed in Subsection 2. 3. 3.   The layers of a com- 

posite element thus constitute a stack of elements that are connected only at the corner 

nodes.   In the case of quadrilateral elements, which, as previously mentioned, consist 

of an assemblage of triangular elements with a common interior node, there may be 

some relative displacement of these interior nodes among layers in a laminate.   This 

effect is believed to be small, however, and should not introduce any significant error. 

In applying the matrix displacement method for the analysis of the structure, the 

required data is organized into data blocks as follows: 

1. Nodal geometry 

2. Boundary conditions 

3. Applied loads 

4. Material properties 

5. Member data 

The nodal geometry consists of the coordinates of the nodes in an orthogonal 

global axis system.   The boundary conditions specify the nodes that are to be con- 

strained against displacement and, for each constrained node, the coordinate directions 

in which this constraint is to be applied.   The applied loads are specified in terms of 

the components of concentrated loads applied at given nodes.   A maximum of twenty 

loading conditions may be applied in the analysis of the structure and its resizing to 

satisfy stress constraints.   In the specification of material properties, three different 

classes of materials are distinguished:   Isotropie, orthotropic, and composite, with 
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composite materials defined as discussed above.   If the elastic properties of a member 

are more generally anistropic, they may still be Introduced, but the necessary data 

must then be entered through member data cards.    The members are the finite ele- 

ments of the structural model, and the terms "member" and "finite element" or 

"element" are used here interchangeably.    The member data specifies the element 

type, the material code, the nodes it connects, and other required geometrical data 

and program clues.   In addition, material stiffness and strength data may be specified, 

if desired, with the member data rather than through the material property data, as 

explained in Subsection 4,2.6,   In the case of composite members, the layer propert'es 

may be introduced on member data cardi, instead of through the material properties 

input. 

In the case of one-dimensional members or elements (bars and beams), a 

single system of orthogonal coordinate axes suffices.   In the case of two-dimensional 

elements, however, at least two systems of orthogonal axes are used, as shown in 

Figure 1 for a quadrilateral element.   One of these, named the "local element axes," 
x| > Yf > z(/» 'iS oriented so that the origin is at node i, where the nodes are entered 

in the program in the order i, j, k, ( , mid are arranged as shown in Figure 1.   The 

x* -axis is along the edge i-j, positive toward j; the y* -axis is positive toward the side 

on which the element lies; and the zn -axis completes a right-handed triad.   While the 

direction i to j is shown as being counterclockwise around the element in Figure 1, it 

can just as well be clockwise, as long as node k is on a common edge with node i, and 

nodei with node j, and the axes are as defined above.    In the case of planar elements, 

the local element axes are in the plane of the element, while in the ease of warped 

quadrilateral elements, they are in a plane defined by a pair of straight lines Joining 

the midpoints of opposite sides, as discussed in Appendix E. 2. 

The use of a second set of axes, the "property axes," x , y , is mandatory 

when the material is not Isotropie.    These axes, which are in the same plane as the 

X/, and y« axes, are aligned with directions having significance in the definition of 

material properties.   For example, in the case of orthotropic materials; they are the 

axes of symmetry in the material properties.    For composite materials, they can be 

arbitrary, but are normally related in some simple manner to the fiber directions, as, 

for example, in the case of a 0o/90o/±45o laminate,  where a natural choice for the 

x -axis would be the 0° direction.   It is necessary to define property axes, even for 
P 
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Figure 1. Member Axis Systems 
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Isotropie elements, when the user desires that the stress and strain output not be re- 

ferred to the local element axes. The property axes then define the axes to which the 

stresses and strains are to be referred. 

The angle between the x/. and x   axes is referred to as the "/3-aiigle, " and is « p 
positive as shown in Figure 1; that is, when a rotation from xp to x   is away from the 

element, rather than into the element,   liiere are two ways of specifying it for each 

member.   One is by entering it directly with the data for each member, which requires 

that it be precalculated for all the members - a task that can be formidable.   The other 

is by separating the members into groups or "zones", the ß-angles for all the mem- 

oers in each zone being calculated internally in the program, on the basis of a "reference 

direction" defined lor that zone; the 0-angle being the angle between the projection of 

the reference direction, in the plane of the member (or the i-j-k plane in the case of 

warped elements), and the x .-axis.   The relations used in thai, calculation are pr-esented 

in Appendix C.   Only the zone number need then be specified for each member, the 

reference direction being defined elsewhere for each zone. 

10 
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In the case of composite members, there is a third set of orthogonal axes 

defined for each layer.   These axes are the "fiber axes," x,, yf, which are in the same 

plane as the x   and y   axes (and also the x« and y«   axes) and are aligned so that the 

Xp-axis is in the fiber direction.   The angle between the Ar and x   axes is the angle 4> f 1 p 
defined for each layer in the input for the composite material.   It is positive in the 

same sense as 0; that is, when a rotation from x   to xf is away from the element, as 

shown in Figure 1. 

While the various systems of axes have been defined above with reference to 

quadrilateral elements, the definitions remain the same for triangular elements. 

Using the geometry, boundary condition, material property, and member data, 

the program calculates a stiffness matrix for each member, or each layer of a com- 

posite member.    This matrix relates nodal forces to nodal displacements.   After 

transformation from local element to global coordinates, these stiffness matrices are 

assembled, or "stacked," to form the stiffness matrix of the whole structure.   This 

process involves a superposition of the element stiffness matrices as follows: 

n 

W - I «, w (2.1) 

w 

;X1 

| 

here  [K J is the stiffness matrix of the whole structure, after the application of 

boundary conditions;    k.    is the stiffness matrix of an individual element, expanded to 

include all nodes of the structure (with appropriate boundary conditions applied to it) 

and normalized for a unit value of the design variable for that element; a, is the design 

variable for that element (for example, the cross-sectional area of a bar or the thick- 

ness of a membrane element); and n is the total number of elements.    In the case of 

beam elements, the radii of gyration of their cross section are assumed to be fixed, 

so that bending stiffness is directly proportional to cross-sectional area, which is the 

design variable.   It should be noted that, in the case of composite elements, the matrix 

k.    in Equation (2.1) is the stiffness matrix for an individual layer, per unit thickness 

of that layer, and a. is the corresponding layer thickness. 

The    k. 1 matrices are calculated only once and stored.   In each redesign cycle, 

they are multiplied by the current values of a. and reassembled to form a new   I KI 

matrix. 
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After formation of the structure stiffness matrix, the matrix equation: 

>][>]     =    [P] (2.2) 

in which 1 Pj Is the matrix of applied loads, is solved for the nodal displacements   [Al   . 

The matrices  [Pj  and JAj   have as many rows as there are degrees of freedom in the 

model, and as many columns as there are applied loading conditions.   Each node has 

as many degrees of freedom as there are global coordinate directions in which it is 

free to displace. 

Equation. (2. 2) is solved by a modified form of Cholesky's algorithm   (See 

Appendix D. 1),    The displacements obtained in this manner are then substituted into 

the following matrix equation, which relates nodal forces in all the elements to the 

nodal displacements: 

b]-m 
where   q I is a matrix containing the nodal forces in all the elements.   The nodal forces 

hi each element, are given for a unit value of the design variable for that element and in 

the directions of the edges of the element (as shown in Appendix B).   In the case of com- 

posite elements, the nodal forces are given for each layer of the element.   The matrix 

S-  , referred to as the "member load matrix," is constructed by assembling the 

corresponding matrices for individual elements, or layers of composite elements, after 

performing a transformation that makes them compatible with displacements In global 

coordinates.   It is formed only once and stored for use when required.   The actual 

element nodal forces for each element, or each layer of a composite element, are 

obtained by multiplication by the current value of the element's design variable. 

K 

2-3   THE STRESS CONSTRAINT MODE 

2. 3.1   Basic ^Procedure and Element Stress Determination 

The basic procedure for resizing based on allowable stresses and member gage 

limitations, such as minimum sheet gage for practical construction, is essentially the 

same as that in previous versions of ASOP,   The stiffness matrix of each finite element 

In the structural model is assumed to be linearly related to a single design variable 

for that element (bar cross-sectional area, skin gage, etc.).   In the case of the beam 

■1 
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elements, as discussed previously, it is assumed that the radii of gyration of the 

cross section remain constant, so that the moments of inertia of the cross section, 

and consequently the bending stiffness, arc proportional to the cross-sectional area, 

which is the design variable in this case. 

An initial design, specifying values of the design variables, is selected, and an 

analysis to determine nodal deflections and element stresses is carried out, for a 

given set of applied loading conditions.    The state of stress in each element, for each 

loading condition, is then used in conjunction with a failure criterion to determine a 

"stress ratio".   This provides a measure of the extent to which the stress constraint 

is satisfied or violated, and is discussed in detail in Subsections 2. 3. 2 and 2. 3. 3. 

It is equal to 1. 0 if the failure criterion is exactly satisfied.   The maximum value of 

the stress ratio, for all loading conditions for each element, is then used as a 

multiplying factor in resizing the design variable for that element.   The procedure is 

considerably more complicated in the case of composite elements, as explained in 

Subsection 2. 3. 3. 

This process of analysis and redesign is repeated cyclically, until a given 

number of cycles have been performed, or until a convergence criterion is satisfied. 

A converged design is referred to as a fully-stressed design; that is, one in which 

each element is stressed to the maximum allowable extent, in at least one loading 

condition, without being overstressed in any loading condition, or is at a minimum or 

maximum prescribed gage. 

As discussed in Section 1, the nodal stress method for element stress deter- 

mination, which is used in ASOP-1 and ASOP-2, has been found to have shortcomings, 

and it is not being used in ASOP-3.   Instead, average stresses are determined for 

each element directly from the nodal forces acting on that element.   In the case of the 

bar element, which is a uniform-strain element, the stress is simply the quotient of 

the nodal force (which is the uniform axial load in the bar) and the cross-sectional 

area of the bar.    The triangular membrane element is similarly based on the 

assumption of uniform strain, and the average stress in it is simply the uniform 

stress associated with the uniform strain.    The matrix transformation relation 

between average stress and the corner forces in that element is derived in Appendix E. 

It is based on a derivation in Reference 22. 

13 

Cfl^ü! »II«*M^1 



i;fffM|^.mH^M«^f#H^ 

I'; 
t ■*- 

'fi 

The determination of average stress in the quadrilateral membrane elements 

(types 5 and 8) is not as straightforward, as they are constructed of four triangular 

elements, the strain being uniform in each of these triangles, but generally differing 

from one to the other.   There are a variety of ways, necessarily approximate in 

nature, in which average stress can be defined in such an element.   The definition 

chosen for use in ASOP-3 is one that has been developed at the Grumman Aerospace 

Corporation, for incorporation in its COMAP-ASTRAL structural analysis program, 

which is presently part of the RAVES system of compatible design programs.   It is 

based on equilibrium considerations.   A derivation of the applicable relations is 

presented in Appendix E, as transcribed from Reference ^2.   The average shear 

stress in the shear panel (element type 6) is determined in the same way. 

In the beam elements, types 2 and 11, the axial load and corresponding stress 

are determined in the same way as in the bar element.    Bending moments, however, 

are determined separately at each end of the element, and, because it assumed that 

the element is loaded only at its ends, the maximum bending moment occurs at one 

of the ends.   The shear force and torsional moment, both uniform along the element, 

are also determined. 

2.3.2  Resizing Algorithm for Noncomposite Elements 

The resizing of bar elements is particularly simple because of the uniaxial 

stress state in them, the stress ratio being the ratio of the actual stress to the 

allowable stress.   In the resizing of beam elements, it is assumed that the element 

is loaded in bending primarily about only one of the two transverse axes: the z-axis. 

The bending moment about that axis is then determined at the two ends of the element, 

and corresponding extreme-fiber stresses are determined at the two ends, assuming 

the distance of the extreme fiber from the neutral axis to be equal to the radius of 

gyration of the cross section (which, in effect, assumes that the bending material is 

concentrated at the extreme fiber).   The bending stresses are then combined with the 

stress due to the axial load, yielding four values of stress - two extreme-fiber 

stresses at each end of the element - and corresponding stress ratios are determined- 

The largest of these stress ratios is then selected for resizing purposes. 

The biaxial stress state in membrane elements requires that a failure 

criterion, providing for the interaction between stress components, be used.   In the 

case of isotropic materials, it is common to use the von Mises yield criterion, with 
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ultimate allowable stresses usually replacing the yield stresses, and that criterion is 

used in ASOP-3,  in the following modified form: 

^ 
2 

l29L (2.3) 

where F   is the allowable tensile stress F  or the allowable compressive stress F , 
X t c 

depending upon the sign of a , and similarly for F , while F   is the allowable shear x y s 
stress.   F , F   and F^ are always taken as positive quantities.   The stress ratio in 

this case is the left-hand side of Equation (2. 3). 

In the case of orthotropic materials, the picture is considerably more blurred, 

and there is no universally accepted failure criterion.   Two relatively simple criteria, 

having a somewhat rational basis, are Hill's generalization of the von Mises criterion 

and a criterion developed originally at the Forest Products Laboratory (References 8 

and 9).   In the absence of conclusive experimental evidence favoring either one of 

these criteria over the other, the latter has been selected for use in ASOP-3. 

It is expressed in the form: 

^. 

XV 
F " 

=  1 (2.4) 

it 

where cr ,  a  and T     are the stress components in the property axis svstem; F , F x     y xy e r    i      J ~ >    jji    y 

and F   are the corresponding allowable stresses in the absence of the other corapo- 
s 

nents; and failure is presumed to occur when any one of the three relations is satisfied. 

F , and F   are tensile or compressive allowable stresses, as appropriate, and are 

always taken as positive quantities. 

-jH 
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In applying this criterion, the left-hand sides of all three relations are evalu- 

ated, and the largest of the three becomes the governing stress ratio, which is then 

used as a multiplying factor in resizing, as described in Subsection 2. 3.1. 

The failure criterion expressed by Equation (2.4) is shown graphically as an 

envelope, in Figure 2, for the case,  T     =0.   The first of the equations is repre- 

sented by the ellipse, and the remaining two equations effectively apply cutoffs in the 

first and third quadrants.   It can be seen that the ellipse, in Figure 2, also repre- 

sents Equation (2. 3), which is the failure criterion for Isotropie materials.   If 

desired, the cutoffs shown in Figure 2 can be applied to isotropic materials as well, 

by suitable adjustment of the input data, as explained in Subsection 4. 2. 5. 

tl 

u 

8 

I Figure 2. Failure Criterion for Orthotropic Materials in Biaxial Stress 
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The new element gages obtained in this way are checked against the minimum 

gages speeified in the input data, and are revised accordingly, if necessary. If the 

stress resizing is being done as part of a cycle in the deflection-constraint mode, as 

discussed in Subsection 2. 3. 2, a similar check is made against the minimum gages 

established by deflection-constraint resizing, and necessary revisions are made. A 

check is then made against the maximum gages speeified in the input data, and nec- 

essary revisions are made. 

While composite elements can (it is expected that they usually will) be resized 

by the comprehensive procedure described in the following section, a cruder approach 

can be used, in which they are treated as orthotroplc elements and resized by the 

procedure described above.   In that case, it is necessary that the layup be such that 

the relative numbers of laminae, in the various fiber directions, are maintained 

constant so that appropriate allowable stresses can be selected.   It will be seen that 

the cutoffs described in the followtog section bear some similarity to those shown 

in Figure 2. 

2.3.3  Resizing Algorithm for Composite Elements 

The criteria governing the failure of composites are more complex than those 

governing the failure of noncomposite materials.   In consequence, the algorithm for 

composite element resizing is necessarily more complex, requiring that the laminate 

be treated as a unit, so that Interaction between layers may be properly taken into 

account.   Furthermore, because of limited operational experience with composite 

materials, it Is desirable to make certain conservative assumptions concerning 

their strength behavior. 

For example, local cracking or crazing in the matrix material may greatly 

reduce its effectiveness as a load-carrying agent, even though it continues to serve 

its central purpose as a binding agent.    For that reason, the assumption is made here 

that all the load is carried by the filaments.*   This assumption is applicable only to 

so-called filament-controlled composites:  those in which the layup is such that 

*Note that, as stated in Section 1, this assumption is made only in the resizing process. 
In the analysis of the whole structure, to determine nodal displacements and internal 
loads, the full stiffness properties of the composite elements, including the contribu- 
tion of the matrix material, are used. 
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filament directions are sufficient in number and distribution that, any component ot 

the laminate stress resultant can be resisted by filaments alone.   It would not be a 

tenable assumption in the case of matrix-controlled composites:  those in which the 

load-carrying capability of the matrix is relied upon.   The ASOP-3 program does 

not, at present, accommodate composites of this latter type, although it can be 

further developed to do so. 

Another conservatism, one that may be applied as an option in the program, 

relates to interaction between laminate layers that is somewhat nkin to the effect of 

hydrostatic stress in metals or other nominally homogeneous materials.   It is known, 

for example, that, if components N   and N , of the laminate stress resultant are 
x y 

present and are of the same sign, some layers will be less severely stressed than if 

either N   or N   were absent.   Some designers feel that it is unconservative to take 

advantage of this fact and base the design on the simultaneous presence of both com- 

ponents, particularly since the prediction of applied loads is hardly an exact science, 

and the dynamic nature of some loading conditions suggests the possibility that dif- 

ferent components of the internal loading may not be applied simultaneously.    The 

program option referred to as the "cutoff option, " makes it possible to provide 

additional stress checks, with N   and N   set successively to zero, and to use the x y J , 
results as additional information in the resizing process. 

In addition to filament failure in tension or block compression, the possibility 

of failure in the so-called "microbuckling" mode may be taken into account,   in that 

mode, there is a highly-localized buckling of the filaments because of their own low 

bending stiffness and the limited shear' stiffness of the matrix material, which is relied 

upon to resist such buckling (Reference 10).   Theoretically, it has been found that the 

allowable stress, G , in this mode, should be equal to G   /(I - Vr), where G     is the 

shear stiffness of the matrix material, and V  is the volume fraction of fibers (Refer- 

ence 10); however, experimental evidence indicates that it is better to use a value 

based on experimental data (Reference 11).   If experimental data is not available, the 

theoretical value may be multiplied by an empirical coefficient which, at least for the 

case of boron/epox\, can be given the value 0. G3 (Reference 12). 
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To take proper account of interaction between layers, the resizing algorithm 

for composite elements must treat the entire laminate as a unit and apply a conver- 

gent iterative procedure.   This procedure, which is summarized in Figure 3 in the 

form of a flow chart, consists of the following steps: 

(a) The nodal forces for each layer of the element, initially determined on a 

per-unit-thickness basis in the analysis of the structure, are multiplied 

by the actual thickness of the layer prior to resizing.   They are then 

summed for all layers, to yield nodal forces for the whole laminate, for 

all applied loading conditions. 

(b) The laminate nodal forces are transformed to average stress resultants, 

for all applied loading conditions, using the procedure of Appendix E. 1 

for triangular elements and that of Appendix E.2 for quadrilateral 

elements. 

(c) Using the components of the stress resultants determined in Step (b), the 

principal stress resultants are computed for each loading condition, as 

shown in Appendix F. 2.   The largest negative (compressive) value of the 

principal stress resultant, for all loading conditions, is selected for use 

in applying the microbuckllng failure criterion. 

(d) The stiffness matrix relating stresses and strains is determined for each 

layer, neglecting the matrix stiffness, and with reference to axes aligned 

with the filament direction.   Each of these stiffness matrices is then 

transformed to the property axes for the element, as described in 

Appendix F. 1. 

(e) Using the current laminate layup and the values of the allowable stress, 

G  , in the microbuckling failure mode for all layers o1' the laminate, an z 
effective value of G   is determined as an average of the individual layer 

values, weighted on the basis of layer thickness, as shown in Appendix 

F. 2.   It should be noted that this calculation Is necessary only when a 

hybrid laminate is used. 

(f) The layer stiffness matrices determined in Step (d) are multiplied by 

the current values of the corresponding layer thicknesses and summed for 

all layers, to yield a matrix relating the stress resultants for the whole 

laminate to the strains, as shown in Appendix F. 1, 

1 
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(g^     The stiffness matrix determined in Step (f) is used w conjunction with 

the stress resultants determined in Step (b) to solve for the strain state 

in the laminate corresponding to each loading condition.   This requires 

the solution of Equation (F-l) in Appendix F.l. 

(h)      The strain states determined in Step (g) are transformed to filament 

coordinates in each layer, and are then used in conjunction with the layer 

stiffness matrix determined in Step (d),  in the same coordinate system, 

to determine filament stress, as shown in Appendix F. 1.   Because of töe 

neglect of matrix stiffness, this stress is a uniaxial stress along the 

filaments. 

(i)      The filament stresses determined in Step (h) are divided by the allow- 

able filament tensile or compressive stress, whichever is appropriate, to 

yield a stress ratio for each laj-er, in each loading condition.   The largest 

value of the stress ratio for each layer, in all. loading conditions,  is then 

selected for resizing purposes. 

(j)      If the cutoff option is exercised, Steps (g), (h), and (i) are repeated, first 

with N   set equal to zero, and then with N   set equal to zero (after 

restoration of N r to its original value). 

(k)      The largest value of the stress ratio obtained for each layer in Steps (i) 

and (j) is used as a multiplying factor H resize the layer thickness.    The 

layer thickness obtained is then divided by the thickness of an individual 

lamina, and the result rounded up to the nearest integer, to determine the 

number of laminae in each layer. 

(1)      The layup obtained in Step (k) is checked against the minimum number 

of laminae specified for each layer in the input data, and is revised 

accordingly, if necessary.   If the stress resizing is being done as part of 

a cycle in the deflection-constraint mode, as discussed in Subsection 2. 3. 2, 

!y a similar check is made against the minimum number of laminae estab- 

^J lished by deflection-constraint resizing, and necessary revisions are 

F made.   A check is then made against the maximum number of laminae 

|j specified for each layer in the input data, and necessary revisions are 

made. 

f 1 

I'   t*» 
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(m)    If pairs of layers arc to be balanced, as, for example, the balancing of 

the +45   and -45° layers in a O'/'JO
0
/t45L layup, the number of laminae 

in the layers of such a pair are compared and, if they are not already 

equal, the smaller is set equal to the larger. 

(n)      Using the new layup, as it exists at this point, a total laminate thickness 

is computed and is used in conjunction with the largest compressive stress 

resultant, as determined in Step (c), to determine a maximum principal 

compressive stress for the laminate.   This stress is divided by the 

effective value of G  , determined in Step (e), to yield a stress ratio for 

•nicrobuekling, which is multiplied by the total laminate thickness just 

computed, to determine a laminate thickness required to satisfy the 

microbuckj.int; failure criterion, as shown in Appendix F.2.    If this new 

thickness does not exceed the thickness associated with the layup deter 

mined by the other criteria, it is disregarded, and the microbuckling mode 

does not govern the design.   Otherwise, the difference in thickness is 

made up by adding laminae to layer number 1, rounding up to the nearest 

whole number of additional laminae.   This procedure requires that a prior 

decision be made as to which layer is to be increased, to satisfy the 

microbuckling criterion, and that the layer selected be designated as layer 

number 1. 

u 

I 

(o)      If, as a result, of Steps (e) through (n), the laminate layup has changed, 

the new layup becomes the "current" layup, and corresponding current- 

layer thicknesses are determined.   Steps (e) through (n) are then repeated 

cyclically, until the layup does not change in two successive cycles, or 

until a. specified maximum number of cycles have been perforrred.   The 

converged layup is then taken as the new design. 

2.3.4  Resizing of Compression Panels 

The limited capability, introduced into ASüP~2, for the resizing of bars and 

shear or compression panels subject to buckling failure, has been retained in ASOP-3. 

It involves the introduction of "stability tables" relating allowable stresses to internal 

loading.   These tables may be generated by the user or a small subsidiary program, 

developed for the purpose, may be used.   This capability is limited to noncomposite 

elements.   The reader is referred to Reference 3 for further details. 

22 

1 
r,.®4mßSZv ■ fc^-!tem,iW..,HMl*'«ai»f,!i« 



—^— 

2.4  THE DEFLECTION CONSTRA1IMT MODE 

2.4.1  Resizing Algorithm 

As in ASOP-2, resizing for deflection constraints is accomplished in ASOP-3 by 

the application of an optimality criterion.   It has been shown (References 14 and 15) 

and is demonstrated in Appendix G. 1 that, for the case of a single deflection con- 

straint and in the absence of other constraints, a minimum weight is achieved when 

the partial derivative of the constrained deflection with respect to element weight has 

the same value for all elements.   That is: 

■t\ 

dB =  K 
w. 

(i = 1, 2. -— n) (2.5) 

.th 
where & is the deflection to be constrained, w. is the weight of the i    element (of a 

total of n elements), and K is a constant. 

When, as in most practical designs, there are strength constraints and minimum 

or maximum gage constraints in addition to the deflection constraint, the uniform- 

derivative criterion, expressed in Equation (2.5), can be applied to the set of all 

elements not governed by these other constraints, the corresponding element weights 

being referred to as the "active" variables.   In that case, the criterion is less 

rigorously applicable, but should still give a design of nearly minimum weight, as 

discussed in Appendix G. 1 

The minimum-weight design cannot be arrived at directly.   It is necessary to 

employ an iterative process, which has been found to converge rapidly in practical 

cases.   The iterative process used in ASOP-3 is similar, but not identical, to that 

used in ASOP-2 (Reference 3) and in a number of other references, including 

References 16, 17 and 18.   In the details of its application, it resembles most closely 

the procedure used in the FASTOP program for optimization to satisfy a constraint 

on flutter velocity (Reference 15). 
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Starting with a nonoptimum design, which may or may not satisfy the prescribed 

deflection constraint, the following recursion relation, derived in Appendix G.2, is 

applied in successive cycles: 

w. 
new d8   \ 

(2.6) 

target 

where wi ,, is the weight of the i th element, prior to resizing in the current cycle; 

wj       is the weight of the i th element, following resizing in the current cycle; 

((J8/d w.) ., is the partial derivative of the constrained deflection with respect to w., 

computed for the design existing prior to resizing in the current cycle; and 

{dh/d w)t       t
l8 a Quantity given the name "target derivative" and is defined below. 

The basis for Equation (2.6) is discussed in Appendix G. 

At the optimum design, the target derivative will be the constant K in Equation 

(2.5), and the derivatives  d8 /dw. will all be equal to it.   However, prior to con- 

vergence to an optimum design, the derivatives dh /d wi wiH differ from each other 

in value, and, in fact, may differ in sign.   Depending upon the sign of the target 

derivative, some of these derivatives may then yield a negative value for the quantity 

under the radical in Equation (2.6).   The corresponding elements will then have to be 

excluded when Equation (2.6) is applied.   This is discussed further in Subsection 2.4.2. 

As the value of K in Equation (2.5) is not known until the optimum design is 

achieved, it is necessary to find a value for the target derivative that, when intro- 

duced into Equation (2.6), will yield a design that satisfies the constraint, at least 

approximately.   This is done by a trial procedure, in which a value of the target 

derivative is sought that will yield a design satisfying the relation: 

8 desired old 
1 = 1 ' 

fii\   + (jäh 
^Wj/old       V^w/target 

ws - w. 
new oldi 

(2.7) 

where fi ol, Is the value of the constrained deflection prior to resizing; fl . , , is the 

desired value of the constrained deflection in a resizing step; and the summation is over 

all elements of the model, including those to which Equation (2.6) is not applied. 
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Equation '2.7) is seen to provide a second-order approximation (in the Taylor 

Series sense) to the desired value of the deflection.   An exact value could have been 

obtained by a trial procedure, in which a structural analysis is performed for the 

design corresponding to each trial value of the target derivative, to determine the 

deflection subject to constraint.   However, as this operation would have to be per- 

formed a number of times, for successive trial values of the target derivative, and 
is expensive computationally, it is highly advantageous and, in practice, satisfactory 
to use Equation (2.7) instead. 

It was stated above that Equation (2.6) is applied to that group of elements with 

derivatives, d8/dwii that are of the same sign as the target derivative.   The deter- 

mination of that sign is now considered.   It is established upon entry into the 

deflection-constraint mode and depends upon whether the constraint value of the sub- 

ject deflection exceeds, or is less than, its current value (for the design existing 

upon entry into the deflection-constraint mode).   If the constraint value exceeds the 

current value algebraically, and the constraint is either (1) an equality constraint or 

(2) an inequality constraint that has been violated, then an increase in deflection is 

desired, and the proper derivative sign is that which is associated with an increase in 
deflection resulting from an increase in element weight, that is, a positive sign.   For 
those elements with negative derivatives, a reduction in element weight will move the 

deflection in the desired direction, and the design variables for these elements can be 

permitted to decrease, to the extent permitted by other constraints.   In the reverse 

situation, where the constraint value is less than the current value. Equation (2.6) is 

applied to those elements with negative derivatives.^ Where the constraint is an 

inequality constraint and is not violated by the design existing at exit from the stress- 

constraint mode, no further resizing is necessary. 

The sign of the target derivative will, by definition, be the same as that of the 

derivatives (d8/d w.) ,, introduced into Equation (2.6).   It remains to find a value of 

the target derivative that will satisfy Equation (2.7).   This is done by taking, as an 
initial trial value, upon entry into the deflection-constraint mode, a iralue equal to 80% 

of the average of all the derivatives having the proper sign, determined as explained 

above.   (In subsequent redesign cycles of the iterative redesign process, as explained 

below, the starting value of the target derivative is the last value computed in the 

preceding cycle.) The target derivative is then incremented until a value is achieved 

that satisfies Equation (2.7), within a tolerance specified by the user. 

$ 
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The value of 8,    .     . in Equation (2. 7) is not necessarily the constraint value, 
desired 

It may be advantageous, in some situations, to move from the initial value of the sub- 

ject deflection to the vicinity of the constraint value in a series of shorter steps, 

rather than in a single step.   Equation (2. 7) then provides a closer approximation in 

each step.   Furthermore, when the constraint boundary in the design space is reached 

by this procedure, it may be at a point considerably closer to the optimum design 

point.   Accordingly, the program provides an option that permits the change from 

the initial value of the deflection to the constraint value to be made in a number of 

approximately equal increments, that number being selected by the user. 

The deflection that is subject to constraint may be generalized in the sense 

that it may be represented as a linear combination of nodal displacements in speci- 

fied degrees of freedom.   Thus, for example, an angular displacement constraint may 

be treated by representing it as the difference between the translational displace- 

ments of two specified points, divided by the distance between them.   The two points 

specified need not be at nodes; their displacements can be obtained by inter- 

polation between nodal displacements.   Similarly, a given amount of camber of a 

lifting surface, at a given spanwise station, can be specified as a constraint, by a 

similar representation as a linear combination of nodal displacements. 

When composite elements are included in the model, each layer of such elements 

is treated internally in the program as a separate element.   Accordingly, Equation 

(2.6) is applied to individual layers, with the deflection derivative being computed for 

each layer with respect to that layer's weight.   However, the derivatives of layers 

that are to be balanced are modified as explained in the following section.   In the trial 

process of finding a value of the target derivative that satisfies Equation (2.7), the 

layer thickness is not rounded.   Rounding is done only after that process is completed, 

when the layer thickness is rounded up or down to the nearest multiple of the lamina 

thickness.   By rounding both up and down, the effect of rounding on the constrained 

deflection can be minimized. 

The evaluation of the deflection derivatives is carried out in the same way as in 

ASOP-2 (Reference 3), and is explained in Appendix G. 3. 

1 I 
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2.4.2  Resizing Algorithm for Interacting Deflection, Stress, and Minimum/Maximum 
Gage Constraints 

A detailed exposition of the deflection-constraint algorithm, as it is applied in 

the presence of stress constraints and specified member gage limitations, is now 

presented. 

As stated above, the deflection-constraint mode is entered only if (1) the deflec- 

tion constraint is an equality constraint (8:=8(jesired)f or (2) it is an inequality con- 

straint (8=8 J J or8 ^ SJ ,) that is violated by the design existing at the 

end of the stress-constraint mode.   (It should be noted that the subject deflection 8 

and its desired value8cj    >    d are algebraic quantities, not absolute values.) It is 

desirable that the design existing at entry to the deflection-constraint mode should 

be very nearly a fully-stressed design. 

If the constraint is an inequality constraint that is violated by the design exist- 

ing at entry to the deflection-constraint mode, it is treated as an equality constraint 

in the deflection-constraint mode.   It is shown in Appendix G. 4 that this approach 

should yield a design that If near optimum for the inequality constraint. 

Prior to entry into the iterative redesign process, a determination is made of 

the algebraic sign of the derivatives to be introduced into Equation (2.6), as discussed 

in Subsection 2.4.1.   If the current value of the deflection subject to constraint is 

smaller (algebraically) than the constraint value, positive derivatives are taken.   If 

the current value of the deflection subject to constraint is larger (algebraically) than 

the constraint value, negative derivatives are taken.   Once this determination is made, 

it remains unchanged throughout the remainder of the procedure, for reasons that will 

be discussed later. 

The resizing procedure in the deflection-constraint mode is now outlined as a 

sequence of steps.   These steps can be broken down into two distinct groups.   One 

group comprises the major steps in an iterative cycle in the deflection-constraint 

mode, with alternating deflection-constraint and stress-constraint resizing steps and 

invervening structural analyses.   These steps are summarized in flow-chai't form in 

Figure 4.   The other group, consisting of steps (c) through (g), constitutes an inner 

loop for deflection-constraint resizing, in which successive trial values of the target 

I 
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ENTER DEFLECTION-CONSTRAINT MODE 
WITH LAST DESIGN ANALYZED IN 
STRESS-CONSTRAINT MODE 

1 
RESIZE STRUCTURE FOR DEFLECTION CONSTRAINT, USING 
GAGES OF MEMBERS GOVERNED BV STRESS CONSTRAINTS 
AS MINIMUM GAGES (SEE DETAILS IN FIGURE SI 

I 
ANALYZE CURRENT DESIGN FOR NODAL DEFLECTIONS AND INTERNAL LOADS 

x-       IS     \ 
CONVERGENCE^« ̂  YES k SPECIFY CURRENT CYCLE 

SATISFIED S 

—4— 

TO BE FINAL CYCLE 

nn\ 

RESIZE STRUCTURE FOR STRESS CONSTRAINTS, USING 
GAGES PREVIOUSLY GOVERNED BY THE DEFLECTION 
CONSTRAINT OR "MAX-CUT" AS MINIMUM GAGES 

ANALYZE CURRENT DESIGN FOR NODAL DEFLECTIONS AND INTERNAL LOADS 

DETERMINE MEMBER STRESSES, ETC. 

PRINT DATA FOR FINAL DESIGN 

i Figur« 4. Itaration Cycles in Deflection-Constraint Mode 
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derivative are introduced, until an acceptable value is obtained.   The steps in this 

inner loop are shown in flow-chart form in Figure 5.   The whole sequence of steps, 

in both the inner and outer loops, is now presented as follows: 

(a) The derivatives dB/dv/. are determined for all elements (or layers of 

composite elements) for the current design (which, in the first cycle, is 

the last design analyzed in the stress-constraint mode).   The procedure 

described in Appendix G is used in this determination.   In the case of 

balanced layers of composite elements, the derivatives obtained for these 

layers are averaged and the average value is used in place of the actual 

values.   This has the effect of introducing the combined influence on the 

deflection of equal changes in the thickness of such layers. 

(b) An initial trial value of the target derivative is selected.   In the first 

cycle in the deflection-constraint mode, it is equal to 80% of the average 

value of all the deflection derivatives with the proper sign for the appli- 

cation of Equation (2.6).   In subsequent cycles. It is the final value of the 

target derivative in the immediately preceding cycle. 

(c) Using the current trial value of the target derivative, those elements (or 

layers of composite elements) with derivatives of the proper sign are 

resized by application of Equation (2.6), rewritten here in the following 

form: 

I 

= a 
new 

(2.8) 

dwj target 

where a. is the element gage and can replace w., as w. is directly 

proportional to Of,.   Each 0(inew computed in this way is compared with the 

"max cut" value, kOi ,,   and, if smaller, is made equal to that value. 

The "max cut" value, kafiold (where k is a coefficient having a value 

between 0 and 1, specified by the user) determines the maximum amount 

by which any element gage (or composite layer thickness) will be 

permitted to decrease in one cycle. 

I 

29 

.sgKSBÄIs^^r-^-r n#Jlf*4,.*^*'»'a.5B»»^**%**Mffl* 
•TV-" 

 —  "■■ 



""" ■'-- "■  

■^.■J.I..»...*^IW-.—*-      I      I    in"--" liri'liiiir.i 
^SWC^Wt 'mmm 

COMPUTE DERIVATIVES. 36/dw, 

TAKE MEAN VALUE OF DEHIVATlVE FOR 
BALANCED LAYERS Of COMPOSITE UEMBEH 

INTRODUCE INITIAL VALUE OF TARGET DER(V, (ftSttw). 

RESIZE MEMBERS WITH PROPER DERIVATIVE SIGN 
USING: 

Q. " O. / — 
'new       old v   Id (.■|Vi»w| target 

CHECK GAGE OF EACH MEMBER AGAINST "MAX CUT" 
VALUE: USE THAT VALUE AS MINIMUM 

RESIZE MEMBERS WITH OPPOSITE DERIVATIVE SIGN 
TO ■'MAXCUT" VALUE 

I 
CHECK GAGES AGAINST SPECIFIED MINIMA. MINIMA 
ESTABLISHED BV STRESS CONSTRAINTS, AND SPECIFIED 
MAXIMA   REVISE IF NECESSARY 

SUBSTITUTE NEW GAGES INTO EQ 2.9 

0   if/ as \      /«""ft 

ROUND COMPOSITE LAYER GAGES TO NEAREST MULTIPLE OF 
LAMINA THICKNESS 

c CURRENT GAGES REPRESENT DESIGN AFTER 
DEFLECTION CONSTRAINT RESIZING J 

REVERSE SIGN AND REDUCE 
INCREMENT FOR (M/IM ,.,0,1 

SAVE GAGES COMPUTED AT  (g) IN LAST TRIAL (AFTER 
ROUNDING COMPOSITE LAYER GAGESI FOR USE AS M'NIMA 
IN STRESS CONSTRAINT RESIZING   ALSO SAVE LAST 
VALUE OF [Ü/8w)urMt f00 USE AS INITIAL VALUE 
IN NEXT ITERATION CYCLE 

INCREMENT Id'./itwl,. 

¥ 

Figure 5. Algorithm for Deflection-Constraint Resizing 
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(d)     The gages of all elements that are not resized by Equation (2,8) are set 

(e) 

(f) 

(g) 

8 

at their "max cut" value, ka 
old 

Each element gage (or composite layer thickness),« inew. yielded by 

Steps (c) and (d), is checked against the larger of the following, which is 

then applied as a minimum gage: 

(1) The element gage (or composite layer thickness) determined by 

application of the stress constraint, before application of any other 

constraint, in the latest stress resizing.   In the case of composite 

elements, it is the layer thickness determined the last time through 

Step k in the cyclic process described in Subsection 2,3, 3. 

(2) The element minimum gage (or composite layer minimum gage) as 

specified In the input data. 

Each a j yielded by Step (e) is compared with the element maximum 

gage (or composite layer maximum gage), as specified in the input data, 

and is revised as necessary. 

The new values of a. (unrounded in the case of composite layers), deter- 

mined in Steps (c) through (f) for all elements, are introduced into the 

right-hand side of Equation (2.7), rewritten as follows: 

n 

desired «old* 11 
I = 1 

(n) old 

(db\ 
W) target (. a. 

new 'old 
W,    (2.9) 

where W. is the weight of the i th element, per unit value of its gage; and 

subscript "old" apolies to values existing prior to deflection-constraint 

resizing in the current iteration cycle and remaining fixed in the trials 

for successive values of the target derivative.   As explained previously, 

^desired is not necessarily eqwal to the constraint value, 8 
it is desired to divide the approach to the constraint value ii 

N steps, the value of 8des«re(j will be given by: 

If 

'desired 
Ä 8constraint - gold       . „     
8old + N - j + 1 0 " 1. 2. N-l) 

= 8 constraint O^N) 
(2.10) 
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wht re j is the number of the cycle in the deflection-constraint mode. 

If Equation (2.9) is not satisfied, within a tolerance specified as described 

in Subsection 4. 2.7, the target derivative is, at first, incremented by an 

amount equal to 0.2 times its initial value.   This increment is either posi- 

tive or negative, depending upon the direction in which it is necessary to 

move to achieve satisfaction of Equation (2.9).   It is applied in successive 

trials, until the tolerance band forfi ,    .    , is either entered or overshot. 

If that band is overshot, the increment is reduced, by another multiplica- 

tion by the factor 0.2, and is reversed in sign.   Such reduction and 

reversal in sign is done every time the tolerance band is overshot, in 

either direction.   In any case, if the tolerance band is not entered in any 

trial, Step (c) is then reentered with the new value of the target derivative, 

but with the member gages 0*,, remaining unchanged. 

(h)     When Equation (2.9) is satisfied within the specified tolerance, deflection- 

constraint resizing in the current iteration cycle is deemed to be com- 

plete, except for rounding the gages of composite element layers to the 

nearest multiple of the lamina thickness (which involves both rounding up 

and rounding down). 

(i)      The gages of those elements resized in the latest pass through Steps (c) 

and (d), but before application of other constraints, are saved.   In the case 

of composite element layers, the saved gages are rounded, as in Step (h). 

These saved gages are applied as minimum gages in the next resizing for 

strength. 

(j)      Using the design yielded by Step (h), the structure stiffness matrix is 

stacked, and a solution for nodal deflections and element nodal forces is 

carried out. 

(k)     The deflection subject to constraint is evaluated, and a convergence test is 

applied.   If this deflection is within a specified tolerance, and was within 

that tolerance also at the corresponding point in the immediately preceding 

cycle, and if the total structure weight has not changed by more than a 

specified amount between those two points, the current cycle becomes the 

final cycle. 

1 
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(1)      Using the element nodal forces obtained in Step (j), the stress-constraint 

resizing algorithm, as described in Subsections 2. 3. 2 and 2. 3. 3, is ap- 

plied.   In this process, the element gages saved in Step (i) are used as 

minimum gages, along with the minimum gages specified in the input data, 

(m)    Using the design yielded by Step (1), another structural analysis is 

performed, as in Step (j). 

(n)     If the convergence test applied in Step (k) is not satisfied. Step (a) Is 

reentered, using the design yielded by Step (1) and the results obtained 

In Step (m). 

(o)     If the convergence test applied In Step (k) Is satisfied, the design yielded 

by Step (1) Is the final design, and the results of Step (m) are used to 

determine element stresses, strains, etc. 

The alternato application of deflection and stress constraints, with the gages 

determined by one being used as minimum gages In the other, as described above, 

converges to a design In which there are two classes of elements (or layers In the 

case of composites).   One class comprises elements that are fully stressed or are at 

minimum or maximum specified gage.   The other class comprises elements that are 

governed by the deflection constraint.   In this latter class, the derivatives of deflec- 

tion with respect to element (or layer) weight all have nearly uniform values.   Depar- 

tures from uniformity are due to lack of convergence or, In the case of composite 

element layers, to rounding to an Integral number of laminae.   Under these circum- 

stances. It can be expected that the design will be close to optimum, at least In a 

local. If not In a global, sense. 

An explanation of why the sign of the deflection derivatives, for Introduction 

Into Equation (2.8), Is kept unchanged throughout the iteration process. Is now pro- 

vided.   As long as movement from the Initial value of the constrained deflection 

(upon entry Into the deflection-constraint mode) toward the constraint value Is In the 

same direction, it Is clear that this sign should not be changed.   However, what about the 

situation where the constraint value Is overshot, and movement In the reverse direc- 

tion becomes necessary? If the sign were to be reversed, all those elements previously 

resized by the deflection constraint would be suddenly relieved of such constraint, and 

their gages could drop to values determined by other constraints.   Under these circum- 

stances, large changes could be expected to result from a need for minor adjustments. 

! 
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as the amount of overshoot would normally be small.   These large changes could be 

expected to preclude satisfactory convergence to an optimum design.   Maintaining 

the same sign keeps these adjustments essentially within the same group of elements 

that have previously been governed by the deflection constraint. 

It should be noted that an option in the program permits the designation of 

selected members as noncandidates for deflection-constraint resizing, although they 

are still subject to the application of stress constraints in each cycle in the 

deflection-constraint mode, unless their gages are being explicitly fixed.   This 

option is useful, for example, when designing structures having fixed-gage honeycomb 

core substructure that is idealized using shear panels.   Another useful application 

is described in Subsection 2.4. 3. 

2.4.3 Treatment of Multiple Deflection Constraints as a Succession of 
Single-Constraint Problems 

Although only a single deflection constraint, in a single loading condition, can 

be treated in one submission of the program, as discussed above, it is possible to 

treat special cases of multiple deflection constraints by making multiple submissions 

of the program.   The special cases are those in which the constraints can be ordered, 

so that the first constraint can be satisfied, after which a portion of the structure can 

be frozen in design to prevent further change In the corresponding deflection; then the 

second constraint can be satisfied by redesign of the remaining structure, after which 

a portion of that structure can be frozen In design, to prevent further change In the 

corresponding deflection; and so on, until the last constraint Is satisfied.   Clearly, 

cantilever structures, particularly slender ones, with deflection constraints, such as 

angles of twist, applied at two or more stations along the span, fit this situation to 

some degree of approximation. 

The program must be submitted for execution as many times as there are 

constraints to be satisfied.   In each submission, the design variables are initialized 

at the final values they had In the preceding submission, and, in the case of those 

design variables that are nominally to be frozen, their newly Initialized values are 

also their minimum values.   The word "nominally" Is used because, while these 

design variables are removed from candidacy for deflection-constraint resizing, 

they are not truly frozen, as It Is still necessary to apply stress constraints to them 

If overstress is not to occur.   This may have the effect of further altering the 
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deflections already set at their constraint values, but this effect can generally be 

expected to be small. 

2.5  FLEXIBLE SUPPORTS 

A feature of the ASOP-2 program is the capability of replacing rigid supports 

with elastic constraints that may be cross-coupled.   It is useful in simulating the 

redundant supports represented by wing-fuselage connections and the constraints 

imposed on wing or tail surfaces by flexible control surfaces.   This capability has 

been retained in ASOP-3.   It is described in more detail in Reference 3. 
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Section 3 

APPLICATIONS TO REPRESENTATIVE PROBLEMS 

•. 
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B 

3.1 INTRODUCTION 

The ASOP-3 program has been applied to two different structures, to demonstrate 

its capability for both stress-constraint resizing and deflection-constraint resizing. 

The two models representing these structures are of two quite different levels of detail, 

one being relatively coarse and serving primarily to demonstrate the resizing capa- 

bility of the program, and the other being a much more refined model demonstrating, 

in addition, the program's capability of handling large problems requiring the per- 

formance of certain operations in segments rather than on the whole structure at 

one time.   The two models and the results obtained for them are described in the 

following sections. 

3.2 INTERMEDIATE-COMPLEXITY WING 

The cantilevered wing model shown in planform in Figure 6 was chosen for 

study as an illustration of the application of the program in the preliminary design 

of a lifting surface.   The primary structure of this "Intermediate-Complexity Wing" 

is a symmetric two-cell box beam having aluminum substructure and graphite/epoxy 

cover skins with fiber directions as shown in the figure.   The solid lines (Figure 6) 

indicate the locations of shear webs.   The substructure is modeled with conventional 

shear-panel elements and posts (which are the only bar elements in the model); the 

cover skins are composite four-layer elements which are permitted to have unbalanced 

±45° layers.   The model has 88 nodes and 158 members, and is built-in at the root. 

Two applied loading conditions were generated by using simplified pressure dis- 

tributions representative of a subsonic, forward-center-of-pressure loading and a 

supersonic, near-uniform-pressure loading.   The structure was sized for these con- 

ditions in the stress-constraint mode without exercising the "cutoff" option.   Satis- 

factory convergence was achieved in five cycles in the stress-constraint mode.   The 

resulting design was then examined from the point-of-view of streamwise-twist 

distribution along the wing's span for the subsonic condition — the twist angle being 

based simply on the difference in vertical displacements between the forward and aft 
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Figure 6. Aerodynamic Planform and Primary Structural Arrangement of Intermediate-Complexity Wing 
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wing spars along a streamwlse chord.   This twist distribution is shown by the upper 

curve in Figure 7.   It is interesting to note that the forward c. p. of the subsonic 

loading distribution causes sufficient nose-up twisting to overpower the usual nose- 

down twisting (washout) that generally occurs in swept metallic wings. 

To illustrate a potential application of the deflection-constraint resizing capa- 

bility of ASOP-3, it was decided to attempt to "tailor" the design to achieve a prescribed 

streamwise-twist distribution for the subsonic loading condition that would offer im- 

proved aerodynamic performance through increased lift-to-drag ratio. Twist angles 

at two wing stations were then established as targets, these being -2.0° (washout) at 

at a selected inboard station and -2. 5° at the most-outboard rib station (see Figures 

6 and 7). 

Resizing in the deflection-constraint mode was accomplished in two stages.   The 

approach was to divide the structure into two regions, as indicated by the bold separa- 

ting line in Figure 6.   In the first resizing stage, only the composite cover skin ele- 

ments in the inboard region were permitted to be resized In the deflection part of a 

resizing cycle, to meet the inboard station twist-angle requirement.   In the second 

stage, only outboard region cover skin elements were allowed to be resized, to achieve 

the desired outboard-station twist angle.   In both stages, however, all elements were 

permitted to be resized if they were strength critical.   This two-stage approach was 

based on the concept that, for high-aspect-ratio cantilevered surfaces, the resizing of 

elements outboard of a particular station should have little influence on the deflections 

at that station. 

The first stage of resizing in the deflection-constraint mode started with the 

fully-stressed design.   Convergence to the desired twist angle at the inboard station 

was achieved in seven steps, with the overall resulting twist distribution as shown by 

the dashed curve in Figure 7.   Figure 8 summarizes the resizing history in this mode, 

in terms of inboard station twist angle versus total structural weight, after the 

strength-resizing part of each cycle. 

In the second stage of deflection-constraint resizing, all starting gages were 

taken as those of the final design in the previous run.   For elements in the inboard 

region, these starting gages were also treated as minimums, to prevent removal of 

material that was previously introduced to meet the inboard-station twist requirement. 

Convergence to the desired outboard-station twist angle required only two cycles. 

1 
38 



S^P^WSP^ ■    ----.--■:—-r--rr-.^- - -r^r—^f .M-JL^mf^ ,,..,,. ^^gjggwaiaia'gg.BM'aygiBM-aM.M^ 

■h 

*N 

P 

(A 

Z 
< 
cn 

V) 
3 
5 
< 
oc 

-1.0 

-2.0 

LU 
O 
Q 
ui 
O z 
Q 
< 

20 

\ 
\ 

\ 

40 60 

SPANWISE COORDINATE, IN. 

80 

\ 

\ 
\ 

FULLY STRESSED 
DESIGN 

$ INDICATES DESIRED 
TWIST ANGLES 

m 
oc 
D 
CO 

O 
I- 

5 

AFTER FIRST 
DEFL-CONSTRAINT 
RESIZING 

AFTER SECOND 
DEFL-CONSTRAINT 
RESIZING 

-3.0 L 

Figure 7. Intarmediate-Complexity Wing - Streamwise Twist Distribution at Various Stages of Resizing 

1 
39 



^,^,..1 .mimmivmmmiHWil. t I,«, imipi»^^» im»iJu«wwiiua«iiiiiH -mmm^mm^^mm m^^m^^^i^^^^^^^mm^^mmmmmmmmtmm 

'*< 

1.0 r 

o 
in 
Q 

< 
w 
Q 
OQ i 
< 

Z 
< 
H 
CO 

5 
H 
LU 
CO I i 
< 
UJ 
cc 
t- 
w 

30 

-1.0 - 

-2.0 

-3.0 

FULLY STRESSED DESIGN 
WGT = 38.1 LBS 

50 60 

STRUCTURAL WEIGHT, LBS 

DESIRED TWIST ANGLE 

CONVERGED DESIGN 
WGT = 61.9 LBS 

80 

u Figure 8. Intermediate-Complexity Winu - Reiiiing Hiitory from Fully-Streiied Design to Deflection-Comtrained 

Design for Inboard Station 

1 

40 

—   '-    -        - '         -.-......;  



'"'"""'"•Hl-w"^» 
"" " '    i ■ i 

S5 

with only a very small additional weight increase.   The final twist distribution after 

this second deflection-constraint resizing is shown in Figure 7, and a summary of 

results for all stages of resizing is presented in Table 2.   It should be pointed out 

that the small differences between the target and accepted twist angles are due 

mainly to limits imposed by the practical requirement for rounding layers to integral 
numbers of laminae.   Figure 9 displays the cover skin layer arrangement, for the 

initial fully-stressed design and the final combined strength and deflection constrained 
design.   Figure 10 presents substructure gages for both designs. 

TABLE 2.   SUMMARY OF RESULTS FOR INTERMEDIATE-COMPLEXITY WING 

Constraint 
Mode 

Cycles To 
Convergence *(1) 

Olnbd 
(2) 

ÖOutbd 
Structural 

Weight         | 

Stress 5 +0,47° +1.06° 38.11b           | 

First Deflection 7 -2.03 -2.05 61.9                ! 

Second Deflection 2 -2.04 -2.43 62.3                 j 

(1) Desired Value = - 2.00° (Leading Edge Down) 

^Desired Value = - 2.50° (Leading Edge Down) 

* 

3.3   BOMBER FIN 

The second model studied Is that of a bomber fin, shown in planform in Figure 

11. This model was supplied by the Air Force Flight Dynamics Laboratory and is a 

derivative of one that was used in the early design stages of an actual structure. 

The support points of the model are shown as heavy dots in Figure 11.   The 

forward support point is a single point on the structure's plane of symmetry.   The 

remaining support points occur as pairs, symmetrically located with respect to the 

plane of symmetry.   Shear webs and cover bar elements are used to simulate spars 

along all of the spanwise grid lines shown in Figure 11, and to simulate ribs at the 

root, tip and several intermediate locations.   Posts are present at all of the grid 

points.   All of these elements are fixed in gage and are of Isotropie material, with the 

Young's modulus of aluminum.   The same is true of the cover membrane elements 

in the two spanwise bays closest to the leading edge, as well as in the extended root 
structure.   The remaining cover elements are of graphite/epoxy composite with fiber 
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directions as shown in Figure 11, the +45° and -45° layers being allowed to be un- 
balanced.   These composite elements are the only ones that are adjustable in the design. 

In the chordwise bay, just outboard of the extended root structure, there are aluminum 
membrane cover elements of fixed gage superimposed on the adjustable composite 

elements.   The model contains 375 modes and 1293 members. 

Five cycles of resizing were performed in the stress-constraint mode and an 

additional five cycles in the deflection-constraint node.   The stress-constraint re- 

sizing was based on eight applied loading conditions corresponding to a wide variety of 

flight conditions.   The load distribution in each of these conditions was made precisely 

antisymmetric about the plane of symmetry of the fin, to insure that a symmetric design 
would be obtained.   It should be noted that an alternate way of obtaining a symmetric 

design, without a restriction to antisymmetric loading, would be to introduce the load- 
ing conditions as matched pairs in which each condition is the mirror image of the other. 

The deflection constraint applied was on the angular displacement of the tip 

chord relative to the root.   It was applied in a loading condition in which the strength- 

governed design experiences a washout of 1.07° at the tip.   The constraint was applied 

to eliminate this washout, so that the fin would be fully effective in this design condition; 
that is, it would have the same aerodynamic characteristics as a rigid structure.   The 

cover layups corresponding to the designs existing at the end of the stress-constraint 

mode and at the end of the deflection-constraint mode are shown in Figure 11.   Where 

there was no change from the former to the latter, only a single layup is shown. 

It is seen from the tabular insert (Figure 11) that satisfaction of the deflection 

constraint required a total weight increase of only 1.7 percent.   The reason for the 
smallness of this increase, as a percentage of the total weight, is twofold.   First, the 
increase in composite thickness in the three spanwise bays closest to the trailing edge 

is partially offset by decreases in thickness in the more forward bays.   Second, the 
composite cover material represents a relatively small part of the total weight of this 

structure.   The increase in weight, as a percentage of the composite cover weight at the 

end of the stress-constraint mode, was 27.6 percent. 

It should be noted that, while five cycles were performed in the deflection- 

constraint mode, good convergence was obtained after only four cycles, with the 

vicinity of the constraint value of the deflection being approached in a single step. 

t 
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Section 4 

USER INFORMATION 

4.1   GENERAL DESCRIPTION AND LIMITATIONS 

The ASOP-3 program, written in FORTRAN IV language, was developed on the 

IBM 370/168 computer. Versions of the program are available for execution on both 

IBM and CDC systems. 

It should be noted that in the IBM version, the solution of Equation (2.2), yielding 

nodal displacements in the analysis of the structure, is performed using single-preci- 

sion arithmetic.   This has been found, In the case of structures for which the stiffness 

matrix is ill-conditioned, to provide insufficient accuracy.   Accordingly, users of the 

IBM version are cautioned that this situation can arise.   If it is suspected, one possible 

check is to determine whether the applied loads are in equilibrium with the support 

reactions.   The components of the resultant forces and moments associated with the 

applied loads are provided in an output table (Subsection 4.3.2), and the support re- 

actions may be determined from data in the table of cap forces (Refer to Subsection 

4.3.5.)  The much greater precision with which CDC systems perform arithmetic op- 

erations essentially precludes this problem, except in extreme cases. 

Limitations on models that can be accommodated by the program are: 

(a) Maximum number of loading conditions ~ 20 

(b) Maximum number of nodes = 1000 

Maximum number of degrees of freedom = 6000 (c) 

(d) Maximum number of members = 3000, with a further limitation for deflec- 

tion-constraint resizing, as discussed below. 

There are, additionally, limitations on the ordering of the nodes and members. 

While there is no absolute requirement with regard to node numbering and ordering, 

large savings, in computing time can be achieved by properly numbering and ordering 

the nodes, to minimize the bandwidth of the structure's stiffness matrix.   The band- 

width is determined by how far apart all pairs of connected nodes are in number. 

Accordingly, the node numbering should minimize this separation. 
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In the case of members, there is a firm limitation on ordering that arises be- 

cause of the calculation of cap forces, which are summations of member nodal forces 

in the directions of grid lines at each node.   These nodal forces are summed in blocks 

and stored, block by block.   Consequently, members that have common nodes should 
not be very widely separated in the member sequence.   A rough rule of thumb is that 
such members should not be separated by more than 100 intervening members.   It 

should be noted that the sequence referred to here is the sequence in which the mem- 

bers appear in the input data, and not the numerical order of member numbers.   The 

member numbers can be arbitrary, except that they cannot exceed four digits. 

Deflection-constraint resizing is limited to a single constraint in a single loading 

condition, but the constraint can be generalized to a linear combination of translational 
displacements at specified nodes and in specified coordinate directions.   The max- 

imum number of degrees of freedom entering into such a linear combination has been 

j set at 100.   In addition to the limitation in the total number of members to 3000, there 

is a further limitation in the case of deflection-constraint resizing to 6000 submem- 

bers that are candidates for such resizing.   In noncomposite members, there is no 
distinction between a member and a submember.   In composite members, however, 
each layer is considered to be a submember.   This restriction can be alleviated con- 

siderably by removing some members from candidacy for deflection-constraint re- 
sizing, as provided in the input.   Noncandidates for deflection-constraint resizing can 

y, 

be those members that can be expected to have little or no influence on the deflection 

;., subject to constraint, or they can be members that are to be fixed in gage.   The des- 

, i ignation of such noncandidate members is useful also in applications where multiple 

deflection constraints are to be applied by means of successive submittals of the 

U ASOP-3 program, as discussed Li Subsections 2.4.3 and 3.2. 

*h 4.2  CARD INPUT AND ILLUSTRATIONS OF DATA PREPARATION 

jp 4.2.1  General Construction of Input Deck 
XP The structure of the input deck is shown in Figure 12.   Detailed information on 

p the composition and format of individual segments of this deck Is provided in the fol- 
&' ■i lowing sections. 

F The composition of the Job Control Language (JCL) deck depends upon the com- 

i* puting system being used.   For a specific computing system (either IBM or CDC), it 

is available in two different versions.   One version is for use when all output data is to 

47 

„«^MES-a-i B«##*i(,, 



-■.-.-^.^ ...     .    ,l,.,,.,HJl?W.HM|i-:'JlH"™J-.l  J    ''•■'! ■I   IHJ IWI^W^—W^I^^^P»«— 111 mi'iUMMi 

T3 
c 

— > > 

1^ 

if 

ft 

o 
«1 
O 
3 a e 

c 
o 

3 

e 

3 

48 

£ 1 i 
t^mSBMIlBJWÄsBiS ■■.«»«.♦snjii.rssfAs P 



"^immmmmmmmii'mmm^mmmpm****--' mm^-mmm wmrnrn 

'**. 

i 

be printed out online, that is, as a single entity.   The other version is for use when 

some of the output data is to be stored on a tape, available for offline or separate 

printout, if desired.   This is discussed further in Subsection 4.3. 5, 

Following the JCL deck, an "initialization card, " providing various controls, 

and cards for allowable stress modification iactors and for the designation of members 

as noncandldates for deflection-constraint resizing are placed. 

Following these cards, blocks of data describing the structural optimization prob- 

lem to be solved are placed.   These data blocks are categorized by classes.   Ten 

classes are defined, but not all are used in any problem.   They are listed as follows, 

in the order in which they would normally appear in the data deck rather than in nu- 

merical order: 

(1) Geometry and boundary conditions 

(2) Geometry only 

(3) Boundary conditions only 

(7) Condensed boundary conditions 

(6) Applied loads 

(4) Material properties 

(5) Member data 

(8) Deflection-constraint data 

(9) Stability tables 

(0)     Flexible supports and additional stiffness data 

All of the above listed data sets begin with a LABEL card and end with a blank 

card.   The LABEL card has the following form that begins in column 6: 

IABEL(1),   NAM|;A, NAMEB 

where 1 = 0, 1, 2 - - jtis-tlie number of the data class as listed above, and NAMEA and 

NAMEB are anyalpha-numeric names of up to eight characters selected by the user, 

either or both of which may be absent, except In the case of Class (6) data, where a 

special format is used, as discussed in Subsection 4.2.4.   These names are generally 

used to identify the data sets and distinguish them from others In the same class that 
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may be used in other computer rims.   No blank spaces should be left on the LABEL 

card between the fifth column and the first comma. 

It should be noted that the sequence of the data sets through the LABEL (5) data 

set must be maintained as shown in Figure 12.   The sequence of the LABEL (8), (9) 

and (0) data sets is immaterial. 

4.2.2 initialization Card, Allowable Stress Modification Factors, and Noncandidate 

Members for Deflection-Constraint Resizing. 

Prior to the reading of any large blocks of data describing the structure and its 

loading, a small group of cards are introduced to provide certain controls on the op- 

eration of the program.   The first of these cards, referred to as the "initialization 

card", contains data controlling the number of iteration cycles executed in the stress- 

constraint mode and a series of clues permitting the user to exercise options in the 

program.   Its format is shown in Figure 13, and its content consists of the following: 

Columns 1-2 - An 12 field containing the maximum number of iteration cycles to 

be executed in the stress-constraint mode.   This number is never exceeded, even if 

the convergence criterion has not been satisfied.   If this field is left blank or a zero 

is introduced, the program will perform a structural analysis of the design submitted. 

If a deflection constraint is not to be applied, or if an inequality deflection constraint 

is applied but is found not to be violated by the design submitted, the results of the 

^ structural analysis will be printed out, including nodal deflections, member stresses, 

etc.   No resizing of members will take place. 

, Columns 3-8 - An F6.0 field containing the tolerance on the maximum stress ratio 

|, in all members.   This tolerance is a parameter in the convergence criterion in the 

stress-constraint mode.   If the maximum stress ratio is equal to 1.0 plus or minus 

this tolerance in two successive cycles, and if the change in total structure weight be- 

tween these cycles does not exceed the value specified in the next field, no further 

bi iteration cycles are executed in the stress-constraint mode.   If this field is left blank, 

t^ the number of iteration cycle specified in the first field will be executed. 

*! Columns 9-14 - An F6.0 field containing the maximum permissible change in 
•8 

total structure weight, in two successive cycles, in the stress-constraint mode, as 

IP discussed above In connection with the convergence criterion.   If this field is left blank, 

the number of Iteration cycles specified in the first field will be executed. 
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Columns 15-21 - Blank 

Column 22 - An II field containing a clue for the printing of a comprehensive 

table of member output data and a table of cap forces.   Enter "1" if these tables are 

to be printed together with the other output data.   Enter "2" if they are to be printed 

offline, using a tape generated for that purpose, and introduce appropriate instructions 

in the JCL deck.   Leave blank (or enter "0") if only the condensed table of member output 

data is to be printed. 

Column 23 - An II field containing a clue providing for the printing, in each cycle 

in the deflection-constraint mode, of a table listing derivatives of constrained deflec- 

tion with respect to submember weights, submember gages before and after deflection- 

constraint resizing, and other related data.   Enter "1" if the option to print out this 

table is exercised. 

Column 24 - An II field containing a clue to require the application of "cutoffs" in 

the stress-constraint resizing of composite members.   Enter "1" if the option to apply 

cutoffs is being exercised. 

Column 25 - Blank 

Columns 26-30 - Five fields (each II) containing clues providing for various types 

of output on an optional basis, much of it useful primarily for debugging purposes.   A 

value of "1", entered for any one of these clues, indicates that the specified output is 

requested; otherwise, the field should be left blank.   The user is cautioned that the 

exercise of some of these options prints out very large amounts of data, much of it 

meaningful only to someone familiar with the program details.   With the setting of each 

clue, the following output is obtained: 

Column 26 - Intermediate output, including submember stiffness matrices, in 

each cycle in the stress-constraint mode.   (A large amount of data is printed out.) 

Column 27 - Intermediate data in the determination of the derivatives of con- 

strained deflection with respect to submember weights in each cycle in the deflection- 

constraint mode.   (A large amount of data is printed out.) 

Column 28 - Submember comer forces (and moments) in each iteration cycle 

in both the stress-constraint and deflection-constraint modes.   These forces (and 
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moments) are listed sequentially, starting with the first submember, and, for each 

submember, consist of the quantities shown in Appendix B, in the order shown there. 

Column 29 - Nodal deflections following every structural analysis, in both the 

stress-constraint and deflection-constraint modes.   These deflections are identified by 

degree-of-freedom number rather than node and component.   In large problems, this 

option causes the printing out of a large volume of data. 

Column 30 - Tape and file number locations for the Important matrices, including 

those containing nodal deflections, submember corner forces, member data, etc., and 

also the execution times for various portions of the computations,   j 
i 

Columns 31-69 - Any alpha-numeric title for the problem, which will then be 

printed at the beginning of the output. 

Column 70 - An U field containing a clue to print element edge shear flows ob- 

i tained by differencing element nodal forces.   Enter "1" if operative. 

Column 71 - An U field containing a clue to calculate and print element warn 

loads (or kick forces) for elements of types 6 and 8.   (This information is of very 

little use, and its calculation causes a significant increase in computational cost.) 

Enter "1" if operative. 

Column 72 - An II field containing a clue to print noncomposite element stresses 

and stress resultants and composite element stress resultants in the property axis 

system.   If this option is not exercised, the corresponding stresses and stress result- 

ants will be printed in the local element axis system for each element.   Enter "1" if 

operative. 

Column 73-80 - Title of the member pseudo-matrix following redesign.   This may 

L' be any alpha-numeric name.   It is useful when final member data is to be used in 

another program. 

I;' Following the initialization card, there are three cards containing modification 

JP factors for allowable stresses.   This input permits the user to modify the allowable 

& stresses for Isotropie and orthotropic materials, from the values supplied in the ma- 

Kj.* terials table or on member data cards, by a multiplication by the factors supplied, and 

|l to do so differently in different loading conditions.   It is useful, for example, when the 

structural temperature is different for different loading conditions, but it must still be 

■Pi 
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uniform throughout the structure.   There Is one card each for tension» compression, 

and shear allowable stresses.   When the material is orthotropic, the same factors 
are used for allowable normal stresses in both the x and y property axis directions. 

As shown in Figure 14, a 20F4.0 format is used on each card, to accommodate factors 

for up to twenty loading conditions.   The values used should be less than 10.0.   If the 

allowable stresses are not to be modified, three blank cards should be inserted in 

this location. 

The cards that follow contain the member numbers of those members that are 

not to be candidates for resizing to satisfy the deflection constraint, if such a con- 

straint is applied.   As shown in Figure 14, these numbers are entered on the card (or 

as many cards as are needed) in a 1615 format.   The first field on any card containing 

this data must be filled, and no blank fields should be left between occupied fields on 

each card, but the fields need not be filled to the right end of any card.   If any of the 

noncandidate members occur in groups of consecutively numbered members, only the 

first and last member numbers in any such group need be entered, with the last mem- 

ber number given a minus sign (having the meaning "through") and placed in the field 

immediately following the first member number.   These data cards are followed by a 

single blank card.   If no noncandidate members for deflection-constraint resizing are 

specified, only the single blank card is used. 

4.2.3  Nodal Geometry and Boundary Conditions 

The nodal geometry and boundary condition data are entered as shown in Figure 

15.   The node number (14 format) is entered In columns 1-4, followed by three E13 
fields for the x, y and z global coordinates.   The boundary conditions are for the six 

degrees of freedom,   A , A , A , 9  , 0  , 0 , entered in columns 54 through 59, x     y     z     x     y     z 
using the following clues: 

0 (or blank) - zero displacement component.   This clue causes the row and 

column for the particular displacement component to be removed from the 

structural matrices that are created.  Alternatively, a "2" may be used in 
place of "0". 

1 A "1" In any one of the six boundary condition columns indicates a "free" 

(not specified) degree of freedom. 

The remaining columns on the card are not used. 

1 
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Phe use of "2" rather than "0" as the clue in the case of zero displacement 

components is advantageous In certain situations.   For example, when rotational 

degrees of freedom are not explicitly considered, the corresponding clues can be 

entered as zeroes or the appropriate spaces left blank.   Where translational displace- 

ments are zero, the clue can be entered as a "2", as the program provides for count- 

ing the number of I's and 2fs entered, thus providing a check on the correctness of 

the boundary condition input. 

The geometry and boundary condition data should be entered with the nodes in 

ascending numerical order and with no numbers missing.   Nodes not connected to 

any element and with boundary conditions of 0, referred to as slack nodes, may be 

interspersed in the data, with the program effectively ignoring them.   Should the user 

wish to modify the original idealization of a large problem, these additional nodes may 

be used and will be reasonably well-positioned numerically. 

Geometry and boundary conditions are entered into the system in any one of 

the following ways: 

(a) The data, in the format indicated by Figure 15, is preceded by a LABEL 

(1) card, where: 

NAMEA = name for the geometry pseudo matrix 

NAMEB = name for the boundary condition pseudo matrix 

(b) The data, in the format indicated by Figure 15, is preceded by a LABEL 

(2) card, where: 

NAMEA - name for the geometry pseudo matrix 

Any data in the boundary condition fields will be ignored, 

(c) The data, in the format indicated by Figure 15, is preceded by a LABEL 

(3) card, where: 

NAMEB = name for the boundary condition pseudo matrix 

Any data in the geometry fields will be ignored 

(d) The boundary conditions are specified using a special condensed format, 

shown in Figure 16, where the "typical" nodal degrees of freedom are 

indicated and all exceptions are specified.   This format is very useful 
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when the boundary conditions form a pattern that is very repetitive.   The 

data is preceded by a LABEL (7), NAMEA card, where NAMEA is the 

name of the boundary-condition pseudo matrix.   The first card indicates 

the standard degrees of freedom (columns 1 through 6 contain 0 (or 2) or 

1 corresponding to the six degrees of freedom,   A , A .   A, 6,  6, and x     y     z     x     y 
6 ).   Columns 7 through 10 contain the total number of nodes in the struc- 

ture.   The remaining data cards indicate degrees of freedom that are 

exceptions to the standard.   Twelve fields of 15 format may be used to 

record this information, with a minus sign indicating "through".   For 

example, in Figure 16, a structure containing 324 nodes has standard 

degree of freedom 1, 1, 1, 0, 0, 0.   The exceptions to this are indicated 

in the cards that follow; thus nodes 5, 8, 30 through 36, 80 etc,, have 

degrees of freedom 1, 1, 0, 0, 0, 0.   Note that the nodes do not have to 

be in sequence.   However, a blank within the 1215 data fields is not per- 

mitted; it will cause the remaining fields to be ignored.   When using this 

format, all the nodes must appear in the geometry data in consecutive 

order, with no node numbers skipped. 

4.2.4 Applied Loads 

For purposes of inputing applied external loads, it is most desirable to work 

with physical designations, such as node number and component, rather than the row 

number of the load matrix.   This is especially true when the structure has mixed 

nodal degrees of freedom and it becomes cumbersome to keep a count on the line-up 

of the degrees of freedom.   The LABEL (G) card provides for inputing the load 

matrix, using physical designations rather than row numbers.   The actual data is 

entered as shown in Figure 17.   The following rules apply in using this data form: 

(a)     On the LABEL (6) card, LABEL (6) is followed by the eight-character 

name of the pseudo matrix, which is followed immediately by the number 

of load conditions (columns) enclosed in parentheses.   Us^ig this type of 

data input (pseudo matrix), the program generates the actual load matrix. 

Pi- 

W 

(b) One, two, or three fields may be used for the load data, starting at the 

left side of the form and working toward the right side (that is, by rows 

rather than columns). 

I 
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(c) The entire block of data must be entered in ascending order of the node 

numbers. 

(d) Within a given node, the components must be in the order and with the 

designations FX, FY, FZ, MX, MY, MZ.   Alternatively, these designations 

maybe entered as X, Y, Z, MX, MY, MZ, or simply 1, 2, 3, 4, 5, 6. 

(e) Within a given node and component, values for all loading conditions are 

entered together, with the condition numbers (column numbers) in ascending 

order. 

(f) Only non-zero values of the loads need be entered. 

Figure 17 illustrates how the data should be entered.   Note the "8" within the 

parentheses immediately following the matrix name on the LABEL(6) card.   This 
indicates that the matrix contains eight conditions (columns).   Note also that one, two, 
or three load values may be placed on a single card, and that the cards are in ascending 
order of node number, component, and condition number. 

4.2.5 Material Properties 

The program incorporates the properties of a small number of commonly-used 

structural metals.   These are aluminum alloy, stainless steel, and titanium alloy 6-4, 

with the properties listed in Table 3, and with material code numbers as shown.   The 

standard minimum gage for members of these materials is 0.01, 

In addition to, or in place of, the standard materials, the user may introduce 

properties for materials in any or all of three classes of materials:  Isotropie, ortho- 

tropic, and composite.   Properties for a maximum of 20 materials, including the 

standard materials (if they are not replaced), may be introduced. 

If only the standard materials are to be used, the material properties deck may 

be completed excluded from the input data.   If material properties are being intro- 

duced, the required data deck is preceded by a LABEL(4) card and followed by a blank 

card.   This deck must precede the member data deck.   The content and format of the 

data cards is shown in Figure 18 for the three classes of materials. 

g The material code (columns 7 and 8) is any integer from 1 to 20, identifying the 

t-l material, and must appear on every card.   The data class (column 15) identifies the 

ß material class.   It is 1 for Isotropie materials, 2 for orthotropic materials, and 6, 

7 and 8 for composite materials.   The data subclass (column 16) identifies the type 

of data, within each class, contained on the card. 
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TABLE 3.   PROPERTIES OF STANDARD MATERIALS 

Material 
Code Material 

Density 
lbs./in. 3 

Elastic 
Modulus 

Poisson's 
Ratio 

Allowable Stresses        | 

Tension Comp. Shear 

1 

2 

3 

Aluminum 

Steel 

Titanium 

0.100 

0.285 

0.160 

1.05 xlO7 

2.95 xlO7 

1. 60 x 107 

0.3 

0.3 

0.3 

67000 

220000 

130000 

57000 

213000 

127000 

39000 

129000 

76000 

Two cards (subclass 1 and 2) are used for Isotropie materials, as shown in 

Figure 18a.   These cards contain information defined as follows: 

i 

p material density 

w ' minimum gage 

max ' maximum gage 

R Young's modulus 

Y      -   Poisson's ratio 

F,      -   allowable tensile stress 
t 

F       -   allowable compressive stress c 
F       -   allowable shear stress s 

If the field for t        is left blank, no maximum gage limitation will be applied.   It 
HlfiX 

should be noted that the allowable stresses are all entered as positive quantities.   All 
quantities entered are in F8.0 format.   Columns 17 to 32 of the first card may be used 
for any alpha-numeric name identifying the material.   If it is desired to apply cutoffs 
in resizing, as shown in Figure 2, the material can be introduced as an orthotropic 
material, with allowable stresses in the y-direction differing very slightly in value 
from those in the x-direction. 

Three cards (subclasses 1, 2 and 3) are used for orthotropic materials, as 
shown in Figure 18a.   These cards contain information defined as follows: 

min 

- material density 

- minimum gage 
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max maximum gage 

E--, E99   G19,   V-n   -  orthotropic elastic properties, as defined in 

Appendix VI, referred to property axes.   (Subscripts 1 and 2 

denote x and y property axes.) 

Fxt, P«, Fy., Fy . Fg ~ allowable stresses referred to property axes. 

(Subscripts x and y denote property axes; subscripts t, c, and s 

denote tension, compression, and shear, respectively). 

The comments following the definition of quantities on the Isotropie material cards 

apply here as well. 

As discussed in Subsection 2.1, a composite material is defined as being an 

entire laminate, with the numbers of laminae in the individual layers being the design 

variables.   Accordingly, the definition of a composite material's properties requires 

the definition of the properties of the individual layers.   Four cards are used to define 

the properties of each layer, as shown in Figure 18b.   The properties of Layer No. 1 

are entered on cards of data class 6, subclasses 1, 2, 3, 4; Layer No. 2 on data class 

6, subclasses 5, 6, 7, 8; Layer No. 3 on data class 7, subclasses 1, 2, 3, 4; Layer 

No. 4 on data class 7, subclasses 5, 6, 7, 8; Layer No, 5 on data class 8, subclasses 

1, 2, 3, 4; Layer No. 6 on data class 8, subclasses 5, 6, 7, 8,   There can be any 

number of layers up to a maximum of 6.   The cards should always be entered in the 

order shown in Figure 18b.   If there are fewer than 6 layers, the first card should 

always be the class 6, subclass 1 card, and the remaining cards should be in the 

same order as in Figure 18b, without any omissions.   The number of cards used 

should equal the number of layers in the laminate. 

The quantities entered for each layer are defined as follows: 

t 

'mm 

-max 

0 

- initial number of laminae 

- minimum number of laminae 

- maximum number of laminae 

- angle between the property x-axis and the fiber direction in 

degrees.   (Refer to discussion below.) 

B. L, Clue  -   balanced layer clue,   (Refer to discussion below.) 
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- thickness of an individual lamina 

- layer material density 

- allowable stress in the microbuckling failure mode 

(If this field is left blank, microbuckling will be ignored.) 

Eir E22• G12' "12 

If the field for t max 

orthotropic elastic properties of layer material 

(including matrix), as defined in Appendix VI, referred to 

fiber axes (Subscripts 1 and 2 denote coordinates along and 

transverse to fiber direction, respectively) 

allowable stress in tension and compression, respectively, 

along fibers (both positive quantities) 

is left blank, no upper limit will be placed on the number of 

laminae.   The angle <t> is defined as positive in the same sense as the element 

0- angle (angle between the local element x-axis and the property x-axis), that is, 

positive away from the element, as shown in Figure 1.   Consequently, if this definition 

is to yield consistent results for all elements of a given composite material, the 

local element axis system, for all of these elements, must be consistently defined. 

This requires that there be consistency in the order in which each element's nodes 

are listed; for example, the i-j direction should either be clockwise, or counterclock- 

wise, around all of these elements.   The balanced-layer clue is a single-digit integer 

which should be given the same value for any two layers that are to be balanced.   If 

more than two pairs of layers are to be balanced, a different value should be used for 

each pair.   The field for the balanced-layer clue may be left blank for any layer that 

is not to be balanced.   An F8.0 format is used for all quantities defined above, with 

the exception oi I, I   . , I        and the balanced layer clue, which are integers. 

It should be noted that the material properties input can be used to simplify and 

reduce the member data input.   For example, if the same minimum or maximum 

gages are to be applied to all members of a given group, a specific material, with 

these minimum or maximum gages, can be defined for these members.   It is then 

unnecessary to define these minimum or maximum gages in the member data.   The 

same applies if gages are to be fixed at the same value for all members of a given 

group.   The minimum and maximum gages are then both set equal to this fixed value 

in the material properties data. / 
I 
i 

I 
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4.2.6  Member Data 

The member data deck is preceded by a LABEL (5) card and ends with a blank 

card. 

If the/?-angle (angle between the local element x-axis and property x-axis), for 

each member of any group of members, is to be computed internally, using a refer- 

ence direction to determine the orientation of the property axes, as discussed in Sub- 

section 2.1, the necessary data cards are introduced immediately following the 

LABEL (5) card.   Reference directions may be defined for a number of zones (not to 

exceed 50).   There is one data card for each zone, with format as shown In Figure 19. 

Each card contains the zone number and the x, y, and z coordinates, in the global axis 

system, of two points, A and B, defining the reference direction A to B.   This refer- 

ence direction, when projected into the plane of an element in the corresponding zone, 

defines the direction of the property x-axis. 

The cards defining the reference directions should be followed by a blank card. 

If no reference directions are defined, a single blank card should be placed immedi- 

ately following the LABEL (5) card. 

A standard format is used for all member data cards.   It has been designed to 

accommodate not only the finite elements used in ASOP-3, but also elements that may 

be added to the program in the future.   This format is shown in Figure 20. 

As the data for any one member may require more than one card, the various 
cards that may be used are distinguished from one another by the data class and sub- 

class, entered in columns 15 and 16, respectively.   There are eight data classes, 

identifying five basic categories of data, as follows: 

1 Topology and geometric properties 

2 Elastic properties 

3 & 4        Categories reserved for possible future use 

5 Allowable stresses and minimum and/or maximum gages for 

noncomposite materials 

^ 6, 7 & 8   Composite material properties 
i 
fi The subclasses further identify data within these categories. 
k 
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The specific data enti red on the cards of data classes 1 and 2 varies with type 

of element.   It is shown in Appendix B for the various types of element used in 

ASOP-3, 

A data class 1, subclass 1, card is required for every member and should 

always be the first card for each member.   Frequently it is the only card required. 

It always contains the member number, member type, material code, data class and 

subclass, node numbers for nodes connected by the member, member initial gage 

(Factor 1), and such additional data as is needed for the type of member under con- 

sideration. 

In the case of beam elements (types 2 and 11), care should be exercised in de- 

fining the angle ß, which establishes the orientation of the y and z axes, as bending 

moments about the y-axis are disregarded in resizing.   The xy plane should be the 

plane in which the element is primarily loaded in bending. 

In the case of membrane elements (types 4, 5, and 8), for which the /?-angle 

(angle between the local element x-axis and property x-axis) is to be computed inter- 

nally, as discussed above, the zone number is entered in the Factor 5 field.   It will 

identify the reference direction that is to be used.   A value for the /?-angle computed 

in this way will override any value entered elsewhere on the class 1, subclass 1, card. 

Accordingly, care should be taken not to enter a zone number unless no value for the 

/J-angle is entered on the class 1, subclass 1, card, or any value entered is to be 

overridden by the internally-computed value.   In the case of composite membrane 

elements, care should be taken in ordering the nodes, as discussed in Subsection 

4.2,5. 

A construction code (columns 13 and 14) is entered only if a stability table is 

to be used, as discussed in Subsection 2.3.4, and it then consists of the stability 

table number.   If more than four nodes are used in defining the member, the additional 

node numbers are entered on a data class 1, subclass 2, card. 

Cards of data class 2 are not needed if the elastic properties are those for the 

material specified by the material code.   However, class 2 cards can be used to over- 

ride those properties in the case of noncomposite materials or materials that are 

not explicitly treated as composites.   The quantities to be entered are defined in 

Appendix B for the various element types.   In the case of membrane elements (types 

1 
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4, 5 and 8), they are the coefficients in the stress-strain relations, A.., A22, etc., 

referred to property axes.   Normally, the elastic properties will be either Isotropie 

or orthotropic with respect to the property axes, in which case only four of these 

coefficients need be defined and only a subclass 1 card need be used.   However, 

provision is made for more generally anistropic materials or materials that are 

orthotropic with respect to axes other than the property axes as defined.   In that case, 

six coefficients must be defined, and a subclass 2 card is required in addition to the 

subclass 1 card.   It should be noted that this greater generality is useful only for 

analysis purposes, as the resizing capability in ASOP-3 is applicable only to materials 

that are Isotropie or are orthotopic with respect to the property axes. 

Data class 5 cards are used to override allowable-stress values and minimum 

or maximum gages, as defined in the material properties data, for Isotropie or ortho- 

tropic materials.   The allowable stresses are entered on the subclass 1 card, and the 

minimum or maximum gages on the subclass 2 card, as shown In Figure 21, Sheet 1, 

for the two classes of materials.   The definitions of the quantities entered are the 

same as in the material properties input (Subsection 4.2. 5). 

Cards of data classes 6, 7, and 8 are used for composite members, when it Is 

desired to override data entered through the material properties input.   The data 

class and subclass numbering system, and the quantities entered, correspond to those 

in the material properties input (Subsection 4.2. 5), as shown in Figure 21b. 

It should be noted that, when cards of data classes 5, 6, 7, and 8 are used, only 
those cards that actually contain data differing in value from the corresponding data 

in the material properties input need be Included.   However, whenever such a card 

is used, the data on It should be complete; otherwise, omitted quantities will be given 

a zero value.   It should be noted also that all member data cards must include the 
member number (colums 1-4).   All entries in the Factors 1-5 fields of the member 
data cards that are physical quantities should be in F8.0 format.   All other defined 

quantities (including numbers of laminae and balanced layer clue), in the member data 

cards, should be in integer format. 

The member data cards can be used to fix member gages.   This is done by 

setting both the minimum and maximum gages equal to the desired value.   If a sub- 

stantial number of members are to be fixed at the same gage, it is more expeditious 

to do thta through the material properties input, as discussed In Subsection 4.2. 5. 
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The only restriction on the order in which members are arranged in the mem- 

ber data deck is that discussed in Subsection 4,1.   It is that any two members having 

one or more common nodes should not be very widely separated in the member 

sequence. 

4,2,7  Deflection-Constraint Data 

The deflection-constraint data is entered as shown in Figure 22,   The first card 

in the deck is a LABEL (8), NAMEA card, as shown, and the last card should be a 

blank card. 

The first card following the LABEL (8) card contains four quantities, defined as 

follows: 

KLUGD is a clue specifying the type of constraint 

KLUGD = Oif 8= 8constraint (equality constraint) 

KLUGD * 1 if 8 ä 8 constraint (inequality constraint) 

KLUGD =-1 if 8 ^ 5 constraint (inequality constraint) 

where 8 is the subject deflection and 8 constT„ w is the constraint value 

CYCLES is the maximum number of iteration cycles in the deflection-constraint 

mode 

AWT and AÖ   are parameters in the convergence criterion for iteration in the 

deflection-constraint mode, defined as follows:  The process will be con- 

sidered to have converged if, in two successive cycles, the subject deflec- 

tion is equal to the constraint value within a tolerance AÖ 

^constraint -A8    SB £1 constraint +** >' and the tetal weieht of 

the structure has not changed by more than AWT.   If the fields for these 

parameters are left blank, the iteration process will proceed until the 

maximum number of cycles specified have been performed. 

The next card contains four quantities, defined as follows: 

NSTEPS   is the number of steps into which the change from the initial value of 

the subject deflection to the vicinity of the constraint value is to be 

divided.   If the field for NSTEPS is left blank, the program sets it 

equal to 1, 

74 

■■%i.!i^ism i^a.i^M^^»>ai^^ •;'.:*' 



ft 

a 
e R 

e 
c R 

t 
t M 

u 
B 1 R 

S 
n 1 c" 
l 1 

• 
IO 

1 

e • & 
* CM IO * 

« s 
>             c O o s 

8   ;        2 
3 

Z Z f B 

S    1            1 ■a ■o ■o S 
i in w b 

a a O a a 
i *       <- o o o 

r B 

a a 

a 8 

s - s 
«          4 

t t 

s   | » 

I M * 

u. 
1- 

.   . 5 

8 
?     . ' 

.*    1     .    . 
i 8 

•« 1  ■ • .... 
a 

1   ' 
t - 

a 
a r ■ : . ■, 

■ - 

1 
 i 
 * ■ 

a; 
a , . 

a . __ 

1 
: : : : :r.i' 
. 1   -.LJ.J        8 

_ . _ . 
>'.'.'.'.'.  1 ~ a 

a 
a 

aJ   :-: I  r . . | i 1 r ■ : ' >. '   'll 
« 

*'.'.',''.   \ B 
1 

b.           u 
6   ' : _: : : V; g 

B            • i >,    1      " J  a 
a  ....  > »' : . w              K *...'.','. « 

B m     u 1 X i ui n 
a M i >             • o    « 1 | 

K      Z __   £ M «     • »         o     - - 
....,, 

R 
B • u L     < 1            i 3           U      t <: ; ; * 

■       *       •       *      " R 
8 

8 * -J. 
. j >. , [* ■    ■      T li 

£     b. C 
>  UI        f 

t •— 1 
- ■ M 

8 
S o 

s    •      < }, o M S 
8     - z U. 5 

S »      J t i o 
X. 

j« 

0 . 
S -1       l Ü 10 *^ 8 

a   u j' <    « ■> 8 
1  CD        ( j 8   * < 8 

&      «        3 » o     ' 1» & 
• -1    ( 

a         < I   \ \     J 1 

z 1 
L 

r        " ■ ■ 
8 

8 3        . n 3 
S            ( 0 0. o O            II > S 

8 a. UJ             t 2    » o H                         ,. 8 
8 J OT k   2 z 1 8 

£..,          > < * 1 B 

I 

75 



..,,, r,...„ —n^ü^pippp— u., u,ii,.j.,«r..*.,™. I   »JHill]|l.mn| i.i,   JJWI imat.-WMi BBIHPÜSBi 

.-I 

I 

(Ali 

is the tolerance on the desired change in the subject deflection, 

expressed as a fraction of that desired change 

is the absolute tolerance on the desired change in the subject deflection 

k is the so-called "MAX CUT" factor, which is a factor by which the 

value of a design variable, before resizing, is to be multiplied to 

determine a lower limit for the value of that design variable after 

resizing.   If the field for k is left blank, a value of zero is taken. 

It should be noted that the larger of the tolerances established by c and (A8 )€  is 

used in the program. 

A rough rule of thumb for selecting appropriate values for « and {A8 )€  is that 

€ should yield a value of the tolerance in the first cycle that is on the same order as 

AS (the tolerance on deflection in the iteration cycles), and (A8 )«  should be consid- 

erably smaller thanAS (such as one-fifth or one-tenth as large).   If the fields for € 

and (A8 ), are left blank, or zero values are entered, the program will select values 

of 0.01 and 0.1A8 for these parameters, respectively, unless A8 is also zero, in 

which case the maximum number of trials in determining the target derivative will 

be set at 20.   It should be noted that the whole of this card may be left blank, in which 

case default values will automatically be introduced for the four parameters, as 

discussed above. 

The next card contains four quantities, defined as follows: 

NCON       is the number of the constraint condition.   Because of the present 

limitation to a single deflection constraint, it should be set equal 

to "1" 

LODCAS   is the number of the applied loading condition in which the deflection 

constraint is to be applied 

NONOD 

ODD ES 

is the number of nodes whose displacements participate in the gener- 

alized deflection subject to constraint 

is the constraint value of the generalized deflection 

The remaining cards contain the weighting coefficients in the definition of the 

generalized deflection.   There is one card for each node participating in that definition. 

Each card contains the node number and the weighting coefficients, (WTF) , (WTF) , 

1 
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(WTF) , for the x, y, and z components of the nodal displacement in global coordi- 
z 

nates, as shown in Figure 22,   Blank fields may be left where the coefficients have zero 

values.   If the constraint is simply on the translational displacement of a single node 

in a stifle coordinate direction, the generalized constraint becomes the constraint 

value of that displacement, and the corresponding single weighting coefficient is given 

the value 1,0. 

As an example of the definition of a generalized deflection, consider the angular 

deflection constraint applied at the inboard station, in the model .of the "Intermediate- 

Complexity Wing", shown in Figure 6,   The streamwise line defining this station 

passes through upper-cover node 41 on the leading edge of the model and between 

upper-cover nodes 29 and 39 on the trailing edge of the model. 

The angular deflection of this line, in degrees, can be represented as: 

where 8 ,   and 8 

a=57.3(8L   -   8T      )/i. 
z z 

,« w ,,   are the z-components of the translational displacements of 
z z 

points on the line at the leading and trailing edges of the model, respectively, and x 

is the distance between them. 
-z *z 

8oQ   +k0 85 

8T    and 8-,   are given by: 

8LZ = l4ls 

8Tz 
= kl   S29z    ^2  w39z 

where  8,,*   is the z-component of the translational displacement of node 41, etc., 
z A. and k- and k2 are factors used in determining oT   by a linear interpolation between 

829z ^ 839z- 

The angular displacement can now be written as: 

Of = -(57.3^//) 829   - (57.3 k2/i ) 839   +(57.3/7) 8 41 

where the coefficients of the displacements are the required weighting coefficients, 

- (57.3 k-Zi ) being the value of (WTF)   for node 29, and so on.   In this case, only 
X z 

the z-components of displacement are involved, so that the fields for (WTF)   and 

(WTD) r can be left blank. 

As another example, the camber at this station could have been constrained. 

The generalized deflection representing camber could then be expressed as the 

1 1 
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difference between toe z-component of displacement of a point at the middle of the 
streamwlse line and the average of the z-components of displacement of points on 

that line at the leading and trailing edges. 

4.2.8 Stability Tables 

As discussed briefly in Subsection 2.3.4, the resizing of bars and shear or 

compression panels that are subject to buckling failure may be accomplished by the 

use of "stability tables" relating allowable stresses to Internal loads.   The input to 
a small subsidiary program that generates these tables is described In Reference 3. 

The Input involved in introducing these tables Into the ASOP-3 program is also 

described In Reference 3. 

4.2.9 Flexible Supports 

A description of the input necessary to Introduce the data for flexible supports, 
as discussed In Subsection 2.5, Is provided In Reference 3. 

4.3  DESCRIPTION OF OUTPUT 

4.3.1 General Information 

The printed output from the ASOP-3 program consists of the following major 

blocks: 

(a) All Input data, including program clues, printed either in card image 
format or rearranged to be more readable. 

(b) Geometry, boundary condition, and member data following processing 
necessary to put it into a form appropriate for introduction into the 
finite-element subroutines. 

(c) Data subject to revision in each Iteration cycle In the stress-constraint 
mode. 

(d) Data subject to revision in each iteration cycle In the deflection- 

constraint mode, if deflection-constraint resizing is done. 

(e) Data associated with the final design. Including nodal deflections, member 

gages, weights, stresses, strains, internal loads, critical stress ratios, 
and critical load conditions. 
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The printing of some blocks of output data is optional on the part of the user, 

as discussed in Subsection 4. 2. Some of this optional output simply provides more 

detailed information than is otherwise obtained, while the remainder of it is useful 

primarily for debugging purposes. 

4.3.2  Input Data 

Following the ASOP-3 logo, which includes the release date of the program 

version being used, the data included on the initialization card is printed out.   This 

consists first of the problem title, then the various clues that are set on the initial- 

ization card, and finally the data associated with the convergence criterion in the 

stress-constraint mode. 

The next block of data is a list of the allowable stress modification factors.   If 

no values for these factors have been entered, values of 1. 0 are automatically in- 

serted and printed out. 

Following this, there is a list of members that are not to be candidates for 

deflection-constraint resizing. 

The next block of data is a table of node coordinates in the global system and 

boundary condition clues.   This data is in card image format. 

Following this is a table of applied loads, again in essentially card image format, 

with some spreading out of data in rows.   This table is followed by a table labeled 

SUMMARY OF APPLIED LOADS, which lists, for each loading condition, the sum- 

mation of all the loads in each global coordinate direction (FX, FY, FZ), and the 

summation of moments about the global axes (MX, MY, MZ).   This data can be 

useful in detecting errors in loads data.   It can also be used in checking whether the 

structure stiffness matrix is ill-conditioned, as discussed in Subsection 4.1. 

The next block of data is the material properties, listed separately for Isotropie, 

orthotropic and composite materials.   The table for Isotropie materials includes the 
9 

data for the three standard materials in the program, unless this data has been over- 

ridden by input data.   The data for each material in the table for orthotropic mate- 

rials is printed out on two lines.   There is a separate table for each composite 

material, containing the properties of each layer in the laminate.   If there are no 

orthotropic or composite materials defined, the corresponding tables do not appear. 
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If the^ -angles (angle between the local-element x-axis and property x-axis) 

for any members are to be computed internally, as discussed in Subsections 2.1 and 

4.2. 6, the data necessary to define reference directions for property axes is printed 

out next.   It is in the form of coordinates of two points, A and B, on the line A to B 

defining the reference direction.   This is done for as many zones as are defined. 

The member data, in card image format, is printed out next.   Immediately 

following it, the "NUMBER OF CORNER FORCES IN THE TOTAL STRUCTURE" is 

given.   That number is the total number of member forces for all members in the 

model.   Member forces are defined for each type of element in Appendix B.   In the 

case of some elements (e. g., types 5, 6, and 8), they include edge shear flows in 

addition to corner forces, and may include kick forces (or warp loads) in warped 

elements (types 6 and 8), depending upon whether the option to calculate these forces 

is exercised (Subsection 4.2.2). 

If a deflection constraint is to be applied, the data for it follows next.   Under 

the label "DEFLECTION CONSTRAINT RESIZING CRITERIA", the parameters in the 

convergence criterion are listed first, followed by the number of steps, or iteration 

cycles, to bring the subject deflection to the vicinity of the constraint value.   Param- 

eters used in establishing when to terminate the trials in the determination of the 

target derivative are listed next, followed by the "max cut" factor (Subsection 4.2. 7). 

Under the label "GENERALIZED DEFLECTION CONSTRAINTS", the data that directly 

describes the constraint is listed.   Immediately following the constraint value, a 

verbal message is printed out in parentheses.   It indicates whether the constraint is 

an "EQUALITY CONSTRAINT", or, if it is an inequality constraint, whether the con- 

straint value is "NOT TO BE EXCEEDED" or the subject deflection is "NOT TO BE LESS 

THAN" the constraint value. 

After all input data has been read in, the message "MATRIX INPUT IS COM- 

PLETE" appears. 

The next data blocks printed out consist of input data that has undergone proc- 

essing preparatory to the formation of element stiffness matrices,and the stacking of 

the structure stiffness matrix.   The first block includes a rewriting (in E-format) of 

the coordinates of the nodes in the global system.   More importantly, under the   head- 

ing "BOUNDARY CONDITIONS", and the subheading X, Y, Z, MX, MY, MZ, indicating 

coordinate directions for translation and rotation, respectively, it lists the number 
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assigned to each of the degrees of the freedom in the structure.   It thus establishes 

the correspondence between degree-of-freedom number on the one hand and node and 

coordinate direction on the other.    This information is needed by the user in reading 

nodal deflection data printed out optionally in each iteration cycle, as the deflections 

are listed by degree-of-freedom numbers rather than nodes and coordinates.   It is 

needed, for the same reason, in reading other optional output data useful for de- 

bugging purposes.    Zero and negative entries, under the heading BOUNDARY CON- 

DITIONS, indicate coordinate directions in which nodes are fixed. 

The next block of output information consists of a listing of all the element 

types included in the program's element library.   It provides a key to the table that 

follows, as it lists the items of data printed in that table for each type of element. 

These items are identified by numbers in parentheses and corresponding descriptive 

names.   For the user who is interested in becoming familiar with the program code, 

it is noted that these numbers correspond to columns in the member pseudo-matrix, 

the array in which member data is stored. 

The table that follows next is a listing of the members, with most of the input 

data listed earlier in card-image format, but now in a different format.   This data 

serves to check whether the card input was stored and retrieved properly.   In addi- 

tion, for noncomposite membrane elements (types 4, 5, and 8), it lists the stiffness 

coefficients A.... etc., in the transformation of strains to stresses in the property 

axis system.   It also indicates, for warped elements (types 6 and 8), the amount of 

warpage.   This is measured as the mutual separation of the diagonal lines joining 

opposite comers.   In the case of composite members, it would be cumbersome to 

include the much larger amount of detail necessary to describe these members. 

Consequently, under item (26), which is normally the member gage, the composite 

material number is given, and the user should refer to the material properties table 

for the necessary information.   If any of the materials data has been overridden by 

member data cards, the first table of member data should be consulted for such in- 

formation.   The stiffness coefficients, A    , etc. , are not listed for composite mem- 

bers.   At the end of this table, the total number of members in the model and the 

bandwidth of the structure stiffness matrix, following application of boundary con- 

ditions, are indicated. 

I 
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If nodal deflections are not to be printed out in each iteration cycle, the next 
data appearing is the "FORCE DIRECTION TABLE"; otherwise, it appears after the 

nodal deflections for the initial design.   This table indicates the direction of each of 

the summed internal forces (cap forces) acting at each node and assigns a number 

to it.   Not all these numbers are listed in this table.   The column on the right lists 

only the number of the first force indicated at each node.   These numbers correspond 

to the numbers used later in the table of cap forces, as discussed in Subsection 4.3. 5. 

It should be noted that some of the numbers assigned in the force direction table 

are associated with moments rather than forces, when beam elements are included 

in the model, as discussed in Subsection 4. 3. 5. 

4.3.3 Cyclic Data in the Stress-Constraint Mode 

When the option to print out nodal deflections in each iteration cycle is exercised 

(Subsection 4.2.2), the table listing these deflections appears ahead of any other data 

for the current cycle.   The deflections are listed by degree-of-freedom numbers, with 

loading conditions arranged In columns. 

Iteration cycles In the stress-constraint mode are numbered in the following 

manner: REDESIGN CYCLE NO. 0 refers to the initial design before any resizing is 

done, REDESIGN CYCLE NO. 1 refers to the first redesign, and so on, until all 

cycles In the stress-constraint mode have been performed.   In each cycle, after the 
heading indicating the redesign cycle number, there Is a listing of current member 

gages (layups In the case of composite members), which would be the Initial gages In 
REDESIGN CYCLE NO. 0, the first resized gages In REDESIGN CYCLE NO. 1   and 
so on.   If a deflection constraint is to be applied later, the next data listed consists of 

the constraint value of the deflection (DESIRED VALUE OF GENERALIZED DEFLEC- 

TION), the value of the subject deflection for the current design (CURRENT VALUE 

OF GENERALIZED DEFLECTION), and the departure of that current value from the 

constraint value (DEPARTURE OF GENERALIZED DEFLECTION FROM DESIRED 

VALUE).   In addition, the ratio of the subject deflection to the constraint value is 
listed for both the design existing in the preceding cycle and the current design 

(only the current design In REDESIGN CYCLE NO. 0).   Following this, there is a 

listing of the maximum value of the stress ratio for all members and all loading con- 

ditions.   This value is listed for both the design existing in the preceding cycle and 
the current design, and, in the latter case, the member in which this maximum value 
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occurs is also identified.   This is followed by the total weigh! of the structure in both 

the preceding and current cycles.   In REDESIGN CYCLE NO. 0, there is no preceding 

cycle, so that only values for the current cycle are listed.   After all the data for the 

current cycle has been listed, the redesign cycle number is repeated, as an aid in 

identifying the cycle when the data for each cycle extends over several pages. 

At the end of the last iteration cycle in the stress-constraint mode, established 

as such either by satisfaction of the convergence criterion or completion of the spec- 

ified maximum number of cycles, the message ITERATIONS IN STRESS CONSTRAINT 

MODE NOW COMPLETE is printed out.   If a deflection constraint is to be applied, one 

of two messages is then printed out.   If the deflection constraint is either 1) an equality 

constraint, or 2) an inequality constraint that is violated by the final design in the 

stress-constraint mode, the message is ENTERING DEFLECTION CONSTRAINT 

MODE.   If the deflection constraint is an inequality constraint, that is satisfied by the 

final design in the stress-constraint mode, the message is DEFLECTION CONSTRAINT 

NOT VIOLATED - DEFLECTION CONSTRAINT MODE NOT ENTERED. 

4.3.4 Cyclic Data in the Deflection-Constraint Mode 

When the deflection-constraint mode is entered, the iteration cycle numbering is 

started again at REDESIGN CYCLE NO. 1.   Within each cycle, the following blocks of 

data are printed out in the order shown: 

(a) A block of data listing the total weight of the design upon entry into the 

current cycle and the constraint value of the deflection, along with the 

current value of the subject deflection and the departure of the constraint 

value from it; current referring to values associated with the design exist- 

ing upon entry into the current cycle.   In the first cycle in the deflection- 

constraint mode, this design is the same as the design analyzed in the last 

cycle in the stress-constraint mode.   In subsequent cycles, it is the design 

resulting from stress-resizing in the latter part of the preceding cycle. 

(b) A block of data that lists first the desired change in deflection in the 

current cycle and the bounds placed on it by the applicable tolerance.   This 

desired change in deflection will differ from the discrepancy between the 

current value of the subject deflection and the constraint value only in 

the first N-l cycles in the deflection-constraint mode, where N is the 

1 
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number of steps to move from the value at entry into the deflection- 

constraint mode to the vicinity of the constraint value.    Following this, 

there is a table listing data associated with each trial in the search for 

an appropriate value of the target derivative.   This data includes the value 

of the target derivative, the change in the subject deflection associated 

with changes in the design variables in the current trial, and the corre- 

sponding change in the total structure weight.   It will be noted that the last 

two items are termed "approximate".   This is because they are based on 

values of the design variables before rounding, in the case of composite- 

element layers, and because the deflection change is based on the second 

order approximation given in Equation (2. 9) of Subsection 2. 4. 2.    The last 

value of the target derivative listed is the value that is used in deflection- 

constraint resizing.   The last value of the approximate deflection change 

listed should be within the bounds specified in the upper part of this block 

of data. 

(c)      If the option to print out a table of the derivative, (<*f|     ,,, etc., for 
\0wl / old 

each element, is exercised, that table is printed our next.   It lists, for 

each member that is a candidate for resizing in the deflection-constraint    - 

mode, the derivative K-^-1       , which is the derivative of the subject de- 
\dwi) old 

flection with respect to member weight for the design existing at entry to 

the current cycle, the member gages prior to and following deflection- 

constraint resizing (OLD GAGE and NEW GAGE), the corresponding change 

in member weight (DELTA WT) and the contribution of that member's re- 

sizing to the change in the subject deflection (DELTA DISP), and, finally, 

a clue indicating whether the new gage was governed on the one hand 

(clue value = 1) by the deflection constraint, "max cut", or specified max- 

imum gage, or, on the other hand (clue value = 0), by stress constraint 

or specified minimum gage.   In the case of composite members, there is 

a separate line printed out for each layer, in the order in which the layers 

are numbered (although layer numbers do not appear in the table), since 

ea?h layer is resized separately.   The derivatives are then with respect to 

layer weight, and the gages are expressed as numbers of laminae (which 

means that rounding has been done).   Weight and displacement changes are 

for layers after rounding.   It should be noted that, in the first cycle in the 
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deflection-constraint mode, the old gages are those associated with the design 

analyzed in the last cycle in the sti'ess-conslraint mode.   In subsequent 

cycles, however, they are the gages resulting from stress-constraint re- 

sizing in the latter part of the preceding cycle, and are not listed else- 

where. 

(d) If the option to print out nodal deflections in each iteration cycle is exer- 

cised, a table of such deflections, for the design resulting from deflection- 

constraint resizing in the current cycle, is printed out next. 

(e) The next block of data has the same form as that described in Subsection 

4. 3. 3 for the stress-oonstraint mode.   It lists data for a current design, 

that is the design resulting from deflection-constraint resizing in the 

current cycle.   It should he noted that the member gages listed here will 

be the same as the "NEW GAGES" listed in the table described In item (3), 

except that they will also include the gages of those members that have 

been specified as being noncandidates for deflection-constraint resizing. 

It should be noted also that the quantities listed as applying to the "PRE- 

CEDING CYCLE" are those that were calculated at the same point in the 

preceding cycle, that is, immediately following deflection-constraint 

resizing.   The one exception to this is in the first cycle in the deflection- 

constraint mode, where PRECEDING CYCLE refers to the design analyzed 

in the last cycle in the stress-constraint mode. 

(f) If the option to print out nodal deflections in each iteration cycle is exer- 

cised, a table of such deflections for the design resulting from stress- 

constraint resizing in the current cycle, is printed out next.   It will be 

noted that a table of deflections is printed out twice in each cycle in the 

deflection-constraint mode:  first, following the analysis of the design re- 

sulting from deflection-constraint resizing, and later, following the analy- 

sis of the design resulting from stress-constraint resizing. 

(g) In the final cycle in the deflection-constraint mode (established as final 

either by the convergence criterion or the specified maximum number of 

cycles, whichever governs), there is an additional block of data, of the 

form described in Subsection 4. 3, 3 for the stress-constraint mode.   It is 

for the design that exists following stress-constraint resizing in that 
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final cycle.   It will be noted that quantities listed as applying to the "PRE- 

CEDING CYCLE" are the same as the corresponding quantities listed in 

the similar data block for the design existing immediately prior to stress 

resizing in the final cycle in the deflection-constraint mode.   In both 

blocks, they apply to the second-to-last cycle. 

4.3.5  Final Data 

In the process of determining member stresses for the final design, new member 

gages are determined on the basis of those stresses.   The new design produced in that 

way is, however, not analyzed.   While that design is, in effect, disregarded, it may be 

of some value to the user, particularly in assessing the extent to which convergence 

has been achieved in the iteration process.   Accordingly, the member gages obtained 

are printed out in a table that follows the data for the final design in the last iteration 

cycle.   A subheading of that table identifies the design as one for which no analysis has 

been done. 

The next block of data printed out consists of the nodal deflections for the final 

design (the last design analyzed).   It is in a format different from that of the table of 

nodal deflections printed out optionally in each iteration cycle, as discussed above. 

Here, it is arranged by nodes, and, within the print-out for each node, rows corre- 

spond to displacement components in the global system (possibly including angular 

displacement components) and numbered columns to loading conditions. 

This is followed by blocks of data consisting of member output (gages, stresses, 

etc.) and internal or "cap" forces.   As some of this data is very extensive, and can, 

for large problems, produce a very large volume of output, various output options are 

provided, as follows: 

(a) The member data is printed out in two different tables:  one a "compre- 

hensive table", providing information in considerable detail; the other a 

much more compact or "condensed table", providing more limited infor- 

mation.   A table of cap forces and corresponding stresses is also printed 

out. 

(b) Only the "condensed table" of member data is printed out, but the compre- 

hensive table" and the table of cap forces are stored on tape, available for 

later printout.   Special instructions are required in the JCL deck when 

this option is exercised. 
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(c)     Only the "condensed table" of member data is printed out, and the "compre- 

hensive table" and the table of cap forces are not saved. 

When option 1 is selected, the "comprehensive table" and the table of cap 

forces are printed out first, followed by the "condensed table".   When the problem is 

of modest size, the "comprehensive table" is in one block, and is followed by the table 

of cap forces.   In the case of large problems, however, the cap forces are formed in 

blocks, as explained in Subsection 4.1, and these blocks are printed out so that each 

follows a corresponding block of member data in the "comprehensive table".   Thus, 

the blocks of cap forces are interspersed among blocks of member data in the "compre- 

hensive table".   This arrangement of the "comprehensive table" of member data and 

the table of cap forces is the same if they are stored on tape. 

A description of these output tables is now provided.   The "CONDENSED TABLE 

OF MEMBER OUTPUT DATA" is described first.   It is arranged in columns and rows, 

with all the data for a noncomposite member being contained in a single row, and the 

data for each layer of a composite member being contained in a single row.   The 

following items of data are listed by column: 

(a) Member Number 

(b) Member Type 

(c) Material Code 

(d) Node Numbers 

(e) Planform Area of Two-Dimensional Member or Length of Bar or Beam 

(f) Final Gage (Layer Number and Number of Laminae in the case of com- 

posite element layers) 

(g) Critical Loading Condition 

(h)     Stress in Critical Loading Condition ( av.   av.   TVV for a noncomposite x      y      xy 
membrane element, in property or local element axes, depending upon the 

clue in column 72 of the initialization card) 

(i)      Stress Ratio in the Critical Loading Condition 

(j)      Code for Governing Constraint (listed for each layer of a composite 

member) 
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(k)      Critical Load Condition for Microbuckling 

(1)      Microbuckling Stress Ratio in Critical Load Condition. 

In the case of composite members, the critical loading condition, stress, stress ratio 

and governing constraint, as listed for each layer, are values determined in the analy- 

sis of the composite with matrix stiffness neglected. 

The "comprehensive table" of member data is given the heading "MEMBER OUT- 

PUT DATA", which is immediately followed, on the right side of the sheet, by a number 

code indicating the type of constraint governing the design of each member (or each 

layer of a composite member).   This is followed by column headings for loading con- 

dition, stress components, strain components, and a final column relating to shear 

panels (element type 6), bar members (element type 1), or beam members (elements 

type 6 and 11).   This last column lists the shear flow for a shear panel and the axial 

load for a bar or beam member.   The column headings are printed just once, at the 

top of the table, and the data that they identify is interspersed among other data defined 

directly where it is introduced. 

Each member is identified by number, type, the nodes it connects, material 

code, area or length, gage (in the final design), and the angle ß between the local 

element axes and property axes.   In the case of noncomposite members, this is 

followed by identification of the critical loading condition for that member, the 

corresponding value of the stress ratio, and the code number identifying the constraint 

governing the design of that member.   This is immediately followed, for such mem- 

bers, by the stress and strain components, referred either to property axes or to 

local element axes, depending upon whether the clue for property-axis printout has 

been inserted in column 72 of the initialization card.   For beam elements, the stress 

printed out for each loading condition is the most critical of the four stresses calculated 

(the extreme-fiber stresses at each end).   These stresses are for combined axial load 

and bending moment about the z-axis, and, as explained in Subsection 2.3.2, are the 

stresses used in resizing.   In the case of shear webs, bar elements, and beam elements 

there is a final column listing the shear flow or axial load, as discussed above.   In the 

case of beam elements, this data is followed by a table which lists, under the label 

"BEAM SHEARS AND MOMENTS", the beam shears in the y and z directions (VY and 

VZ), the torsional moment (MX), and the bending moments about the y and z axes at the 

two ends (MYI, MZI, MYJ, MZJ), for all loading conditions.   In the case of non- 
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composite membrane elements, the stress and strain data is followed by a listing of 

the components of the stress resultant, with the axis system again depending upon the 

clue entered in column 72 of the initialization card. 

The stress and strain data is in considerably expanded form for composite mem- 

brane elements.   First, there is a listing of the components of stress and strain in 

each layer, referred to fiber axes (with the x-axis in the fiber direction), yielded by 

an analysis in which the stiffness properties of the matrix material are included.   This 

is followed by a listing of the components of the stress resultant and strain for the 

whole laminate, referred either to property axes or local element axes, depending 

upon the clue in column 72 of the initialization card.   Following this is a listing of the 

maximum principal compressive stress for all loading conditions, the corresponding 

stress ratio for microbuckling, and the loading condition that is critical for micro- 

buckling.   The user can ascertain whether microbuckling was critical for the member 

by looking at the critical constraint code number for layer number 1 in the following 

table.   Finally, there is a table captioned, "MEMBER STRESS RESIZING DATA", which 

lists, for each layer, the number of laminae in the final design, the critical load con- 

dition, the critical stress when the laminate is analyzed with the stiffness of the 

matrix material neglected (this stress being necessarily in the fiber direction), the 

ratio of this stres« to the allowable stress in the fiber direction, and the code number 

identifying the constraint governing the desiem of that layer. 

The table of cap forces, which are the forces obtained by summing element 

forces at a particular node in the direction of straight lines joining that node to adjacent 

nodes, is arranged as follows: * 

(a)      The first column lists the identifying numbers assigned to the forces in the 

Force Direction Table, discussed earlier. 

The second column identifies the node at which a force acts, and the third 

column identifies the direction of the force by identifying the adjacent 

element through which its line of action passes. 

The fourth and fifth columns identify the loading conditions in which the 

maximum and minimum (or maximum negative) values of the force occur. 

(b) 

(c) 

Ft 
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(d) Succeeding columns list values of the forces, which are positive for tension 

and negative for compression.   The information in parentheses following 

each force value identifies the loading condition number. 

(e) Following the listing of the values of each cap force, the direction of the 

force is established further by listing direction cosines (DX, DY, DZ) 

referred to global axes. 

It should be noted that, when the model includes beam elements, some of the 

rows of the table of cap forces list bending moments rather than forces.   This occurs 

at nodes at which beam elements are attached.   For such a node, and for a direction in 

which a beam element lies, there will then be two rows in the table, the first being for 

the force in that direction and the second being for the bending moment about the z axis 

of the beam element. 

When the option to calculate and print warp loads or kick forces is exercised 

(column 71 on the initialization card), the table containing this data is printed out next, 

preceded by a force direction table that serves a similar purpose to the corresponding 

table for cap forces.   The arrangement of the warp load table is similar to the cap force 

table.   It lists the summation of the warp loads, at any node, for all type-6 or type-8 

elements adjacent to that node that have additional nodes m, n, o, and p defined 

(Appendices A. 6 and A, 7). 

When the option to print shear flows acting on the edges of membrane elements 

is exercised (column 70 on the initialization card), the table containing this data is 

printed out next.   These shear flows are based on differences between element nodal 

forces at the two ends of the edge and acting in the direction of the edge.   The format 

resembles that for the tables of cap forces and warp loads, except that the data listed 

is for individual elements rather than being summed quantities. 

Immediately following the "condensed table" of member output data, a list of 

those members that are overstressed (stress ratio exceeds 1.0) in at least one loading 

condition is printed.   If the number of such members exceeds fifty, only the first fifty 

are printed out, followed by a message indicating that the number exceeds fifty. 
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The last table printed is a summary of the member gages and weights.   If only 

stress-constraint resizing has been done, this table lists the gage (or layup, in the 

case of composite members) and the weight of each member in the final design.   The 

total weight of the final design and the number of iteration cycles to reach it are indi- 

cated at the bottom of the table.   If deflection-constraint resizing has also been done, 

this table lists the member gage and weight data for two designs:  the design existing 

at the end of the stress-constraint mode, and the final design at the end of the deflec- 

tion-constraint mode.   In addition, it lists the change in weight of each member from 

the former to the latter design and the percentage distribution among members of the 

change in the total structure weight.   In the case of composite members, this percent- 

age distribution is broken down by layer.   At the end of the table, there is an indication 

of the total weight of each of these two designs and the number of iteration cycles to 

reach it, as well as the change in total structure weight between them. 

4.4  CAUTIONARY NOTES 

In the preceding sections, the ASOP-3 program user has been cautioned, at 

various points, concerning model design, the use of program clues, and the prepara- 

tion of input data to avoid pitfalls and ensure satisfactory performance of the program. 

These precautions are summarized below for the convenience of the user. 

(a) The use of triangular elements should be avoided wherever feasible, but, 

if required, they should be as nearly equilateral in shape as feasible. 

Quadrilaterial elements should be as nearly rectangular as feasible, with 

an aspect ratio perferably not exceeding 2. 

(b) The JCL deck used should be consistent with the clue entered in column 

22 of the initialization card for options associated with output data 

(Subsections 4.2.1 and 4.2.2). 

(c) The clues in columns 26, 27, and 30 should be used only by those familiar 

with the ASOP-3 program code.   It is recommended also that the clues in 

columns 28 and 29 should not normally be used, because they produce a 

large volume of data that is usually of secondary value. 

(d) A clue must be entered in column 72 of the initialization card, if stresses 

and stress resultants are to be printed out in property axes, rather than 

local element axes. 
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(e) The number of nodes in the structural model should not exceed 1000 and 

should be numbered consecutively, starting at 1. 

(f) To minimize the bandwidth of the structure stiffness matrix, and conse- 

quently to minimize computing time, nodes should be numbered to minimize 

the separation of any pair of connected nodes in the numerically ordered 

node list. 

(g) The number of loading conditions for analysis or stress-constraint resizing 

should not exceed 20.   A deflection constraint should be applied in only one 

loading condition. 

(h)     The number of members in the model should not exceed 3000.   Further- 

more, if a deflection constraint is being applied, the total number of sub- 

members that are candidates for deflection-constraint resizing should 

not exceed 6000, where a submember is the same as a member in the case 

of noncomposite members and is a layer of a composite member.   This 

latter requirement can be made less restrictive by the appropriate re- 

moval of members from candidacy for deflection-constraint resizing, as 

explained in Subsections 4.2.1 and 4. 2. 2. 

(i)      The members cannot be ordered arbitrarily.   Members that have common 

nodes should not be too greatly separated in the sequence.   A rough rule- 

of-thumb is that such members should not be separated by more than 100 

intervening members. 

(j)      Care should be taken to insert blank cards wherever they are required in 

the input deck, as shown in Figure 12 and explained in Subsection 4.2.   In 

particular, three blank cards should be inserted in place of those for 

"allowable stress modification factors", if allowable stresses are not to 

be modified.   Immediately following the LABEL (4) card, a card or cards 

should be inserted, defining reference directions for property axes, 

followed by a blank card.   If this data Is not entered, only the single blank 

card that would normally follow It should be used. 

(k)     The LABEL (6) card, preceding the applied load data, must have the number 

of loading conditions entered on It, as explained In Subsection 4.2.4, and 

this number must be the correct number. 

■4 
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(1)      In ordering nodes for composite members, there should be consistency 

among members in a given zone (all clockwise or all counterclockwise), 

as discussed in Subsection 4. 2. 5. 

(m)    The use of the program on an IBM system may give erroneous results in 

some cases, because of Insufficient precision in the calculations, as 

discussed in Subsection 4.1. 
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Appendix A 

DESCRIPTION OF FINITE ELEMENTS 

A.l   INTRODUCTION 

The finite elements in the ASOP-3 program are described in this section.   Each 

element is shown in a sketch, and the assumptions used in formulating the element 

stiffness and stress matrices are given.   For elements such as the bar and the beam 

elements, the discussion is kept brief, as details are available in many references. 

More lengthy descriptions are provided for those elements that are not completely 

described in the literature. 

A. 2  ELEMENT NO. 1 (Bar) 

Figure A-l shows a typical bar element which connects nodes i and j.   The 

element carries only axial load, and P  = - P., as a state of constant strain is assumed 

within the element.   In addition, the cross-sectional area and material properties 

are constant along the length of the bar.   A detailed derivation of the stiffness matrix 

can be found in Reference 6. 
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FigureA-1. Bar Element 
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A.3   ELEMENT NO. 2 (Beam) 

The beam element has uniform properties along its length and is capable of 

resisting axial forces, bending moments about the two principal axes of the cross 

section, und twisting moments about the centroidal axis.   In the case of a beam 

element with zero offset, as shown in Figure A-2, the position of the element and 

the orientation of its cross-sectional axes in space are specified by giving the 

coordinates of nodes i, j, and k and the singleß .   Nodes i and j define the end points 

of the element, along its centroidal axis, and are also its points of attachment to 

the adjoining structure.   Node k is an additional node which, together with nodes i and 

j, establishes a reference plane, while jS is the angle between this reference plane 

and the plane containing the beam centroidal axis and the y /, -axis; y /  being a 

principal axis of the cross section.   The sign convention for ß is such that ß is 

positive when a right-hand rotation about i-j (x ^ -axis) brings the former plane 

into coincidence with the latter plane. 

As the bending moment about the y, -axis is disregarded in the resizing of this 

element, as discussed in Subsection 2.2.2, ,it is important to define the axes such 

that the x^, y,   plane is the plane in which the element is primarily loaded in bending. 

When the beam element is offset, two additional nodes,   i and m, which now 

define the end points of the element along its centroidal axis, are introduced.   The 

reference plane is now defined by k, i   , and m, and ß is now the angle between that 

plane and the plane containing the centroidal axis and the y«    axis, defined positive as 

before.   Nodes i and j are now the points of attachment of the element to the adjoining 

structure. 

It should be noted that there are no degrees of freedom associated with nodes 

k, /    , and m (or node k, in the case of zero offset).   They are introduced purely 

for purposes of defining the kinematics of the element, and are treated in the same 

way as fixed nodes in the boundary condition input, even though they clearly do move 

when the structure is deformed.   This movement is determined on the basis that / 

is rigidly connected to i, and m to j. 

The displacement functions selected for the bending deformations are cubic 

polynomials which are based on a beam theory neglecting shear deformation.   Axial 

deformation and rotation about the centroidal axis are linear functions along the 
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Figure A-2. Beam Element 
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length of the beam, giving rise to constant axial strain and uniform twist per unit 

length.   These displacement assumptions are used in both References 5 and 6, which 

give a complete development of the stiffness and stress matrices for the beam 

element. 

A.4  ELEMENT NO. 4   (Plane Stress Triangle) 

The triangular membrane element, shown in Figure A-3, is based on the 

assumption of constant strain within the element, which results in compatible dis- 

placements along the boundaries of adjacent triangles.   A general form of Hooke's 

law is employed, which allows for anisotropic, orthotropic, or Isotropie material 

behavior.   The material properties are defined with reference to the property axes 

(x , y ) whose orientation, with respect to the element, is given by the angle ß   , 

which is defined positive as shown. 
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Derivations of the stiffness and stress matrices are given in Reference 5.   The 

stress matrix is formed so that forces at the three nodes of the triangle are produced. 

For purposes of resizing by the nodal-stress method it is advantageous to obtain 

corner forces along the sides of the triangle, as shown in Figure A-4.   Nodal stresses 

are determined with reference to local orthogonal axes, oriented so that at nodes i and 

j the x-axis is aligned with i-j and at node k it is aligned with j-k. 
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Figure A-3L Triangular Membrane Element 

Figure A-4. Force Output for Triangular Membrane Element 
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A. 5  ELEMENT NO. 5 (Plane Stress Quadrilateral) 

The quadrilateral membrane element, shown in Figure A-5, is formed by 

placing four triangular membrane elements together.   They are joined at the central 

node, v, which is taken to be the centroid of the quadrilateral.   The triangular 

elements are those just described, hence the strain state in the quadrilateral is made 

up of four triangular regions of constant strain.   Moreover, the general form of 

Hooke's Law is retained, allowing for anisotropic properties which are referred to 

reference axes specified by the angle ß  . 

Figure A-5. Quadrilateral Membrane Element 

The stiffness matrix of the quadrilateral is obtained by stacking the stiffnesses 

of the four triangles, and then eliminating the central node by requiring that no net 

forces exist there.   The stress matrix gives the forces shown in Figure A-6 in 

terms of the nodal displacements.   It should be noted that these forces do not con- 

stitute a nonredundant set of forces on the element, since the q's are derived from 

the f's.   Details of the derivations are given in Reference 20. 

Nodal stresses are determined with reference to local orthogonal axes, oriented 

so that at nodes i and j the x-axis is aligned with i-j and at nodes k and i it is 

aligned with k-i 
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Figure A-6. Force Output for Quadrilateral Membrane Element 

is- 

A. 6   ELEMENT NO. 8   (Warped Quadrilateral) 

The warped quadrilateral, shown in Figure A-7, was developed to idealize 

slightly-curved surfaces, loaded primarily by membrane forces.   The element can 

be planar or warped and can be described by four or eight nodes.   The first four nodes 

(i,  j, k, and I   ) define the element, and the additional four nodes (m, n, o, and p) 

which are optional, are used to define the directions of the "kick" forces, k.., k?, 

k , and k4) as shown in Figure A-8,   When m, n, o, and p are not defined, the 

direction of the kick force at each corner is taken to be normal to the plane defined 

by the two adjacent edges. 

As in the case of Element No. 5, four membrane triangles are assembled to 

form the quadrilateral.   Node v, which is common to the four triangles, is at the 

intersection of lines ab and cd, which connect the mid-points of the sides.   The 

element stiffness matrix is formed using a reference coordinate system (x , y , z ). 

The x , y   plane is determined as the one whose normal vector (in the z^ direction) 

is the cross product of vectors (i- ^ ) and (j-k) in Figure A-7,   By summing the 

1 
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Figure A-7. Warped Quadrilateral Element 

tl 

*■.■ 

s 

stiffnesses of the individual triangles, the following relationship is obtained in the 

reference coordinate system: 

Wi  -tq]R    ISIR (A.l) 

where is the quadrilateral stiffness.   Equation A. 1 can be partitioned: 
R 

f 

If. 
i 

k      Ik. 
_ee i     ei 

k.     |   k.T' 
le 11 I 

(A. 2) 

where subscripts e and i denote "external" and "internal", respectively, and: 

lU     = Cf       f       O1 
J i» x        v        z 

m     ■'m       m 

13,1 - IK   L   K ^T 
m       ■'m        m 

The stiffness matrix is reduced to a 12 x 12 matrix by imposing two conditions. 

First, it is required that no external forces be applied to node v in the x   and y 

i 
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direction (fx    = fy    « 0).   The second condition is that lines c-v-d and a-v-b 

(Figure A-7) remain straight during deformation.   It can be shown that this results 

in the requirement that f    be equally distributed among nodes i, j, k, and / . 
zv 

The stress matrix for the warped quadrilateral yields comer forces in the 

direction of the element edges, shear flows between the nodes, and "kick" forces at 

the nodes, as shown in Figure A-8.   Again, it should be noted that these forces do 

not constitute a nonredundant set of forces on the element, since the q's are derived 

from the f's.   Nodal stresses are determined with reference to local orthogonal axes, 

defined in the same way as in Element No. 5, with the additional specification that 

the y-axis, at each node, lies in the plane of the two adjacent edges. 

Figure A-8. Force Output for Warped Quadrilateral Element 

A-8 
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A.7  ELEMENT NO. 6  (Warped Shear Panel) 

As in the case of Element No. 8, this element can be planar or warped and can 

be described by four or eight nodes, with the second set of four nodes defining the 

"kick" force directions.   The geometry and force output for this element are similar 

to that for Element No. 8, shown in Figures A-7 and A-8, 

The element characteristics, for the warped-shear panel, are developed from 

the assumption of a distribution of stresses within the element that satisfy equilib- 

rium but do not satisfy strain compatibility, except in the case of a parallelogram. 

A flexibility coefficient is then computed, using an energy formulation, and a set of 

equilibrium equations is used to obtain the stiffness matrix.   Details involved in 

obtaining the energy expression can be found in Reference 7. 

The flexibility coefficient is computed for the projected geometry of the warped 

quadrilateral on the reference nlane defined by the lines 1-4 and 2-3.   This coefficient, 

designated a , gives the relationship between the generalized shear deformation, 

Ö , and the shear flow, q12, acting along side 1-2, as shown in Figure A-9. 

| 
if 

Figure A-9. Projactad Quadrilataral 
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The computation of a  for a particular quadrilateral depends on its shape, which 

can be any of the following types: 

(a) parallelogram or rectangle 

(b) trapezoid with side a parallel to side c 

(c) trapezoid with side b parallel to side d 

(d) general quadrilateral 

In order to obtain the stiffness of the element, six equilibrium equations are written 

for the element in the reference coordinate system shown in Figure A-9, 
tit i 

The forces f., f0, f0, and f. (Figure A-10) are necessary to insure equilibrium 

in the z-direction.   The next step is to solve for L, f2, f , f., q», q„, and q., in 

terms of q .   Since there are six equations and seven unknowns, an additional 

equation is needed, which is obtained by assuming that the resultant force in the 

z-direction passes through point v (Figure A-ll), and that one-half of this resultant 

is acting at nodes j and k. 

*h 
fi   4 

Figure A-10. Equilibrium of Warped Shear Panel 
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Figure A-11. Additional Geometry for Warped Shear Panel 

Taking moments about a line passing through node j and parallel to i-i 

.'     1 ,   g4 
fo=t (- 

itit 

Wf    +  £    +  f    +  f. ) 

or: 

where: 

3     2 v g3 + g4
,   ^l 2 3 4 

fi + f2 Mi-n % * f4« 0 

2(g3   +  g4) 

(A. 3) 

(A. 4) 

{A. 5) 

If* f 
V. 
it ■ 

U 

The equilibrium equations and Equation (A. 4) can be written in the matrix form 

(EQ]   jf"|    =   |R|q1 (A. 6) 

where   jf"|  « {f^   i2  i    f^  q2  q3  qj   .   Solving Equation (A. 6) we have: 

If 1 - [EQ] -1 W h 

or: 

if I - IEK 

(A. 7) 

(A. 8) 

A-ll 
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\'V 

I 

where    jf ( is obtained by enlarging |f'I to include q^ and {E}  is obtained by 

correspondingly enlarging   |EQJ       |R| to include the relation q^ = q^. 

The eight applied forces can be considered to correspond to eight degrees of 

freedom.   They are related, as wo have seen, by seven equations, six of which are 

based on static equilibrium, and the seventh is an assumed relationship.  An 

additional relationship, based on elastic deformation and corresponding to a single 

elastic degree of freedom, can be introduced.   If we regard q^^ as representing 

the generalized force corresponding to the elastic degree of freedom, and S q 

is defined as the corresponding generalized displacement, the elastic strain 

energy may be written in the form: 

Ü-H„ 
Introducing the relationship: 

I, = aq1 

(A. 9) 

(A. 10) 

where a   is a flexibility coefficient, mentioned earlier, we can write Equation 

(A. 9) in the form: 

U  = 2a ©q. 
(A. 11) 

An alternative form for the strain energy is: 

U  =|   WT   \8\ (A.12) 

where { 5 } is a displacement matrix corresponding to    { ^ f •   Substitution of Equation 

(A. 8) into Equation (A.12) yields: 

Comparing Equations (A.9) and (A. 13), we see that; 

■: 

(A. 13) 

(A. 14) 

>¥] 

•12 
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Substitution of Equation (A. 14) into Equation (A. 11) yields the form: 

(A. 15) 

or: 

where: 

tJ.-Hirwiai (A. 16) 

[k]     =i-   {E}  {EJ (A.1T) 

[kj is seen to be the stiffness matrix hi the relationship: 

{fj   -    [k]{ij (A. 18) 
As the program can only accept element stiffness matrices in a form that 

relates element nodal forces to nodal displacement, there is a transformation of 

[kj to such a form. 

The stress matrix for the element is similar to that of Element No. 8, in that 

it gives the comer forces, "kick" forces, and shear flows. 

A. 8  ELEMENT NO. 11  (Hinged beam) 

This element is similar to Element No. 2, except that:   1) it is hinged on 

the z/ axis at node j (see Figure 24), and  2)  there is no provision for offset of 

the centroidal axis from the nodes defining the points of attachment to adjoining 

structure. 

FAN 

% 

' t: 

| 

I 
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Appendix B 

INPUT DATA FOR FINITE ELEMENTS 

i-CI 

^ 

The following pages illustrate and describe the input member data for the finite 

elements that are currently in the ASOP-3 program.   The input data is filled out in 

fields in accordance with Figure 20 and Subsection 4. 2.6.   It should be noted that it is 

not necessary to provide cards for the elastic properties of each individual member 

(data class 2), if the appropriate data is entered through the material properties input. 

In any case, a material code must be provided.   As the data class 5, subclass 1 and 2 

cards, containing allowable stresses and minimum and maximum gages, are in the 

same format for all the elements (Figure 21), they are omitted in the following pages. 

Only topology, elastic property information, and corner force output are shown. 

The column matrices labeled "OUTPUT" contain the element nodal forces.   These 

forces, including edge shear flows in some cases, are printed out optionally. 

Special care should be exercised in entering the angle, ß , which is used when 

property axes differ from element axes.   This angle is always measured from the 

element x*-axis, which is along the i-j side, with origin at i.   It is always positive in 

the direction away from the element.   It should also be noted that, in numbering the 

nodes of the quadrilateral elements, i-j need not be in the counterclockwise direction. 

However, k must be on a common edge with i, and I with j. 

In the case of the beam elements (Nos. 2 and 11), the only cross-sectional prop- 

erties listed are the area, the moments of inertia I     and I    , and the effective polar 
yy zz' H 

moment of inertia J (used in determining torsional stiffness).   No cross-sectional 

dimensions are explicitly introduced, as the assumption is made that the whole cross- 

sectional area is concentrated at the location of the extreme fibers, which can be de- 

termined from the area and the moments of inertia, and is so determined in the pro- 

gram.   Care should be exercised in defining the angle/?, which establishes the orien- 

tation of the y and z axes for beam elements, as bending moments about the y-axis are 

disregarded in resizing.   The xy plane should be the plane in which the element is 

primarily loaded in bending. 

It should also be noted that only Element No. 2 can be treated as an offset beam. 

Element No. 11 does not have this capability. 

B-l 
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Bar Elemmt [ELEMENT NÖ71] 

INPUT 

1 i ■ u 
S 
o 1 

s 
w4 

i 2 1 
2 

CO 

1 
2 2 

Factor 
1 

Factor 
2 

Factor 
3 

Factor 
4 

Factor 
5 

\   No. 1 l 1 1 J Area 

|   No. 2 1 E 

E a Modulus of Elasticity 

*This card needed only when overriding properties in the materials data. 

OUTPUT 

P (Axial Load} 

B-2 
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Baam Element ELEMENT Ho. 2 

Rtferenee plane (R) 
Nodes 1, J, k determine 
reference plane R.    Angle g 
determines orientation of 
y , z   axes with respect to 
reference plan R. 

For Offset Beam:   Nodes 1, 
J, are the structural connection 
nodes and nodes i, m are the 
beam centroid nodes.    Node k 
determines the orlentaticn of 
the beam. 

INPUT 

I 

Is )l 
1 
i s 

1 
! a 

I 
i 1 

■ 
01 « 1 u 

1 1 
« n * Factor 

1 
Factor 

a 
Factor 

3 
Factor 

4 
Factor 

5 

No. 2 1 1 1 1 k 1 Are« 1 £ '« J      | 

• • No. 1 2 m 
• No. .2 1 E 

OUTPUT 

f. ■1 

"/I 

I    It In degrees 
t • Effective polar moment of Inertia 
E - Modulus of Elaettclty 

t1 

la local «yatem 

—a.^" 
X 

'«tv 

X 
•This card needed only when overriding properties in the materials data. 
»•This card needed only for the offset beam. 
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Triangular Membrane Element 

k 

ELEMENT No. 4 

XJYJ- Local Axes 

x  y   - Local Property Axes 
P   P 

INPUT 

Isotropie and Orthotropic 

hi 

1 £   . 
8 

If 

o 
o u 

0 
O 

(A 
B 
O 
ü 

eg 

O 
2 
ß o 

09 
Ifl a 
O 
| 
to 

i 
2 z. 

n 
| o 

«> 
o 
Z 

Factor 
1 

Factor 
2 

Factor 
3 

Factor 
4 

Factor 
5 

No. 4 i 1 1 i k t 0 
No. 2 1 All A22 A33 A12 

Anisotropie 

No. 4 1 1 1 J k t 0 
* No. 2 1 All 

A22 A33 A12 A23 
* No. 2 2 A13 

*This card needed only when overriding properties in the materials data. 

OUTPUT 

i 

Note: 

t ■ thickness of element 
0 given in degrees 

Elastic factors (A., etc.) are 

elements of stress-strain law: 

> = 

V.  *yJ      L 

u 
Si 

31 

12 

32 

13 

S3 

33 
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Quadrllaljeral Mambrane Element [ELEMENT No. 51 

Element No. 5 Is composed of 
four triangular elements. 

x/yy - Local axes 

x  y    - Local property axes 

M 

INPUT 

Isotropie and Orthotropic 

1. IS «A 
M s 

10 
Ü 

I 
g 

l u 
(0 

§ 

| 
Ü 

i 
B 

O 

| to 
1 o | 

O 
2 

CO 

1 
1< 

u •a 
o 

Factor 
1 

Factor 
2 

Factor 
3 

Factor 
4 

Factor 
5 

No. 5 i 1 i j k ^ t 0 
No. 2 1 All A22 A33 A12 

Anisotropie 

No. S 1 1 i j k J t 0 
* No. 2 1 All 

A22 A33 A12 A23     i 
* No. 2 2 A13 

*Thls card needed only when overriding properties in the materials data. 

OUTPUT 

h 
h 

■•i 

Note: 

t ■ thickness of element 
0 given in degrees 

Elastic factors (A    etc.) are 

elements of stress-strain law: 

r^ A12 

ry 
A21 A22 

.T«y- 
A31 A32 

13 
A23 

A33 

•S   «. 

^xy 

| 
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Quadrilateral Shear Panel (Garvey) ELEMENT No. M 

Panel can be 
warped or planar 

INPUT 

I* 

•S •o o 
fa a o 

1 o 

1 
S 
6 

.-I 

u 
IN n Factor Factor Factor Factor Factor 

^ s g ^ 1 | 1 1 1 2 3 4 5 
S Z a H >s Ü u A Z z Z z 

No. 6 i 1 i j k 7 t 

No. i 2 m n 0 p 

No. 2 1 I G 

*This care ne edf idc )nl\ ' wh en o ven idin ? ■f     - 

properties in the materials data. 
OUTPUT 

1 

2 

3 

4 

5 

6 

7 

8 

"l 

E ■ modulus of elasticity 
G = shear modulus 

Note: 

** Nodes m,  n,  o,  and p are optional   (data  card 12). 
They are used to specify the directions of the  "kick"forceE. 
When nodes m,  n,  o, and p are specified the direction of 
the  "kick" forces is from 1  to m, from J  to n,  from r to o, 
and from I to p.    When these nodes are not specified (card 12 
is left out),  the direction of the "kick" forces  is perpen- 
dicular to the tvo adjacent sides at a node and its sense 
is as shown above. 
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Warped Quadrilateral ELEMENT No. B| 

INPUT 

Isotropie and Orthotropic 

1 IA 
CA 

u 
-J s 
a 4 

1 
1 i 1 R 

a u 
in c 
0 

in « 
Ü 1 

N « * Factor 
1 

Factor 
2 

Factor 
3 

Factor 
4 

Factor 
5       1 

S z S H Ä ü Q M Z z z z 

NO;. 8 1 1 i j k 7 t tf 

♦ No. 1 2 m n 0 P 

• No. 2 1 All A22 
A33 Al2 

Anisotropie 

No. 8 1 1 i J k J t 0 

* No. 1 2 m n o P 

• * No. 2 1 An A22 A33 A12 23     i 

«* No. 2 2 Au 

OUTPUT Note: 

fl S 
f2. H 
f3 q3 

f4 

f
5 

» 
q4 

f6 k2 

f7 
k3 

f
8 LkJ 

•Nodes m,n,o,p are optional (data card 12).   They are 
used to specify the directions of the "Kick" forces. 
If data card 12 is left out, direction of "Kick" forces is 
perpendicular to adjacent sides at node and in the 
directions shown in the figure. 

t  = Thickness of element 
a = Angle between property axes and side i-j;  given in degrees. 
Elastic factors (A     etc.) are elements of stress strain law 

xy^ 

> = 

AU      A12 '13 

■21 A22      A23 

A31      A32      A33 xy 

**This card needed only when overriding properties in the materials data. 
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Beam Element ELEMENT No 

INPUT 

13 
k Reference plane  (R) 

Hinge exists at node J 
on Z   axis 

Nodes  i,  J,   k determine reference  plane 
R.  Angle fi determines  orientation of 
y, 
plane R 

z    axes with respect to reference 
4s 

u 
HI 

ill 

u 
V 

1 fi 

1 
i 
2 

10 
o 

I 
o 

1 o 
to 

§ 
o 

a 
ID 

O 
m 
« 

1 
(A 

V 
■a 
o 

| 
o 
Z 

e-J 

o 
2 

■■«" 

V 
•a 
o 

Factor 
1 

Factor 
2 

Factor 
3 

Factor 
4 

Factor 
5        j 

No. 2 i 1 i j k Area e I 
yy 

I 
2Z J       i 

No. 2 1 E 

ß    is in degrees 
J ■ Effective polar moment of inertia 
E n Modulus of Elasticity 

*This card needed only when overriding properties in the materials data. 

»■ 

i 

OUTPUT 

yi 
fzi 

"xi 

"yi 

zl 

"xj 
f 
yj 

f . 

m  . 
xj 

m  . 
yj 

m  . 
«J 

in local system 

»m 
yi 

'., t V 
xi- 

/i 

V'B 
'zi 

•«t',, 

'«j 

'xj 

Sign convention for moments depends on whether 
right or left-hand coordinate system is used. 
For right-hand system, right-hand rule holds, for 
left-hand system, left-hand rule holds. 

V should be aero 

1 
§ jn 
fi 

'1 *1 
•-■ .»Äiiiäcs ■-■ ^ -.rt«,-, 
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Appendix C 

COMPUTATION OF ANGLE BETWEEN LOCAL ELEMENT AXES 
AND PROPERTY AXES 

The angle  ß  is defined as the angle between the local element x-axis and the 

property x-axis, positive away from the element, as shown in Figure C-l.   In the case 

of triangular elements and planar quadrilateral elements, the property axes lie in the 

same plane as the local element axes, which is the plane in which the element lies.   In 

the case of warped quadrilateral elements, it is necessary to define an element plane. 

That plane is chosen here to be the i-j-k plane, and, again, the local element axes and 

property axes, and consequently the angle ß, all lie in it. 

Figure C-1. Definition of Angle ß 

$ 

fe 

The reference direction for the property x-axis is defined by means of the unit 

vector AB, along the line AB, where A and B are two points defined in the global axis 

system.   The components of AB in the global axis system are given by: 

dab    = (xb ■ Xa)/L: ab (Cl) 

C-l 

1 
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ab = % ' ya)/Lab 

d ,    = (z. - z )/L . ab        b     a'    ab 
z 

where x , y , and z   are the global coordinates of point A, and similarly for point B, 
a     a a 

and L L is the length of AB, given by: 

Lab = = K-v2+yb-y/ + (zb-za)2] (C.2) 

The components of the unit vector ij along ij are given by: 

d     MXj-x^/L 
■•x 

aijy = (yi - S^/Ly (C.3) 

dij   =(Zj"Zi)/LIJ 

Ui 

where x., y., and z. are the global coordinates of node i, and similarly for node j, and 
ii i —^ 

L.. is the length of ij.   The components of the unit vector ik along ik are similarly 

formed. 

The unit vector viTnormal to the i-j-k plane can now be obtained from the relation: 

'£= (ifxi$/L w (C.4) 

to 

I 
where L   is the length of the vector formed by the vector product in the numerator. 

The components of these vectors are: 

i 

d     = (d.. d..    - d., d..   )/L w      Mi    ik        ij    ik '    w 
x        Jy    z       ""z     y 

(C.5) 

I 
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dw   = (dii dik   " dij dik )/Lw wy Jz      X        'x      Z 

(C.5) 

VVV\VL" 
and L   Is the square root of the sum of the squares of the numerators in the above 

w 
expressions. 

The projection of AB on tiie i-j-k plane is obtained by subtracting from AB the 

component of AB along wT.   A unit vector b along that projection is then given by: 

^ =   AB - (AB . w) w] /\ 
(C.6) 

where the components of b are: 

W^/1* 

VVV1* 
(C.7) 

it 

z z z 

and L. is the square root of the sum of the squares of the numerators in the above 

expressions, while: 

»-si-v-SVSS'V*. 
The angle ß is now determined from: 

cos /9 = "b • 7 

=   dbdij+dbdij   +dbdlj "x   Jx      y   Jy        z lJz 

(C.8) 

(0.1) 

1 

C-3 
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The algebraic sign of ^9is determined by comparing the directions of ij x ik 

(or w) and ft x ij, which are colinear.   If they are in the same direction, ß is positive. 

If they are in opposite directions, ß is negative.   Their relative directions are de- 

termined by forming the scalar product of the two vectors.   That is, the sign of ß is 

given by the sign of w • (b x ij). 

C-4 

"■'■•■ ■..■■■■....■-.       -.     -..! ...., _1.,J...J...     ...     . 



»»«W^" - ^mmmmmm*» 
'■mmmm»^mmm^m>.. ^mmwrnw     <«   ..mmmm ! '   ■       -vsi&sss 

Appendix D 
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SUPPLEMENTARY MATHEMATICAL DETAILS 
PERTAINING TO STRUCTURAL ANALYSIS 

D.l   MODIFIED CHOLESKY ALGORITHM 

The possibility of decomposing the stiffness matrix in the following manner: 

T 
[K]  -   [L]   [L] (D-l) 

where   [LJ is a lower triangular matrix, is guaranteed if   K   is positive definite. 

The force-displacement relations then become: 

[L][L]T |M       .   |Fl (D-2) 

Once    L    is obtained by Cholesky decomposition (Reference 20), use is made 

of the equation: 

H     |Z(    ■   |Fl (D-3) 

for generating the elements of the vector  |z|  In succession (i. e., top to bottom). 

This step is then followed by a backward substitution in the relationship: 

H T W  - |z| gM» 

to determine the elements of  JAJ in reverse order. 

The standard Cholesky formulae to determine the elements of the matrix [JJ 

are: 

k-1 

^kk "   \akk "^    ^kjj 

1/2 

(D-5a) 
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for the diagonal elements, and: 

k-1 

iik -   (aik  -Z   ^   ^kj)   /4k (D-5b) 

for i > k, where a., are the elements of \K\ .   However, since the matrices which 

normally occur in the solution of large practical structural problems contain a large 

number of zero entries, the present solution scheme seeks to benefit from the presence 

of the zero elements, by modifying the above equations to read: 

^k (D-6a) 

for the diagonal elements, and, for i > k > p (1): 

I 

^ij 4j (D-Cb) 

with i., = 0 for 1 < k< p(i), where p(i) designates the position of the first nonzero 

element of the i    row of the matrix  [K] , and q(i,k) denotes the larger of the numbers 

(p(i), p(k)).   The modified formulae, Equations (D. 6), enable the suppression of many 

zero terms and, for banded matrices (those with all nonzero terms near the main 

diagonal), this saving may reduce the volume of computation by a large factor.   The 

modified procedure also facilitates computer storage economy and input-output opera- 

tions of highly-banded matrices, through condensation of the  [K]  and   [Li   matrices. 

D.2  COORDINATE TRANSFORMATIONS 

It is frequently necessary in the program to trtisform stresses, strains, and 

stiffness coefficients from local element axes to propt 'ty axes, or vice versa.    Ac- 

cordingly, the required transformation matrices are new defined. 

A typical element is shown in Figure D-l with its local element axes, x i   ' ^ 
and Z/, , and property axes, x , y , and z .   The angle between these sets of axes 

is shown in the positive sense in Figure D-l (a), that is, positive away from the 

D-2 
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element.  In that figure, this is seen to represent a clockwise rotation from the local- 

element axes to the property axes.   However, it should be carefully noted that this 

rotation would be counterclockwise for positive ß , if the nodes were ordered so that 

i and j were interchanged, as seen in Figure 39 (b), where the same effective orien- 

tation of the property axes results in an equal but negative value oiß. 

(a) (b) 

Figure D-1. Element Axis Systems 

The transformation relations for stress and strain in a rotation from the local 

element axes to the property axes are written as (Reference 19, p. 19): 

f: 

I 

and 

■ H 

H 

(D-7) 

(D-8) 

D-3 

;  ...:t;..J%.iJ-^J. :.   -    .--.T-.   --Muhin,,    >~ ^-fc--^..■..i..-J.-...V..: 



-    .   |...ll<H»'WtlJ.U»IM|IWIlV.ll.lt.llllU»l.ll|||ll..l.pJ]l|4I.HII|»IIIIIIW ■PPiwjiw n.. .1.,. «WIIW«JI^IW^:»W^ .., J i. ijawmiiii, pp 

where 

W 
2p cos P sin2ß -sin/3  cos/3 

sin ß cos2ß sin/3  cos/3 

sin/3 eos/3 -2 sin/3  cos/3 cos /3   - sin/3 

(D-9) 

Tv -1 and [B]  - (  [D] 
T) 

These relations can be seen to be valid for both situations illustrated in Figure D-l, 

as the rotations will be in the opposite sense in the two, when the axis systems are 

all taken to be right-handed systems and it is remembered that ß is opposite in sign 
r -i r 1 T 

in the two.   It should be noted that the inverse of [pj   or |_DJ      can he obtained 

simply by changing the sign of ß. 

If the stress-strain relation in property axes is given by: 

x 

A (D-10) 

xy- 

*:* 

it can be seen that substitution of Equations (D. 7) and (D. 8) into Equation (D. 10) 

yields: 

(D-ll) 

where: 

= [DJ 
T
   [A]    [D] (D-12) 

D. 3  STIFFNESS PROPERTIES OF COMPOSITE ELEMENTS 

As discussed in Subsection 2.1, layers of composite elements are treated in- 

ternally in the program as separate elements in the analysis of the structure for 

nodal deflections and internal loads. 

D-4 
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The stress-strain relation for a layer of the composite in fiber axes (x-axis in 

fiber direction) is given by (Reference 19, p. 18): 

f \ 

f 

Q 

.f   \ 
x 

Vyxy 

(D-13) 

where: 

[Q]   - 
11 

21 

Q 

Q 

12 
0 

0 
22 

0 Q 66 

and: 

Qi2 = Q2i= ^V^^^i^ "uS^1-V21) 

Q66 " G12 

with E^ and E22 being the Young's moduli along and transverse to the fiber direction, 

respectively, G.„ the shear modulus and V-« the Poisson's ratio for transverse strain 

due to stress along the fibers (and vice versa for ^oi)'   ^ should be noted that, for the 

purpose of analyzing the structure to determine nodal displacements and internal loads, 

these stiffness parameters include the stiffness of the matrix material, which is pre- 

sumed to remain intact. 
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In forming the element stiffness matrix, relating nodal forces to nodal displace- 

ments for each layer treated as a separate element, it Is necessary first to determine 

the stress-strain relation for the layer material in local element axes, as shown in 

Figure D-2. 

xf (FIBER DIRECTION) 

Figure D-2. Axis Systems for Layers of a Composite Element 

$ 

This relation is obtained from Equation (D-13) by a coordinate transformation, 

and is given by: 

■K (D-14) 

where: 

[Ä] -   [Df [Q] ® 
and [D] is as defined in Equation (D-9), with ß + 0 replacing ß , as the rotation is now 

through the angle ß+Q rather than ß .   This relation is then used in the membrane 

element subroutines (types 4, 5, and 8) to determine the required element stiffness 

matrix. 
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Appendix E 

DETERMINATION OF AVERAGE STRESS RESULTANTS IN 
TRIANGULAR AND QUADRILATERAL ELEMENTS 

E.l  DETERMINATION OF AVERAGE STRESS RESULTANTS IN TRIANGULAR 

ELEMENTS 

^1 

The internal forces on triangular elements generated in ASOP-3 are corner 

forces in the directions of the element edges, as shown in Figure E-l,   It is 

necessary to transform these forces into stress resultants that are consistent with 

the uniform strain presumed to exist in the element. 

f5 

'1 *• 

(a) (b) 

* 

Figure E-1. Triangular Element Geometry and Corner Forces 

In developing this transformation, it is necessary to determine the angles, 

0  and ty , and the lengths, h , h , and h , of the perpendiculars from the three 

vertices to the opposite sides.   We start by determining the lengths, L.., L   , and 

L.j^, of the three edges, ij, ik, and jk, and the components of unit vectors, ij, ik. 

E-l 
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and jk, along these edges, as shown in Appendix C.   The angles, <p  and ^ , are 

then determined from the relations; 

(30s <f>  =  ij • ik 

cos ^ =  ij • jk 

and the perpendicular lengths ard determined from the relations: 

h. 
2A 
L. 

2A 
L. Jjk "       "ik 

where A is the area of the triangular, and is given by: 

A=t ij  x ik L..   L.. 
i]     ik 

(E-l) 

(E-2) 

(E-3) 

In effecting the transformation from comer forces to stress resultants, we 

consider the three pairs of colinear forces, which are necessarily equal and opposite 

forces to satisfy equilibrium.   Associated with the forces f1 and f0 (  = L) there is 
1 o 1 

a state of uniform normal stress acting on the normal cross section of length h». 

On the basis of equilibrium, the corresponding stress resultant is given by 2f1/h„ 

Similarly, the forces f„ and f   give rise to a normal stress resultant 2f2/h2 on the 

normal cross section of length h0, and the forces f. and f_ give rise to a normal stress 

resultant SlVhj on the normal cross section of length h-.   The three resulting 

states of uniform stress at different orientations are then resolved into components 

in the local element axis system and summed.   This results in the transformation: 

I *• 

h 

N 

•      N       \ 
<        5|    > 

N 
xy^ 

2 2A T-   cos <p 
ft2 

4     cos2^ 
hl 

i     sin 20 |    0    I ~     sin 2$ 

r    \ 
1 

< > 

5 

L'6J 

If the stress resultants in the property axis system are desired,' the following 

transformation is carried out: 

'   N     " 

< 
N 

N 
xy. 

r N    ^ 
x^ 

\ -H N 
>i 

N 
xy^ 

V. J 

E-2 
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where the transformation matrix   FBJ   is as defined in Equation (D-7). 

E.2   DETERMINATION OF AVERAGE STRESS RESULTANTS IN QUADRILATERAL 

ELEMENTS. 

In determining the average stress in a quadrilateral element, the element is 

cut successively along the two lines joining the midpoints of opposite edges and, in 

each case, forces acting on the cut section are determined by putting the free body 

on one side of the cut in equilibrium.   This is illustrated in Figures E-2 and E-3. 

Figure E-2 shows the element with the comer forces acting on it in the 

directions of the element edges.   Points a, b, c, and d are the midpoints of the edges, 

and the directions of the lines cd and ab define oblique coordinate axes u and v.   A 

third coordinate axis w, normal to u and v, completes the triad to form the right- 

handed axis system u, v, w. 

IS 
■1 
*■■■ 

1 

Figure E-2. Quadrilateral Element Geometry and Corner Forces 
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Figure E-3 shows the two free bodies formed by making the cuts described 

above.   The forces shown on the cut sections are in the u, v axis system and 

are in equilibrium with the corner forces.   They are first transformed to stress 

resultants in the same oblique axis system.   As the two shear stress resultants 

thus obtained are not necessarily equal, a single shear stress resultant is 

determined by taking their average.   Additional transformations then yield the 

stress resultants in the local-element-axis system or property-axis system, which- 

ever is required.   The details of this whole process are described below. 

& Figure E-3. Forces on Quadrilateral Element Cron Sections 

te 

The global coordinates of points a, b, c, and d are given by: 

x. + x. 

a 2 

yi+ h zi + zj 
ya = —2^ •   za " —2 

etc. 

E-4 
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P 
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These coordinates are used in determining the direction cosines of unit vectors, 

"it and "v, along the u and v axes, in the manner shown in Appendix C.   The direction 

cosines of the unit vector w along the w axis are determined from the relation: 

\^ =  (u x v)/Lw 

where L   is the length of the vector product in the numerator.   These direction 

cosines form the elements of a matrix,   [DJ i for the transformation of forces in 

the u,v, w system to the global axis system, represented as follows: 

W 
u "w. 

w 

w 

The resolution of the element corner forces and kick forces into the global 

axis system requires the generation of a table of direction cosines for forces 

defined in eight directions, as follows: 

Direction No. From Point To Point 

1 i J 
2 i k 

3 j / 

4 k 1 
5 i m 

6 3 n 

7 k 0 

B i P 

where m, n, o, and p are additional nodes introduced to define the directions of 

the kick forces, as discussed in Appendix A. The table of direction cosines for 

these eight directions is written as follows: 

f4 
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i 

d. 

2 

x 

3       14, 

d3     I      d4     1 
x   I x   i 

I 
d3     I      d4     | 

y i      y 

5 6 

x   I 

d.. 
I 

d5      I     d6 
y  |      y 

7 

d. 

I 
I     8 
I 

x    I 

d7      1    d^ 

When nodes m, n, o, and p are not defined, the directions of the kick forces 

are taken to be the normals to the adjacent edges of the element, and may be 

obtained by forming the vector products of the vectors along these edges. 

The comer forces and kick forces acting on the free bodies shown in Figure 

E-3 are now resolved into components in the directions of the global axes and are 

summed.   The resulting forces acting on the free body shown in Figure E-4(a) are 

then given by: 

R 

R 

R 

1 -df 
x 

8 

y 

-d. 

_i     i *4 

where the direction cosines are taken from the table above, the corner forces 

are as shown in Figure E-2, and the kick forces iL, kg, k3, and k^ are applied 

at nodes i, j, k, and I , as shown in Figure 30.   The forces acting on the free body 

shown in Figure E-4(b) are similarly given by: 

,      v r -d. 
x 

-d. 
z   -i 

) 

Vk4 

nf* 
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The two sets of forces determined in this way are introduced into the following 

relations,  to yield the reactions on the cross sections shown in Figure E-4: 

R 

R 

R w 

Ü 

R 

R 

R 

wy 

D 
-1 

PT 

and the stress resultants in the u and v coordinates are determined from them by the 

relations: 

N PR /Lab 
u 

? ■ 

.£1 

N PT /Lcd 
V 

N 
uv 1   {<PRv

/Lab' + <PT/Lcd>j 
t I A rectangular coordinate system of axes x , y  is now defined in the u, v 

plane such that x is coincident with the u-axis, as shown in Figure E-4.   It can be 

seen from Figure E-4 that the transformation of the stress resultants from the u, v 

system to the x', y1 system is given by: 

u 
t 

I* 

* 

£ 

N i x 

N , 
y 

N t  t 
xy 

N   cosec Ö   + N   cos ö   cot Ö      + 2 N     cot Ö 

N   sinö v 

N   cos Ö   + N 
v uv 
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(a) (b) 

Figure E-4. Transformation from Oblique to Rectangular Coordinates 

It is now necessary to transform these stress resultants from the x , y 

system to the local-element axes x»   and y.    .   For this purpose, we assume that the 

x,   and j&    axes lie in the u, v plane, and we determine the angle a between the 

x»   and x' axes, where a   is positive for a positive rotation of the x*    and y*    axes 

into the x' and y' axes about w in the right-hand sense.   The determination of 

a   is made in the same way as that of the angle ß  in Appendix C.   That is, the 

projection of ij into the x'.y' plane is first obtained, and the angle between that 

projection and the x' axis is then determined.   The transformation of stress resultants 

is then given by: 

N N t x 

I %:■■ 

N 

N 
Z/^ 

H V 
N «„«I vxy; 

where[B]is defined in Appendix D-2, with a   replacing ß . 
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If the stress resultants in the property axis system are desired, an additional 

transformation is carried out, this time using the angle ß   in the transformation 

matrix     IBJ 

E-9 
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Appendix F 

MATHEMATICAL RELATIONS USED IN STRESS CONSTRAINT RESIZING 
OF COMPOSITES 

F.l    DETERMINATION OF STRESS RATIO FOR COMPOSITE ELEMENT LAYERS 

In the resizing of composite elements to satisfy stress constraints, it is first 

necessary to determine components of the stress resultant for the whole laminate in 

property axes, as described in Subsection 2.2.3 and Appendix E.   The relationship 

between these stress resultant components and strain components must then be es- 

tablished.   Thi» relationship is written in the form: 

X 

N1- [S] 

J\ 

(F-l) 

N1- 
xy> Vxy> 

where js] is the matrix of stiffness coefficients for the whole laminate. The stiffness 

of the matrix material is partially neglected in the determination of [s] , as discussed 

below.   This has the effect of yielding strains and, consequently, stresses in the layers, 

as though the fibers were carrying practically the whole load.   It should be noted that 

this procedure requires that the composite be fiber-controlled, as discussed in Sub- 

section 2.2.3. 

The matrix [s] is formed by first forming the stiffness matrices for the individual 

layers in fiber axes, transforming them to property axes, and summing them, as 

follows: 

i-^ViMi Mt Mi (F-2) 
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where the summation is over all n layers in the laminate, subscript i refers to the 

1 th layer, and: 

i 

t 

is the number of laminae in the layer 

is the thickness of an individual lamina 

is as defined in Equation XF-9), with (/> i 
replacing ß , where (j>. is defined in Figure 40 

[QJ     is the matrix of stiffness coefficients in the stress-strain 

relation 

The matrix   (QJ is as defined in Equation (F-13), but now with the stiffness of the 

matrix material effectively eliminated by setting £„„ = G-« = V~9 =  v    ■ o.   Thus: 

bl- 
11 

0 0 

0 0 0 

0 0 0 

(F-3) 

where £_ is the stiffness coefficient in the fiber direction for the layör under consider- 

ation.   While E     includes some effect of the matrix, this effect is normally small in 

composites in which the fiber material is much stiffer than the matrix material. 

Solution of Equation (F-l) yields the strain components of the whole laminate, and, 

as all layers experience the same nodal displacement, these strain components also 

apply to the individual layers.   These strain components are now transformed to fiber 

axes in each layer, as follows: 

¥* 

I 

t 

xy/ 

H (F-4) 

yp 

where, again,  ID| is as defined in Equation (D-9), withtf». replacing p 
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Introduction of Equation (F-3) into the relation: 

- [Q] (F-5) 

xy/ I y. 

yields the stress in the fiber direction: 

f f 
x      11  x 

(F-6) 

The stress in the fiber direction is determined in this way in each layer, and its 

absolute value is divided by the corresponding allowable stress (tension or compression 

as appropriate), to determine the stress ratio for layer resizing. 

F. 2 APPLICATION OF MICROBUCKLING FAILURE CRITERION 

Using the components of the stress resultant for the whole laminate, the algebra- 

ically smaller of the two principal stress resultants is determined as follows: 

N     4|NP  +NP- pc    2 \  x        y 
fNP-NPV+4NP 

xy 
(F-7) 

This is done for all loading conditions, and the largest negative value, (N   )       , is 

introduced into the relation: 

*■■"(■. 

ft 

(N    ) v pc' 
t = max 

G 
av 

(F-8) 
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where Gz     is a weighted average of the values of the microbuckling allowable Gz jav 
for the individual layers.   G7     is determined as follows: 

n 

G 
av 

Z G ft. 
. , z. i i 
1 = 1       i 

n 
(F-9) 

■t^ 

%. 

li 

I 

where the summation is over all layers, subscript i refers to the 1 th layer, and the 

weighting is seen to be done on the basis of layer thickness.   The quantitiesi. and t. 

are as defined in Subsection F. 1, and the values of  i . correspond to the layup existing 

at the beginning of each cycle in the cyclic process described in Subsection 2.2.3, 

Equation (F-8) yields a laminate thickness required to satisfy the microbuckling 

failure criterion.   If this thickness exceeds the laminate thickness existing at that point, 

following the application of all other criteria, the additional thickness required is made 

up by adding laminae to layer number 1, always rounding up to determine the required 

number of laminae. 

This procedure requires that the user decide in advance which layer he would 

like to build up in order to satisfy the microbuckling failure criterion, and to designate 

that layer as layer number 1.   Usually that layer will be the one with fibers in or near 

the principal direction of loading, such as the spanwise direction in the case of a wing 

or tail surface. 
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Appendix G 

DERIVATION OF MATHEMATICAL RELATIONS AND CRITERIA 
USED IN THE DEFLECTION-CONSTRAINT ALGORITHM 

G.l  UNIFORM DERIVATIVES AS AN OPTIMALITY CRITERION IN DEFLECTION- 

CONSTRAINT RESIZING 

Let a structure with n design variables w. (i = 1, 2—n), where w. is the 

weight of the i th element, be subjected to a single-deflection constraint in a single 

loading condition, represented by: 

6 = 6 
desired (0-1) 

and to no other constraint of any type.   The total weight of the structure is given 

by: 

w =   E 
i- 1 

w. 
i 

(G-2) 

.f;1 

Equation (G-l) will normally define a curved surface in the n-dimensional 

design space, w,, w0, — w , and equation (G-2) will define planes in that space for 

constant values of W.   If a minimum-weight design exists that satisfies the deflection 

constraint and involves nonzero values of all the design variables, there will be at 

least one constant-weight plane that is tangent to the deflection-constraint surface, 

and the point of tangency will define that design. 

The components of the gradient to the constant-weight plane are given by: 

aw =    1    (i = 1. 2, n) (G-3) 

I 
i" 

and the components of the gradient to the deflection-constraint surface are given by 

-£-£_    (i = 1, 2, — n).   At the point of tangency of the two surfaces, the two 
Ö   i 

^W 
gradient vectors will necessarily be colinear, and, as -S—r     (i = 1» 2, — n) are 

_£*_      it . 1    9.     n\ »,iU aiSo b all equal, it follows that 
awi 

(1=1, 2, —n) will be equal. 

G-l 
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It should be noted that a minimum-weight design, satisfying the deflection 

constraint and involving nonzero values of all the design variables, does not always 

exist.   As an example, consider the simple structure shown in Figure G-l.   Mem- 

bers AB and CD are elastic rods, while BD is a rigid beam.   A constraint is to be 

applied on the angular displacement Ö of BD.   The only design variables are w 

and w , the weights of members AB and CD, respectively.   It is easily shown that 

the angular displacement 0 depends only on the relative values of w.. and w2, in 

such a way that a given value of 0 can be maintained, while w1 and w   both become 

vanishingly small.   This is illustrated in Figure G-2, where the constraint curve 

for constant 0 is shown in the two-dimensional design space.   Clearly, the minimum 

weight design, in the absence of other constraints, is at point O, the origin of the 

design space.   If minimum gage constraints are applied to w.. and w , as shown 

by the dashed lines in Figure G-2, the minimum-weight design will be at point A. 

nun 
A c 

Ifc::-.-.:4 

I 

I 

Figure G-1. Simple Structure Subjected to Angular Displacement Constraint 

In the general case, there may be design variables that have a zero value in 

the minimum-weight design.   If these variables are regarded as inactive variables, 

the uniform-derivative criterion for optimality will still be valid, if it is applied 

only to the remaining, or active, variables.   In the application of the deflection- 

constraint algorithm described in Subsection 2.3.1, the inactive variables will be 

the ones that yield a negative value for the quantity under the radical in Equation (2.6), 

1 
G-2 
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and they can be permitted to reduce to zero.   If minimum-gage constraints are 

applied, the inactive variables can be permitted to reduce to their minimum-gage 

values. 

Figure G-2. Design Space for Structure of Figure G-1 

*►, 

I: 
i   *■■»*; 

v ■ u 

When stress constraints are present, in addition to the deflection constraint, 

the uniform-derivative criterion is not rigorously applicable.   It can, however, be 

regarded as an approximate criterion when applied to the design variables that are 

governed by the deflection constraint, and should yield a design that is near minimum 

in weight.   This situation is similar to that for fully-stressed design, where it is 

recognized that the design obtained is minimum in weight only in an approximate 

sense. 

G.2  THE RECURRENCE RELATION IN DEFLECTION-CONSTRAINT RESIZING 

In a statically determinate structure, the internal loads are independent of the 

design variables.   In a truss structure, for example, these loads are the loads p, 

(i = 1, 2, ~ n) in the members for a given applied loading.   The strain or elongation 

in each member will be inversely proportional to its cross-sectional area, and, as 

G-3 
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the strain energy of each member is proportional to the product of the internal load 

and elongation, the strain energy of the whole structure can be written in the form: 
n 

^& 
P. (G-4) 

w. 

where w. is the weight of the i th member and a. is a constant for the i th member. 

Application of Castigliano's first theorem and Equation (G-4) yields the follow- 

ing expression for the deflection, at a given joint, in a given direction: 

dP 

n 
du   =    y»    _j_ dPi_ 
^P tt-J, ... Ar, 

a. 
1 

w. dp 
(G-5) 

where P is an externally applied force, at the same joint, and in the same 

direction as Ö  . 

As the p.'s are independent of the    .'s. Equation (G-5) van be written in the 

form: n 

i- 1    w. (G-6) 

t. 

■ti 

where the b.'s are quantities that are independent of the w.'s. 

If a constraint is applied to 6 , Equation (G-6) will describe a constraint 

surface for the constraint value of Ö .   The components of the gradient to this 

surface are given by: 

a 6 
aw. 

b. 

w. 
(G-7) 

fc 

At the point on this surface representing the minimum-weight design satisfying the 

constraint, the derivatives given by Equation (G-7) will be equal for all design 

variables, as explained in Subsection G. 1.   That is, 

b. 
(G-8) 

Ji 
2 w. 
i 

=    K 

where w. (i = 1, 2, — n) are the member weights in the minimum-weight design 

and K is a constant. 

I 

G-4 

^^M 

-^»Mlm w;.»■ .1 IIIn 1 ■■ 11 ■» I» .1« 

MiMim 



: ' ~ -—^'.-..', ...■;.^lJu,wg^ml#.w.^!!Jl^^w»l^l^pp|||pW ~        ■'—"■■■"'■»-'  imwwMm.MMm wwp! 

Equation (G-8) may be substituted into Equation (G-7) to yield: 

do 
^i 

K 

~2 
vv  . 

w. 
(G-9) 

or: 

d 

*>■ 

P 
y 

a ö 
w. 

K 

w, (G-10) 

When any design satisfying the constraint is given, Equation (G-10) may be used to 

determine the minimum-weight design satisfying the constraint.   It is necessary, in 

the process, to determine a value of K that, when substituted into Equation (G-10), 

will yield a design satisfying the constraint. 

Equation (G-10) is seen to have the same form as Equation (2.6) in Subsection 

2 3  1 

Although Equation (G-10) was derived for a statically-determinate truss, it 

can be shown to be equally applicable to any statically determinate structure.   It 

is not directly applicable to statically indeterminate structures, where the internal 

loads are dependent upon the design variables, in that it will not directly yield a 

minimum-weight design.   However, because the internal loads are usually not 

highly sensitive to variations in the design variables, Equation (G-10) has been found 

to be useful as a recurrence relation, when applied in an iterative procedure, as 

described in Subsection 2.3.1.   That procedure has been found to converge to uniform 

values of the derivatives for the active variables. 

G.3   DETERMINATION OF ÜEFLECTION DERIVATIVES 

The relations needed in the determination of the partial derivatives of the 

generalized deflection,    i , subjec* to constraint, with respect to the element weights, 

w., are now derived.   Starting with the basic equation relating the applied loads 

|P{    to the associated nodal displacements   Ml    : 

W    =     [K]     {dP\ (G-ll) 

I 

G-5 
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the partial derivatives of the applied loads with respect to the weight, w., of the i th 

element, are formed: 

iM = j|M{ i^i + [K] 
dw.     jaw.j dwi 

(0-12) 

Both sides of Equation (G-12) are identically zero, because the applied loads are not 

functions of the design variables, so that: 

[K]^1  =  -4M.     M (G-13, 

The generalized deflection is now written in the form: 

6= IQI 
T
 m (G-14) 

where  | Q |   is a vector in which weighting coefficients are placed in the locations 

corresponding to the degrees of freedom of the deflection they multiply. 

The partial derivative of 6 with respect to w. is given by: 

(G-15) 

If |Q| IS regarded as a "virtual load" vector, a corresponding "virtual displace- 

ment" vector,  \ir\  , may be determined by solution of the equation: 

[K] y*\ = m 
T 

Premultiplication of both sides of Equation (G-13) by Hi    yields: 

(G-16) 

a|«pL 
1 '-J     d^i 

m ffl-m (0-17) 

| 

From Equations (G-16) and (G-15), it can be seen that the left-hand side of 

Equation (G-17) is simply -S*-.,   Furthermore, if the elements of the stiffness matrix, 

G-6 
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JXl . are linear functions of the design variables, w., as they usually are, and 

[kH  is the stiffness matrix of the i th element for unit value of Wj,  —^ is seen to 

be equal to [k.l   .   Thus, Equation (G-17) may be written in the form:    1 

dö 
fw. =-w [kj m (G-18) 

i 

where  \6^\   and |ä
P
|  are compressed to contain only the degrees of freedom 

associated with member i. 

It is seen that the determination of the derivatives of the generalized deflection, 

with respect to the element weights involves the following steps: 

(a) Determine the nodal deflections,  |<JPf , due to the applied loading condition 

in which the deflection constraint is applied, by solution of Equation (G-ll). 

(b) Form the virtual load vector,   {c5[ , for the generalized deflection subject 

to constraint, and solve Equation (G-16) for the virtual displacements, 

\6*\. 

(c) Substitute  \6 \ and  iiPf , suitably compressed, into Equation (G-18), to 

determine the required partial derivative for each element. 

G.4  TREATMENT OF A VIOLATED INEQUALITY CONSTRAINT AS AN EQUALITY 
CONSTRAINT. 

As discussed in Subsection 2.3.2, the deflection-constraint mode is entered, in 

the case of an inequality deflection constraint, only if that constraint is violated by the 

design existing at the end of the stress-constraint mode.    The deflection constraint is 

then treated as an equality constraint. 

The question arises as to whether the design subsequently achieved after con- 

vergence in the deflection-constraint mode is necessarily as low in weight as any 

other design on the feasible side of the constraint boundary, but not on it, and sat- 

satisfying the same optimallty criteria. 

In addressing this question, we consider first the design existing at the end of 

the stress-constraint mode and assume that all members are either fully -stressed or 

at a minimum gage.   This design is represented by point A in Figure G-3, which is a 

plot of the subject deflection versus total structure weight.   It is assumed to be a 

G-7 
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minimum-weight design mider the constraints imposed, at least in an approximate 

sense, accepting that this is not rigorously true for a fully-stressed design. 

61 

constraint 

Structure Total Weight, W 

Figure G-3.  Satisfaction of an Inequality Deflection Constraint 

M 

£• 

i 

Point B represents the design that satisfies the deflection constraint as an 
equality constraint (it is on the constraint boundary) and also satisfies the optimality 

criteria.   That is, all members fall into two groups.   In one group, all members are 

either fully-stressed or are at minimum gage, while all members in the other group 

are governed by the deflection constraint and have uniform values of the  derivative, 

On the ground that the imposition of an additional constraint cannot result in a 

decrease in structure weight, and should result in an increase in weight if that 

constraint was violated prior to its imposition, it is concluded that the design at B 

is heavier than the design at A. 

The question that is being posed is whether there are other designs, such as that 

at point C, which are on the feasible side of the constraint boundary and are lower in 

weight than the design at B, or whether the trajectory of design points satisfying the 

I 
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optimality criteria must be of the form DC. If we consider the group of members that 

are governed by the deflection constraint, and consider small changes in their weight, 

A,w.(j ~ 1, 2 —m), the corresponding change in the subject deflection is given by: 

m 

Ad 

j = l 
dwi (G-19) 

Because of uniformity of the derivatives, Equation (G-19) can be written: 

m 

dwi   z- 

dwi 

j = i 

• AW 

Aw. 

(G-20) 

* 

u 

where AW is the corresponding change in total structure weight, due only to weight 

changes in the group of members governed by the deflection constraint. 

It should now be recalled that, in moving from point A to point B, the sign of the 

derivatives of those members selected for deflection-constraint resizing should be such 

that a change in d , in the desired direction, is associated with an increase in w.. 

Accordingly, it is seen from Equation (G-20) that a change A 6 toward the feasible 

side of the constraint boundary must be accompanied by a net increase in weight of the 

members governed by the deflection constraint.   This will be true not only at point B, 

but also in moving from any point to any other nearby point along the trajectory of 

design points satisfying the optimality criteria, that is, from B toward C (or C). 

The question posed now reduces to the question of whether the increase in gage 

and weight of the members governed by the deflection constraint can permit a reduction 

in gage of the fully-stressed members and a corresponding net decrea'se in weight of 

those members that exceeds the net increase in the weight of the former group, to 

produce a decrease in the total structure weight.   In the case of statically determinate 

structures, the stress in any member is independent of the gage of any other member, 

so that the fully-stressed members cannot decrease in weight.   In the case of statically 

indeterminate structures with weak coupling between members (in terms of the effect 

I 
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of change In gage of any one member on the stress in any other member), it can be 

expected that there will generally not be a decrease in total structure weight in the 
situation described above. 

While a proof does not appear to be available for the general case, establishing 

that movement away from the constraint boundary into the feasible design space 

cannot result in a decrease in total structure weight - and perhaps such a proof cannot 

even be made - it can be expected that it is a reasonable assumption to make in most 
practical cases. 

G-10 
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V. 

Appendix H 

LIST OF PROGRAM SUBROUTINES 

A list of the subroutines presently in ASOP-3 is presented below.   The symbols 

following each subroutine name indicate whether the subroutine is unchanged (U), 

slightly changed (S), or extensively changed (E) from ASOP-2, or whether it is a new 

subroutine (N), 

AONE (U) DLIMIT (E) INPUT (S) 

AR ACE (U) DPRINT (U) INVERS (S) 

ASOP (S) DRATIO (E) IPROPA (N) 

ASTACK (S) DSCALE (E) LAMRES (N) 

AVGSTN (N) ELI (U) LDGEN (S) 

AWFIN (S) EL2 (U) LENTH (U) 

AWRITE (S) EL3 (U) LNGTH (N) 

BETAIN (N) EL5 (U) LOADIN (U) 

BMTRAN (S) EL6 (U) MATRAL (N) 

BOUND (U) EL8 (S) MAX (U) 

CARDIN (S) EL15 (not being used) MEMBIN (E) 

CARDS (S) (not present EL16 (not being used) MEMDEF (N) 

in CDC version) ENMMPY (U) MEMWT (N) 

CHGCMP (N) EXDEF (U) MILTOT (U) 

CHGMEM (N) EXMOUT (N) MULT (U) 

CHKANG (N) FCAPG (E) NEWLAM (N) 

CNEWT (N) (not being used) FILTAP (U) NEWT (N) 

COMPLN (N) FINDAT (N) NUREAD (U) 

COSINE (U) FLOAT (U) PACK (U) 

CRINT (S) GEOBC (S) PAGES (S) 

CTSUM (N) GETDIM (U) PATNIK (S) 

DEFCON (E) GETQ (N) PRINT 2 (U) 

DINIT (U) GETROW (U) PROCES (U) 

DINTK (U) HOTDOT (U) PUNCHO (U) 

INDEX (U) PUNLIB (U) 

H-l 
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PUTLAB (U) 
PUTBOW (U) 

QBAC (U) 

QBISOL (U) 

QBSOL (U) 

QCHOL (U) 

QFACT (U) 

QFIN (U) 

QFOR (U) 

QSIN (U) 

QFSOL (U) 

QIBAC (U) 

QPASS (U) 

REPABL (U) 

REREAD (U) 

RESIZE (E) 

REVERS (S) 

The following ASOP-2 

COMPEL 

ESSE 

LAMOPT 

LMPROP 

MINMAX 

RTAPE 

SBMAIN 

SECOND 

SETUP 

SKI PIN 

SPJT 

SPLITS 

SREVN2 

SSTRES 

STABIL 

STNEU 

STRFC 

STRRAT 

SUPPRT 

TABDG 

TARDIV 

THERM 

(E) 

(S) 

(U) 

(S) 

(U) 

(U) 

(S) 

(U) 

(U) 

(U) 

(N) 

(N) 

(N) 

(U) 

(U) 

(N) 

(not being 

UNITWT (S) 

UNPACK (U) 

VECTOR (U) 

WAl^PS (S) 

WEIGHT (E) 

WORK (N) 

WRTCMP (N) 

WRTMOS (N) 

WRTSTR (N) 

WTSUM (N) 

ZBAR (N) 

ZBEAM (N) 

ZIP (U) 

ZQUAD (N) 

ZQUADC (N) 

ZTRI (N) 

subroutines have been deleted: 

used) 

NUSIZE 

ORTHOG 

STRANS 

TPISIZ 

h 

I: 
if* 
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Appendix I 

OVERLAY CHARTS 

Charts, showing the overlay structure of the ASOP-3 program, are presented in 

Figures 1-1 and 1-2, for IBM and CDC systems respectively.   In Figure 1-1, names 

listed in the block framed by a broken line, as well as primed names listed elsewhere 

on the chart, are COMMON blocks rather than subroutines.   COMMON blocks are not 

listed in Figure 1-2.   The number entered at the end of each link in both of the figures 

indicates the total core requirement of the program when tLat link is active.   These 

numbers are in hexadecimal form in Figure 1-1 and octal form in Figure 1-2. 
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