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CHAPTER 1

INTRODUCTION

The purpose of this study is to formulate linear and nonlinear
three-dimensional truss element models in cylindrical coordinates,
to implement these element models using existing solution techniques,
and to investigate the utility of such element models in the analysis
of two radially symmetric lamella domes. The linear model is used
to perform a joint displacement and element force analysis while the
nonlinear model is used to trace the nonlinear load vs. displacement
path, to locate bifurcation and limit points, and, frequently, to
branch off of the fundamental equilibrium path onto bifurcation paths.
The modified Riks/Wempner method [8,15] for tracing nonlinear equil-
ibrium paths is used in the nonlinear model because of its ability
to trace equilibrium paths through limit points into the post-critical
range and because of its good convergence characteristics.

The reason for formulating structural models in cylindrical

coordinates is three-fold.

1. 1In the analysis of essentially round structures, generation
of input data and interpretation of results is much easier
when joint forces, constraints, and displacements are ex-
pressed as radial, tangential, or vertical rather than in

terms of three arbitrary global directions.



2. Under certain conditions, a cylindrical coordinate system
allows imposition of the appropriate boundary conditions to
use a ''pie slice" of a radially symmetric structure to re-
present the entire structure,

3. When existing methods for branching onto bifurcation paths
fail, noting which bifurcation points are suppressed by which
"pie slice'" configurations provides, at least, qualitative
information regarding geometries associated with bifurcation
buckling modes.

The only paper located by the author in which a similar model
formulation is used is a dissertation by Jagannathan [9] who per-
forms a nonlinear analysis on radially symmetric structureé using
""pie slices" but does not include the details of his element model

formulation.



CHAPTER 2

STRUCTURAL MODELS

In this chapter, the linear and nonlinear truss models used
in this study are developed. The cylindrical coordinate system is
described and radial symmetry, stability of equilibrium, and solu-

tion of systems of linear algebraic equations are discussed.

2.1 Cylindrical Coordinate Systems

The system model is assembled in such a way that the joint
forces, displacements, and constraints are expressed relative to
distinct joint coordinate systems which together form an overall
cylindrical, rather than cartesian, coordinate system.

Fig. 2.1 is the plan view of a reticulated dome showing the
orientations of the joint coordinate systems. The overall global
coordinate system, shown in dashed lines, is still required to specify
the joint coordinates and is used to calculate the element deforma-
tions. Since all coordinate systems used in this study are right-

handed, both the global and joint 3-directions are down.

2.2 Radial Symmetry

The degree of radial symmetry exhibited by a structure can be
designated Cn after Glockner [4] where n is effectively the number

of identical "pie slices" into which the structure can be divided.



al Coordinate System

2.1: Cylindric

Figure



Some structures exhibit several degrees of radial symmetry. For
example, a structure which can be divided into four identical parts
can also be divided into two identical parts. Therefore, such a

structure would exhibit both C4 and C2 radial symmetry. The dome

shown in Fig. 2.1 exhibits C 03, and C, radial symmetry. Fig. 2.2

6’ 2
illustrates a ''pie slice" equal to one sixth of the dome in Fig 2.1
which could be used to represent the entire structure provided the
loading condition also exhibited C6 symmetry. Slices equal to one
third of one half of the structure could also be used if the loads
exhibited C3 or C2

be used to represent the entire structure, both the loads and the

symmetry respectively. For a ''pie slice' to

structure must exhibit the same degree of symmetry and the ''pie
slice" itself must exhibit bisymmetry. This latter condition must
be met to insure that the tangential constraints applied to the
"pie slice" do not restrict any 'twisting'" of the entire structure
which could result from non-bisymmetric slices.

Note that, in Fig. 2.2, since its orientation is arbitrary,
the joint coordinate system at the joint lying on the radial axis
of symmetry is taken to coincide with the global coordinate axes.
Joints 1, 2, and 3 are not constrained against motion in the 3-
direction and the original constraint conditions at joint 4 are main-
tained. For a rigorous discussion of the rules governing division
of structures into symmetric parts, see Glockner [4] and Holzer [7].
Let it suffice to say here that 1) the cross-sectional areas of
members lying on one cutting plane are reduced by one half, 2) the

cross-sectional areas of members lying on the intersection of two



Figure 2.2:

"Pie Slice'" of a Structure



cutting planes (i.e. the radial axis of symmetry) are divided by the
number of slices into which the structure was divided (the subscript,
n, in the expression for the degree of radial symmetry, Cn), 3) the
magnitudes of loads applied to joints lying on one cutting plane are
reduced by one half, and 4) the magnitudes of loads applied to joints
lying on the intersection of two cutting planes are divided by the

number of slices into which the structure was divided.

2.3 Linear Element Model

The linear truss element model, Fig. 2.3, is from Holzer [5,7]

and can be expressed in local element coordinates as

f =kd (2.1)
where
fa
f = (2.1a)
fb
1 -1
k =y (2.1b)
-1 1
_ AE
Y =7 (2.1¢)
d
a=172 (2.1d)
4
A = the cross-sectional area of the element
E = the modulus of elasticity of the element material
L = the element length

The coordinate transformation process is a specialization of



Figure 2.3:

Linear Truss Element



that given by Holzer [7] for use in the analysis of problems with
independent joint coordinate systems and similar to that employed
by Jagannathan [9] in the analysis of geometrically nonlinear prob-
lems.

Since the joint coordinate systems may be different at each
end of the element (Figs. 2.1 and 2.2), two transformation matrices,
A and i (which accomplish the transformation from local to cylindrical
coordinates at the a- and b-ends of the element respectively), are

required and are defined such that

d =D
a
4, = AD,
(2.2)

F o= A'f
a a

°T
Fo= AE

where da’ fa and db’ fb are the element end displacements and forces

at the a- and b-ends respectively relative to local element coordinates,

and Da’ Fa and Db’ Fb are the element end displacements and forces at

the a- and b-ends respectively relative to cylindrical coordinates.

Eqs. 2.2 can be expressed more compactly as

d = AD
(2.3)

o
[}

AE

where
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rD ]

D = a (2.33)
%
[+ ]

F=|2 (2.3b)
-de
[\ 0

A = . (2. 3C)
0

Eqs. 2.1 and 2.3 can then be combined to form the linear truss

element model in cylindrical coordinates

F = KD (2.4)
where

K = A7kA (2.4a)

The transformation matrices, A and A, are defined as

>
|

= [e) ) ¢4l
(2.5)

~ ~ A

= [e) ) c4l

>
|

~

where Ci and cis i=1,2,3, are the direction cosines of the element
local l-axis relative to the joint i-axis at the a- and b-ends re-
spectively.

The direction cosines of the element local l-axis relative to
the global coordinate axes, ;s i=1,2,3, are defined as

L,

=—1— i =
ey L > 1 1,2,3 (2.6)
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where Li is the component of the element length vector in the global
i-direction.

Referring to Fig. 2.4, which is the projection of an arbitrary
element onto the global 1,2-plane, expressions for cy and ;i’ i=1,
2,3, are easily formulated. The dashed lines represent the global
coordinate system, the solid lines represent the joint coordinate
system, and the arrowhead on the element indicates the direction of
the element local l-axis. Detailed formulations are given only for
the expressions fop o i=1,2,3.

The direction cosine of the element local l-axis relative to

the joint l-axis is the ratio of the component of the element length

vector in the joint l-direction to the total element length

L., . Ly
¢y =7 cos ¢1 =1 sin ¢2 2.7)
where
L, = [le + Lzz]% (2.7a)
Noting that
¢2 =06+ vy (2.8)

and employing the angle sum relation for the sine function yields

L

c, = _%Z [sin 6 cos ¢ + cos 6 sin y]
e v Y B B s Y
L R L R L
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L
2 +—E—l} (2.9)

Inserting Eq. 2.6 into the appropriate locations of Eq. 2.9 and

rearranging terms finally yields
c, =—z¢, +— ¢ (2.10)
a

Similarly, by definition

L

12
c, = cos ¢, (2.11)

and employing the angle sum relation for the cosine function yields

+—-—oc (2.12)

(2.13)

for all elements
The computation of the joint direction cosines at the a-end

can be represented in matrix form as

¢ Xja %95 O

T _ =1 |_

AT o= 02 = Ra XZa Xla 0 (2.14)
c 0 0 R
5 34 L aJ




where

sy 2 29
Ra - [xla + X2a ]
Similarly, for the b-end
N U
1 Rb 1 Rb 2
=X X
~ _ 72b 1b
c, = Rb ¢ + ?qj e)
€3 7 93

>
-

where

Rb =

Inserting Eqs. 2.1b and 2.3c into Eq. 2.4a yields

K=y

° X1b
- 1
2|7’ b
c3 0
2 244
RITRNL R o

T
A0 ah

14

(2.

(2.

(2.

(2.

(2.

(2

(2.

l14a)

15)

16)

17)

18)

.18a)

19)

Finally, inserting Egqs 2.5, 2.13, and 2,17 into Eq. 2.19 yields

the cylindrical element stiffness matrix
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8 &7 T8 T8 &y

810 “811 “812 810
K = (2.20)

815 812
sym. 810
L. -
where
2 2 e
g1 7 Y9 8 = YO 811 T Y¢1%3
82 = Y41 87 T Y%, 812 T YCy%3
83 T Y€ %3 Bg T Y% 813 7 Y4
&, T Y415 89 T Y% 814 = Y4152
= . = 2 = . 2
85 = Y¢S 810 T Y°3 815 T Y¢

In radially symmetric structures, certain regularly oriented
members are frequently encountered for which significant simplifi-
cations can be made in the cylindrical element stiffness matrix.

The first type of element considered is the radial element
which is defined as any element which is parallel to or the exten-
sion of which intersects the radial axis of symmetry except for those
elements which have precisely one end point on the axis. Elements
which lie entirely on the radial axis of symmetry, however, are con-
sidered to be radial elements. For radial elements, the joint

coordinate systems at both ends coincide so that
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¢, = ¢ (2.21)

and there is no tangential component of the element length vector

so that
c,=c¢c, =0 (2.22)

Elements with precisely one end point on the radial axis of symmetry
do not qualify as radial elements because the orientation of the
joint coordinate system at the joint on the axis is arbitrary and,
therefore, the two joint coordinate systems do not necessarily coin-
cide.

Inserting Eqs. 2.21 and 2.22 into Eq. 2.20 yields the cylindrical

stiffness matrix for a radial element

[~ 7

g 0 g3 g 0 -g,

0 0 0 0 0

8o 83 0 g

K = | (2.23)

g 0 83

0 0
sym. gIOJ

where the g functions are defined in Eq. 2.20.

The second commonly encountered element is the ring element
which is defined as an element which has both end points equidistant
from and lying in a plane perpendicular to the radial axis of symmetry.
For a ring element, the joint coordinate systems are oriented rel-

ative to each other such that
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1= T (2.24)
¢, = ¢, (2.25)
cqy = 0 (2.26)

Inserting Eqs. 2.24 - 2.26 into Eq. 2.20 yields the cylindrical

stiffness matrix for a ring element

g8 8 O &g & 0
gg O 8y "8 O
0 0 0 0
K = (2.27)
g "8 O
8¢, 0
sym. 0

where the g functions are defined in Eq. 2.20.

The third type of element, which is not as frequently encountered
as the previous two, is the skewed ring element. This element is the
same as a regular ring element except that the two end points do not
lie in a plane perpendicular to the radial axis of symmetry. In
this case, Eq. 2.26 does not hold. Imnserting Eqs. 2.24 and 2.25
into Eq. 2.20 yields the cylindrical stiffness matrix for a skewed

ring element.
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K= (2.28)

sym- €10

where the g functions are defined in Eq. 2.20.

2.4 Linear System Model

The element models are then assembled to form the system
model after Holzer [5,7] using the code-numﬁer technique to add
the appropriate entries of the individual element stiffness matrices
into the appropriate locations of the system stiffness matrix, K.

This then yields the system model

Kq = Q (2.29)

where q is the generalized displacement vector and Q is the general-
ized load vector. Q is specified relative to cylindrical coordinates
and, when solved for, q will also be in cylindrical coordinates.

The element forces are then easily calculated. Employing the
code-number technique, D for each element is obtained from q. d is
then calculated via Eq. 2.3. Finally, f is obtained from Eq. 2.1.

The joint forces and reactions are just as easily calculated.

F is obtained via Eq. 2.3, then, using the member incidence informa-
tion stored in the computer, the total force at each joint is com-

piled. These joint forces and reactions are also in cylindrical
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coordinates.

2.5 Nonlinear Element Model

The geometrically nonlinear truss element model used in this
study, Fig. 2.5a, is directly formulated relative to global coordinates
using the principle of virtual work after Holzer [6], Holzer et al.
(8], Lamma [12], and Vu [15]. Since large displacements are con-
sidered, the virtual work equations must be formulated relative to
the deformed element configuration.

The virtual work associated with a virtual displacement is the
sum of the external and internal work which must vanish at an equil-

ibrium configuration
W =06W + 8W, =0 (2.30)
e i

The internal work can be expressed as negative the change in inter-

nal strain energy, U, which yields, from Eq. 2.30
SW=¢6W -38U0U=0 (2.31)

Referring to Fig. 1.5b, the element displacement can be broken into
two components--a rigid body translation and a rotation with axial
deflection about the a-end. Since, for a system in equilibrium,
no work is required to accomplish a rigid body translation, the

generalized displacement vector can be taken as u where
u=D =-1D (2.32)

and the virtual displacements need only consist of variations at



20

Initial State

(a)

/'

a
-~ P
, ~ 3
Da/ - D
s\

Rigid-body =~

State

Initial State

Figure 2.5:

(b)

Nonlinear Truss Element



21

the b-end, Gui, i =1,2,3. The external work can therefore be
expressed as
3

oW, = .2 P, Su, (2.33)
i=1

and the variation in internal strain energy as
«—— Su, (2.34)

where Pi is the force in the i-direction at the b-end required to
equilibrate the deformed state. The total virtual work associated

with a virtual displacement can then be expressed as
3
W = Zl [Pi - 31—1:] Su; =0 (2.35)

Since virtual displacements are arbitrary, for Eq. 2.35 to be true,

the quantity in parentheses must equal zero for all i, yielding

P, = 5%11- , i=1,2,3 (2.36)
To trace a nonlinear equilibrium path requires that, given one
equilibrium point, a load-displacement increment be taken yielding
an approximation to the next equilibrium point. An iterative
procedure is then used to resolve the force imbalances arising from

the approximation and to converge on a new equilibrium point. The

procedure is then repeated until a desired portion of the equilibrium
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has been traced. To formulate the incremental load-displacement
relation, a Taylor series expansion of Pi at a displacement u + Au
is taken, yielding

9P,

3
1
P.(u + Au) = P, (u) + .Z SGE-Au. + ... (2.37)

i ]

1

Rearranging terms and neglecting those with higher order derivatives
yields an approximate expression for the incremental force, APi,
associated with an incremental displacement, Au,

3 93P

Pi(u + Au) - Pi(u) = jzl Y Au (2.38)

AP,
i

Inserting Eq. 2.36 into Eq. 2.38 yields

3 2
9 U
)

APi = 53;3;; Auj , 1=1,2,3 (2.39)

3=1

Eq. 2.39 can be expressed in matrix form as

AP = KAu (2.40)
where
AP
AP = AP, (2.40a)
AP,
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Au1
Au = Au2
Au3
2
5 3°U
k=1 ij] Bu, Bu,

(2.40b)

(2.40¢)

Formulating an expression for U from the geometric and material

properties of the element and assuming that Hooke's Law applies

yields the terms of X for a general element

h1 h2 h4
K = h3 h5
sym. h6
where
_ 2 e *2
by =vle, "+ 5 - D]
L
%
h, = yle, e, (1 -]
2 1 72 *
L
= *2 e _ 2
h3—y[02.+ 7,((1 02 )]
L
- * R
h, = vle ey (1 -]
L
* e
h5 Y[cz c, (1 —;)]
L
%
ho=yle, 2+ 2 - e D]
6 3 * 3
L
- AE
YT
L = undeformed element length

(2.41)
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oo
ki

L = deformed element length

e =L - L = element elongation

direction cosine of the element local l-axis in
the deformed state relative to the global i-axis

component of the deformed element length vector
in the global i-direction

=
[ h
]

To formulate the incremental force~displacement relation for

the entire element, the transformation matrix, C, is defined as

c=[-1 1] (2.42)

where I is the identity matrix of order 3. The relationship between

Au and AD (an incremental version of Eq. 2.32) may then be expressed as

Au = CAD (2.43)
where
ADa
AD = (2.43a)
ADb

To preserve equilibrium of the deformed element, the relationship
between AP and the incremental total element force vector, AF,

ﬁay be expressed as

oF = clap (2.44)
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Inserting Egs. 2.43 and 2.44 into Eq. 2.40 yields

AF = KAD (2.45)
where
N I
K =CKC = R R (2.45a)
-K K

K is called the global element tangent stiffness matrix and will be
used to trace the geometrically nonlinear equilibrium path of space
trusses,

Since the element tangent stiffness matrix was formulated
directly relative to global coordinates, the coordinate transforma-
tion used in the nonlinear model must be from global to cylindrical
coordinates rather than from local to cylindrical as was used in
the formulation of the linear model. To accomplish this transforma-

tion, the transformation matrix, A, is defined such that

AD = AAD

(2.46)

T

AF = ATAF

where AD and AF are the element nodal displacement and force vectors
relative to cylindrical coordinates. Note that A in this case
differs from that used in the formulation of the linear model.

A can be partitioned thus



-
]

A

where A and X
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(2.47)

perform the transformation between global and cylin-

drical coordinates at the a- and b-ends of the element respectively.

A and A are defined as

>

A

€1 2
¢ 4
LO 0
PA ~

¢ %
¢ ¢

0 0

(2.48)

where ¢y and ¢, are the direction cosines of the joint l-axis at

the a~ and b-ends of the element, respectively, relative to the

global i-axis.

Referring to Fig. 2.6, which is the projection of an arbitrary

joint coordinate system onto the global 1,2-plane, expressions for

A

s and s i =1,2, are easily formulated.

The formulation which

follows assumes that the joint coordinate system shown lies at the

a-end of the element being considered.

0
1]

cos ¢1 =

= cos ¢2 =

X

R

8]

R

By definition

(2.49)
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Figure 2.6:

Nonlinear Model Coordinate Transformations
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where
(2.49a)

When the joint coordinate system lies at the b-end, the formulation
is the same except that ;i is substituted for c; in Eq. 2.49. When
the direction cosines are actually calculated in the computer, even
though more than one element may be incident at a particular joint,
the calculation is done only once for each joint and the general
direction cosines are stored in vectors of dimension equal to the
number of joints. These cosines are then accessed through the mem-
ber incidence information stored in the computer as either c, or
;i and used in the individual element coordinate transformations.

Inserting Eqs. 2.46 into Eq. 2.45 yields the incremental force-

displacement relation relative to cylindrical coordinates
AF = KAD (2.50)

where AF and AD are the cylindrical incremental element force and

displacement vectors respectively and
T
K = AKA (2.50a)

K is the cylindrical element tangent stiffness matrix. Incorporating

Eqs. 2.41, 2.45a, 2.47, and 2.48 into Eq. 2.50a yields



where

10

11

12

29

i, Hy Hy Hgo Hgo -Hy
Hg Hy Hy Hy Sl

B0 Hip Hp Hpg

fy3 Hy “Hp

His THpp

sym. H10

2 2

c1 h1 + 2c1c2h2 + c2 h3

-c,c,h, + (c z _ c 2)h + c,c,h
17271 1 2 2 17273

C1h4 + czh5

-clclh1 - (CICZ + CZCI)hZ - C2c2h3

cjeohy = (egeq = eye))hy = cye by
2 2

cy h1 - 20102h2 + c1 h3

-(:2h4 + clh5

C2C1h1 + (c2c2 - clcl)h2 - C1C2h3

-czczh1 + (c2c1 + C1C2)h2 - clclh3

6
—clh4 - c2h5
= C2h4 - Cth

(2.51)
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~ 2 ~on ~ 2
H13 = c1 h1 + 2c1c2h2 + c2 h3
H, = —c.e.h. + (.2 = ¢.Hh. + c.c.h
14 17271 1 2 2 17273
_ 2 o ~ 2
H15 = c2 hl - 2c1c2h2 + c1 h3

and hi’ i=1,2,...,6, are defined in Eq. 2.41.

2.6 Nonlinear System Model

The cylindrical system tangent stiffness matrix is assembled
from the individual cylindrical element tangent stiffness matrices
using the code-number technique after Holzer [5,7]. A series of
points on the nonlinear equilibrium path can then be generated
after Holzer et al. [8] and Vu [15] using one of several methods.
These methods are 1) the Newton/Raphson method, 2) the Riks/Wempner
method, and 3) the modified Riks/Wempner method. Although the
program listed in Appendix C is capable of ‘utilizing all three of
these methods, since the modified Riks/Wempner method without up-
dating has been shown to be the most efficient scheme (see Holzer
et al. [8] and vu [15]), it has been used exclusively in this

study.

2.7 Stability of Equilibrium

For a conservative n~degree-of-freedom system, the total
potential energy function can be defined after Holzer et al. [8]

as

V(q,x) = Q(q,x) + U(q) (2.52)
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where q is the generalized displacement vector, A is the loading
parameter, Q is the potential energy of the external loads, and U

is the internal strain energy. If the loads are configuration
independent, the stability of equilibrium can be determined from the
second variation of V. Specifically

n n 2

s2v(q,n) = ) 3
i=1 j=1

aq aq 8q;64, (2.53)

which can be expressed in matrix form as
T
= §q Kéq (2.54)

where K is the cylinarical system tangent stiffness matrix. Equil-
ibrium is stable when 52V > 0, critical when 62V = 0, and unstable
when GZV < 0. These three conditions correspond to K being positive
definite, positive semidefinite, and indefinite, negative semidefinite,
or negative definite respectively. Correspondingly, equilibrium is
stable when all eigenvalues of K are positive, critical when at

least one eigenvalue is zero, and unstable when at least one eigen-
value is negative. A critical point can be either a bifurcation

point or a limit point. When, at a critical point, more than one
eigenvalue vanishes, the critical point is called "coincident"

Otherwise, it is called '"simple".

2.8 Solution of Systems of Linear Algebraic Equations

If a symmetric matrix, K, is positive definite, there exists

a unique factorization (see Vu (15D
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K = LDL (2.55)

where L is a unit lower triangular matrix and D is a positive
diagonal matrix. The half-band width of L is the same as the
half-band width of K, therefore, no additional storage is required
to perform this decomposition. A system of linear algebraic

equations of the form
Kq = Q (2.56)

can then be solved using a three-step procedure as follows:

1. Solve Lx

[}

Q for x

2. Solve Dy

x for y

3. Solve LTq =y for q
Note that all three steps can be executed with very little computa-
tional effort and that the LDLT decomposition is not destroyed in
the process, allowing later solution of subsequent systems of equa-
tions having the same coefficient matrix. This is especially use-
ful in the solution of linear problems where the results of several
loading conditions are desired and in the solution of nonlinear
problems where the tangent stiffness matrix is not updated with
each iteration.

When tracing a nonlinear equilibrium path into the unstable
region, however, the tangent stiffness matrix is not always positive
definite. 1In this case, the LDLT decomposition discussed previously
may not exist or may be numerically unstable. Therefore, an un-

conditionally stable decomposition of K is required. 1In this study,
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the LINPACK equation solver [3] for symmetric indefinite matrices

was used. This solver decomposes K to the form

K = UDUT (2.57)

where D is a block diagonal matrix with blocks of order 1 or 2 and

U is the product of elementary unit upper triangular and permutation
matrices. Regretfully, LINPACK does not have a routine capable of
exploiting both bandedness and symmetry of an indefinite matrix
simultaneously. Therefore, with larger problems, the equation solver
used with the linear model was also used with the nonlinear model
unless difficulties arose which could be attributed to instability

of the LDLT decomposition.



CHAPTER 3

DISCUSSION OF RESULTS

Linear and nonlinear analyses were performed on each of two
trusses. The results of the nonlinear analysis were compared to
those in refs. 12 and 15. The results of the linear analysis were
compared to those obtained using a program previously written and
verified by the author. This earlier program operated solely in
global coordinates and has been incorporated into the linear analysis
program as an option.

When analyzing "pie slices" using either the linear or non-
linear program, the member cross sections and joint loads were

altered, where necessary, per sec. 2.2.

3.1 Linear Analysis

The computer program used in the linear analysis was written
by the author and is capable of operating in either global or cylin-
drical coordinates. A program listing and users' guide can be

found in Appendix B.

3.1.1 Structure 1

The first structure analyzed was a 24-bar lamella dome (see
Fig. 3.1). All element cross-sectional areas were taken as 1.0 cm
and the modulus of elasticity as 2,110,000 g/cmz. The loading con-

dition consisted of a 1000 g downward load at each free joint.
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The structure and loading condition exhibit C6 radial symmetry

and, therefore, five '"pie slices" equal to %3 %,..., % of the
structure (see Fig. 3.2) were analyzed.
All "pie slice'" analyses yielded results identical to those

obtained from analysis of the entire structure.

3.1.2 Structure 2

The second structure analyzed was a 70-bar lamella dome with
70 degrees of freedom (see Fig. 3.3). All joints lie on a spherical
cap of 1200 in. radius with the first ring 10° from the radial axis
of symmetry and the second ring 20°. All element cross-sectional
areas were taken as 1.0 in.2 and the modulus of elasticity as
30,000 ksi. All joints on the outer ring were constrained in the
3-direction, joint 16 was constrained in the 1l- and 2-directions,
and joint 31 was constrained in the 2-direction. The loading con-
dition consisted of downward 1.0 kip loads at joints 8, 9, 12, 13,
15, 16, 17, 19, 20, 23, and 24.

The structure and loading condition exhibit C,, radial symmetry

10
and, therefore, nine ''pie slices" equal to L 2 2 of the
’ ’ P ¢ v 10’ 10°" "’ 10
structure were analyzed.
As with the 24-bar dome, all '"pie slice" analyses yielded
results identical to those obtained from analysis of the entire

structure.

3.1.3 Comparison of Effort

A comparison of the relative effort required to analyze a

""pie slice" of a structure vs. the effort required to analyze the
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entire structure was made for structures 1 and 2. Acknowledging
that certain FORTRAN statements require more execution time than
others, the number of statements executed in performing an analysis
was, nevertheless, used as the criterion for comparison of computa-
tional effort. For a structure exhibiting Cn symmetry, a ''pie
slice", n of which would form the whole structure, was considered
to represent-% X 100 percent of the structure. Consequently, ﬁ of
these '"pie slices" combined to form a larger ''pie slice' were con-
sidered to represent % X 100 percent of the structure. Since,

when analyzing a ''pie slice", the joint lying on the radial axis

of symmetry must be constrained in the 1- and 2-directions, for
purposes of comparison of effort, this joint was likewise constrained
when analyzing the entire structure.

The number of statements executed for the various portions of
structures 1 and 2 are displayed in Table 3.1. The percent of compu-
tational effort is defined as the ratio of the number of statements
executed in the analysis of a '"pie slice" to the number executed
in the analysis of the entire structure times one hundred. The
half-band width and the number of degrees of freedom (D.O.F.) are
included for reference. A "wave front" scheme [5] was used in num-
bering the joints. When analyzing a ''pie slice'", the "wave front"
was taken to move in the direction of the axis of bisymmetry.

Fig. 3.4 is a plot of the data in Table 3.1. As can be seen,
for the two structures analyzed, the percent reduction in the amount
of effort required was roughly equal to the percent reduction in the

size of the structure.
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TABLE 3.1

COMPUTATIONAL EFFORT REQUIRED IN LINEAR ANALYSIS

24-Bar Dome
% of No. of Half-Band Statements % of
Structure D.O.F. Width Executed Effort
100 19 10 9965 100.0
83.3 17 10 8541 85.7
66.7 14 10 6684 67.1
50 11 9 4842 48.6
33.3 8 8 3380 33.9
16.7 5 5 1641 16.5
70-Bar Dome
% of No. of Half-Band Statements % of
Structure D.O.F. Width Executed Effort
100 70 22 64211 100.0
90 65 22 59207 92,2
80 58 22 51409 80.1
70 * 51 22 44681 69.6
60 44 22 37792 58.9
50 37 22 31637 49.3
40 30 19 22295 34.7
30 23 18 15582 24.3
20 16 11 7694 12.0

10 9 8 3484 5.4
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3.2 Nonlinear Analysis

The computer program used in the nonlinear analysis is an
extension by the author of a program written by Lamma [12]. The
program is capable of tracing the nonlinear fundamental equilibrium
path of an arbitrary truss structure with arbitrary loads, converging
on bifurcation and limit points, and, in many cases, branching
off of the fundamental equilibrium path onto a bufurcation path.
These varying tasks may be performed in either global or cylindrical
coordinates. Either of two equation solvers may be used in tracing
equilibrium paths. The first is a very economical solver after
Cook [2] which exploits both bandedness and symmetry of the tangent
stiffness matrix, and the second is the less efficient LINPACK
solution routine for symmetric indefinite systems of equations.

A program listing and users' guide can be found in Appendix C.

3.2.1 Structure 1

The first structure analyzed was the 19 degree of freedom,
24-bar lamella dome analyzed linearly in sec. 3.1.1 (see Fig. 3.1).
This structure was chosen because it has been extensively analyzed
in previous papers (see refs. 12 and 15) and a well-established
basis for comparison of results exists.

All members have the same cross-sectional area and modulus of

elasticity. The loading condition, Q, is expressed as

Q=2Q (3.1)

where Q is the generalized loading vector and A\ is a scaling factor.
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When incrementing the load while tracing the equilibrium path, 6
is held constant while A is incremented. Load magnitudes for both
structures analyzed in this study are expressed nondimensionally

in terms of A where

N = — (3.2)

The generalized loading condition consisted of downward unit
loads at joints 3, 4, 5, 9, 10, and 1ll.

Tracing the fundamental nonlinear equilibrium path of the
entire structure located three bifurcation points before reaching
the first limit point. These three points occurred at values of
X equal to 7.592, 9.359, and 15.520 which are verified within a
reasonable computational error by ref. 12 (see Fig 3.5). Branching
onto the bifurcation paths at the first and second bifurcation points
revealed that the buckling mode exhibited C3 radial symmetry at the

first bifurcation point and C, radial symmetry at the second. The

2
program was unable to converge on a bifurcation path at the third
bifurcation point. The buckling configuration at the first bifurca-
tion point consisted of a buckling of the compression ring with
joints 3, 9, and 10 moving together as one group, and joints 4, 5,
and 11 as another. This differs from the buckling mode described by
Lamma [12] for this bifurcation point. The buckling configuration
at the second bifurcation point consisted of a "tilting'" of the
compression ring around the global l-axis.

Tracing the fundamental equilibrium path of a "pie slice"

equal to one sixth of structure 1 located only one bifurcation
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point before reaching the limit point. This bifurcation point dupli-
cates the first bifurcation point found by analysis of the entire
structure. Branching onto the bifurcation path of the 'pie slice"
also duplicated the buckling mode revealed by analysis of the whole
structure, with the single ring element "'tilting" to one side.

When extrapolating this buckling configuration around the entire
structure, alternating '"pie slices'" tip in opposite directions to
produce the overall ''zig-zag" buckled configuration for the compres-
sion ring (see Fig. 3.6).

Tracing the fundamental equilibrium path of a '"pie slice"
equal to two sixths of the structure located two bifurcation points
before reaching the limit point. The first bifurcation point, as
expected, again duplicates the first bifurcation point found by
analysis of the entire structure. The second bifurcation point,
however, occurred at A = 11.800 where none had been encountered
in the two previous analyses. Although the program was unable
to converge on the associated bifurcation path, the author strongly
suspects that the buckling configuration consists of the entire
"pie slice" tipping to one side. Since an odd number of these
"pie slices'" would be required to form the entire structure, this
buckling mode would, therefore, be inhibited in an analysis of the
‘entire structure.

A comparison of the computational effort required to analyze
"pie slices" vs. the effort to analyze the entire structure was
also made with the nonlinear model. However, due to high computing

costs and difficulties which arose in the analysis of structure 2,
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Figure 3.6: Buckled Configuration of Structure 1
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the comparison was made only with the 24-bar dome. The fundamental
equilibrium paths of the entire structure and of five "pie slices"
equal to %3 %,..., %-of the structure were traced until the first
bifurcation point was passed at X = 7.592. The initial load increment,
AXO, was set at 0.800 and the tangent vector was scaled per refs.

8, 12, and 15 for four iterations. The determinant of the undeformed
tangent stiffness'matrix was provided before execution began. The
results of this comparison are displayed in Table 3.2 and Fig. 3.7.
The LINPACK equation solver was used to trace the equilibrium paths,
so the half-band widths and the joint numbering scheme are of no
consequence. Again, the percent reduction in the computational
effort required was roughly equal to the percent reduction in the
size of the structure. Note, however, that the data poiﬂts may
suggest a slightly parabolic relation between effort and size of
structure. This is probably because, in a nonlinear analysis, a
greater portion of the total computational effort is expended in
solving systems of simultaneous equations than is likewise expended
in a linear analysis, and that there is generally a second order

relation between the size of a system of equations and the number

of operations required to solve it [10].

3.2.2 Structure 2

The second structure analyzed was the 70 degree of freedom,
70-bar lamella dome analyzed in sec. 3.1.2 (see Fig. 3.3). All
members have the same cross-sectional area and modulus of elasticity.

The loading condition, Q, is as expressed in Eq. 3.1 and load mag-
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TABLE 3.2

COMPUTATIONAL EFFORT REQUIRED IN NONLINEAR ANALYSIS

24-Bar Dome
% of No. of Statements % of
Structure D.O.F. Executed Effort
100 . 19 431684 100.0
83.3 17 353177 81.8
66.7 14 275593 63.8
50 11 198041 45.9
33.3 8 128609 29.8

16.7 5 69633 16.1
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nitudes are again expressed in terms of X, which is defined in
Eq. 3.2.

The generalized loading condition consisted of downward unit
loads at joints 8, 9, 12, 13, 15, 17, 19, 20, 23, and 24.

Tracing the fundamental equilibrium path of the entire structure
encountered five bifurcation points before reaching the first limit
point at A = 6.686. The first bifurcation point occurred at
X = 2.932. Due to problems with the solution algorithm in con-
verging on the remaining bifurcation points and to the high computing
costs associated with a structure of this size, the remaining bi-
furcation were not determined to a high degree of accuracy.

Analyzing a ''pie slice" equal to one tenth of the structure
yielded no bifurcation points before reaching the first limit point.

Analyzing a 'pie slice'" equal to two tenths of the structure
(see Fig. 3.8) yielded two bifurcation points before reaching the
first limit point. The first bifurcation point duplicated the
first bifurcation point found by analysis of the entire structure.
The second occurred at a value of A = 4.000 where none had been
previously encountered. Again, the author strongly suspects that
the associated buckling mode consists of the entire 'pie slice"
tipping to one side, which would be impossible in an analysis of
the entire structure.

The program was unable to converge on the bifurcation path
at the first bifurcation point. However, suspecting that, as with
the 24-bar dome, the associated buckling mode consisted of a

buckling of the compression ring in a '"zig-zag' fashion, a 0.001%
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Figure 3.8: '"Pie Slice" of Structure 2



imperfection in the vertical coordinate of joint 6 was introduced
(actually, since the joint coordinates were entered in spherical
coordinates, joint 6 was placed on a spherical cap of radius
1199.988 in. The resulting imperfection in the radial coordinate
was negligible). Analysis of this imperfect slice yielded a limit
point at A = 2.884, thus confirming the suspicion. However, the
author is unable to offer any explanation as to why the one-tenth
"pie slice" did not model this buckling mode as did the one-sixth
""pie slice" with the 24-bar dome.

Since no single bifurcation point was modelled by all 'pie
slices'" of the structure, a comparison of effort was not made with

the 70-bar dome.



CHAPTER 4

CONCLUSION AND RECOMMENDATIONS

In this study, the element and system models for linear and
geometrically nonlinear three-dimensional trusses were developed
and implemented relative to cylindrical coordinates. These models
were each used in the analysis of two radially symmetric domes with
radially symmetric loading conditions.

The most important benefits derived from using these models
are as follows:

1. Analysis of '"pie slices" of a structure required consider-
ably less effort than did analysis of the entire structure
in both computer time and in operator time to develop data
files.

2. Noting which bifurcation points were inhibited by which
""pie slice" configurations provided qualitative information
concerning buckled configurations when ''branching' methods
failed, and provided guidance in introducing imperfections
to verify suspected buckling modes.

The primary drawback to using these models was that if a
buckling mode cannot be modelled by a particular "pie slice" con-
figuration, the bifurcation point corresponding to that mode will
be suppressed in the 'pie slice" analysis. Therefore, at least a

rough analysis of the entire structure is usually required to insure

53
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that all of the bifurcation points have been determined and to
permit identification of extraneous bifurcation points introduced
by the '"pie slice'.

The author would like to offer several recommendations con-
cerning the further application of the structural models developed
in this study.

1. Investigate further the suppression of bifurcation points
by '"pie slice" configurations. Primarily, try to offer
some explanation for why some buckling modes which ex-
hibit C2n radial symmetry can be modelled with a ''pie slice"
equal to one nth of the structure (as with structure 1)
and others require a ''pie slice" equal to one Znth of
the structure (as with structure 2).

2. 1Investigate the possibility of expressing arbitrary loads
in terms of combinations of radially symmetric loads.

In a nonlinear analysis, determine the effect this would
have on the locations of bifurcation and limit points.
If, indeed, such an expression is possible, investigate
the economics of doing so.

The author would also like to offer several suggestions con-
cerning further use of the nonlinear solution technique regardless
of which model formulation us employed.

1. A frequent problem encountered was that, when using the
modified Riks/Wempner method, while solving the resulting
quadratic equation (see refs. 8 and 15) the value under
the radical would become negative, resulting in an error.

The actual physical meaning of this should be investigated
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so that ways to avoid the problem might be suggested.

This would make the modified Riks/Wempner method more
consistently reliable.

Locate or write a solution routine for banded symmetric
indefinite matrices with accompanying routines for cal-
culating the determinant and number of negative eigenvalues
of the system tangent stiffness matrix. Implement and
investigate this routine.

The present method for converging on bifurcation points
(see ref. 12) consists of noting, via the number of neg-
ative eigenvalues, when a bifurcation point has been passed
and then reducing the length and changing the sign of the
tangent vector until the bifurcation point has been located
with sufficient accuracy. However, reducing the length

of a vector in n + 1 dimensional space (where n is the
number of D.0.F.) does not insure that the resulting load
magnitude does not fall in a region of the equilibrium
path that has already been determined not to contain the
bifurcation point. Therefore, the method often does not
converge rapidly and, occasionally, with very tight con-
vergence tolerances, for all practical purposes, does not
converge at all. The author, instead, suggests that the
Newton/Raphson method (see ref. 6) might perform better

in converging on bifurcation points. Decreasing the size
of AX rather than As systematically would provide absolute

control of one of the parameters, thus insuring that the
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method will converge on the bifurcation point directly
and to any desired degree of accuracy. Although less
computationally efficient per iteration, the author be-
lieves that the Newton/Raphson method would provide over-
all greater efficiency in locating bifurcation points.
More often than not, the present branching technique is
not capable of converging on a bifurcation path. More
research should be conducted in an effort to improve the

branching capabilities.
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THIS PROGRAM PERFORMS A LINEAR STRESS AND DISPLACEMENT ANALYSES ON SPACE
TRUSSES. IT CAN UPERATE IN BOTH GLOBAL AND CYLINDRICAL CUORDINATES AND
ACCEPTS LOADS AND JOINT CONSTRAINTS IN WHICHEVER COORDINATE SYSTEM 1S
BEING EMPLOYED. THE CYLINDRICAL COORDINATE SYSTEM IS INTENDED FOR, BUT
NOT RESTRICTED TO, RADLALLY SYMMETRIC STRUCTURES AND ALLOWS FOR IMPOSI-
TION OF THE APPROPRIAITE BOUNDARY CONDITIONS TO ANALYZE A REPRESENTATIVE
“PIE SLICE"™ OF THE STRUCTUREL.

THE GLOBAL COORDINATE AXES ARE A RIGHT—HANDED SYSTEM. WHEN WORKING

WITH A RADIALLY SYMMEIRIC STRUCTURE 1IN CYLINDRICAL CCORDINATES, THE GLO-
BAL 3-AX1S MUST BE PLACED ALONG THE AXIS OF RADIAL SYMMETRY WITH Thi
1-DIRECTIUN BEING RADIALLY OuUT.

JOINT COORDINATES MAY Bt ENTERED IN TERMS OF CARTESIAN (X1, X2, X3) OR
SPHERICAL (Ry THtTA, PHI) COORDINATES. WHEN ENTERED IN SPHERICAL CUOR-
DINATES, THE CARTESIAN COORUINATES ARE CALCULATEDO THUS:

XL = R * COS(THEIA) % SIN(PHI)
X2 = R * SIN(THETA) * SIN(PHI)
X3 = R ¥ (l. = COS(PHI))

WHEN WORKING IN CYLINDRICAL COORDINATES, FOUR TYPES OF ELEMENTS ARE
RECOGNIZ&ED AND MUST Br IDENTIFIED B8Y THE USER PRIODR TO DATA ENTRY. THESE
TYPES ARE:

1) RADIAL ELEMENT—AN ELEMENT WHICH LIES ON A LINE INTERSECTING THE
AXIS OF RADIAL SYMMETRY OR WHICH IS PARALLEL TO OR LIES ON
THAT AX1S EXCePT FUR THOSE ELEMENTS WHICH HAVE PRECISELY ONc
END POINT ON THE AXIS.

2) RING ELEMENT——AN ELEMENT WHICH HAS BOTH END POINTS EQUIDISTANT FROM
AND LYING IN A PLANE PERPENDICULAR TO THE RADIAL AXIS OF SYMMLTRY.

19
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3)

4)

SKEW RING ELEMENT—AN ELEMENT WHICH HAS BOTH END POINTS EQUIDIS-—
TANT FROM BUT NOT LYING IN A PLANE PERPENDICULAR TO THe RADIAL AXIS
OF SYMMETRY.

SKeW ELEMENT=—AN ELEMeNT WHICH DOES NOT MEET ANY UF THE CRITERIA
ABOVE, INCLUDING OTHERWISE RADIAL ELEMENTS WHICH HAVE PReCISELY ONc
END POINT ON THE AXIS OF RADIAL SYMMETRY.

DATA INPUT 1S AS FOLLOWS (ALL DATA ARE UNFORMATTED):

1)

2)

3)

4)

NUMBER OF ELEMENTS, NUMBER OF JOINTS, NUMBER OF LOADING CONUITIONS,
A FLAG INDICATING WHETHER THE JOINT COORDINATES ARE IN SPRtRICAL
OR CARTES1AN COORDINATES (1 = SPHERICAL, 2 = CARTESIAN), AND A
FLAG INDICATING WHETHER THE PROGRAM 1S OPERATING IN 6LOBAL OR CYL-
INODRICAL COORDINATES (1 = GLOBAL, 2 = CYLINDRICAL)(5 INTEGER).

JOINT COURDINATES FOR EACH JOINT IN TERMS OF GLOBAL OR SPHEKICAL
CUOURDINATES. X1,y X2, X35 OR Ry THETA,y PHI. ANGLES ARiz IN DuGREES.

R = RADIUS OF CURVATURE
THETA = ANGLE FROM THE GLOBAL 1-AXIS
PHI = ANGLE FROM THE GLOBAL 3-AXIS

FOR EACH ELEMENT, THE JOINT NUM3ERS AT ITS ENDS (2 INTEGER).

WHEN WORKING IN sLOBAL COORDINATES——
FOR EACH ELEMENT, ITS CROSS SECTIONAL AREA AND THE MUDULUS OF ELAS—
TICITY OF ITS MATEKRIAL (2 REAL).

WHEN WORKING IN CYLINORICAL COORDINATES--
FOR EACH ELEMENT, ITS ID NUMBER, CROSS SECTIONAL AREA, AND TtitE MIL-
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5)

6)

UtuS OF ELASTICLITY OF ITS MATERIAL (1 INTEGERy 2 REAL).

1D=1 RAOIAL ELEMENT
ID=2 RING ELLMENT

ID0=3 SKEW RING ELEMENT
ID=4 SKEW ELEMENT

THE JOINT NUMBER AND DIRECTION OF EACH APPLIED JOUINT CONSTRAINT
RELATIVE TO WHICHEVER COORULINATE SYSTEM IS BEING tEMPLOYED. A DIR-
ECTION OF 4 INDICATES THAT ALL THREE DIRECTIONS ARE CONSTRAILINED
FOR THAT JOINT (1.E. THE JOINT IS PINNED)(2 INTEGER) AFTER

THE LAST CONSTRAINT, ENTER ZEROS.

THE JOINT NUMBER, DIRECTION, AND MAGNLITUDE OF EACH EXTrRNAL
JOINT LOAD RELATIVE TO WHICHEVER COORDINATE SYSTEM IS BEING E£EM-
PLOYED (2 INTEGERy 1 REAL)e. AFTER THE LAST JUINT LUAD, ENTER
ZEROS.

K 3R 54 AR R A AR AR SR AR R R IR AR K K A 0K 0K 48 30 A oK K 20 R VO XK A 8 o O R ORI R R A K AOR A R A O O KR R

SYNUPSIS OF DATA INPUT *

0 A K K BOK 0K K H0RK R FR R O BOK R K SRR K 0K 0K K oK 908 3K o ok A o R K R R R R KRR O SR

1)

2)

3)

OO0 OO0 0000000000

NEy NJy NACT, JOINTS, ICOORD (5 INTEGER)

FOR EACH JOINT --

X1y, X2y X3 (3 REAL)
OR

Ry THETA, PHI (3 REAL)
(ALL ANGLES ARE 1N DEGREES)

FOR £ACH cLEMENT — MINC(Is1)y MINC(Is2) (2 INTEGER)

€9



4) FOR EACH ELEMENT —

WHEN WORKING IN GLOBAL COORDINATES —-—
Ay E (2 REAL)

WHEN WORKING IN CYLINODRICAL CUOORDINATES —
1Dy Ay E (1 INTEGERy ¢ REAL)

5) FOR EACH JOINT CONSTRAINT —-

JNUM, JOIR . (2 INTEGER)
(AFTER THE LAST CUNSTRAINT, ENTER ZEROGS)

6) FUR EACH EXTERNAL JOINT LOAD —

JNUM, JD1R, FORCE (2 INTEGER, 1 REAL)
(AFTER THE LAST JOINT FORCE, ENTER ZEKOS)

A A KK A K A AOKOK R 4O AR R K o IR R K A B A o o o o R R R ROK 3 Aok R RO R R

DEFINITIONS OF OUTPUT PARAMETERS *
oK AR 3K 0 0 K 36K 3 RO X %R A 0K 2 3 S K XK 0 o3k 3K 2 KR RO R KK 2406k A K 9o ok R o o A AR o oK R Sl oK

AREA THE CROSS SECTIONAL AREA OF THE MCMBER

Cl THE DIReCTION COSINE OF THE MEMBER RELATIVE TO THE JOINT
1-AX1S AT THE A-END (THE END INCIDENT TO THE JOINT WHUSE
NUMBEKR LIES 1IN THE "FROMY™ COLUMN IN THE MEMBER PROPERLITES LIST-
ING)

cz2 THE DIRECTION COSINE OF THE MeMBER RELATIVE 10 THE JOINT

2-AXIS AT THE A-END

OO0 O0O0O000OO0

%9



OO0 OODDOOOOOOOOOODO

ClH

C2H

CGl1

CG2

CG3

1D
IHBNW

JCODE

LENGTH

MCODE

THE DIRECTION COSINE OF THE MEMBER RELATIVE TO THE JOINT
1-AXIS AT THE B—END (THE END INCIDENT TO THE JOINT WHOSE
NUMBER LIES IN THE "TO"™ COLUMN IN THE MEMBER PROPERTIES LIST—
ING)

THE DIRECTION COSINE OF THE MEMBER RELATIVE TO THE JOINT
2-AXIS AT THE B-END

THE DIRECTION COSINE OF THE MEMBER RELATIVE TO THE GLOBAL
1-AXIS

THE DIRECTION COSINE OF THE MEMBER RELATIVE TO THE GLUBAL
2-AXIS

THE DIRECTION COSINE OF THE MEMBER RELATIVE TO THE GLOBAL
3-AXIS

THE MODULUS GF ELASTICITY OF THE MEMBER MATERIAL
THE ID NUMBER OF THE MEMBER

THE HALF BAND WIDTH OF THE SYSVTEM STIFFNESS MATRIX

THE LISTING IN ORDER OF JOINT NUMBER OF THE SYSTEM GENERAL DIS-

PLACEMENT NUMBER CORRESPONDING TO THE 1—, 2—s AND 3-DIRECTION
IN TERMS Of WHICHEVER COORDINATE SYSTEM IS BEING EMPLOYED. A
ZERO ENTRY INDICATES THAT THAT DIRECTIGN IS CONSTRAINED.

THE LENGTH OF THE MEMBER

THE LISTING IN ORDER OF ELEMENT NUMBER OF THE SYSTEM GENERAL
DISPLACEMENT NUMBER CORRESPONDING TO THE 1-, 2—-, AND 3-DIR-

<9



2iziaNslslsNeNaisNaiskaRaEsalakakskais ks sl s RakaEa ks XaXakal

MINC

NACT
NE
NEQS

NJ

SS

X1

X2

X3

NOTE:

ECTION IN TERMS OF WHICHEVER COORDINATE SYSTEM IS BEING EM-
PLOYEDe A ZERO ENTRY INDICATES THAT THAT DIRECTION IS CON-
STRAINED.

THE MATRIX CONTAINING THE JOINT NUMBERS AT THE ENDS OF THE
ELEMENTS.

NUMBER OF LOADING CONDITIONS

NUMBER OF ELEMENTS

THE NUMBER OF DEGREES OF FREEDOM Of THE ENTIRE STRUCTURE
NUMBER OF JOINTS

THE DISPLACEMENT AND LOAD VECTOR——WHEN THE DISPLACEMENTS ARE
CALCULATED, THE LOAD VECTOR IS DESTRQOYED.

THE SYSTEM STIFFNESS MATRIX OF THE STRUCTURE

JOINT COORDINAYE IN THE 1-DIRECTION RELATIVE TO THE GLOBAL
COORCINATE AXES

JOINY COORDINATE IN THE 2-DIRECTION RELATIVE TO THE GLOBAL
COOROINATE AXES

JOINT COORDINATE IN THE 3-DIRECTION RELATIVE TO THE GLOBAL
COORDINATE AXES

FOR RADIAL ELEMENTS (ID=1)s ClH=Cl AND C2H=C2=0.
FOR RING ELEMENTS {ID=2)y CG3=0., ClH=-Cle AND C2H=C2.
FOR SKEW RING ELEMENTS (ID=2), ClH=-Cl AND C2H=C2.

99



C

Crdvxe Xk Xk kR RE X KKK EER TR X EEEEE AR AR E XK T KRR K E R KRR R R AR R R AR kK kT kK kR kXX

c

SUBROUTINE ODESCRIPTIONS ¥

CR5x kx5 L kAT EEEFETEEE X FF S KX AE K KRS EE T EEE R RS E S EEE XX ( K CE R EF TRk EE T K k&KX EK

OO0 OOOOOO

ACTION

DATA

FORCE

LOKATE

PROCES

SOLVE

STIFF

THIS SUBROUTINE GENERATES THE EXTERNAL FORCE VECTOR FOR THE
PARTICULAR LOADING CONDITION IN QUESTION.

THIS SUBROUTINE READS AND STORES ALL INFORMATION CONCERNING
THE SVRUCTURE EXCEPY FOR THE LOADING CONDITIONS. IT ALSO
CONSTRUCTS JCODE AND PLACES ZEROS IN THE POSITIONS CORRES-
PONDING TO CONSTRAINTS BUT DOES NOT GENERATE THE NON-ZERO
TERMS.

THIS SUBROUTINE COMPUTES THE ELEMENT AND JOINT FORCES FOR
THE STRUCTURE.

THIS SUBROUTINE GENERATES THE QUTPUT PARAMETERS WHICH
DEFINE THE LOCATION OF THE GENERALIZED DISPLACEMENTS.

THIS SUBROUTINE COMPLETES THE GENERATIUN OF JCODE AND GEN-
ERATES ALL OF THE PARAMETERS REQUIRED TO PERFORM THE ANALYSIS
BUT WHICH ARE NOT READ DIRECTLY INTGO THE COMPUTER.

THIS SUBROUTINE SOLVES THE BANDED SYSTEM OF LINEAR ALGEBRAIC
EQUATIONS FOR THE GENERAL DISPLACEMENTS.

THIS SUBROUTINE GENERATES THE BANDED SYSTEM STIFFNESS MATRIX
FOR THE ENTIRE STRUCTURE.

L9
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C

MAIN PROGRAM *

(22 2 P2 222222222333 32322222232 R 2222 222 R X222 22 2222222222222 222222 22222 2 2 2 8 X

aNaNg]

DIMENSION SS{19,19)

DIMENSION QU19),LO0CATE(19,2)

DIMENSION Al24),E(24),XL{24),GAMMA(24),CGL124),CG2(24),
1CG3(24),C1(24),C2124)sC1H124D)4C2H(24) MCODE(2446),
2MINC(24,42),1D(24)

DIMENSION P(133)¢X1(13)¢X2{13)5X3(13),JCODELL13,3)

READ AND WRITE CONTROL PARAMETERS AND FLAGS.

READ(1,%) NE,NJ,NACT,JOINTS,ICOORD
WRITE(24153 NE,NJ,yNACT
15 FORMATI///® NE='313,4Xs*NJ="21354X,*NACT=*,13//)
CALL DATA(X13;X29X34ApEsJCODEsMINC,IDy ICOORDyJOINTSyNJ¢NE)
CALL PROCES(X19X2¢X39CGL9CG2,CG39C1eC2,C1lHeC2HyGAMMA, XLy MCODE,
1JCODEsMINCoIDyNEQS ¢yNJISNEy) IHBW, Ay E4 ICOORD)
CALL LOKATE{(JCODESLOCATE,NJoNEQS)
DO 30 I=1,NEQS
DC 30 J=1,1HBH
30 SS(I,J)=0.
CALL STIFF{SS3CG1+C62,C63,C15C29yC1HsC2HsGAMMA, MCODE,ID,NEQS,
1IHBW, ICOORD, NED
NCOUNT=NACT
100 LCNUM=NACT-NCOUNT+1
WRITE(2,20)LCNUM
20 FORMAT(///7' * * & LOADING CONDITION®,I342X,%* * %t
CALL ACTION(QsJCODE,NEQS,NJ)
CALL SOLVE(SS+Q,LOCATE,NACT,NEQS, IHBW, NCOUNT)
CALL FORCEI(CGL1,CG2+4CG3,5C1oC25,C1H,C2Hy Qe GAMMA,MCODE 4 IDsNJ o NE,
1ICOORDsNEQSsPoeMINC)

89



NCOUNT = NCOUNT-1
IF(NCOUNT.GT.0)GOTO 100
stTop
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T2 122 L 22 222222 2222322222 222222222222 22222222222 222222222222 222222232222 2 2 220

C

SUBROUTINE ACTIGN ¥

(22 2323 22222322222 S22 2SS 2222222222 22222 2222222222 222222222 22222222 22 2R 2

aon

OO0

1

20
50

SUBROUTINE ACTION{QsJCCDE,NEQS.NJ)
DIMENSION Q(NEQS)» JCODEINJ+3)

DO 1 I=1,NEQS

Q(I)=0.

READ AND WRITE THE EXTERNAL JOINT FORCES.

WRITE(2,4)

FORMAT(///* EXTERNAL JCINT #ORCES')
WRITE(2,5)

FORMAT (4Xy *JNUM® ,3X, *JDIR® y6Xo *FORCE*)
READ(1,*)JNUM,JDIR,FORCE

TEST FOR LAST CARD AND PLACE THE EXTERNAL JOINT FORCES IN THE FORCE
VECTOR.

IF(JNUM.EQ.Q)GOTO 50
K=JCODE(JNUM4JDIR)
QUK)=FORCE

WRITE(2, 20)JNUMy JDIR4FORCE
GOTO 45

FORMAT(217,F13.2)

RETURN
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(XX 2222222222 2223223222 222222 23S 22222 3222222222222 3 22223 2222233222233 322 22 223
c SUBROUTINE DATA *
(2222223332323 3322222 2322222222322 2R 2222232323222 2222323332222 332333222 33
SUBROUTINE DATAUX13X23X3,A3E,JCODEMINC, 1Dy ICOORD, JOINTS,NJ,NE)
DIMENSION X1 (NJ)sX2(NJ)sX3(NJ),AINE) s EINE) » JCODE(NJy3) 4MINCINE,2),
LIDUNE)
GOT0{21,22), ICOORD
21 WRITE(2,23)
GOTO 25
22 WRITE(2,24)
23 FORMAT(® THE DISPLACEMENTS AND JOINT FORCES ARE COMPUTED RELATIVE
170 GLOBAL COORDINATES.®//)
24 FORMAT(" THE DISPLACEMENTS AND JOINT FORCES ARE COMPUTED RELATIVE
1TO CYLINDRICAL's/4* COORDINATES.?//)

READ AND WRITE JOINT COCRDINATES.

(aEgNeg)

25 WRITEL2,20)
20 FORMAT(*' JOINT COORDINATES®)
WRITE(2,100)
100 FORMAT(' JOINT® 45X s*X1%y8Xs*X2%,8X,%X3?)
GOTO(1,2),JOINTS
1 DO 41 I=1,NJ
READ(1,,*)Ry THETA,PHI
THETA =THETA*.01745329
PHI=PHI#*.01745329
X1{I)=R*COS{(THETA}*SIN(PHI)
X2(I1)=R&SIN(THETA)*SIN(PHI)
X3(I1)=R#¥(1.-COS{PHI))
41 WRITE(2,101)1sX1(1)eX2(1),X3{I)
GOTO 90
2 DO 40 I=1,NJ

1L



(e e Nl

oo o

40
101

90

50

18
61
30
63
103
62
19

60
102

READ(1,*¥)XLLTI)y X211 )¢ X3 (1)
WRITE(29101)I,X141)oX201L)9X3L(I)
FORMAT(14+2X43F10.4)

READ MEMBER INCIDENCE MATRIX.

DO 50 I=1,NE

READ(1le*) MINCLI,1)4MINC{I,2)
[IFIMINC(I,2).GT.MINC(I,1))GOTO 50
TEMP=MINC(I,2)
MINC(I,2)=MINC{I,1)
MINC(Io1)=TEMP

CONTINUE

READ AND WRITE MEMBER AND MATERIAL PROPERTIES.

WRITE(2,18)

FORMAT(///* MEMBER PROPERTIES!)

GOTO(61562), ICOORD

WRITE(2,30)

FORMAT (4X, *MEMBER® 35X, *AREA®? ; 10X, *E* 37Xy *FROM® 42X, *TO?)
DO 63 I=1,4NE
READ( 1o *¥)ALI)oEL(I)
WRITE(24103)I,ALI)oEL(I),MINCII,1),MINC(I,2)

FORMAT (I18yF1l2+49F1l4.44s3X51342X513)

GOTQa 65

WRITE(2,19)

FORMAT (4Xq "MEMBER® 93X "ID" 3 TXs "AREA® ;10X *E*y TXs "FROM 32X, T0O*)
DO 60 I=1,NE ‘
READ(1.%) ID(I)oA(I),E(I)
WRITE(2s102)19ID{I)gALI)E{T)gMINC(I41)sMINC(I,2)

FORMAT (1817 ¢F12.49Fl4e493X913,2X,13)

[4A



OOOno

aXgXg]

65

70

75

80

CONSTRUCT JCOOE
INITIALIZE JCODE TO UNITY

DO 5 I=1,NJ
DO S J=1,3
JCODE(I,J)=1

TEST FOR LAST CARD AND PLACE ZEROS FOR

READ(1,%) JNUM,JDIR
IF{JDIR.EQ.4)GATA 75
IF(JNUM.EQ.O)GOTD 80
JCODE(JNUM,JDIR)=0
GOTO 70
JCODE(JNUMe1)=0
JCODE(LJNUM,2)=0
JCODE(JNUM43)=0

GATO 70

RETURN

CONSTRAINTS.
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CHERSEFR KRR R F RN RS R AR RN FE R R SR SRR KRR R RS F R R R R R R R R R R R R ok bk
c SUBROUTINE FORCE ®
CHEXFE I AF XX AR IR TS ARFR RS E SR AR F R XA TR SR KGR RS ER R RER RS F R KRR FR LR KA XK
SUBROUTINE FORCE(CGLsCG2,CG34C14C25C1lHyC2HeQ9sGAMMA,MCODE s IDyNJoNE,
1ICOORDyNEQS,P,MINC)
DIMENSION CGL{NE)yCG2INE)sCG3(NE),C1(NE),C2I{NE)yCLHINE),C2HINE) QI
LNEQS )y GAMMA(NE) yPINJ93)+D(6) yMCODE (NE96) 9 IDINE) ,MINCINE, 2)
DO 10 I=1,NJ
DO 10 J=1,3
10 P(1sJ)=0.
WRITE(2,99)
99 FORMAT(///* ELEMENT FGRCES'/)
WRITE(2,101)
101 FORMAT (4X,*ELEMENT 36X, 'FORCE"/)
IF(ICOORD.EQ.1)IDI=5
DO 20 I=14NE

c COMPUTE D FROM Q USING MCODE.
DO 39 J=1.,6

K=MCCDE(1,J)
IF{K.EQ.0)GOTO 40

D(J)=Q(K)
GOTO0 30
40 DIJ)=0.
30 CONT INUE
C3I=CG3I(1I)

GAMMA I=GAMMA(I)

GO0T0(200,210), ICOORD
200 ClI=CGl(1I)

c2i=cG2(1)

GOTQ 220

9L



athoon

210
220
60

70

80

90

100

43
44

COMPUTE THE ELEMENT FORCES MAKING APPROPRIATE SIMPLIFICATIOUNS FOR
VARIOUS ID NUMBERS.

ClrI=Cci{in

c2I=C21lI)

IDI=IDLI)
GOTO(60,70480,90,100),IDI
D14=D(1)-Di4)

D36=D(3)-Dl6)

F1=GAMMAI *(D14*C11+036%*C31)
GOTO0 43

D14=D(1)+0D(4)

D25=D(2)-D(5)

FL1=GAMMAI *(D14*C11+D25%C21)
GOTO 43

D14=D(1)+D(4)

025=D(2)-D(5)

D36=D{3)-D(6)

F1=GAMMAI*(D14*ClI+D25*%C21+D36%C31)

GOTO 43
ClHI=C1H(I)
C2HI=C2H(I)
D36=D(3)1-D(6)

FI1=GAMMAT*(CLI*D(1)#C21*D(2)+C31%D36-C1HI*D(4)-C2HI*D(5))

GOTO 43

D14=D(1)-D( &)
D25=0(21)-D(5)
D36=D(31-D{6)

F1=GAMMAI*(D14*C1I+D25%C21+D36%C31)

IF(FL)44,48449
Fl1=—F1

THE

St



oo

45

48
53

49
54

52

55

56

57

58

WRITE(2,45)1,F1

FORMAT{I8+4XsF13.T793Xe "TENSION?®)

Fl=—F1

GOTO 52
WRITE(2,53)1,F1
FORMAT(18,4X,F13.7)
GOTO 52

WRITE (2,541 1,F1

FORMAT{I8+4XsF13.7¢3X,*COMPRESSION")

COMPUTE THE JOINT FORCES FROM THE ELEMENT FORCES AND MINC.

=MINC(I,1)
K=MINC(1,2)
PlJUs1)=PlJel)+ClI*F1]

GOTO(55556+57458959),1D1

P(Js3)=PlJye3)+C3I%F1
P(Kel)=P(K,y1)-ClI*F1
P({Ke3)=P(K,s3)-C3I%F1
GOTO 20

P(J2)=P(J,2)4C21%F1
P(Ky;1)=P(K,1)+C1lI*F1
P(Ky2)=P(K,2)-C21%*F1
GOTO 20

P(Je2)=PlJ,2)+C21%F1
P(J43)=P(J,3)+C3I%*F1
PIKeLl)=PIKs1)¢C1lI#*F1
PIKy2)=P(K,2)-C2I%F1
PiKs3)=P(Ky3)-C3I*F1
GOT0 20

P(Js2)=P(Jy2)+C21%F1
PlJs3)=P(J,3)+4C31I%F1

9L



59

20
46
51

50
47

WRI
FOR
WRI

FORMAT (4 Xy *JOINT? 36X, ' 1-DIRe®311X,?2-DIRa®*411Xy*3-DIR."/)

FOR
RET
END

PIKe1l)=P{Ky1)-C1lHI*F1l
PlKs2)=P(K,2)-C2HI*F1l
P(Ke3)=PlK,3)-C3I¢F1
GOTO 20
Plds2)=P(J,2)14#C21%*F1
P(Js3)=PlJy3)+C3I%*F1
P(Ks1)=P(K,1)-ClI*F1
P{Ks2)=P(K,2)-C21%F1
P(Ke3)=P(K,s3)-C3I*F1
CONTINUE

TE(2446)

MAT(///* JOINT FORCES')
TE(2,51)

DO 50 J=1,NJ
WRITE(2:47)J,(P(J,K)yK=1,3)
MAT(1742X+3F17.17)

URN

LL
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C SUBROUT INE LGKATE %
CRRE4RRFERERKEAEEXEREEREFE R AR E KRR AR F AR R KRR R EE R R R T E R AR R RS E R KRR AR K EF & &
SUBROUTINE LOKATE(JCODEyLOCATESNJ,NEQS)
DIMENSION JCODE{NJ3),L0CATE(NEQS,2)
DO 10 I=1,NJ
D0 10 J=1,3
JC=JCODELI+J)
IF(JC.EQ.0)GOTO 10
LOCATE(JC, 13=1
LOCATE(JC,2)=J
10 CONTINUE
RETURN

8L



CRETFEHRFELFFFHREFCFI U RREERE RS FEE R AR K E SRR KRR R E KK TR KRR E KX R R A KRR E S TR E KX KX &

c

SUBROUT INE PROCES *

(I 2T XIS 2SI 22 223222 22222222 2222 R3S 22222222822 2222 22222222 S22 2222222222 23

obHo

OO0

10
1

20
2

501

SUBROUTINE PROCES(X19X29X34CG1l9CG2+C635C19C29C1HC2H, GAMMA, XL ¢MCOD
1E5 JCODESJMINC, IDyNEQSyNJyNEo IHBW,A,E, ICOORD)

DIMENS ION X1 {NJ)¢X2INJ)yX3{NJI»CGLINE),CG2INE)CG3{NE),CL(NE),C2(N
1E)»CIHINE) 4C2HINE) yGAMMA (NE) ¢y MCODEINE6) y JCODEINJ 329 MINCINES2),ID
2INE) ¢ XLINED , AINE) , EINE)

GENERATE JCODE AND DETERMINE THE NUMBER OF DEGREES OF FREEDOM.

NEQS=0
DO 10 I=1,NJ
DO 10 J=1,3
NEQS=NEQS+JCODE(1,J)
JCODE(I4J)=JCODE(1,J)*NEQS
CONTINUE
WRITE(2,1)
FORMAT(///¢ JCODE')
DO 20 I=1,NJ
WRITE(2,2)(JCODE(L,J)9J=1,3)
FORMATI(315)
WRITE(2,501)NEQS
FORMAT(///% NEQS=',13)
MAXID=0

COMPUTE MEMBER PROPERTIES AND GENERATE MCODE WITHIN THE SAME DO-LOOP.

GENERATE MCODE FROM JCODE WITH INFORMATION CONTAINED IN MINC.

DO 40 I=1,NE
J=MINCI(I,1)

6L
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41

200

300

61

65

K=MINCI(I,2)
DO 41 L=1,3
MCODE(T,L)=JCODE(J,L)
MCODE(I4L+3)=JCODE(K,L)

COMPUTE MEMBER PROPERTIES—LENGTH, CGl1,
AND GAMMA, TAKING ID NUMBER INTO ACCOUNT
SIMPLIFICATIONS.

XL1=X1(K)=X1{J)
XL2=X2{(K)-X2(J)
XL3=X3(K)-=X3(J)
XLAI)=SQRU(XL1¥¥2+XL2%¥24XL3%*2)
XLONG=XL(I)
CGL(I)=XL1/XLONG
CG2(1)=XL2/XLONG

GAMMA (L )=A(I)*E(1)/XLONG
GOT0(200,300),1COORD
C6G3(I)=XL3/XLONG

GOTO 110

XLJ=X1(J)

X2J=X21J)
R=SQRVTIX1J**2+X2J¥¥2)
CGlI=CG1(1)

CG2I=CG2(TI)

IFIR.NE«0«)GOTO 61
Cl{I)=CG1I

c2(1)=CceG21

GOTO 65
Cl{I)=X1J/R*¥CGLI+X2J/R¥(G21
C2{1)==X2J/R*CGLI+X1J/R*CG21
IDI=ID(I)

cé2, CG3, Cl1l, C2y ClH, C2H,
AND MAKING THE APPROPRIATE

08



70

80

90

100

aXgNe)

110
42

44

40

GOTO(70+80,70,90), 101
XL3=X3(K)=X3(J)
CG3(I)=XL3/XLONG

GOTOo 110

CG3(I)=0.

GOT0 110

XL3=X3(K)-X3(J)
CG3(I)=XL3/XLONG

X1K=X1(K)

X2K=X2{K)
R=SQRT(X1K*&2+X2K*¥2)
IF{R.NE.O. )GOTO 100
ClH(I1)=CGLI

C2H(I)=CG2I

GOTO 110
CIH{I)=X1K/R*CGLlI#+X2K/R*CG2 |
C2HIT)==X2K/R*¥CGLl [+X1K/R*CG2]

COMPUTE AND WRITE THE HALF BAND

J=0
J=J+1
IS=MCUDE(I,J)
IF{IS.EQ. C)GOTO 42
J=7
J=J-1
IL=MCODELI,4)
IF(IL.EQ.0)GOTO 44
IE=IL-1S
IF(IE.GT-MAXID)MAXID=IE
IHBW=MAX ID+!1
WRITE(2,8) IHBW

WIDTH.

18
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8 FORMAT(///* IHBHW=',13)
WRITE OUT MEMBER PROPERTIES.

WRITE(2,3)
3 FORMAT(///°% MCGDE®*)
DO 50 I=1,NE
50 WRITE(294)(MCODElLeJ),J=1,6)
4 FORMATI(615)
GOTO0(51,52),1CGORD
51 WRITE(2,T)
T FORMAT(///7*' MEMBER® 33X *LENGTH® 38X, "CGL1*410X2°CG2%,10X9*'CG3*46X,°'G
1AMMA® )
D0 55 I=1,NE
55 WRITE(2,161)1,XLLI),CG1{I),CG2(I), CGB(I).GAMMA(I)
161 FORMAT(IS5sFl1.2,3F13.75F11a4)
RETURN
52 HRITE(2,6) ‘
6 FORMATIU//7° MEMBER® 43X LENGTH® 98Xs"CGL* 910X *CG2"s10Xs'CG3°%,411X,"*
1CL° 11X %C2% y10Xs*CLlH® 10X C2H" 96X *GAMMA"Y )
DO 60 I=1,NE
IDI=ID(I)
GOTO0(120+130,1404150),1IDI
120 WRITE(24121)1XLITI)CGLUI)oCG2(1),CG3(1),C1LI),C2(1),GAMMALI)

GOTO 60

130 WRITE(25131)14XLAT)CGL(I)SCG2(1)4CG3(I),CRLI),C2(1),GAMMA(I])
GOTO 60

140 WRITE(24141)IsXLII)oCGLAI),CG2(I1)4CG3(T),CLLI)C2(1),GAMMALI)
GOT0 60

150 WRITE(2915101oXLII)oCG1UI)oCG2(1),CG3L1)4CLLI)oC201),CLlHII)oC2H
1 (1),GAMMAL(I)
60 CONTINUE
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121
131
141
151

FORMAT(IS59F11.2¢5F13.7,6Xy *RADIAL ELEMENT? 46X,Fll.4)
FORMATU(IS)F11e245F13.T7,7Xy *RING ELEMENT®37XsFl1le4)
FORMAT(155,F11.295F13.745Xs*SKEW RING ELEMENT® g4X4Fl1l.4)
FORMAT(IS,F11.247F13.7,F11.4)

RETURN
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c SUBROUTINE SOLVE *
CHEAFER AR TR ERRE TR AR E R R SR T R AR KRR R AR R RN R R E AR R R R R R KRR kR R kR k&
SUBROUTINE SOLVE(SSyQ,LOCATE,NACT¢NEQS¢IHBWsNCOUNT)
DIMENSION SSINEQS, IHBW)sQ(INEQS)LOCATE(NEQS,2)
IF (NACT.GT.NCOUNT)GOTG 800

c REDUCE THE STIFFNESS MATRIX.

700 DO 790 N=1,NEQS
DO 780 L=2,1HBHW
IF(SS(N,L)<.EQ.0.)GOTO 780
I=N+L-1
C=SSI(NsL)/SS{N, 1)
J=0
DO 750 K=L,IHBW
J=Jd+1

750 SSUIsJ)=SSII¢J)-C*SSINsK)
SSINsL)=C

780 CONTINUE

REDUCE FORCE VECTOR.

(aKgNg)

790 CONTINUE

800 DO 830 N=1,NEQS
DO 820 L=2,IHBNW
IF(SS(N,L)<EQa0.)1G0OTO 820
I=N+L-1
QUIN=QUI)-SSIN,LI*¥Q(N)

820 CONTINUE

C BACK—~SOLVE FOR THE GENERALIZED DISPLACEMENTS.
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830 QIN)=QIN)/SS{N,1)
DO 860 M=2,NEQS
N=NEQS+1-M
DO 850 L=2,1HBW
IF{SSI{N,L).EQ.0.)GOTO 850

K=N+L-1
QINI=Q(N)-SSIN,L)*Q(K)
850 CONTINUE
860 CONTINUE
WRITE(2,61)

61 FORMAT({///*' GENERALIZED DISPLACEMENTS®*)
DO 900 I=1,NEQS
900 WRITE(2,60) I,QUI),LOCATE(I,1),LOCATE(],2)
60 FORMAT(4X,'Q(*513,5°%) =%,F11e743X,*(JOINT",13,"*,
1)
RETURN

"+11,*-DIRECTION)®
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(R I 222 I 2222 22232222 F 2222 222222 2222 223 R P 22 222232 P 22222 333 £33 R332 332323822 2 22
C SUBROUT INE STIFF *
[ 222X 2222322223222 82222222 2222223222222 3222222222232 2222222222222 2 23
SUBROUTINE STIFF(SSyCG1,C629CG39C19C24C1HyC2Hs GAMMA,MCODE 5 ID¢NEQS,
1IHBW, ICOCRD,NE)}
DIMENSTION SSINEQSs IHBW)sCGLINE) oCG2INE)»CG3INEDIsCLINE) C2(NE)oC1H{
INE) s C2H{NE) y GAMMAINE) »GI{15) s INDEX(69645) yMCODEINE ,6) 3 ID(NE)
INTEGER INDEX/I .0, 31‘[,0,“336*0.310) 10.‘3. 01-10"‘1.0"‘31 1)0.3.6*0'
1"3.0’-10.3.0:10'1.2301 1"'2 90'2.6’0921'6' 7*0' 1.21 0. 1"'2'0.—2"’6'0'"
221 60 7*00 1'2’3' 1!'20"3!2061 7!2!’61—7|3 "7110.3'—'7|"10'1 '213. 1,"2."3,
3"2 "‘69"’7 ."2 1697."‘3 3"7.-10.-397' 10’ 1.2)3:‘4"5""3'2.6' 7""8'—9)"7.3'
4T910e=119—129-109=49—=83—119139149110-59-9¢=12914915,4124-3,-74-10,1
51. 12'109 13213.'11‘2."3.2 .6’7"‘-2'“6'“7'35 7, 10"3."7"10.—1 ."2:"39 1 ?
6213"21"6"‘7.2’69 7 '—3 ."7.‘10)3’ 7' 10/
DO 1 I=1,NEQS
DO 1 J=1,IHBNW
1 SS{I,J)=0.
IFCICOORD.EQ.1)IDI=5
DO 10 I=1,NE
GAMMATI=GAMMA(I)
C31=CG31I)
60T0(200,300),1COORD
200 ClI=CGL(I)

C21=CG2(1)
GOTO 100
300 ClI=Cl1(I)
C21=C2(1)
I0I=10(1)
C
C COMPUTE THE APPROPRIATE G FACTORS FOR THE ELEMENTY BASED ON ITS ID NUMBER.
C

100 Gl1)=GAMMAT*C11%*%2
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C
c

110

120

130

140

GOT0(110,1204130,140,130),1D1
G(3)=GAMMAI*C1I¥*C31
G(10)=GAMMAI*C31%%2
GOTC 150
G(2)=GAMMAI*CLlI*C2I
G({6)1=CAMMAT*C2[**2
GOT0 150
G(2)=GAMMATI*C1I*C21
G(3)=GAMMAI*CLI*C31
G(6)=GAMMAI*C2]%%2
GUT)=GAMMAI*(21#%C31
G(10)=GAMMAT*(3[*¥2
GOTO 150

ClHI=C1H(I)
C2HI=C2H{TI)
G(2)=GAMMAT*CLI*C21
G(33=GAMMAI*Cl1+*C3I
G(4)=GAMMAI*CLlI*C1lHI
G(5)=GAMMAI*ClI*C2HI
G(6)=CAMMAT*C2] #%2
G{T)=GAMMAI*C21%*C31
G(8)=GAMMAI*C2I#*C1HI
G(9)=GAMMAI*C2I*C2HI
G(10)=GAMMAT*(3 J*¥2
G(11)=GAMMAL*C3I*C1lHI
G{12)=CGAMMAI*#C3[*C2HI
G(13)=GAMMAI*CiHI#*%2
G(14)=GAMMAT*CL1HI*C2HI
G(15)=GAMMAI*C2HI*%*2

PLACE G FACTORS IN BANDED SYSTEM STIFFNESS MATRIX USING INFORMATION CON-
TAINED IN MCODE AND INDEXe
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150

60

40
30
20
10

DO 20 JM=1,6
J=MCODE(1,4JM)
IF(J.EQ.0)GOTO 20

DO 30 KM=JM,6
K=MCODE (I KM)
[F(K.EQ.0)GOTO 30
KB=K-J+1
L=INDEX{JMsKM, IDI)
IF(L)60,30,40

==L
SS(JsKBI=SS{J,KB)-G(L)
6070 30
SS{JsKB)I=SS(JeKBI#GI(L)
CONTINUE

CONTINUE
CONTINUE
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APPENDIX C

NONLINEAR PROGRAM
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CRERRE K REAFEE R TR AR KKK KRR XL O U RE R R ERF SR F AR TR E R KLk TRk kK k& EEX

Cx

GENERAL INFORMATION *

CHREk kAR FEXAEREREREREERE RN RREFEER IR X KRR KSR F SRR TR Rk kX kKKK &

THIS PROGRAM USES THE MODIFIED RIKS/WEMPNER METHGD TU TRACE THE
EQUILIBRIUM PATHS OF GEOMETRICALLY NONLINEAR SPACE TRUSSES. IT
IS ASSUMED THAT THE USER IS FAMILIAR WITH THE METHOD.

FILE

FILE

FILE

FILE

FILE

OO OHOOODOOOOO0O

THIS PROGRAM MAKES USE OF FIVE DIFFERENT FILES.

1

2

CONTAINS ALL INPUT DATA

CONTAINS OUTPUT OF THE DATA AND THE NORMAL VECTOR USED IN
BRANCHING ONTO A SECONDARY EQUILIBRIUM PATH.

CONTAINS OUTPUT OF THE LOAD LEVEL AND DISPLACEMENT VECTUR
OF THE EQUILIBRIUM POINTS.

CONTAINS OUTPUT OF THE LOAD LEVEL AND DISPLACEMENT VECTOR
OF THE EQUILIBRIUM POINTS OBTAINED IN THE DETERMINATION
OF THE CRITICAL POINT.

CONTAINS OUTPUT Of THE LOAD LEVEL AND DISPLACEMENT VECOR
OF ALL EQUILIBRIUM POINTS IN A SUITABLE FORMAT FOR INPUT
INTO A PLUTTING PROGRAM.

o0
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TYPE

TYPE

TYPE

TYPE

TYPE

TYPE

TYPE

THE EXECUTION OF THIS PROGRAM CAN BE BROKEN INTO SEVEN DIFFERENT

CATEGORIES.

1 N NUMBER OF POINTS ARE UBTAINEO ON THE EQUILIBRIUM PATH.

2 ONE REQUIRES THE PROGRAM TO EXECUTE UNTIL A STAHBLE POINT
IS ENCOUNTERED.

3 N NUMBER CF POINTS ARE UBTAINED AFTER THE FIRST CRITICAL
PGINTe. IT IS RECOMMENDED THAT N BE LESS THAN 5.

4 BRANCHING ONTO SECONDARY EQUILIBRIUM PATHS. THE SEARCH FOR
THE CRITICAL POINT WILL BEGIN AT POINT N AND M POINTS ARE
OBTAINED ON THE BRANCHING PATH.

5 DETERMINATIGN OF A CRITICAL POINT. THE SEARCH BEGINS AT
POINT Ne

6 RUNNING THE PROGRAM TO OBTAIN THE FIRST CRITICAL POINT.
THE NUMBER OF POINTS, No SHOULD BE LARGE ENOUGH FOR THE
PROGRAM TO REACH A CRITICAL POINT.

T STARTING THE PROGRAM AT A KNOWN EQUILIBRIUM POINT ON THE

EQUILIBRIUM PATH. THIS CAN BE DONE IN COMBINATION WITH
TYPES 1-6.
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THE FOLLOWING VARIABLES IN THE INPUT DATA ARE TABULATED TO AID
THE USER IN DETERMINING INPUT VALUES.

N E E B M B E E E
p N N R P P P P P L

T o ¢ D D A © @@ S S S A N D E D

Yy 1 o L S N I I L L L M N E x s

P N N I T C€C N N N N N D E T P B

E T T M B H T T 1 2 3 A 6 0 0 R Qo0
1 N 1,2 2 2 —# a 2 S S a + + € ¢ a +
2 3 2 1 -# a 2 S S a + + C C a +
3 N 1,2 1 2 -# & 2 S S a + + € € a +
4 @ 1,2 2 2 N M 2 S S S + + € € s o+
5 @ 2 2 2 N @ 1 S S S + + € € @ +
&6 N 2 2 2 —# a 3 S S S + + € € a +
T (CAN BE USED IN 1-6) s s s s s

WHERE N AND M ARE DEFINED ABOVE

SPECIFY

ARBITRARY NUMBER

NOT APPROPRIATE, BUT SPECIFY

INITIAL DISPLACEMENT VECTOR (NOT ENTERED IF ZERO)
ZERO IF NOT USING TYPE 7

CAN BE SPECIFIED

1 OR 2

W oW onou

(>}
NO+OBD W

49



C
R E23 3222222222222 222222223 222 2232222222222 2222 2222222322222 T 2

Cx INPUT GUIDE *
CHRERREER RS AEERREEREEXERR IR RS SRR AR REE AR XXXk AR REECCR SR GX KRR SR SR RS R R EE® &

FOR VARIABLE INPUT, (I) REPRESENTS AN INTEGER VARIABLE
(R) REPRESENTS A REAL VARIABLE.

**¥¥& ALL INPUT IS FORMAT FREE  #%%%k%

C

C

c

C

C

C

C

C DATA SET

C

c 1 INPUT OF THE FOLLOWING VARIABLES
C

C NM (1)
C NJ (1)
C SYSTEM (1)
Cc UPDATE (1)
C IHBW (1)
c SCALE (I)
Cc LHAT (1)
C LMAX (1)
C NPOINY (1)
c METHOD (1)
c CONT (D)
c ENDLIM (1)
C ENDSTB (1)
c INTEST (1)
c BRANCH (1)
c IMAX (1)
C

JMAX (1)
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2

MPOINT (1)

IHELP (1)
BPGINT (I)
ICOORD (1)
ISOLVE (1)

INPUT OF THE FOLLOWING VARIABLES

EPSLN1 {R)

EPSLN2 (R)
EPSLN3 (R)
NDIGIT (I)

DS (R) (SPECIFY EITHEKR DS OR DLAMD
DLAMD ({R) AS NONZERQ)

LAMDA (R)
NNEG (1)
DETO (R)
EXPO (I)
DSBR (R}

JOINT COORDINATE DATA IN INCREASING JOINT NUMBER

( X 9 Y 5, 2) OR ( R 5 THETA , PHI )
{R) (R) ({(R) {R) (R) (R)

IN SPHERICAL COGRDINATES:

R = RADIUS FROM THE ORIGIN
THETA = ANGLE FROM THE GLOBAL 2-AXIS IN THE 1-2 PLANE
PHI = ANGLE FROM THE GLOBAL 3—-AXIS

CONSTRAINED JOINT DATA. A JUINT DIRECTION OF 4
INDICATES THAT ALL 3 DEGREES OF FREEDOM FUR THAT

%6
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JOINT ARE CONSTRAINEDe FOLLOW THIS SET WITH A
ZERO JOINT NUMBER AND JOINT DIRECTION.

JNUM , JDIR
(1l (nl

MEMBER DATA IN INCREASING MEMBER NUMBER. A NEGATIVE
AREA FOR MEMBER 1 INDICATES THAT A AND E ARE 1.0 FOR
ALL MEMBERS AND THE REMAINING MEMBERS NEED ONLY SUPPLY
MINC. ’

A'E' MlNC
(R) (R) (I)LI)

LOAD DATA. FOLLOW WITH A ZERO FOR JNUM, JDIR, AND Pl

JNUM , JDIR , Pl
{1 (1) (R)

DISPLACEMENT VECTOR. FOLLOW SET 6 WITH A NEGATIVE
JOINT NUMBER IF THERE IS NO DISPLACEMENT VECTOR.
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XT3 222332222232 2332 E2 22 P2 2222222222222 22222222222 222222222 22 2 T

C*

ARRAY DIMENSIONING *

(323222 2L 3R 2222222222222 2222222222222 2222222222222 22222222222 2 22

OO0 OO

COMMON /BLOCKLY/ SSINEQS+IHBW)+DQINEQS) DAL (NEQS)¢DQIINEQS),

DISTRUNEQS) s LOAD(NEQS) ¢ QINEUS) yRINEQS) s QLINEWS ),
R1INEQS) KPVT(NEQS)

COMMON /BLOCK2/ A(NM)oCGLINM),CG2{NM)oCG3IINM), ELNM)oXLINM),

XLOUNM) g MCODE(NM96) g MINC (NM,y2)

COMMON /BLOCK3/ XINJD,YI(NJ),ZINJ),CL(NJ)C2(NJ)+JCODEINJ,+3)
CUOMMON /BLOCK4/ DIMENSIONS ARE THE SAME FOR ALL PROBLEMS.

FOR SUBROUTINE EIGEN: XTEMPINEQS)

AT THE BEGINNING OF MAINLINE, LDA = DIMENSIONED VALUE OF NEQS.

NM
NJ
NEQS
IHBW

NOTES:

o uwn

NUMBER OF MEMBERS

NUMBER OF JOINTS

NUMBER OF EQUATIONS (DEGREES OF FREEDOM)
HALF-BAND WIDTH

Cl AND C2 ARE CNLY USED WHEN THE PROGRAM IS OPERATING IN
CYLINDRICAL COORDINATES. TO AVOID WASTING STORAGE SPACE
DIMENSION (1) WHEN OPERATING IN GLOBAL COORDINATES.

KPVT IS USED ONLY WHEN USING THE LINPACK EQUATION SOLVER
TO AVOID WASTING STORAGE SPACE, DIMENSION (1) WHENUSING
THE BANDED EQUATION SOLVERe

WHEN USING THE L INPACK EQUATION SOLVER, DIMENSION
SSINEQSsNEQS) .
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Cx

PRCGRAM VARIABLES *

RIS EI 2SS ER S22 2222222222 2222222222222 2222222222222 222222222 2 2 27

All)
Al,B1,D1

BPOINT

BRANCH

CGL(I),CG2(I),CG3(I)

ClLlI),C2(1)

CONT

o(1)

DEY

OO0 OON

*&cekek® FOR ALL VARIABLES, 1=YES, 2=NO *kkksé&&

AREA OF MEMBER 1.

COEFFICIENTS OF THE QUADRATIC EQUATION IN
SUBROUTINE SPHERE.

ALLOWS CONVERGENCE ON THE BIFURCATION
PUINT WITHOUT BRANCHING ONTO ANOTHER PATH.
DETERMINES IF THE PRGGRAM IS TO BRANCH OFF
OF THE FUNDAMENTAL PATH ONTO THE BRANCHING
PATH.

—# = DO NOT BRANCH
0 = BRANCH IMMEDIATELY
# = BEGIN BRANCHING ROUTINE AT POINT #

DEFORMED GLOBAL DIRECTION COSINES FOR MEM-
BER I

THE GLGBAL DIRECTION CUSINES FOR THE 1-AXIS
FOR JOINT I WHEN WORKING IN CYLINDRICAL CO—
GCRDINATES.

DETERMINES IF THE PRUGRAM SHOULD CONTINUE
TO EXECUTE WHEN THE PROGRAM HAS BECOME

MORE STABLE (ALL NEGATIVE EIGENVALUES HAVE
DISAPPEARED) .

DISPLACEMENT FOR AN ELEMENT IN DIRECTION I,
OR MEMBER END FORCES USED TO COMPUTE RII).
THE DETERMINANT OF THE TANGENT STIFFNESS
MATRIX LESS THE SCALE FACTOR.
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DETO

DETNEHW
DETOLD

DISTR{I)
DLAMD
DLAMDL
DQLI)
DQI(I)
0QI(1)
DS

DSBR

E(I)
ELONG
ENDLIM
ENDSTB
EPSLN1

EPSLNZ

EPSLN3

DET FGR THE UNDEFORMED TRUSS. IF DETO IS
INPUT AS 0, IT wWILL BE CALCULATED.

{ INPUT THE DETERMINANT WHEN STARTING AT A
KNOWN POINT ON THE EQUILIBRIUM PATH)

THE NEW DETERMINANT wWHEN CONVERGING ON THE
BIFURCATION POINT.

THE OLD DETERMINANT WHEN CONVERGING ON THE
BIFURCATION POINT.

LOAD DISTRIBUTION VECTOR.

CHANGE IN LOAD LEVEL.

CHANGE IN LOAD LEVEL AT THE FIRST STEP.
CHANGE IN DISPLACEMENT.

SOLUTION TO K DQKI = DISTR fOR ITERATION 1l.
SOLUTION TO K DQKI = DISTR.

THE LENGTH OF THE TANGENT VECTOR.

THE INITIAL CHANGE 'IN LOAD LEVEL WHEN
BRANCHING«

YOUNG*S MODULUS FOR MEMBER 1.

ELONGATION OF A MEMBER.

STOPS EXECUTION AT NPOINT POINTS BEYOND THE
FIRSY CRITICAL POINT.

STOPS EXECUTION WHEN THE TRUSS HAS BECOME
STABLE.

CONVERGENCE CRITERIA FUR THE UNBALANCED FORCE
TO OBTAIN THE POINT ON THE EQUILIBRIUM PATH.
CONVERGENCE CRITERIA FOR THE CHANGE 1IN
OISPLACEMENT TO UBTAIN THE POINT ON THE
EQUILIBRIUM PATH.

FDOR CONVERGENCE TO THE BIFURCATION POINT,
THIS IS THE TOLERANCE OF THE RATIO OF THE
DETERMINANT OF THE STIFFNESS MATRIX AT SOME
POINY TO THE DETERMINANT OF THE STIFFNESS
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EXP
EXPO
EXPNEW
EXPOLD

Gl,G2
ICOORD

IFLAG

IHBW

ITHELP

IMAX

INTEST
ISCALE

MATRIX FOR THE UNDEFORMED TRUSS.
THE VALUE OF THE EXPONENT THAT THE DETER-
MINANT OF THE TANGENT STIFFNESS MATRIX IS
SCALED BY TO AVOID OVER/UNDERFLOW ERRCRS.
THE VALUE OF EXP FOR THE UNDEFORMED TRUSS.
THE NEW VALUE OF EXP WHEN CONVERGING ON THE
BIFURCATION PQINT.
THE OLD VALUE OF EXP WHEN CONVERGING ON THE
BIFURCATION POINT.
RUOOTS OF THE QUADRATIC EQUATION IN SPHERE.
INDICATES WHETHER THE JOINT CONSTRAINTS,
FGRCESy AND DISPLACEMENTS ARE IN GLOBAL OR
CYLINDRICAL COORDINATES.
[F ICOORD = 1y GLOBAL COGRDINATES
ICOORD = 2y CYLINDRICAL CUOORDINATES
INDICATES IF THE ITERATION PROCESS HAS
CONVERGED.
THE HALF-BAND wWIDTH OF THE SYSTEM STIFFNESS
MATRIX. THIS IS INPUT TO VERIFY THAT THE
MATRIX IS DIMENSICGNED LARGE ENOUGHe
STURNS OFF THE AUTOMATIGM WHEN BRANCHING?®
NOTE: IF IHELP = 3 (YES) THE AUTUMATION IS
"TURNED OFF' FOR ALL ITERA-
TIONS.
[THELP = 1 (YES) THE AUTOMATION IS
®TURNED OFF* FOR THE FIRST
ITERATION ONLY.
THE MAXIMUM RUMBER OF ITERATIONS TO CONVERGE
ON THE BIFURCATION POINT.
STOPS THE PROGRAM AFTER THE DATA IS INPUT.
RECORDS THE SCALE VALUE SO THAT THE ASSUMED
DIRECTION IN SUBROUTINE EIGEN CAN BE DETER-—-

66



OO0 OHOOOOOOOOOOO

ISOLVE

ITRACE(T)

JCODELI,J)

JFLAG

JHBW
JHUAX

K15

L
LAMDA
LAMDA1
LDA

LHAT
LMAX
LOADLI)

MINED AS CORRECTY (IF INDEED IT IS).
DETERMINES WHETHER THE BANDED EQUATION SOLVER
OR THE LINPACK SCLVER IS USED.
IF ISOLVE = 1, BANDED SOLVER

ISOLVE = 24 LINPACK SOLVER
RECORDS CRITITAL LOCATIONS IN THE PROGRAM
FOR FUTURE REFERENCE IN TRACING THE *'PATH?®
THAT THE PROGKAM FOLLOWED.
DEGREE OF FREEUOM (DOF) IN ODIRECTION J FOR
JOINT I.
DETERMINES IF SUBROUTINE SOLVE IS USED TO
PERFORM FORWARD REDUCTICN UF THE MATRIX OR TO
SOLVE A SET OF EQUATIONS.
IF JFLAG=0, FORWARD REDUCTION

JFLAG=1, SCLVE EQUATIONS
VERIFIES THAT IHBW IS LARGE ENOUGH.
THE MAXIMUM NUMBER OF ITERATIUONS FOR THE
DETERMINATION OF THE EIGENVECTOR USED TO
BRANCH ONTO THE BRANCHING PATH.
THE COUNTER FOR STORING VALUES IN ITRACE.
NUMBER OF ITERATIONS IN A STEP.
LOAD LEVEL AT POINT Ile
LOAD LEVEL FOR THE FIRST STEP.
CONTROL PARAMETER USED IN THE LINPACK EQUATION
SOLVER WHICH MUST BE SEV EQUAL TO THE DIMEN-
SIONED VALUE OF NEQS.
NUMBER OF DESIRED ITERATIONS IN A STEP.
MAXIMUM NUMBER Of ITERATIONS IN A STEP.
THE FORCE VECTOR USED IN SGLVE TUO OBTAIN
THE DISPLACEMENT VECTOR. THIS VECTOR IS
ALSO USED AS TEMPORY STORAGE THROUGHOUT THE
PRCGRAM.
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MCODE(I,J)
METHOD

MINC(I,J)
MPGINT
NCOUNT

NDIGIT

NEQS
NJ

NM
NNEG
NPOINT

PHI
Q(I)
Ql(I)
RI(I)
RLLI)

RADIUS
SCALE

SS(I4J)

SYSTEM

DOF IN DIRECTION J FOR MEMBER Ie
PRGCEDURE USED IN THE PROGRAM.
1=NORMAL PLANE ITERATION
2=SPHERE ITERATION
3=NEWTON-RAPHSON
MEMBER INCIDENCE FOR MEMBER I AT END Je.
NUMBER OFf PUINTS WANTED AFTER BRANCHING.
THE NUMBER OF THE POINT ON THE EQUILIBRIUM
PATH.
THE NUMBER OF SIGNIFICANT DIGITS WANTED FOR
THE EIGENVALUE IN SUBROUTINE POWINV.
NUMBER OF EQUATIONS.
NUMBER OF JOINTS.
NUMBER OF MEMBERSa
NUMBER OF NEGATIVE EIGENVALUES FOR SS.
NUMBER OF POINTS WANTED ON THE EQUILIBRIUM
PATH.
ANGLE OF ROTATION ABOUT THE Z-AXIS IN PULAR
COORDINATES.
DISPLACEMENT FOR DOF 1.
OISPLACEMENT FOR DOF I BEFORE THE FIRST STEP.
UNBALANCED FORCE VECTOR.
THE EIGENVECTOR USED TO OBTAIN THE NORMAL
VECTOR.
THE VECTOR LENGTH IN POLAR COORDINATE DATA.
DETERMINES IF THE TANGENT VECTOR IS TO BE
SCALED.
THE SYSTEM TANGENT STIFFNESS MATRIX. (STORED
IN BANDED FORM)
COUGRDINATE SYSTEM USED FOR INPUT QOF JOINT
LOCATIONS. 1=SPHERICAL

2=RECTANGULAR
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THETA ANGLE FRUM THE Z-AXIS IN POLAR COORDINATES.
UPDATE DETERMINES IF THE STIFFNESS MATRIX IS TO BE
UPDATED EVERY ITERATION.

X{L),Y(I)2Z(1) GLOBAL JOINT COORDINATES.

RECTANGULAR: X=Xy Y=Y, =1
SPHERICAL: X=Ry Y=THETA, Z=PHI

XLOL)oYL(I)Z1L(1) VARIABLES USED FOR CALCULATIONS IN

SUBPRUGRAMS.
XL UNDEFORMED LENGTH OF MEMBER Ie
XLAMDA(I) TEMPORARY STGRAGE FOR QlI) FOR THE CASE
WHERE THE ASSUMPTION IN SUBROUTINE EIGEN IS
WRONG.
xLo(1l DEFORMED LENGTH OF MEMBER l.
XTEMP TEMPORARY STORAGE FOR LAMDA FOR THE CASE
WHERE THE ASSUMPTION IN SUBROUTINE EIGEN IS
WRONG.

22 2222233 22 P2 22223222222 R2 2SR 22222 RS2 22222222222 222 2 22 )

Cx*

SUBROUTINcE OESCRIPTIONS ¥

(R 2322222222222 2232222222222 2222 22222 R ES RS2SRSS S22 222 2L R L)

OGO

BPATH

CUNVG

THIS SUBRGOUTINE FINDS THE CRITYICAL POINT GIVEN THE TGLERANCE
EPSLN3. IT IS ASSUMED THAT THE POINT FROM WHICH THE SEARCH
IS MADE IS RELATIVELY *CLOSE® TO THE CRITICAL POINT. THIS
ALLOWS ONE TO ASSUME A LINEAR RELATIONSHIP BETWEEN DS AND THE
DETERMINANT OF THE TANGENT STIFFNESS MATRIX. (AT A CRITICAL
POINT, THE DETERMINANT IS ZERO.) EPSLN3 SPECIFIES THE LOSS
IN STIFFNESS OF THE TRUSS.

THIS SUBROUTINE DETERMINES IF THE RIKS/WEMPNER ITERATION
HAS CONVERGED ON THE EQUILIBRIUM PATH.
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DATA

DEFORM

DTNEGI

DTNEG2

EIGEN

INIT

NEWTON

THIS SUBROUTINE INPUTS THE DATA FOR THE PROGRAM FROM FILE
NUMBER 1. SOME INITIALIZATION OF VARIABLES OCCURS HERE ALSO.

THIS SUBROUTINE DETERMINES THE HMEMBERS DEFORMED LENGTHS AND
DEFORMED COSINES FOR THE PRESENT CONFIGURATION.

THIS SUBROUTINE CALCULATES THE NUMBER OF NEGATIVE EIGEN-
VALUES AND THE DETERMINANT OF THE TANGENT STIFFNESS MATRIX
USING THE BANDED SGLVER. THIS IS PERFORMED AFTER THE FORWARD
REDUCTION OF THE STIFFNESS MATRIX.

THIS SUBROUTINE PERFORMS THE SAME FUNCTION AS DTNEGlL USING THE
LINPACK EQUATION SOLVER.

THIS SUBROUTINE AUTOMATES THE PROGRAM SO THAT IT WiILL
DETERMINE THE DIRECTION OF TRAVEL WHEN CRITICAL POINTS ARE
ENCOUNTERED. SEVERAL CONTROL VARIABLES ARE USED HERE AND
THEY CAUSE THE SUBROUTINE TO APPEAR COMPLEX.

THIS FUNCTION DETERMINES THE DUT PRODUCT UF SEVERAL VECTORS.
FOR THE ARGUMENTS IN THE ARGUMENT LIST
F=X1l« (Yl +K*1Zl )

THIS SUBROUTINE DETERMINES THE INITIAL TANGENT VECTOR FGOR
THE ITERATION TO BEGIN. IT ALSO CALCULATES DS OR DLAMD
FOR THE INITIAL CONFIGURATION. (EITHER DS OR DLAMD IS
SPECIFIED IN INPUT)

THIS SUBROUTINE USES THE NEWTON-RAPHSON METHOD TO DETERMINE
THE EQUILIBRIUM PATH.
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RWC

SOLVEL

SOLVE2

SPHERE

THIS SUBROUTINE DETERMINES DLAMD AND DQ FOR THE *NORMAL
PLANE® ITERATION.

THIS SUBRCUTINE USES THE INVERSE POWER METHOD TO DETERMINE
AN EIGENVALUE AND EIGENVECTOR OF THE TANGENT STIFFNESS
MATRIX. THIS METHOO CONVERGES ON THE EIGENVALUE NEAREST TO
ALPHA.

THIS SUBROUTINE DETERMINES THE RESIDUAL FORCE VECTOR FROM THE
APPLIED LOAD AND THE JOINT FORCES OBTAINED FROM THE DISPLACE-
MENT VECTOR.

THIS SUBROUTINE USES THE MODIFIED RIKS/WEMPNER METHGD TO
OBTAIN THE EQUILIBRIUM PATH.

THIS SUBROUTINE SOLVES A SET OF SIMULTANEOUS EQUATIONS USING
THE BANDED STIFFNESS MATRIX. THE FIRST CALL TO SOLVE {AFTER
THE STIFFNESS MATRIX HAS BEEN CALCULATED) DOES FORWARD
REOUCTION OF THE MATRIX. ALL SUBSEQUENT CALLS TO SOLVE DO
THE FORWARD REDUCTION OF CONSTANTS AND BACK-SUBSTITUTION
(UNTIL STIFF IS CALLED AGAIN).

THIS SUBROUTINE PERFORMS THE SAME FUNCTIONS AS SOLVE1l EXCEPT
USING THE LINPACK EQUATION SOLVER. SUBROUTINES SSIFA, SSISL,
SSWAP, AND SAXPY ARE CALLED FROM HERE, AS ARE FUNCTIONS SDOT
AND ISAMAX.

THIS SUBROUTINE DETERMINES DLAMD AND DQ FOR THE *SPHERE®
ITERATION.

THIS SUBROUTINE CALCULATES THE BANDED TANGENT STIFFNESS
MATRIX.
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VECTORS INTO
THE ARGUMENT LIST

THIS SUBROUTINE STGRES A COMBINATION OF SEVERAL
FOR THE ARGUMENTS IN
YL + vV % 7]

ANOTHER VECTORa

VECTGR FRUM THE
TO BRANCH ONTO

THIS SUBROUTINE DETERMINES THE NORMAL
EIGENVECTOR THIS ALLGWS ONE

SECONDARY EQUILIBRIUM

IN POWINVS

OGHOOOOOOO
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C*

MAINL INE ®

CHERIXFEEX TR ERER KR EE R KR E KRR R R KRR AR RSk ke bk kR kR ke ke kT kR kkE &Kk

IMPLICIT REAL*8 {A-H,0-1)
INTEGER SCALE,SYSTEM,UPDATE,CONT o ENDLIM, ENDSTBsBRANCH,

1 E

XPoEXPOyEXPOLDy EXPNEWe BPOINT

REAL*8 LOAD,LAMDA,LAMLCAL

CHARACTER

¥2 JTRACE

COMMON /BLOCK1/ SS(70,70),DQ(70),D0Q1(70),CQI(70),DISTR(70),

1
COMMON /8
1
COMMON /8

LOAD(70)sQU70),RI701,QL(T70),RL(70),KPVTI(T70)

LOCK2/7 ALT70),CGLITO)CG2(T0),CL3LT0)LELTO) o XLITO)oXLDLET0)
s MCODE(7046) 4MINC(T70,2)

LOCK3/ X(31),Y(31),2(31),C1(31),C2(31),JC0ODE(31,3)

COMMON /BLOCK4/ D{6)¢DLAMDyDLAMDL ¢DSoELONGoEPSLNL,EPSLN2,EPSLN3,

cCWVndHWN -

LDA=T70
CALL DATA
c WRITE OUT
L=LHAT
K15=0
LFLAG=2
I=0
NUMBER=1
WRITE(3,1
1 FORMATI(I3
WRITE(3,2
2 FORMAT(®

DETO,DET,DETULD,DETNENWLAMDA,LAMDAL,DSBR,

IHBWy JFLAG s JHBWeL ¢ IFLAG, LHAT , LMAX,ITRACE(2000),
NCOUNT s NEQS ¢ NJ g NMy NNEGo NPOINT o SCALE,SYSTEM,K15,
UPDATE ,CONT,ENDLIMJENDSTB, INTESToMETHODy BRANCH,
EXPy EXPO¢EXPOLD 9 EXPNEW,y IMAX 9 JMAX yMPOINT o NDIGIT,
ITHELP ,BPOINT,LFLAG, [ICOORD, NUMBER,LDA, ISOLVE

THE INITIAL (STARTING) POINT DATA.

)y 1,LAMDA

2' LAMDA =',0G24.16," ',83('%"))
)

DISPLACEMENT?®)
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O o0

WRITE(3,3) (Q(I),I=1,NEQS)
3 FORMAT(5G24.16)
WRITE(T7,42) LAMDA
42 FORMAT(F15.9)
WRITE(T7,41) (QUI)41I=1,NEQS)
NCOUNT=0
CHECK TO SEE IF THE PROGRAM IS TO START BRANCHING FRUM THE
POGINT ON THE PATH THAT WAS INPUT.
IF {BRANCH.NE.O) GO TO 13
$$5 A $58%
K15=K15+¢1
ITRACE(KLS5)="A"
CALL DEFORM
CALL STIFF
CALL VECTOR
IMETH=METHOD -
METHOD=2
CALL RWC
METHOD=IMETH
GO T0 80
CHECK TO SEE IF THE OETERMINANT OF THE UNDEFORMED TRUSS WAS
INPUT.
13 IF(DETO.NE.0.DO) GO 1O 10
$5$ B $33
K15=K15+1
ITRACE(K15)='8"*
DETERMINE THE INITIAL DETERMINANT.
CALL DEFORM
CALL STIFF
IFC(ISOLVE.EQ.1)CALL SOLVEL
IF(ISOLVE.EQ.2)CALL SGLVEZ2
CALL EIGEN

LOT



10

20

15

DETO=DET

EXPO=E£XP

NCOUNT=1

GO 70 30
NCOUNT=NCOUNT+1
$5%5 C %3
K15=K15+1
ITRACE(K15)=*C"

CHECK TO SEE IF THE BRANCHING ROUTINE IS TO BEGIN.

IF(BRANCH.NE.NCOUNT-1)

$$5 D 583
K15=K15+1

ITRACE(KL15)="D"

CALL BPATH
CALL DEFGRM
CALL STIFF
CALL VECTGR
IMETH=METHGD
METHOD=1
CALL RWC
METHOD=IMETH

CHECK TO SEE IF DS HAS THE CORRECT

OF DLAMD.)

IF(DS.GT.0.D0.AND.LAMDA.LT.LAMDAL)
IF(DS L To0.D0.ANDLAMDAGT.LAMDAL)

GO TO 80

FIND DQKI FOR THE FIRST ITERATION.

CALL DEFURM
CALL STIFF

NOTE: CALLING SOLVE AFTER STIFF ONLY
REDUCTION OF THE CONSTANTS.

GO TO 15

IF(ISOLVE.EQ.1)CALL SOLVE1l

SIGN. (DS HAS THE SIGN

DS=-DS
0DS=-DS

CAUSES THE FORWARD
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30

60

70

41
80

32

IF(ISOLVE.EQ.2)CALL SOLVE?2
CHECK TO SEE IF THERE IS A BIFURCATION OR LIMIT POINT.
CALL EIGEN
CHECK TO SEE If THE CRITICAL POINT IS TO BE LOCATED.
IFILFLAG.EQ.2)GOTO 12
DS=DS/2.00
BPOINT=1
GUTO 20
$5% E $38
K15=K15+1
ITRACE(KLS5)='E"?
CALL STORE(LODADSDISTR,LOAD,0.D0)
SOLVE K DQKI = DISTR.
IF(ISOLVE.EQ.1)CALL SCLVEL
IF(ISCLVE.EQe2)CALL SOLVER2
GET THE TANGENT VECTORS
CALL INIT
CALL THE SUBROUTINE THAT CORRESPONDS TO THE METHUOD DESIRED.
IF(METHOD.EQ<«3) GO TO 60

CALL RHWC

GO TQO 70
CALL NEWTON
WRITE OUT THE POINT DATA.
WRITE(T7,42) LAMDA
HWRITE(T7,41) (QUI),I=1,NEQS)
FORMAT(13F10.6)
WRITE(3,1) NCUUNT,LAMDA
WRITE(3,2)
WRITE{3,3) (Q(I),I=1,NEQS)
WRITE(3,32) L
FORMAT(* NUMBER OF ITERATIONS =',13)
WRITE(3,31) DS
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31 FORMAT(?® DS =',624.16)
CONTINUE IF 1) A STABLE POINT IS WANTED (ENDSTB=1)
OR 2) A LIMIT OR BIFURCATION POINT IS WANTED
(ENDLIM=1)
OR 3) NCOUNT NOT=NPOINT, ENOLIM=2, AND ENDSTB=2.
IFUINCGUNTaNE«NPUOINT e ANDoENDSTBeNEe1aANDoENDLIMNES1)aOR
1 ENDSTB.EQ.1.0R.ENDLIM.EQ.1) GO TO 10
IF(ISOLVE.EQ.1)CALL DTNEG1
IF(ISOLVE.EQ.2) CALL DTNEG2(SS,LDA,NEQS;KPVT,DET¢EXP,NNEG)
WRITE(3,11) NNEG,EXPsDET
11 FORMAT(®* NUMBER OF NEGATIVE EIGENVALUES =',13,/,* DETERMIN®,
1 YANT & 1.D%,13,° =4,G24416,/)
WwRITE(2,1001)
1001 FORMAT(//,* TRACE OF PROGRAM PATH®,/)
WRITE(2,1002) (ITRACE(I),I=1,K15)
1002 FORMAT(1X910A2+5Xy10A245X910A295X910A295X,10A2,5X)
WRITE(24+4) NCOUNT
4 FORMAT(// //+* NUMBER OF POINTS =%,144////," *%%&& NORMAL °*,
1 ) 'COMPLETION *%¥x&%?)
stTop
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BPATH *
t 2 22 S22 322222 222222222222 22 222 22 R 222222 SRR 22222222 R 2R 2
SUBROUTINE BPATH
IMPLICIT REAL#*8 (A-H,0-2)
INTEGER SCALE,SYSTEM,UPDATE,CONT,ENDLIM,ENDSTB,BRANCH,
EXPy EXPO2 EXPOLD, EXPNEW,,BPOINT

REAL*8 LOAD,LAMDA,LAMDAL
CHARACTER#*2 ITRACE
COMMON /BLOCK1/ SS{70,70),0Q(70),DQL(T70),DQI(T70),DISTR(TO),

LOADI(70),Q(70)4R{70),QLITOI+RLLT0)4KPVT(TO)
COMMON /7BLOCK2/ A{700,CGLITO)4CG2(70),CG3LT0),E(TOdXLIT70),XLD(70)

» MCODE(T0,6)sMINC(T0,2)
COMMON /BLOCK3/ X{31),Y(31),2(31),C1(31),C2(31),JCODE(31,3)
COMMON /BLOCK4/ DU6) ¢ DLAMDyDLAMDY 4 US)ELONGoEPSLNL,EPSLN2,EPSLN3,

DEYO,DET,DETUOLD¢DETNEW s LAMDAyLAMDAL14DSBR,
IHBAWy JFLAG 9 JHBH oL o IFLAG, LHAT L MAXy ITRACE(2G00),
NCOUNT ¢yNEQS s NJ o NMogNNEGyNPUINT , SCALE,SYSTEM,K15,
UPDATE,CONT,ENDLIM,ENDSTBy INTEST,METHUODs BRANCH,
EXPyEXPOoEXPOLD o EXPNEW ¢ IMAX 9 JMAX y MPOINT o NDIGIT,
THELP,BPOINT,LFLAG, ICOORDyNUMBERLDA, ISOLVE

$58 S $58

K15=K15+1

ITRACE(KL15)=°S"

KOUNT=0

ISCALE=SCALE

SCALE=2

CALL DEFORM

CALL STIFF

IF(ISOLVE.EQe.1)CALL SOLVEL
IF{ISOLVE.EQ.2)CALL SOLVE2
IF(ISOLVE.EQ.1)CALL DTNEG1
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10

15

1001
1002

11

20

IF(ISOLVE.EQ.2)CALL DTNEG2{SS,LDA,NEQSsKPVT,DET,EXP,NNEG)
K=NNEG
DETOLD=DET
EXPOLD=EXP
CALL STORE{(LOAD,DISTR,LOAD,0+D0)
IF(ISOLVE.EQ.1)CALL SOLVEL
IF{ISOLVE.EQ.2)CALL SOLVE2
CALL INIT
CALL RWC
CALL DEFGRM
CALL STIFF
IF (ISOLVE-EQ.1)CALL SOLVEL
IF(ISOLVE.EQ.2)CALL SOLVE2
IF{ [SOLVE.EQ.1)CALL DTNEGI
IF (ISOLVE.EQ.2)CALL DTNEG2(SSeLDA,NEQS,KPVT,DET,EXP,NNEG)
CHECK TO SEE IF THE CRITICAL POINT WAS PASSED.
IF(K.EQ.NNEG) GO TQ 10
CHECK TO SEE IF THE CRITICAL POINT IS FOUND.
ALPH=DABS (DET/{ DETO*10%¥(EXPO—EXP)))
IFIALPH.LT.EPSLN3) GO TO 30
CHECK TO SEE IF THE MAXIMUM NUMBER OF ITERATIONS
HAS BEEN REACHED.
IF (KOUNT.LT.IMAX) GO TQ 20
WRITE(2,1001)
FORMAT(//4% TRACE OF PROGRAM PATH®,/)
WRITE(2,1002) (ITRACE(I),I=1,K15)
FORMAT(LX310A2,5Xs10A2,5Xs10A245X¢10A245X¢10A2)
WRITE{2,11) _
FORMAT(//," ®#x#& [TERATION LIMIT EXCEEDED TU LOCATE®,
* THE CRITICAL POINT %&¥%%1)
sTOP
KOUNT=KOUNT+1
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32

33

34

30

PREDICT THE NEXT DS THAT WILL GIVE THE CRITICAL POINT.

IT IS ASSUMED THAYT EXPOLD=tEXP.

DS=—(DET*DS) /{DET-DETOLD)

DETOLD=DET

EXPOLD=EXP

CALL STORE(LOAD,DISTR,L0AD,0.D0)

IF{ISOLVE.EQ.1)CALL SOLVEL

IF(ISOLVE.EQ.2)CALL SOLVE2

CALL INITY

CALL RHWC

CALL DEFORM

CALL STIFF

IF(ISOLVE.EQ.1)CALL SOLVEl

IF(ISOLVE.EQ.2)CALL SOLVEZ2

IF{ISOLVE.EQ.1)CALL DTNEGL

IFUISOLVE.EQ.2)CALL DUNEG2(SSeLDAJNEQSsKPVT,DETEXPoNNEG)

WRITE(4,41) KGUNT.LAMDA

FORMAT (I3,° **x& LAMDA =',624.16," 2 79("%*))

WRITE(4,2)

FORMAT(* DISPLACEMENT®)

WRITE(4,43) (QUI),I=1,NEQS)

FORMAT (5G24.161)

WRITE(4932)NNEG,EXP,DET

FORMAT(* NUMBER OF NEGATIVE EIGENVALUES =',13,/,
' DETERMINANT * 1.C*'9I3,°' ='9G24.1697)

WRITE(4433) DS,DLAMD

FURMATIL(® DS ='3624.164/4" LOLAMD ="',624.16)

WRITE(4+34) L

FORMAT (' NUMBER OF ITERATIONS =',13)

GO TO 15

$$8 T $5¢
K15=K15+1
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1003

ITRACE(K1S)="T"
SCALE=ISCALE
WRITE{2,31) KCUNT
FORMAT{///,* NUMBER OF ITERATIUNS FOR BIF. POINT =',13)
STOP EXECUTION IF ONLY THE CRITICAL POINT WAS WANTED.
IF(BPOINT.EQ.2) RETURN

WRITE(2,1001)

WRITE(2,1002) (ITRACE(I),I=1,K15)

WRITE(2,1003)

FORMAT(//,* BIFURCATION PUOINT FUUND®)

sTQP
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SUBROUTINE CONVG
IMPLICIT REAL*8 {(A—Hy0-1)
INTEGER SCALEsSYSTEMsUPDATE,CONT, ENDLIMs ENDSTB »BRANCH,
1 EXP s EXPOEXPOLD s EXPNEWBPOINT
REAL*8 LOAD,LAMDA,LAMDAL
CHARACTER*2 [TRACE ~
COMHON /BLOCK1/ SS(T70,70)9DQUT70)o0Q1(70)4DQI(T0)4DISTR{70),

1 LOAD(70),Q(70)4R(T70),QLIT0)4R1IT0)KPVT(T70)
COMMON /BLOCK2/ A(T70),CGL{TO),CG2{T0),CG3(TO),ELTO)»XLLTO) XLDI(T0)
1 yMCODE(T046),MINC(T0,2)

COMMON /BLOCK3/ X{3L2,¥Y(31),2(31),C1(31),C2(31),JCODE(31,3)

COMMON /BLOCK4/ D(6) 9DLAMDyDLAMDL s DS+ ELONGe EPSLNLy EPSLN2,EPSLN3,
DETOsDETDETUOLDSDETNEW,LAMDA,LAMDAL,0SBR,
IHBW 9 JFLAG yJHBWsL s IFLAGyLHAT LMAX, ITRACE(2000),
NCUOUNT o NEQS o NJoNMy NNEG s NPOINT o SCALEy SYSTEM,K15,
UPDATE yCONToENDLIM,ENDSTB, INTEST,METHOD, BRANCH,
EXPyEXPO+EXPOLDSEXPNEW ¢ IMAXy JMAX,MPOINT,NDIGIT,
IHELP+BPOINTsLFLAG, ICOORDy NUMBER,LDA, ISOLVE

OV WN -

IFLAG=2

CONVERGENCE DCCURS If THE NORM OF THE REIDUAL FORCES IS LESS
THAN EPSLN1 AND IF THE NORM OF THE DISPLACEMENT VECTOR IS LESS
THAN EPSLNZ2.

IF(DSQRT (FIR yR9R30)) LTLEPSLN1.AND.
1 DSQRT(F(DQsDQsR$0) ) «LTL.EPSLN2) IFLAG=1

RETURN

OO0
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C* DATA ¥
CREEd ke F XX SHTK SR EEEE X TR RA L ER AL SRR KEERERE EE AR KSR KR E R EER R KR KR T K&K
SUBROUTINE DATA
IMPLICIT REAL*8 (A-H,0-1)
INTEGER SCALE,SYSTEMoUPDATEoCONT, ENULIMsENDSTB#BRANCH,
1 EXP o EXPOEXPOLDy EXPNEW,BPOINT
REAL*8 LOAD,LAMDA,LAMDAL
CHARACTER¥2 [TRACE
COMMON /BLOCK1/ SS(T70470),DQ1L70),0QL(70),DQI(70),DISTRI(70),

1 LOADI70)5Q(70)sRL70),QLLT70)sRLIT0)+KPVT(T0)
COMMON /BLOCK2/ A{70)4CGl(T0)2CG2(T0),CG3(T0),E(T0),XLLITO),XLDLT70)
1 +MCODE(T046)4MINC(70,2)

COMMON /BLOCK3/ X(31)sY(31),2131),C1(31),C2(31),JC0ODE(31,3)
COMMON /BLOUCK4/ D(6) ;DLAMD yDLAMDL ¢yDS+ELONGoEPSLNLoEPSLN2,EPSLN3,
DETOsDET,DETOLD4DETNEWLAMDA,LAMDALl,DSBR,
IHBWy JFLAG ¢ JHBW L o IFLAG, LHAT,LMAX, ITRACE(2000),
NCOUNT ¢y NEQS ¢NJ gNMyNNEG o NPOINT  SCALE,SYSTEM,K15,
UPDATE,CONT, ENDLIM,ENDSTBy INTEST,METHOD, BRANCH,
EXPyEXPOSEXPOLO o EXPNEN o IMAX9 JMAX,MPOINTsNDIGIT,
IHELP4BPOINTo LFLAG, ICOORD, NUMBER,LDA, ISOLVE
C INPUT PROGRAM CONTROL VARIABLES
READ(1s*)NMyNJoSYSTEMy UPDATE ¢ IHBW 9 SCALE ¢ LHAT s LMAXy NPOINT , METHOD,
1 CONT,ENDLIM, ENOST B9 INTEST¢BRANCH, IMAX 9 JMAX g MPOINT  IHELP,
2 BPOINT,y ICOORD, ISOLVE
WRITE(2s1INMyNJoSYSTEM,UPDATE, IHBW,SCALELHAT, LMAX,NPOINT,METHOD,

VSN -

1 CONT oENDLIM,ENDSTB, INTESToBRANCH IMAX, JMAXy MPOINT,
2 THELP,BPOINT, ICOORD, ISOLVE

1 FORMAT(® NM =80,154/s" NJ ="915,7,% SYSTEM =%,15,/,
1 ' UPUATE ='.IS’/'. XHBN "—".ng/g' SCALE ='.[5'/0
2 e LHAT =.115'/" LMAX =.,15./’. NPOINT ="IS'/.
3 ¢ METHOD =9,159/7," CONT =':[59/1‘ ENDLIM ='.[51/'
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1

1

' ENDSTB =.'151/.' INTEST ='.ISp/" BRANCH ='.l5'/'
' IMAX =2 ,054/,° JMAX =9,15,/" MPOINT =2,150/7
' JTHELP =%4315¢/4+% BPOINT =%915,/+* ICOORD =%415,/,
' ISOLVE =%,15,/)
INPUT THE SOLUTION TOLERANCES, THE INITIAL DELTA LAMDA VALUE,
LAMDA VALUE, AND THE NUMBER OF NEGATIVE EIGENVELUES.
READ(1l %) EPSLNL,EPSLN2,EPSLN34NDIGIT,DSsDLAMD,LAMDA,NNEG,DETQ,
EXPO,DSBR
WRITE(2:2) EPSLN1oEPSLN2EPSLN3,NDIGIT,DS,DLAMDsLAMDA¢NNEG,DETO,
EXPO,DSBR

2 FORMAT(® EPSLNLl =*,G2%.1635/9" EPSLN2 ="3G24.16,/,

c
c
c
12
13
4
C
85
95
c

N WIN

¥ EPSLN3 =% 4G24.169/¢" NDIGIT =%415,/,

DS =.¢GZ4-16|/" DLAMD 3.0624.16./)
LAMDA =..624-16'/.' NNEG ='!15'/l
DETO ="GZ4.16./1. EXPO ='.I5o/'
DSBR =% 43G24.16,/)
READ IN THE JOINT COORDINATES.
READ(1s%) (X(I)sY(I)eZ(I)sI=1,NJ)
IF(SYSTEM.EQel) WRITE(2,12)

FORMAT(//9% JOINT® 36X 'Ry TXe *THETA® y6X,*PHI")
IFISYSTEM.EQ<2) WRITE(2,13)
FORMAT(/ /4% JOINT? ,6X9'X®p9Xe®Y?,9X,*12%)

WRITE(294) (I,X(I),Y(I)eZ(I)yI=14NJ)
FORMAT(14,2X+3F10.4)
SET JCODE EQUAL TO ZERQ.
DO 95 I=1,NJ

DO 85 J=1,3

JCODE(I,J)=0

CONT INUE
CONTINUE
READ IN THE CONSTRAINT DATA.
WRITE(2,86)

LTT



86
15

87

27

25

70

110

FORMAT(/,* CONSTRAINED JOINT DATA,/,% JOINT NO. JOINT DIR.%,/)
READ(1,%) JNUM,JDIR
IF(JUNUM.EQ.O0) GO TO 25
WRITE(2,87) JNUMyJDIR
FORMAT(I6,111)
IF(JDIR.EQe4) GO TO 27
JCODE{(JNUMyJDIR)=1
GO TG 15
JCODE(JNUM,1)=1
JCODE (UNUM,2)=1
JCODE(JUNUM,3)=1
GO IO 15
(IF SPHERICAL COORDINATES CONVERY TO CARTESIAN COORDINATES.
CONVERT DEGREE ANGLES TO RADIAN ANGLES)
IF(SYSTEM.NE.1) GO TO 35
DO 70 I=1,NJ
RADIUS=X(I)
THETA=Y(I)*.1745329251994330D-01
PHI=Z(1)%*.,1745329251994330D-01
X(I)=RADIUS*DSINI{PHI)*DCAS(THETA)
Y{I)=RADIUS*DSIN{PHI)*DSIN(THETA)
Z(1)=—1.DO*¥RADIUS*DCOSI(PHI)
CONTINUE
READ IN THE MEMBER PROPERTIES.
WRITE(2,5)
FORMAT (/792X 9" ELEMENT Y 49X A g9X, 'E® y5X 9 A—END? 35X *B—-END?)
READ(1lo%) A(L)oE{1),MINC(1ls1),MINC(]1,2)
IFIALL).GT.0) GO TO 120
DO 110 I=1,NM
AlIN=1.D0
E{I)=1.D0
CONTINUE
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120

130

10

20
30

101

READ( 1y %) (MINCU{Io1)¢MINC(I42),4I=24NM)

GG TO 130
READ(l9*) (A(I)SE(ID)sMINCUIs1)sMINCIIS2)9I=2,NM)
COMPUTE JCOUDE AND NEQS.
K=0
DO 30 I=1,NJ

DO 20 J=1,3

IF(JCODE(I,4).EQ.Q0) GO TO 10
JCODELIL,Jd)=0

GO 70 20
K=K+1
JCODE(I+J)=K
CONTINUE
CONTINUE
NEQS=K
WRITE(7,101) NEQS
FORMAT(I4)
JHBW=0

CALCULATE MCODEs XLs AND THE REQUIRED HALF-BAND WIDTH, JHBW.
DO 80 I=1,NM
JA=MINCII,1)
JB=MINC(I,2)
XDIFF=X(JB)-X(JA)
YDIFF=Y(JB)-Y(JA)
IDIFF=21JB)-1(JA)
XL{I)=DSQRT{XDIFF*XDIFF+YDIFF*YDIFF+ZDIFF*IDIFF)
MIN=1000
MAX=0
DO 90 J=1,3
MCODE( I 4J)=JCODE(JA,J)
MCODE(I,J43)=JCODE(JB,J)

IF(JCODELJA)J) LT MINcANDJCODE(JAyJ ) NEQ) MIN=JCUDE(JA,J)
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90

6
80

11

100

40

45

IF(JCODE(JBeJ) e LT<MIN<AND.JCODE(JByJ) «.NE.O) MIN=JCODE(JB,J)
IF(JCODE(JA, J)aGTaMAX) MAX=JCODE(JA,J)
IF(JCODE(JByJ) «GToMAX) MAX=JCODE(JB,J)
CONTINUE
IF(JHBHLToMAX—MIN#1) JHBW=MAX-MIN+]
WRITE(24+6) I4ACL)+E(TIDoMINCUIs1)MINC(I,2)
FORMAT(I695X92F10.2516,110)
CONTINUE
WRITE(2,11) NEQS
FORMAT(////+" NUMBER OF EQUATIONS =',14) ,
CHECK TOUO SEE IF THE SPECIFIED HALF-BAND WIDTH IS TOO SMALL.
IF(IHBW.GE-JHBW) GO TO 100
WRITE(2,8)
FORMAT(////s* *%%x%%x HALF-BAND WIDTH IS TOO SMALL ¥*%#¥%x!)
sTaP
THBW=JHBA
WRITE(249) IHBHW
FORMAT(////,* HALF-BAND WIDTH =¢,14)
WRITE(2,7)
FORMAT(//,* JOINT NUMBER JOINT DIRECTION FORCE*)
INITIALIZE THE DISTRIBUTION VECTOR, DISPLACEMENT VECTOR, AND
JUINT DIRECTIGN COSINES TO ZERO.
DO 40 I=1,NEQS
DISTR({I)=0.0D00
Q(I)=0.0D00
CONTINUE
DO 45 I=14NJ
Cl{I)=0.00
C2(1)=0.D0
CONT INUE
INPUT THE CONSTANT LOAD DISTRIBUTION VECTUR AND THE INITIAL
DISPLACEMENT VECTOR.

01



c

c

50

18

51
55
200
21
22
60

19

READ(1,%) JNUMyJDIR,P1
CHECK TG SEE IF THIS IS THE END OF THE LOAD DATA.
IF(JNUM.LT.0) GO TO 60
CHECK TO SEE IF THE DISPLACEMENT VECTOUR IS TO BE INPUT.
IF(JNUM.EQ.O0) GO TO 200
WRITE(2,18) JUNUM,JDIR,P1
FGRMAT(18,115,46G23.10)
K=JCUDE(JNUM,JDIR)
CHECK TGO SEE IF THERE IS A DATA ERROR.
IF(K.NE.O) GO T4 55
WRITE(2,51)
FORMAT(/," DATA ERROR IN FORCE INPUT',/)
sTap
DISTR(K)=P1
GO TGO 50
WRITE(2,21)
FORMAT(//4° DISPLACEMENT VECTOR?®4//)
READ(1,%) (QUI),I=1,NEQS)
WRITE(2,22) (Q(1),I=1,NEQS)
FORMAT(5G24.16)
STOP IF THE PROGRAM IS RUN FGR A DATA CHECK.
IFCINTEST.NE.1) RETURN
WRITE(2,19)
FORMAT(/,* #®*x%x¥ PROGRAM IS STOPPED FOR DATA TEST *%x%¢1)
sTO0P

1C1
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SUBROUTINE DEFORM
IMPLICIT REAL#*¥8 (A—-H,G-Z)
INTEGER SCALE,SYSTEM,UPDATE,CONT,ENDLIM,ENDSTB,BRANCH,
1 EXPyEXPOJEXPOLDy EXPNEW¢BPOINT
REAL*8 LOADsLAMDA,LAMDAl
CHARACTER#*2 1TRACE
COMMON /BLDCKL1/ SS(70,70),DQ(70),0QL(70)4DQI(T0)4DISTRETO),

1 LOAD(70),QL70),R{T70),QL(T70)4sR1{T70),KPVT{(TO)
COMMON /8LOCK2/ A(70),CGLl(70)¢CG2(T70)4CG3(TO)oELTO) ¢XL(TO), XLD(T70Q)
1 +MCUDE(70,6) ysMINC(70,2)

COMMUN /BLOCK3/ X{31),YI(31),2(31),C1(31),C2(31),JCODE(31,3)
COMMON /BLOCK4/ D(6) yDLAMD 9yDLAMDL yDSoELONG9EPSLNLEPSLN2,EPSLN3,
DETOoDET,CETOLDDETNEW, LAMDA,LAMDAL,DSBR,
IHBW9 JFLAG 9 JHBW L » IFLAG) LHAT o LMAX, ITRACE(2000),
NCOUNT ¢ NEQS e NJyNMy NNEG s NPOINT o SCALEsSYSTEM,K15,
UPCATE,CONT,ENDLIM,ENOSTBy INTESTyMETHQOD ¢ BRANCH
EXPEXPO,EXPOLDs EXPNEW s IMAXy JMAX o MPOINT,NDIGIT,
IHELPBPOINT,,LFLAG, ICOORD s NUMBERyLDA, ISOLVE
C CALCULATE THE DEFORMED LENGTHS AND COSINES
DO 30 I=1,NM
DO 20 J=1,6
IF (MCODE(I,J).EQ.0) GO TGO 10
N=MCODE(1I,J)

VI WN -~

DLJ)I=Q(N)

60 70 20
10 D(J)=0.0D00
20 CONTINUE

JA=MINC(I,1)
JB=MINCI(I,2)

[4AN



21

22

23

30

50

40

D63=0{6)-D(3)
60T0(21,22),ICO0RD
D41=D(4)-D(1)
D52=D(5)-0D(2)
GDOTO 23
CLI=Cl(JA)
C2I=C2(JA)
ClHI=C1(JB)
C2HI=C2(J48)
D41=C1HI*D{(4)-C2HI*DIS)—CL1I*D(1)+C21%0D(2)
D52=C2HI*D(4)+C1HI*D(5)-C21*D(1)-CLI*D(2)
XLD1=X(JB)=-X{JA)+D41
XLD2=Y(JB)-Y{JA)+D52
XL03=2{JB)-Z{JA)+D63
XLD(I)=DSQRT{XLDL*XLD1+XLD2*XLD2+XLD3*XLD3)
CGL(I)=XLDL/XLDL(I)
CG2(I)=XLC2/XLDLI)
CG3(I)=XLD3/XLD(I)
CONTINUE
IF(ICOORDeEQel «OR«NUMBER<EQ.2)RETURN
DO 40 [=1,NJ
RAD=DSQRT(X{I)*#2+Y(])%%*2)
IF(RAD.NE.0.DO)GOTO 50
Clli)=1.00
C2{I1)=0.D0
GOTO 40
CL{I)=X(I)/RAD
C2(1)=Y(IL)/RAD
CONTINUE
NUMBER=2
RETURN

XA
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SUBROUTINE ODINEGL
IMPLICIT REAL*8 (A-H,0-2)
INTEGER SCALE,SYSTEM,UPDATE,CUNT,ENDLIMyENDSTB,BRANCH,
1 EXPoEXPO,EXPOLD yEXPNEW ¢BPOINT
REAL*8 LOAD,LAMDA,LAMDAL
CHARACTER¥2 ITRACE
COMMUN /BLOCK1/ SS(70470),DQ(70),0Q1(70),DQI(70),0ISTR(70),

1 LOAD(70),Q(70)sRIT70),QLLT0),R1170),KPVTI70)
COMMON /BLOCK2/ A(T70),CGLITU)+CG2(T0)oCG3(T0)ELTO0)XLIT0),XLDIT70)
1 +MCODE(T04+6) yMINC(T70,2)

COMMON /B8LOCK3/ X{31),Y(31),2(31),C1{(31),C2(31),JCADE(31,3)
COMMGN /BLOCK4/ D(6)4DLAMD,DLAMDL DS, ELONGsEPSLNL,EPSLN2,EPSLN3,

1 DETOsDEToDETOLDyDETNEW ¢ LAMDA,LAMDAL,DSBR,
2 IHBW, JFLAG 9 JHBW oLy IFLAG(LHAT ,LMAX, ITRACE(2000),
3 NCOUNT ¢ NEQS y NJg NMy NNEGoNPOINT, SCALE,SYSTEM,K15,
4 UPCATE,CONT ENDLIMENDSTB,y INTEST,METHGQD,BRANCH,
5 EXPyEXPOLZEXPOLDEXPNEH 9 IMAXy JMAXyMPOINT,NDIGIT,
6 IHELP+BPOINT¢LFLAG, ICOORD, NUMBER,LDA, ISGLVE
NNEG=0

EXP=0

DET=1.D0

DO 20 I=1,NEQS

IFISS(I41)elT.0.D0) NNEG=NNEG+1

DEV=DET*SS(I,1)

IF(DABS{DET).LT.1.D30) GO TO 10
EXP=EXP-30
OET=DET*1.D-30
G0 10 20

10 IF(DABS{DET).GT«.1.D—-30) GO TO 20

LA



EXP=EXP+30
DET=DET¥1.D30
20 CONTINUE
RETURN
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10

80

SUBROUTINE CTNEG2(SS,LDA,NEQS,KPVT4DET,EXP,NNEG)

IMPLICIT REAL*8 (A-H,C-2)

REAL#*8 SS({LDA,NEQS)

INTEGER KPVT(1),EXP

NNEG=0

DET=1.D0

EXP=0

TEN=10.D00

T=0.D0
DO 130 K=1,NEQS
D=SS(KeK)
IF(KPVT(K).GT.0)GATO 50
IF(T.NE.0.DO)GOTO 30
T=DABS(SS(K,K+1))
D=(D/T)*SSIK+1,K+1)-T
GOT0 40
CONTINUE
D=T
I=0.D0
CONTINUE
CONTINUE
IF(DalLT.0.00)NNEG=NNEG+1
DET=D#*DET
IF(DET.EQ.0.D0)GOTG 110
IF(DABS(DET).GE.1.DO)GOTO 80
DET=TEN*DET
EXP=EXP-1
GOTU 170
CONTINUE

971



90

100
110
130

IF(DABS(DET).LTL.TEN)GOTO 100
DET=DET/TEN
EXP=EXP+1
GOT0 90
CONTINUE
CONTINUE
CONT INUE
EXP=—EXP
RETURN

LT1
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SUBRUOUTINE EIGEN
IMPLICIT REAL#*8 (A-H,0-2)
INTEGER SCALE,SYSTEM,UPDATE,CONT,ENDLIMoENDSTBsBRANCH,
EXP 4 EXPOyEXPOLDy EXPNEW BPCINT
REAL*8 LOAD,LAMDA,LAMDAL
CHARACTER*2 [ITRACE
COMMON /BLOCKL/ SS(70,70),DQ070)4DQL(T70),DQIL70),DISTR{70),
LOAD(70)»QE70)sR{T70)sQLAT70),R1{(TO)KPVT(70)
COMMON /BLOCK2/ A{T0)sCGLITO)+CG2(TO)5CG3{TO0)EL(TO) 4 XLITO) XLDIT0)
2+ MCODE(T70,6),MINC(70,42)
COMMON /B8LOCK37 X{31),Y(31),2131),C1(31),C2(31),JCODE{31,3)
COMMON /BLOCK4/ D(6)sDLAMDyDLAMD]1 oDSsELONGSEPSULNL,EPSLN2,EPSLN3,

DETO,0ET,DETOLD+DETNEW» LAMDA,LAMDALDSBR,
IHBWy JFLAG 9 JHBW oL o IFLAG LHAT ,LMAX, ITRACE(20001),
NCOUNT yNEQSs NSy NMg NNEGeNPOINT 9 SCALE,SYSTEMyK15,
UPDATE,CONTSENDLIM,ENDSTB,y INTEST,METHOD, BRANCH,
EXPoEXPOoEXPOLDyEXPNEW 9 IMAX 9 JMAXyMPOINT 4 NDIGIT,
THELP ,BPOINT,LFLAG, ICOORD,NUMBER,LDA, ISCLVE

DIMENSION XTEMP(T70)

$$% J 589

K15=K15+1

ITRACE(K15)="J?

K=NNEG

IF{ISOLVE.EQ.1)CALL ODTNEGL

IF(ISOLVE.EQ.2)CALL DTNEG2(SSsLODASNEQSKPVT,DET,EXP,NNEG)

WRITE(3,11) NNEGHIEXP,DET

FORMAT (' NUMBER OF NEGATIVE EIGENVALUES =",13,/," DETERMINANT *,
Y% 1.0%313,° =%,6G24.16,/)

RETURN IF BRANCHING IS TO QOCCUR.

8¢C1



IF(BRANCH.EQ.NCOUNT-1) RETURN

c RETURN IF THERE ARE (AND WERE) NO NEGATIVE EIGENVALUES.
IF{KeEQeO«AND.NNEGLEQeO) RETURN
C $$5 K $38
K15=K15+1
ITRACE(KL15)="K?
C CHECK TO SEE IF THE PROGRAM WAS RUN WITH ENDLIM=1l.
C IF S0, BRANCH IF THERE IS (ARE) NEGATIVE EIGENVALUEI(S)e
90 IF(NNEG.iLE.O.OR.ENDLIM.EQ.2) GO TO 30
C $$ L 539
K15=K15¢1
ITRACE(KLS)="L"
C STOP IF NO MURE POINTS ARE MWANTED.

IF(NPOINT.GT.0) GD TO 20
WRITE(2,1001)
1001 FORMAT(//¢4* TRACE OF PRUGRAM PATH',/)
WRITE(2,1002) {ITRACE(I),I=1,K15)
1002 FORMAT(1Xs10A2 35X, 10A2,5X310A2,45X,10A2,5X,10A2)
WRITE(2,4) NCOUNT-1
4 FORMAT(//4" NUMBER OF POINTS ="413,//,"' ¥¥%¥%x PROGRAM IS¢,
1 ! STGPPED AT OR PAST A LIMIT OR BIFURCATION®,
2 ' POINT AS WAS REQUESTED ¥*%¥&¥t)
STaP
20 NPOINT=NPOINT-1
C RETURN IF THE NUMBER OF NEGATIVE EIGENVALUES IS THE SAME.
30 IF(K.EQ.NNEG) RETURN
c CHECK TO SEE IF THE TRUSS IS BECOMING STABLE.
IF{K.LT.NNEG) GO TGO 50
C $$S M $89%
K15=K15+1
ITRACE(KLS)="M?
WRITE(241) NCOUNT-1

6C1



1 FORMAT(//,*' AT POINT®,13,%,THE TRUSS IS BECOMING MGORE ¢,
1 YSTABLE?")
STOP IF THE TRUSS IS STABLE AND CONT=2.
IFINNEG.NE<.O.OR.CONT.EQ.1) GO TO 60
WRITE(2,1001)
WRITE(2,1002) (ITRACE(I)qeI=1,K15)
WRITE(243) NCOUNT-1
3 FORMATY (/74" ®xx*¥ PROGRAM [S STOPPED AT POINT*,1I3,°, A ¢,
1 "STASLE POINT #*¥&¥kt)
STCP
AT THIS POINT, A LIMIT OR BIFURCATION POINT WAS ENCUUNTERED.
50 WRITE(2,2) NCOUNT-2,NCGUNT-1
2 FORMAT(//4* A LIMIT POINT OR BIFURCATION POINT WAS ENCOUNTERED?®,/
1 * BETWEEN POINT',13,° AND POINT®,139%a"y//)
CHECK TO StEt IF THE CRITICAL PUINT IS TO BE LOCATED.
60 IF(BPOINT.NE.3) GO TO 55
LFLAG=1
RETURN
$58 N $%¢
55 K15=K15+1
ITRACE(K15)="N"*
LFLAG=2
RETURN IF THE NEWTON-RAPHSON METHCD IS USED.
IF (METHOD<EQ.3) RETURN
IFI{NCOUNT.NE.1) GO TO 61
CALL STORE(LOAD+DISTR,L0AV,0.00)
IF(ISOLVE.EQ.1)CALL SOLVEL
IF(ISOLVE.EQ.2)CALL SOLVE2
DS=DLAMD*DSQRT(F(LOAD,LOAD,LCAD,0)+1.D0)
$$$ D $8%
61 K15=K15+1
ITRACE(K1S)="0"

0€1



o (aN gl gl O

(m}

IF{IHELP.EQ.2) GO TO 505
IF(IHELP.EQ.3) RETURN

THELP=2

RETURN
RECORD THE DISPLACEMENT VECTOR AND THE LOAD LEVEL.

505 CALL STORE(XTEMP+Q+¢Q+0.D0)

XLAMDA=LAMDA
CALL STORE(LUAD+DISTR,L0AD,0.D0)
SOLVE K DQKI = DISTR.
IF{ISOLVE.EQ.L)CALL SOLVEL
IF{ISOLVE.EQ.2)CALL SOLVEZ2
ASSUME DS = -DS.
DS=-1.D0#DS
PKEVENT SCALING AND ENLARGE DS TO ENSURE THAT THE ASSUMPTION
THAT DS=-DS WILL PROVE WRONG IFf IT IS WRONG (THE PROCEDURE MAY
'BACK®* ON ITSELF).
ISCALE=SCALE
PREVENT SCALING SO THAT DS REMAINS UNCHANGED.
SCALE=2
DS=1.100%DS
GET THE TANGENT VECTORe
CALL INIT
RETAIN THE VARIABLES AS THEY WERE.
SCALE=ISCALE
CALL RHC
CALL DEFORM
CALL STIFF
IFCISULVE.EQ.L1)CALL SOLVEL
IF(ISOLVE.EQ.2)CALL SOLVEZ2
CALCULATE THE NUMBER OF NEGATIVE EIGENVALUES.
K=NNEG
IF(ISOLVE.EQ.1)CALL ODTNEGL

1€1
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42

41

IF(ISOLVE.EQ.2)CALL DTNEG2(SSsLDASNEQS+KPVToDET EXP,NNEG)
CHECK TO SEE IF THE NUMBER OUF EIGENVALUES HAS DECREASED.

IF(K.LE.NNEG) GO TQ 80
$$% P 883
K15=K15+1
ITRACE(K1S5)=*pP"

THE ASSUMPTIGON THAT DS = —DS WAS WRONG.

MAINLINE.

CALL STORE(QyXTEMP,yQ,0.00)

LAMDA=XLAMDA

DS=-1.D0*DS

NNEG=K

RETURN
WRITE OUT THE POINT DATA.
WRITE(3,9) NCUGUNT,LAMDA
FORMATII3,' LAMDA =',G24.16," *,83('%x"))
WRITEL(3,5)
FORMAT(* DISPLACEMENT')
WRITE(3,6) (Q(I),I=1,NEQS)
WRITE(3,17) L
FORMAT(* NUMBER OF ITERATIONS =',13)
FORMAT (5G24.16)
WRITE(3,12) DS
FORMAT (! DS =14G24.16)
DS=DS/1.10D00
WRITE(3,11) NNEG,EXP,DET
WRITE(7,42) LAMDA
FORMAT(F15.9)
WRITE(Ts41) (Q(1)eI=1,NEQS)
FORMAT(13F10.6)
NCOUNT=NCOUNT +1
$$5 Q 559

RETURN TO THE

43!
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K15=K15+1
ITRACE(K15)=*Q"*
RETURN IF BRANCHING IS TO GOCCUR.
IF (BRANCHe EQ.NCOUNT~1) RETURN
CONTINUE IF 1) A STABLE POINT IS WANTED (ENDST3=1)
OR 2) A LIMIT OR BIFURCATIGON POINT IS WANTED
(ENDLIM=1)
OR 3) NCOUNT=NPOINT, ENDLIM=2, AND ENDSTB=2.
IF(ENDLIM.EQel «OR.ENDSTBeEQe120Re (NCOUNT—1NENPOINT.AND.
ENDSTBeNE«el+AND.ENDLIM.NE.1)) GO TO 90
WRITE(2,1001)
WRITE(2,1002) (ITRACE(I)eI=1,K15)
WRITE(2,7) NCOUNT—-1
FORMAT(//,* NUMBER OF POINTS =',13,//," #&x%&& NURMAL *,
'COMPLETION #%%xx%1)
STQP
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FUNCTION F(X1,Y1lyZ1,+K)
IMPLICIT REAL*8 (A-H,0-1)
INTEGER SCALEsSYSTEM,UPDATE,CUNT,ENDLIM,ENDSTB,BRANCH,
1 EXP,EXPQ,EXPOLDy EXPNEW,BPOINT
REAL*8 LOAD,LAMDA, LAMDAL
CHARACTER*2 ITRACE
COMMON /BLUCK1/ SS(70,70),0Q(70),0Q1(70),DQI(70),DISTRIT70),

1 LOAD(T70),Q(70)4RL70),QLIT0)4RL(TO),KPVT(70)
COMMON /BLOCK2/ A(T70)+CGL4T0)sCG2(T70)4CG3{T0)sELTO)XLLTI)oXLOLT0)
1 +MCODE(T70,6) ¢MINC(T70,2)

COMMON /BLOCK3/ X(310,Y(31),2(31),C1(31),C2(31),JCOLE(31,3)
COMMON /BLOCK4/ D(6)sDLAMDoDLAMDL s DS, ELONGyEPSLNL, EPSLN2,EPSLN3,
DETOoDEToDETOLDoDETNEW, LAMDA,LAMDAL1,DSBR,
IHBWy JFLAG 9 JHBW oL o IFLAGy LHAT,LMAX, ITRACEL200G0),
NCOUNT g NEQS s NJo NMy NNEGe NPOINT ¢ SCALE,SYSTEM4K 15,
UPDATE,CONT ENDLIMoENDSTBy INTESTyMETHOD¢BRANCH,
EXP9y EXPOy EXPULDyEXPNEW s IMAX 9 JMAXyMPUINT,NDIGIT,
ITHELP 4BPOINT o LFLAGy ICGORDy NUMBER,LDA, ISOLVE
DIMENSION X1(NEQS)sYLINEQS),Z1INEQS)
C F IS THE DOT PRODUCT OF X1 ( Y1 + K * 1)
F=0.D0
IF(K.EQ.V0) GO TO 20
D0 10 I=1,NEQS
F=F+{X1(I)*(YL(1)+DFLOAT(K)*Z1(I)))
10 CONTINUE
RETURN
20 DO 30 I=1.NEQS
F=F+X1{I)*Y1{I)
30 CONTINUE

oMb N -
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C« INIT *
CHERRERERERR KRR RGN AR AR R E R E R R KR DRGSR R RS RIS R F R TR RS Rk B R E &
SUBROUTINE INIT
IMPLICIT REAL*8 (A-H,0-2)
INTEGER SCALE,SYSTEM,UPDATE,CONT,ENDLIM,ENDSTB,BRANCH,
1 EXPsEXPOy EXPUOLDs EXPNEW s BPOINT
REAL#8 LOAD,LAMDA,LAMDAL
CHARACTER*2 ITRACE
COMMON /BLOCKL/ SS(70,70),DQ070),DQL(70)+DQI(T0)DISTRI(T70),

1 LOAD{70),Q(70) 4yR(70)4QL{70)5,RL{T0)4KPVT(T0)
COMMON /BLOCK2/ A170),CG1{70),C62(70),CG3(TO)E(TO) ¢XLLTO) XLD(70)
1 +MCODE(T70+6),MINCL70,2)

COMMUN /BLOCK3/ X(31),Y(31),2(31),C1(31),C2(31),JCODE(31,3)
COMMON /BLOCK4/ D{6),DLAMD,OLAMOL DS, ELONGEPSLNL1,EPSLN2,EPSLN3,
DETO+DET,DETOLDyDETNEW, LAMDA,LAMDAL ,DSBR»
IHBWs JFLAG s JHBW oL 3 IFLAG 9 LHAT s LMAX, ITRACE(2000),
NCOUNT ¢NEQSsNJgNMg NNEGosNPOINT y SCALE o SYSTEM K15,
UPDATE,CONT,ENDLIM,ENDSTBy INTEST,METHOD, BRANCH,
EXPyEXPOEXPOLDyEXPNEW IMAX ¢ JMAX yMPOINT ¢ NDIGIT 4
IHELPBPDINTLFLAG, ICOORDy NUMBER, LDA, ISOLVE
C CHECK TO SEE IF THIS IS THE FIRST ITERATION FOR A PUINT.
IF{(DS.EQ.0.D0) GO TU 30
C FIND THE INCREMENT IN LOAD LEVEL GIVEN DS.
IF(SCALE.NE.1) GO TQO 20
C SCALE THE TANGENT VECTOR
DS=DS#*DSQRT(DFLOAT(LHAT)/DFLOAT{L))
20 DLAMD=DS/DSQRTIF(LOAD,LOAD,LOAD,0)+1.D0)
GO TO 40
c FIND THE LENGTH IN THE TANGENT VECTOR, DS, GIVEN THE INITIAL
c INCREMENT IN LOAD LEVEL.
30 DS=DLAMD*DSQRT(F(LOAD,LOAD,LOAD,0)+1.D0)

OOV S ULN
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c

c

40 DO 50 I=1,NEQS
FIND THE INITIAL DQ.
DQ{ I)=DLAMD*¥LOADI(I)
50 CONTINUE
SAVE THE INITIAL Q VECTOR AND LAMDA FOR THE SPHERE ITERATIOUN.
LAMDA1=LAMDA
CALL STORE(Q1,Q4Q+0.D0)
UPDATE THE VARIABLES FCR THE FIRST ITERATION.
LAMDA=LAMDA+DLAMD
CALL STORE(Q,Q,DQy1.D0)
RETURN

LET
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C* NEWTON *
CHRFEREFEXRCREEREXR XX KRR FR SRR E R R F R R R GFE R ERE KRR AR R TR R A SRR Sk & &
SUBROUTINE NEWTON
IMPLICIT REAL*8 (A-H,0-1)
INTEGER SCALE,SYSTEM,UPDATE(CONT,ENDLIM,ENDSTB BRANCH,
1 EXPy EXPOy EXPOLD, EXPNEWyBPOINT
REAL*3 LOADsLAMDA,LAMDAL
CHARACTER*2 [TRACE
COMMON /BLOCKL/ SS(70,70),DQ(70),0Q1(70),0QI{T70),DISTR(TO),

1 LOAD{(70),QU70)sRI{T70),Q1LT70)4RLITO)KPVT(T70)
COMMON /BLOCK2/ A(T0)sCGL{T0)+CG2(T70)4CG3(T0IsE(TO) ¢XLUITO)¢XLDIT0)
1 +MCODE(T70,6) s MINC(70,2)

COMMON /BLOCK3/ X(31),Y(31)42(31),C1(31),C2(31),4CODE(31,3)
COMMON /BLOCK4/ D(6)9DLAMD,DLAMDL DS, ELONG,EPSLNL,EPSLN2,EPSLN3,

1 DETO,DET,DETOLDyDETNEW,LAMDA,LAMDAL,DSBR,
2 IHBW, JFLAG ¢ JHBW L IFLAG,LHAT, LMAX, ITRACE(2000),
3 NCCUNT ¢NEQS s NJo NMy NNEGy NPOINT , SCALE,SYSTEM,K15,
4 UPDATE,CONT,ENDLIM,ENDSTB, INTEST¢METHOOD,BRANCH,
5 EXPsEXPOEXPGLDEXPNEW g IMAX o JMAX yMPOINTyNDIGIT,
6 IHELP,BPOINT,LFLAG, ICOORD, NUMBER,LDA, ISOLVE
C $58 H %8
K15=K15¢+1
ITRACE(KL15)=*H*
c UPDATE FOR THE FIRST ITERATION.
L=1
CALL DEFGRM
CALL RESID
GO TO 50
c COMPUTE THE STIFFNESS MATRIX IF 1) IT [S THE FIRST ITERATION
c OR 2) UPOATING IS DESIRED.

20 IF(L.NEel.AND.UPDATE.NE.1) GO TO 30
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30

50

i1

1001

1002
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K15=K15+1
ITRACEIKL1S)=*]"
UPDATE THE STIFFNESS MATRIX.
CALL STIFF
IF{ISOLVE.EQ.1)CALL SOLVE1L
IFLISOLVE.EQ.2)CALL SCGLVE2
CALL STORE(LOADsR3R304.00)
SOLVE K DQKI = Re.
IF{ISOLVE.EQ.1)CALL SCLVEL
IF{ISOLVE<EQ.2)CALL SOLVEZ2
UPDATE THE VARIABLES.
CALL STORE(DQeLOAD,Q,0.D0)
CALL STORE(Q,Q,DQe1.D0)
L=L+1
CALL DEFORM
CALL RESID
CHECK FCR CONVERGENCE.
CALL COUNVG
IF(IFLAG.EQ.1) RETURN
CHECK TO SEE IF THE MAXIMUM NUMBER OF ITERATIONS HAS BEEN
REACHED.
IF(L-NE.LMAX) GO TO 20
IF(ISOLVE.EQ.1)CALL DTNEG1
IF(ISOLVE-EQ.2)CALL DTNEG2(SS+LDAJNEQSsKPVT,,DET, EXPsNNEG)
WRITE(3,11) NNEG.EXP,DET
FORMAT(* NUMBER OF NEGATIVE EIGENVALUES =%,13,/," DETERMIN',
TANT * 1.0.'13'. =.3GZ4016,/,
WRITE(2,1001)
FORMAT(//+' TRACE OF PROGRAM PATH',/)
WRITE(2,1002) (ITRACE(I),[=1,K15)
FORMAT(1X910A295X310A2,5X910A2+5X,10A4245X,10A2,5X)

6€1



1

WRITE(2,1) NCOUNT

FORMAT(//7//+* NUMBER OF PUINTS =%414,////»"
'LIMIT EXCEEDED ¥*%%x%%!)

sTQP

*x%&¥% JTERATICN *,
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SUBROUTINE NORMAL

1

1

1

OV H WN -

IMPLICIT REAL*8

(A=H,0-2)

INTEGER SCALE,SYSTEM,UPDATE ,CONT,ENDLIM,ENDSTB¢BRANCH,
EXPosEXPOo EXPOLDy EXPNEW,BPOINT

REAL*8 LOAD,LAMDA,LAMDAL

CHARACTER%2 [TRACE

COMMON /BLOCK1/
COMMON /8LOCK2/

COMMON /BLOCK3/
COMION /BLOCK4/

SS(70,70),DQ(70),DQL(70),0QI(70),DISTR(T70),
LOADIT0)2QUT0)+R{70)5QL(T0),R1(T70):KPVT(70)
A(T0)CGLUTO) yCG2(T70) 4yCG3(T70)E(T0) 4XLATO) 4XLD(70)
¢+ MCODE(T7046)sMINC(T0,2)
X{31)sYI(31)eZ(31),C1(31),C2(31),JCOADE(3]1,3)
D(6)sDLAMD¢DLAMD]L yDSoELONGoEPSLNL,EPSLN2,EPSLN3,
DETO.DET,DETOLDsDETNEW 9 LAMDA,LAMDAL ,DSBR,

IHBWs JFLAG s JHBW oL o IFLAG,LHAT,LMAX, ITRACE(2000),
NCOUNT ¢ NEQS9yNJoNMy NNEG ¢y NPOINT 3 SCALE,SYSTEM,KL15,
UPDATEZCONTy ENDLIMyENDSTBy INTESTyMETHGCDyBRANCH,
EXPJEXPOoEXPOLDEXPNEW ¢ IMAX9 JMAXoMPUOINT NODIGIT,
IHELPyBPOINTLFLAG ICGORD,NUMBERyLDA, ISOLVE

DLAMD=-FI(DQ1,0Q,DQ+0)/tF(DQ1,DQI,D0Qe0)+DLAMDL)
CALL STORE(DQsDQ,DQIsDLAMD)

UPDATE THE VARIABLES.

LAMDA=LAMDA+CLAMD

CALL STORE(Q»Q,DQ,1.00)

RETURN
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POWINV *
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SUBROUTINE POWINYV

IMPLICIT REAL*8 (A-H,0-2)

INTEGER SCALE,SYSTEM,UPDATE,CONT,ENDLIM,ENDSTB4sBRANCH,

EXP,EXPO,EXPOLDy EXPNEWsBPOINT

REAL*8 LOAD.LAMOA,LAMDAL

CHARACTER*2 ITRACE

CCOMMON /BLOCKL1/ SS(T70,70)4DQ(70),0QL(70),0QI(T70),DISTRIT0),
LOADI70),Q(70)4R(70),Q1IT70),R1LT70),KPVTI(70)

COMMON /BLOCK2/ AL70),CG1{70)9CG2{70),CG3(70)+ELTO)XL(T0)XLD(70)
#MCODE(70,6) 4MINC(70,42)

COMMON /BLGOCK3/ X({31),Y(31),2(31),C1{31),C2(31),J4CODE(31,3)

COMMUN /BLOCK4/ D(6),DLAMD ¢DLAMD] ¢ DS ELUNGEPSLNL EPSLN24EPSLN3,
DETO,DET,DETOLDoUETNEW,LAMDA,LAMDAL ,DSBR,
IHBWy JFLAG s JHBW oL o IFLAG,LHAT(LMAX, ITRACE(2000),
NCOUNT s NEQSs NJoNMgNNEGoNPOINT o SCALESYSTEM,,K15,
UPDATE ;CONToENDLIMoENDSTB, INTEST,METHODy BRANCH,
EXPo EXPOJEXPOLD o EXPNEW o IMAX 5 JMAX,MPOINT,NDIGIT,
IHELP +BPOINTLFLAG, ICOORDy NUMBER,LDA, ISOLVE

$$8 U $3¢

K15=K15+1

ITRACE(KL1S5)=*U"

IFUISOLVE.EQ.1)CALL SOLVEL

IFUISOLVE.EQ.2)CALL SOLVE2

THIS SUBROUTINE USES THE INVERSE POWER METHOD TO ESTIMATE THE

EIGENVECTOR CORRESPUNDING TO THE SMALLEST EIGENVALUE.

KGUNT=0

CALCULATE THE INITIAL EIGENVALUE APPRUXIMATION.

DO 10 I=1,NEQS

LOAD(I)=1.00/DFLOAT{NEQS)

(44!



10

15

20

201

202

R1(I)=LCADI(I)
CONTINUE
IF(ISOLVE.EQe1)CALL SOLVE1
IF(ISOLVE.EQ.2)CALL SOLVE2
TEMP=F{LOAD,R1,R1,0)
YSCALE=DSQRT(F(LOAD,LOAD,LGAD,0))
ESTOLD=1.D0O/TEMP
INVERSE POWER METHOD ITERATIUN WITH SCALING {(ALPH=0).
KOUNT=KCUNT+1
D0 20 I=1,NEQS
LOAD(TI)=LUAD(I)/YSCALE
RL(I)=LOAD(I)
CONTINUE
IF{ISOLVE.EQ.1)CALL SOLVEL
IFLISOLVE.EQ.2)CALL SOLVEZ2
TEMP=F (LOAD,R1,R1,0)
YSCALE=DSQRT(F{LGAD,LOAD,LOAD,0))
ESTNEW=1.00/TEMP
SEE IF THE NUMBER OF ITERATIONS IS THE MAXIMUM ALLOMWED.
IF(KOUNT.GE«JMAX) GO TO 50
ESTEMP=ESTNEW
IF{DABS(ESTNEW) «GT.0.D0) GO TG 202
ESTNEW=ESTNEW%*10.D0
ESTOLD=ESTOLD*10.D0
GO TGO 201
[1=IFIX{SNGL(ESTNEW*10**NDIGIT))
I2=IFIX{SNGL{ESTOLD*10**NDIGIT))
IF(I1.EQ.I2) GO TO 30
ESTOLD=ESTEMP
GO T0 15
WRITE(2,1) ESTEMP

FGRMAT(//+' EIGENVALUE =%,6G24.16,//+* EIGENVECTOR"',/)

eVl



40

39

50
1001

1002

DO 40 I=1,NEQS
R1(I)=LOAD(I)/YSCALE
CONTINUE
G10=0.D0
WRITE(2,2) (R1{I),I=1,NEQS),G10
FORMAT(5G24.16)
WRITE(2439) KOUNT
FORMAT (/7% NUMBER OF ITERATIONS TO FIND THE EIGENVECTOR =9,
13,/777)
RETURN
WRITE{(2,1001)
FORMAT(//,' TRACE OF PROGRAM PATH'",/)
WRITE(2,1002) (ITRACE(I),I=1,K15)
FORMAT(1X910A245X, 10A2,5X510A295X,10A2,5X,10A2,5X)
WRITE(2,3)
FORMAT(//s* ITERATION LIMIT EXCEEDED TO FIND THE EIGENVECTOR®)
STAP
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10

1

1

1

SN

SUBROUTINE RESID
IMPLICIT REAL*8 (A-H,0-2)
INTEGER SCALE,SYSTEM,UPDATE,CONT,ENDLIM,ENDSTBsBRANCH,
EXP,EXPO,EXPOLDyEXPNEW,BPOINT
REAL*8 LOAD,LAMDA,LAMDAL
CHARACTER*2 ITRACE
COMMON /BLOCK1/ SS(70,70),0Q(70),DQLL70),0QI(70),DISTR(70),
LOAD(70)5QU70)sRET70)+QLIT0)4R1(70)4KPVTLT0)
COMMON /BLOCK2/ A(T70)+CGLIT0)eCG2{TO)9CG3{T0)oE(TO)XLITO)XLD(TO)
+MCODE(T70,46) 4MINC(TO0,2)
COMMUON /8LOCK3/ X{31)yVY(31)42(31),C11(31),C2(31)4JCODE(31,3)
COMMON /BLOCK4/ D(6)sDLAMDDLAMD1 yDSsELONG,EPSLN1oEPSLN2,EPSLN3,
DETO,DET,DETOLD,DETNEWs LAMDA,LAMDAL,DSBR,
IHBWy JFLAG 9 JHBW L s IFLAG,LHAT,LMAX, ITRACE(2000),
NCOUNT s NEQSs NJo NMy NNEGsNPOINT o SCALE,SYSTEMsK15,
UPDATE CONT yENDLIMoENDSTBy INTEST,METHOD, BRANCH,
EXPy EXPO,EXPOLDEXPNEW 9 IMAX ¢ JMAX g MPOINT ¢ NDIGI T
ITHELPBPOINTSLFLAG, ICOORD, NUMBERsLDA, ISOLVE
INITIALIZE THE RESIDUAL FGRCES TO THE CURRENT LDAD LEVEL.
DO 10 I=1,NEQS
R(I)=LAMDA*DISTR(I)
CONTINUE
SUBTRACT THE FORCES THAT COME FROM THE JOINT DISPLACEMENTS FROM
THE RESIDUAL FCRCE VECTOR.
DO 20 I=1sNM
ELONG=XLD(I)-XLLI)
PPL=A(I)*E{I)*ELONG*CGL(I)/XL(I)
PP2=A(I)*E(I)*ELONG*CG2{I)/XL(])
PP3=A(I)*E([)*ELONG*CG3(I)/XL(I)
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11

12

13

30
20

D(3)=-1.D00*PP3
D(6)=PP3
6G0T0(11,12),1COCRD

D(1)=-1.D00%PP1

D(2)=-1.D00*PP2

D(4)=PP1

D(5)=PP2

GUTO 13

I1=MINC(I,1)

I2=MINC(I,2)

CiI=C1l(Il1)

cz21=C2(I11)

CIHI=Cl1 (12}

C2HI=C2(12)

D(1)=—1.D00%¥PP1#¥ClI-PP2%(C21

DI2)=PP1*C2I-PP2¥C11

D(4)=PP1*ClHI+PP2*(C2HI

D(5)=PP2%ClHI-PP1*C2HI

DO 30 J=1,6

IF(MCODE(I,J).EQ.0) GO TO 30

NO=MCODE(1,J)
R(ND)=R(ND)-DI(J)

CONTINUE

CONTINUE

RETURN
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SUBROUTINE RWC

IMPLICIT REAL*8 (A-H,0-2)

INTEGER SCALE,SYSTEM,UPDATE.CONT,ENDLIM,ENDSTBsBRANCH,

EXPy EXPOyEXPOLDy EXPNEWBPOINT

REAL*8 LOAD,LAMDA,LAMDAL

CHARACTER*2 ITRACE

COMMON /BLOCK1/ S$S{70,70),DQ(70),0Q1470),0QI(70),DISTR(T70),
LOAD(70),Q(70),R{70),QL(T0)sR1{T70),KPVT(70)

COMMON /BLOCK2/Z A(70),CGLIT0),CG2(T0)sCG3(T0)oELT0) ,XLITO)XLD(T0)
yMCODE(T70,6)¢MINC(70,2)

COMMON /BLUCK3/ X{31)eY{31)921(31),C1(31),C2(31),J4CODE(31,3)

COMMON /BLOCK4/ DU(6)DLAMDyDLAMDL 9 DSoELUNG,EPSLNL4EPSLN2,EPSLN3,
DEYO,DET yDETOLDyDETNEW,LAMDA,LAMDAL1,0S8R,
IHBWy JFLAG ) JHBW Ly IFLAGoLHAT LMAX, ITRACE(2000),
NCOUNT ¢NEQSyNJgNMgNNEGy NPOINT y SCALEsSYSTENSK15,
UPDATE,CONT, ENDLIM,ENDSTB, INTEST,METHOD, BRANCH,
EXPyEXPOsEXPOLDoEXPNENW ¢ IMAX9 JMAX o MPUINT,NDIGIT,
THELP,,BPOINT,,LFLAG, ICOORDy NUMBER,LDA, ISOLVE

$$8 F $3$

K15=K15+1

ITRACE(K1S5)="F!

SAVE THE FIRST LAMDA AND Q VECTOR FOR THt NORMAL PLANE ITERATION

CALL STORE(DG15DQsDQy0.00)

DLAMD1=DLAMD

L=1

CALL DEFORM

CALL RESID

GO TO 50

COMPUTE THE STIFFNESS MATRIX AND SOLVE K DQKI = DISTR IF IT IS

A



THE FIRST ITERATIUN OR IF UPDATING IS WANTED.

20 TF{LeNE<«1.AND.UPDATE.NE-1l) GO TO 30

30

50

$88 G $53%
K15=K15+1
ITRACE(K15)="G"
UPDATE THE STIFFNESS MATRIX.
CALL STIFF
TF{ISOLVE.EQ.1)CALL SGLVEL
IF(ISDLVE.EQ.2)CALL SOLVEZ2
CALL STORE(LOADDISTR,L0OAD,0.DO)
SOLVE K DQKI = DISTR.
IF{ISOLVE.EQ-1)CALL SOLVEL
IF{ISOLVE.EQ.2) CALL SCLVE2
TEMPORARILY STORE DQKI IN DQI.
CALL STORE(DQI,LOAD,DQI,0.D0)
CALL STORE(LOAD,R4R,0.D0)
SOLVE K DQKII = Ra.
IF(ISOLVE.EQ.L)CALL SOLVEL
IF(ISOLVE.EQ.2)CALL SOLVE2
TEMPORARILY STORE DQKII IN DQe
CALL STORE(DQ,LOAD,DQ,0.D0)
CALL THE APPROPRIATE SUBROUTINE TO GET DLAMD.
IF(METHOD.EQ.1) CALL NGRMAL
IF{METHOD.EQ.2) CALL SPHERE
L=L+1
CALL DEFORM
CALL RESID
CHECK FOR CONVERGENCE.
CALL COGNVG
IF(IFLAG.EQ.1) RETURN
CHECK TO SEE IF THE MAXIMUM NUMBER QOF ITERATIONS HAS
REACHED.

BEEN

8Y1
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1001

1002

IF{L.NE.LMAX) GO TG 20

IF{ISOLVE.EQ.1)CALL DTNEGL
IF(ISOLVE.EQ.2)CALL DTNEG2(SSsLDA,NEQSsKPVT4DET4EXPsNNEG)

WRITE(3511) NNEG.EXP,DET
FORMAT(* NUMBER OF NEGATIVE EIGENVALUES =',139/" DETERMIN®,

YANT * 1.D'913,* ='4624.16,/)
WRITE(2,1001)
FORMAT(//s' TRACE OF PROGRAM PATH' /)
WRITE(241002) (ITRACE(TI),I=1,KL15)
FORMAT{1X410A2¢5Xe10A295Xs10A2 45X 910A2,5X,10A245X)

WRITE(2,1) NCOUNT
FORMAT(////,* NUMBER QOF POINTS =%,14,////,* #&&** [TERATION *,

'LIMIT EXCEEDED #*%%*%*%x0)
stToe

6%1
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SUBROUTINE SCLVEL
IMPLICIT REAL*8 [A-H,0-2)
INTEGER SCALE,SYSTEM,UPDATE,CONT ENDLIM,ENDSTB,BRANCH,
1 EXP+ EXPO,EXPOLDs EXPNEWs BPUINT
REAL%8 LOAD,LAMDA,LAMDAL
CHARACTER*2 ITRACE
COMMON /BLOCKL/ SS(70,70),0Q(70),DQ1(70),DQI(T0),DISTR(T70),

1 LOAD(70) QU700 ,4RI70),QLIT0)4R1L(T70)4KPVTLT70)
COMMON /BLOCK2/ ALT0)sCGLLTO0)2CG21T70)4CG3LT0)4E(TO)XLIT0),XLD{T70)
1 +MCCDE(T70+6),MINC{70,2)

COMMON /BLOCK3/ X{31),Y(31),2(31),C1(31),C2(31),JCODE(31,3)
COMMUON /8LOCK4/ D{6),DLAMD,DLAMDL ;DS ELONG,EPSLN]1,EPSLN2,EPSLN3,
DETO,DET,DETOLD,DETNEWs LAMDA,LAMDA1,DSBR,
IHBWs JFLAG 9y JHBUW oL 9 IFLAG,LHAT yLMAX, ITRACE{2000),
NCOUNT ¢ NEQS¢NJoNMg NNEGoNPOINT  SCALE,SYSTEM,K15,
UPDATE+CONToENDLIM,ENDST3y INTEST,METHOD ¢ BRANCH,
EXPoEXPOEXPUOLDgEXPNEW  IMAX 9 JMAX s MPOINT,NDIGIT,
IHELP BPOINT 4 LFLAG, ICOORD, NUMBER,LDA, ISOLVE
C FORWARD REDUCTION OF MATRIX
IF(JFLAG.EQ.1) GO TO 40
DO 10 N=1,NEQS
DO 20 LL=2,1HBW
IF(SS(NsLL)-EQ.0.DO) GO TO 20
I=N¢LL-1
C=SSINsLL)/SSIN,1)
J=0
DO 30 K=LL,IHBW
J=J+1
SSII,J)=3S(1,J)-C*SSIN,K)

OV WN -

0S1



30

20
10

40

60

50

70
80

CONTINUE
SSINsLL)=C
CONTINUE
CONTINUE
JFLAG=1
RETURN
FORWARD REDUCTION OF CONSTANTS
DO 50 N=1,NEQS
DO 60 LL=2,IHBM
IF{SS(N,yLL).EQ.0.DO) GO TO 60
I=N+LL-1
LOAD(I)=LCAD{I)-SSINyLL)*LOADI(N)
CONTINUE
LOADI{N)=LOADIN)ZSSIN,1)
CONTINUE
SOLVE FOR UNKNOWNS BY BACK—-SUBSTITUTION
DO 80 M=2,NEQS
N=NEQS+1-M
DO 70 LL=2,IHBW
IF(SS(NsLL).EQ.0.D0) GO TO 70
K=N+LL-1
LOAD(N)=LOADIN)—-SSIN,LL)*LOAD(K)
CONTINUE
CONTINUE
RETURN

161
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SUBROUTINE SOLVE2
IMPLICIT REAL#8 (A-H,0-2)
INTEGER SCALE,SYSTEM,UPDATE,CONT,ENDLIM,ENDSTB,BRANCH,
1 EXPyEXPOsEXPOLD)EXPNEW,BPOINT
REAL*8 LOAD,LAMDA,LAMDAl
CHARACTER*2 ITRACE
COMMON /BLOCKL1/ SS(70470)¢DQ(70),0QL(70)+DQI(70)+sDISTR(T0),

1 LOAD(70),Q(70)4R(70),QLL70),R1(T0)4KPVT(70)
COMMON /BLOCK2/ Al70),CGL(T70),CG2{T0),CG3(T0)oE(TO)XLLETO),XLDL(TO)
i +MCODE{T70,6)sMINC(70,2)

COMMON /BLOCK3/ X(31),Y{31),28(31),C1(31),C2(31),JCODE(31,3)

COMMON /BLOCK4/ D(6) ¢ DLAMDyDLAMD] yDS9ELONGe EPSLNL,EPSLN2,EPSLN3,
DEVYO,DETDETOLD¢DETNEWs LAMDA,LAMDAL1,DSBR,
IHBWy JFLAG yJHBWsL s IFLAG, LHAT 4 LMAX, ITRACE (20001,
NCOUNT ¢ NEQS ¢ NJ o NM o NNEGa NPOINT o SCALE)SYSTEM,K15,
UPDATE,CONT,ENDLIM,ENDSTB INTESToMETHOD, BRANCH,
EXPsEXPOEXPOLDs EXPNEWy IMAX s JMAX yMPOINT,,NDIGIT,
IHELP 4BPOINT 4 LFLAG, ICOORD, NUMBER,LODA, ISOLVE

IF{JFLAG.EQ.1)GOTO 40

VS WN —

FORWARD REDUCTION OF COUEFFICIENT MATRIX

(2N gNp]

CALL SSIFA(SS+LDASNEQSKPVT, INFU)
IF(INFO.EQ.0)GOTO 30
WRITE(2,50)
50 FURMAT(///4%% %= * MATRIX IS SINGULAR—EXECUTION STOPPED TO AVOID E
LRROR * % *7V)
sTap
30 JFLAG=1

(A9



C
c
C

RETURN
DETERMINATION OF SOLUTION VECTOR

40 CALL SSISLISS,LDA,NEQS,KPVT,LOAD)
RETURN

€61
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SUBROUTINE SCLVE2
IMPLICIT REAL*8 (A-H,0-1)
INTEGER SCALE,SYSTEM,UPDATECONT,ENDLIM,ENDSTB yBRANCH,
1 EXP 4 EXPOEXPOLDs EXPNEWBPOINT
REAL*8 LOADy)LAMDA,LAMDAL
CHARACTER*2 ITRACE
COMMUN /BLDCKL/ SS{70,70),DQ(70),04Q1(70),DQI(70),DISTR(70),

1 LOAD(70)+QUT0)sR{70),QLIT0)»R1LT70),KPVT(T0)
COMMON /BLOUCK2/ A(70)¢CGLITO0)CG2LTO)CG3(TO0)LELTO) XLLITO0)XLDITO)
1 +MCODE(T7046) 4 MINC(70,2)

COMMON /BLUCK3/ X(31),Y¥(31),2(31),C1(31),C2(31),JCIDE(31,3)

CUMMON /BLUCK4/ D(6) yDLAMD yDLAMDL yDS+ELONGEPSLNL,EPSLN2,EPSLN3,
DETOoDETyDETULD¢DETNEW . LAMDA, LAMDAL,DSBR
IHBAW s JFLAGy JHBW, L9 IFLAG,LHAT,LMAX, ITRACE(2000),
NCOUNT ¢ NEQS s NJyNM o NNEG o NPOINT 9 SCALE oSYSTEMK15,
UPDATE,CONTENDLIM,ENDSTB, INTEST,METHODBRANCH,
EXPy EXPOEXPULDoEXPNEW s IMAXy JMAXs MPOINT,,NDIGIT,
THELP sBPOINT ¢ LFLAGs ICOORDy NUMBERLDA, ISOLVE

IF(JFLAG.EQ.1)GOTO 40

OV WN -

FORWARD REDUCTION CF CCEFFICIENT MATRIX

OO0

CALL SSIFALSS,LDAyNEQSKPVT, INFO)
IF(INFO.EQ.0)GOTO 30
WRITE(2,50)
50 FORMAT(///4*% ¥ * MATRIX IS SINGULAR—EXECUTION STOPPED TO AVOID E
1RROR * * %1)
STQP
30 JFLAG=1
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C
c
C

RETURN
DETERMINATION OF SOLUTION VECTOR

40 CALL SSISL(SSsLDAsNEWSsKPVT,LOAD)
RETURN

GGI
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C SUBROUTINE SSIFA *
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SUBROUTINE SSIFA(SS,LDA,NEQS,KPVT,INFU)
IMPLICIT REAL*8 (A—H,0-Z)
INTEGER KPVT(NEQS) .
REAL#8 SS(LDA,NEQS),MULK,MULKML
LOGICAL SWAP
ALPHA=(1.00+DSQRT(17-D0)1/8.D0
INFO=0
K=NEQS
10 CGNTINUE
IF(K.EQ.0)GOTU 200
IF(K.GT-1)60TQ 20
KPVT{1)=1
IF(SS(1,1).EQ.0.D0) INFO=1
GUTO 200
20 CONTINUE
KM1=K-1
ABSAKK=DABS(SS(K.K))
IMAX=I SAMAX{K~=15SS{1sK)s1,NEQS)
COLMAX=CABS{SS(IMAX,K))
IF (ABSAKK. LT ALPHA®*COLMAX)GOTO 30
KSTEP=1
SWAP=.FALSE.
GOTO 90
30 CONTINUE
ROWMAX=0.00
IMAXP1l=1IMAX+]1
DO 40 J=IMAXPI1,K
ROWMAX=DMAX 1 (ROWMAX s DABS (SS{IMAXsJ)))
40 CONT INUE
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50

60

70

80
90

100

110

IFULIMAX.EQ.1)GATO 50
JMAX=TSAMAX({IMAX—1,5S{1,IMAX),1,NEQS)
ROWMAX=DMAX1 (ROWMAX, DABS{SS{JMAX, IMAX)))
CONTINUE
IF(DABS(SSUIMAXys IMAX)) LT ALPHA*ROWMAX)GUTO 60
KSTEP=1
SWHAP=.TRUE.
GOTO 80
CONTINUE
IF(ABSAKKeLTALPHA*COLMAX*{COLMAX/ROWMAX)) GOTO 70
KSTEP=1
SWAP=.FALSE.
GOTO 80
CONTINUE
KSTEP=2
SWAP=IMAXeNE .KM1
CUNTINUE
CONTINUE
IF(DMAX]1 (ABSAKK,COLMAX)aNE-D.DQ)GOTA 100
KPVT(K)=K
INFO=K
GOTO 190
CONTINUE
IF(KSTEPL.EQ.2)GUTO 140
IF(«NOT.SWAP)GOUTO 120
CALL SSWAP(IMAX,SSU(LlyIMAX)sLlsSS(14K)s1leNEQS)
DO 110 JJ=IMAXeK
J=K+IMAX=-JJ
T=S5S(J,K)
SS(JsK)=SS{IMAX,J)
SS{IMAX,J)=T
CONT INUE
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130

140

150

160

CONTINUE
DO 130 JJ=1,KMI1
J=K=-JJ
MULK==SS[JyK)/SS{K3K)
T=MULK
CALL SAXPY{JeT9SS{1eK)plySS{laJd)elNEQS)
SS{JeK)=MULK
CONTINUE
KPVT(K)=K
IF{SWAP)IKPVT (K)=IMAX
GOTG 190
CONTINUE
IF{.NOT.SWAP)GOTO 160
CALL SSWAPI(IMAX,SS(1lsIMAX),1,SS{1,K-1)51,NEQS)
DO 150 JJ=IMAX,KM1
J=KM1+IMAX-JJ
T=SS(JyK—-1)
SS(JsK=1)=SS(IMAX,J)
SS{IMAX,J)=T
CONT INUE
T=SS({K-1,K)
SS{K—=1,K)=SS{IMAXsK)
SS(IMAX,K)=T
CONTINUE
KM2=K-2
IFIKM2.EQ.0)GOTO 180
AK=SSIK,K)/SS{K-15K)
AKM1=SS(K-1,K=1)/SS{K-1,K)
DENOM=1.0D0—-AK¥AKM1
DO 170 JJ=1,KM2
J=KM1-JJ
BK=SS({JsK)/SSIK—-1,K)
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180

190

200

BKML=5S(JsK-1)1/SS{K-1,K)
MULK=(AKM1*8K-BKM1J) /DENCM
MULKM1=(AKM1%BKML1—-BK)/DENOM
T=MULK
CALL SAXPY(JeTaSS(1 oK)y leSSU1sJdel,sNEQS)
T=MULKM1
CALL SAXPY{JeToSSULsK—-1)e15,5S(1,4),1,NEQS)
SS{J,K)I=MULK
SS{JeK-1)=MULKM1
CONTINUE

CONTINUE

KPVT{K)=1-K

IF(SWAP)KPVT (K)=—1IMAX

KPVT(K-1)=KPVTI(K)

CONTINUE

K=K—KSTEP

GOT0 10

CONTINUE

RETURN

661



CHEXARKEE KGR EREXREREXEAKEE LR EE K SR ER KA KGR EREE A EE RS TR E R RN E R KRG ET &

C

SUBROUTINE SSISL

CRXExEEXH RN ER SR ERER AR REKE SR KGR KR KR KT E TR R E R R KR KRR R Rk EE T C Rk EEEKEEK

10

20

30

40

50

SUBROUTINE SSISL(SS,LDAgNEQSsKPVT,LCAD)
IMPLICIT REAL%*8 (A-H,0-21)

INTEGER KPVTINEQS)

REAL*8 SS(LDA,NEQS),LOAD(NEQS)

K=NEQS

IF(K.EQ.0)GOTO 80

IF(KPVT(K).LT.0)GOTO 40

IF(K.EQ.1)GOUTU 30

KP=KPVT{K)

IF(KP.EQ.K)GOTO 20

TEMP=LOAD(K)

LOAD(K)=LOAD (KP)

LOAD(KP)=TEMP

CONT INUE

CALL SAXPY(K—=1,LOAD(K)»SS(1sK)slsLOADIL),1,NEQS)
CONT INUE '
LOAD(K)=LOAD(K)/SS(KsK)

K=K—1

GOTO 70

CONT INUE

IFIK.EQ.2)GOTQ 60

KP=IABS{KPVT(K))

IFIKP.EQ.K~1)GOTO SO

TEMP=LOAD(K-1)

LOAD(K-1)=LOAD(KP)

LOAD(KP)=TEMP

CONT INUE

CALL SAXPY(K=2,LO0AD(K)sSS(LleK)s1lysLOAD(1),1,NEQS)
CALL SAXPY(K—2,LOAD(K=1)4SS(1sK=1)y1,L0AD{1)s1,NEQS)
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60

70
80

90

100
110

120

CONTINUE
AK=SS(KyK)/SSIK-1,K)
AKM1=SS(K-1,K=1)/SS{K~-1,K)
BK=LOAD(K)/SS(K-14K)
BKM1=LOAD(K-1)/SSI{K=1,K)
NENOM=AK#*AKM1-1.00
LOAD(K)=(AKM1*BK-BKML ) /DENCM
LOAD{K-1)={AK*BKM1-BK) /DENOM
K=K-2

CONTINUE

GOTO 10

CONT INUE

K=1

IFIK.GT.NEQS)IGUTO 160
IFIKPVTI(K).LT.0)GOTO 120
IF{K.EQ.1)GOTOC 110
LOAD(K)=LOAD(K)+SDOT(K—1,SS(1,K)91,L0AD(L),1,NEQS)
KP=KPVT{K)

IFIKP<EQ.K)GOTO 100
TEMP=LOAD(K)
LOAD(K)=LOAD(KP)
LOAD(KP)=TEMP

CONTINUE

CONTINUE

K=K+1

GOTQ 150

CONTINUE

IF(K.EQ.1)GOTO 140
LOADIK)=LOAD(K)+SDOT{K=15sSS(1,K)s1lsLOAD(1)41,NEQS)
LOAD(K+1 )=LOAD(K+1)¢SDOT(K—=15SS(14K+1),1sLOADCL),14NEQS)
KP=IABS(KPVT (K))
IF{KP.EQ.KIGOTO 130
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130
140

150

160

TEMP=LOAD(K)
LOAD(K)=LOAD(KP)
LOAD(KP)=TEMP
CUNTINUE
CONTINUE

K=K+2

CONTINUE

GOYO 90
CONTINUE

RETURN
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FUNCTION SDOT(NsSXyINCX,sSYeINCY,NEQS)
IMPLICIT REAL*8 (A—-H,0-2)

REAL*8 SX(NEQS),SY{NEQS)

STEMP=0.000

SDOT=0.0D0

IF(N.LE.O) GO TQ 70

IF(INCX.EQel .AND<INCY.EQel) GO TO 20
[X=1

1vy=1

IFCINCXaLTo0) IX={—=N+1)*INCX#l
IFILINCYalLTL.0) IY=(—N+1)*INCY+1

DO 10 I=1,N
STEMP=STEMP+SX(IX)*SY(IY)

IX=IX+INCX

1Y=1Y+INCY

CONTINUE

SDOT=STEMP

GO 10 70

M=MOD(N,45)

IF(M.EQ.O0) GO TO 40

DO 30 I=1,M

STEMP=STEMP+SX{I)*SY(I)

CONT INUE

IFIN.LTL5) GO TO 60

MP1=M+1

DO 50 I=MP1l¢N,y5
STEMP=STEMP+SX{I)*SY(I)#SX{I+1)%SY{I+L)+SX(I+2)%SY(I1+#2)+SX{([+3)¢SY
LII43)+SX{I+4)%SY([+4)

CONTINUE
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60
70

SDOT=STEMP
CONTINUE
RETURN
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SUBROUTINE SAXPY{N3sSAySXyINCXsSYsINCY,NEQS)

IMPLICIT REAL*8 (A-H,0-2)
REAL*8 SX(NEWJS),SYINEQS),SA
IF(NJLE.O} RETURN
IF(SA.EQ.0.0D0) RETURN

IF{INCX.EQel .AND.INCY.EQ.1) GO TO 20

IX=1
[v=1

IFCINCXaLTLO)IX=(=N+LI®INCX+1
IFCINCY«LT20)IY={—=N+1)#*INCY+1l

DO 10 I=1,4N
SY{IY)=SY(IY)+SA*SX(1IX)
IX=IX+INCX

IV=1Y+INCY

CONTINUE

M=MOD(N, 4)

IFIM.EQ.0) GO TO 40

DO 30 I=1,M
SY(TI)=SY(I)¢SA*SX(I)
CONTINUE

IFIN.LT.4) RETURN

MP1=M+1

DO 50 IzMPl.'N)IQ
SY(I)=SY(I)}+SA#SX(])
SY(I+#1)=SY(I+1) + SA¥SX(I+1)
SY(I+2)=SY(I42) & SA#SX{(1+2)
SYL[I+3)=SY(I+3) + SA*SX(I+3)
COUNTINUE

RETURN
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SUBROUYINE SSWAP(N¢SXy INCXySY,INCY,NEQS)
IMPLICIT REAL#*8 (A-H,G-2)
REAL*8 SX(INEQS),SYINEQS)
IF(NJLE<O)RETURN
IF{INCXeEQel . ANDJINCY.EQ.1)GOTO 20
IX=1
fy=1
IF{INCXeLTO)IX=(—N+1)*INCX#+1
IFUINCYLTO)IY=(—-N+1)¥INCY+]

DO 10 I=1,N

STEMP=SX(IX)

SXUIX)=SY(1Y)

SY(IY)=STEMP

IX=IX+INCX

IY=IY+INCY

CONTINUE
RETURN
M=MODI(N, 3)
IF(M.EQ.O0)GUTC 40

DO 30 I=1,M

STEMP=SX(I)

SX(I)=S5YLI)

SY(I)=STEMP

CONTINUE
IFIN.LT.3)RETURN
MP 1=M+1]

DO 50 l=MPl.Nl3

STEMP=SX(I)

SX(I1)=5vY(I)
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SY(I)=STEMP
STEMP=SX{I+1)
SX{I+1)=SY(1+1)
SY(I+1)=STEMP
STEMP=SX(1+2)
SX(I+2)=5Y(1+2)
SY(I+2)=STEMP
CONTINUE
RETURN
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FUNCTION ISAMAX
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INTEGER FUNCTION ISAMAX{N,SXsINCX,NEQS)

IMPLICIT REAL*8 (A—H,0-2)

REAL*8 SXINEQS)

ISAMAX=0

IF(N.LT.1)RETURN

ISAMAX=1

IF(N.EQ.1)RETURN

IFLINCX.EQ.1)GOTO 20

I1X=1

SMAX=DABS({S5X(1))

IX=1X+INCX
DO 10 [=2,N
IF (DABS(SX(IX))eLE.SMAX)GOTO 5
ISAMAX=1
SMAX=DABS(SX(IX))
IX=IX+INCX
CONTINUE

RETURN

SMAX=DABSISX(1))
DO 30 [=2,N
IF(DABS(SX(I))<LE-SMAX)GOTO 30
ISAMAX=1
SMAX=DABS (SX{I)})
CONTINUE

RETURN
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SUBROUTINE SPHERE

IMPLICIT REAL*8 (A—-H,0-1)

INTEGER SCALEoSYSTEM UPDATE,CONT, ENDLIMSENDSTB BRANCH,

EXPoEXPOJEXPOLD ) EXPNEWBPOINT

REAL#*8 LOAD,LAMDA,LAMDAL

CHARACTER*2 ITRACE

COMMON /BLOCKL1/ SS(70,70),0Q(70),DQL(70),DQI(70),DISTRI{T0),
LOAD(70),Q(70),R{TO)sQL(TO)sRLLTO)¢KPVTLT70)

COMMON /BLOCK2/ ALT03,CGLITO0)sCG2L8T0)4CG3{T0)ELTO) o XLIT0)XLD(70)
+MCODE(70,6)sMINC(70,2)

COMMON /BLOCK3/ XU31),Y{(31),2(31),C1{31),C2(31),JCODE(31,3)

COMMON /BLOCK4/ DI(6) s DLAMD 3 DLAMDL ¢ DSoELONGEPSLNL ¢EPSLN2EPSLN3,
DETOsDET,DETOLDsDETNEA LAMDA,LAMDAL ,DSBR,
ITHBWe JFLAG s JHBW oL s IFLAGoLHAT yLMAX ITRACE(2000),
NCOUNT ¢gNEQSeNJsNMyNNEGyNPOINT o SCALE,SYSTEMsK15,
UPDATE,CONT,ENDLIMJENDSTB, INTEST,METHODs BRANCH,
EXP o EXPO yEXPOLD yEXPNEW g IMAX 9 JMAX g MPOINT oNDIGIT,
IHELPBPOINT LFLAG, ICOORDyNUMBERyLDA, ISOLVE

FIND THE CONSTANTS FOR THE QUADRATIC EQUATIONS

CALL STORE(LUAD,:GQGyQl,—-1.D0)

Al=1.D0+F(DQI,0QI,0Q1,0)

BL=(LAMDA-LAMDAL1+F(DQ1,DQ,L0ADs1))*2.D0

D1=F(DQ,DQ,L0AD,2)

FIND THE ROOTS OF THE QUADRATIC EQUATIONe

62=81%B1-4.D0%A1%D1

IFIG2.GT.0.00) GU TO 20

WRITE(2,41) G2
FORMATI(//,* NEGATIVE VALUE IN SPHERE IS '",(G24.16,
' PROGRAM IS STOPPED TO AVOID ERRQOR.Y)
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WRITE(2,1001)
1901 FORMAT(//+' TRACE CF PROGRAM PATH®,/)
WRITE(2,1002) (ITRACE(I),I=1,K15)
1002 FORMAT(1X»10A2,5X910A295X,10A245Xe10A255X410A2,5X)
s1QP
20 G2=DSQRTI(G2)
Gl=(—-BL+G23/(2.D0%Al)
G2=(-B1-G2)/(2.D0*Al)
CHOOSE THE RCOT THAT LEADS TO THE SMALLEST INCREMENTAL VECTOR.
DLAMD=G1
CALL STORE{LOAD,DQ,DQI,G2)
CALL STGREIDQsDQsDQIsG1)
IF(DSQRT(GL*GL+F(DQyDQ+DQ40)).LT.
1 DSQRT (G2*G2+F({LOAD,LOAD,LOAD,0))) GO TO 10
CALL STORE(DQ,LOADsLCOAD,0.DO)
DLAMD=G2
UPDATE THE VARIABLES.
10 LAMDA=LAMDBA+DLAMD
CALL STORE(QsQy0Qs1.D0)
RETURN
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SUBROUTINE STIFF
IMPLICIT REAL#¥8 [A-H,0-2)
INTEGER SCALE,SYSTEM,UPDATE,CONT, ENDLIM,ENDSTB,BRANCH,
1 EXPsEXPOJEXPOLD s EXPNEWsBPOINT
REAL*8 LOAD,LAMDA,LAMDAL
CHARACTER#*2 ITRACE
COMMON /BLOCKL/ SS(T0,70),DQ(70),DQ1(T70),0QI(T70),DISTR(TO),

1 LOAD(T70),Q(70),R{70),Q1(70)4R1(70),KPVTLT0)
COMMCN /BLOCK2/ A(70),CGLl{T0),CG2(70),CG3(T0),E(TO)oXLITO) XLDI(T0)
1 yMCODE{T0,6) s MINCI(T7042)

COMMON /BLOCK3/ X{31),aY(31)42(31),C11(31),C2{31)4JCODEL31,3)

COMMON /BLOCK4/ D(6),DLAMDyDLAMD]L yDSsELONGsEPSLN1,EPSLN2,EPSLN3,
DETO,DET,DETOLD,DETNEW s LAMDA,LAMDA1,DSBR,
IHBWo JFLAG g JHBWoL 9 IFLAGy LHAT 4 LMAX,ITRACE(2000),
NCOUNT g NEQSy NJaNMsNNEG o NPOINT g SCALEsSYSTEM4K1S,
UPDATECONT o ENDLIMGENDSTB, INTESToMETHOD,BRANCH,
EXPJEXPOEXPOLDg EXPNEW 9 IMAX 3 JMAX yMPOINT,NDIGIT,
THELP yBPOINT o LFLAG, ICGORDy NUMBER L DA, ISOLVE

DIMENSION H(15) s INDEXI6,6,42)

DATA INDEX /1.294.-1 1—'2)"'4'21395"‘2"‘31‘5!415t60—"1_5 1—69y .
~L3=29=%49192¢%43=29=39=591293199=49=59—6149516,
1029334951=302369798399—72337410,11,12,-10,%4,8,
11113.14:'1115.9. 12'1101 15.—12'-3.‘-7."10.-11.'12'
10/

VS WN -~

S WN -

JFLAG=0
IF{ISOLVE.EQ.2)IHBW=NEQS
DO 10 II=1,NEQS
DG 20 JJ=1,1HBW
SS(1I,44)=0.D0
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CONTINUE

10 CONTINUE

DO 30 I=1,NH

AI=A(1)

EI=E(I)

XLI=XL(I)

XLDI=XLDI(I)

CGLI=CGL(I)

CG2I=C62(1I)

CG3I=CG3(1)

ELONG=XLDI-XLI
HU1)=AI#*EI1*(CGLI*CGLI+(ELONG/XLDI)*{1.D0-CGLI*CGLI) ¥/ XLI
H(2)=AI*EI#CGLI*CG2I*(1.DO-ELUNG/XLDI)/XLI
HI3)=AI*EI*(CG2I*CG2I+{ ELONG/XLDI)*{1.D0-CG2I*CG21))/XLI1
H(4)=AI*ET*CGLI*CG3I*(1.DO-ELONG/XLDI)/7XLI
H(S)=AI*E[*CG2I%CG3I%*(1.DO-ELGNG/XLDI)/XLI
H(6)=AI*EI*(CG3I1*CG3I+(ELONG/XLDI)*(1.D0-CG3I*CG3I))/XLI
IF{ICCORD.EQ.1)GOTC 70

H1=H(1)

H2=H(2)

H3=H(3)

Ha=H{4)

H5=H(5)

H6=H( 6]}

[L=MINC(I,1)

12=MINC(I,2)

ClI=C1l(I1l)

C2I=C2(I1)

ClHI=C1{1I2)

C2HI=C2(12)

HIL)=CLlI*%2%H1+2.00%C1I*C2I%H2+C2]%*2%H3
H(2)=—100%CLI*C2I*HL+(CLI*¥2—-C21*%2 )%H2+C1 1%C21*H3

L1



70

60
50
40

170

H{3)=CLI*H4+C2[ *HS
Hl{4)=—1,00%ClI*CIHI#H1-(C1I*C2HI+C2I%C1HI)*H2-C2I*C2HI*H3
H{5)=ClI%C2HI*H]1-(CLlI*CLIHI-C2I*C2HI ) *H2-C2I¥#CLHI#*H3
H{6)=C2I*¥2%H]1-2.D0%C1I*C2I*H2+C 1 [%%2%H3
HI{7)=—=1D0%C2I*H4+CL1*HS
H(8)=C2I%C1HI*H]1-(CLI*ClHI-C2I*C2HI ) &H2-C1 1*#C2HI*H3
H{9)==1.D0%C2I%C2HI*H1+(C1I*C2HI+C2I%C1HI)*H2-CLI*C1lHI*H3
H{10)=Hé6
H{11l)==1.D0*%C1lHI*H4—-C2HI*HS
H(12)=C2HI*H4-C LHI *HS
HU13)=ClHI**2#%H1+2.DO*CIHI®C2HI¥H2+C2H] ¥¥2%H3
H{14)=—1.D0%C1lHI*C2HI*¥H1+{CLlH] *«*¥2-C2HI*%2) #H24CALHI*C2HI *H3
HI{15)=C2HTI %% 2%H -2 . DO*¥C LHI*C2HI*H2+C1HI¥*2%H3
GOTO(T70,170),ISOLVE
DO 40 JM=1,6
J=MCUODE( I4JM)
IF{J.EQ.0) GO TO 40
DO 50 KM=JM,6
K=MCODE(I4KM)
IF(K.EQ.0) GO TO 50

KB8=K-J+1

IN=INDEX(JMeKM, ICOGRD)

IF(IN.LE.O) GO TQO 60

SS{JsKB)=SS(J,KBI+HIIN)

GO To 50
SSUJsKB)=SS(JyKB)-HI(-IN)
CONTINUE
CONTINUE
GOTO 30

DO 140 JM=1l.6
J=MCODE(I,4M)
IF(J.EQ.0)GOTO 140
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DO 150 KM=JM,6
K=MCODE(I,KM)
IF(K.EQ.0)GOTO 150
IN=INDEX{ My KMy ICGURD)
IF(IN.LT.0)GOTO 160
SSUJeKI=SS{J,K)+H(IN)
GOTa 150

160 SS5(JeKI=5S(JsKI-HI{=IN)

150 CONTINUE

140 CONTINUE

30 CONTINUE

RETURN
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SUBROUTINE STORE(X19Y1leZ1lsV)
IMPLICIT REAL*8 (A-H,0-2)
INTEGER SCALE,SYSTEM,UPDATE,CONT,ENDLIM,ENDSTB ¢ BRANCH,
1 EXPsEXPOyEXPUOLDy EXPNEWBPOINT
REAL#*8 LOAD,LAMDA,LAMDAL
CHARACTER*2 ITRACE
COMMON /BLOCKL/ SS(70470),4DQ(70),0Q1(70),DQI(70)4DISTRIT70),

1 LOAD(70),QU70),R(70),QL(7004RLUTO)4KPVT(70)
COMMON /BLOCK2/ Al(70)+CGLLET70)9CG2(T70)5CG3LTO)oE(TO)4XLITO)(oXLD(70)
1 sMCODE(T7046) 3 MINC{70,2)

COMMOUN /BLOCK3/ X{31),Y(31)92131),C1(31),C2(31),JCODE(31,3)
COMMON /BLUCK4/ DU(6) DLAMD9DLAMDL DS ELONGoEPSLNL,EPSLN2,EPSLN3,
DETO.DET,DETOLO+DETNEW, LAMDAoLAMDAL 4DSBR,
IHBW,,JFLAG y JHBW,L o IFLAG,LHAT 4 LMAX,ITRACE (20002,
NCOUNT s NEQS s NJoNMyNNEG ¢ NPOINT o SCALE2SYSTEM,K15,
UPDATECONTLENDLIMoENDSTB, INTEST,METHCD, BRANCH,
EXPoEXPOEXPOLO 9 EXPNEW ) IMAXy JMAX sMPOINToNDIGIT,
THELP s BPUINT yLFLAG, ICOORD, NUMBER yLDA, ISOLVE
DIMENSION X1(NEQS),YL1{NEQS),Z1(INEQS)
C STORE Y1 + V ¥ 71 IN Xl.
IF(V.EQ-0.D00) GO TO 20
DO 10 I=1,NEQS
XLED)=YL{I)+VEZ1L(])
10 CONTINUE
RETURN
20 DO 30 I=1,NEQS
XH{I)=Y1(I)
30 CONTINUE
RETURN

VS WN -

SLT



EZEI2 3222222222222 S22 SRS 2222222222222 2222222222222 2 2 2

Cx

VECTOR *

CEEEERUEREFRE KX KGR ERAE R EEE R EC RS E AR R SRR R AR R KRR G R EEE & F
SUBROUTINE VECTOR

1

1

1

OV D W N -

IMPLICIT REAL¥*38

{A-H,0-2)

INTEGER SCALE,SYSTEMyUPDATE.CONT, ENDLIM,ENDSTBsBRANCH,
EXPoEXPOoEXPOLD ) EXPNEWoBPOINT

REAL*8 LOAD,LAMDA,LAMDAL

CHARACTER#¥2 ITRACE

COMHMON /BLOCKL1/
COMMON /BLOCK2/

COMMON /BLOCK3/
COMMON /BLOCK4/

$$5 R $$§
KL15=K15+1
ITRACE(KL5)=*R?*
BRANCH=0

CALL POWINV
FIND THE TANGENT
CALL -STORE(LGAD,

SS{70,70),D0Q(70),DQ1(70),DQI(70),DISTR(T0),
LCAD(70)5Q(70)4R(70),4QLLT0),4,RLLTO)+KPVT(T0)
A(T70),CGLET0)sCG2(T0)4CG3(TO)E(TO)oXL{T70),XLD(70)
sMCODE(T70,6) yMINC(70,2)
X(31),Y(31),2(31),C1{31),C2(31),JCADE(31,3)

D(6) s DLAMD, DLAMDL y DS sELONG ¢ EPSLNL oEPSLNZ,EPSLN3,
DETO,DET4DETOLD yDETNEW, LAMDA,LAMDAL,DSBR,

IHBA s JFLAG s JHBW L » IFLAG o LHAT o LMAXITRACE(2000),
NCOUNT ¢ NEQS s NJo NMyNNEGo NPOINT » SCALEs SYSTENJK1S,
UPDATE,CONT, ENDLIMsENDSTB, INTEST,METHOD,,B8RANCH,
EXPy EXPO EXPOLDSEXPNENW 9 IMAXy JMAXyMPOINT,,NDIGIT,
IHELP ,BPUINT,LFLAG, ICOORD, NUMBER,LDA, ISOLVE

VECTCR TO GET THE NORMAL VECTOR.
DISTR,LOAD,0.D0)

IF{ISOLVE.EQ.1)CALL SOLVEL
IFU{ISOLVE.EQ.2)CALL SCLVE2

IF(NCOUNT.EQ.O)
DLAMD=DS/DSQR

60 TO 70
T(F(LOAD,LOAD,LOAD40)+1.D0)

9.1



GO TO 80
70 DS=DLAMO*DSQRT({F{LOAD,LOADsLOAD,0)+1.D0)
80 DO 90 I=1,NEQS

DQ(I)=LCAD(I)*DLAMD

90 CONTINUE
LAMDA1=LAMDA
CALL STORE(Ql+QsQy0.D0O)
WRITE(2,32)

32 FORMAT(//,' TANGENT VECTOR®,/)
WRITE(2,2) (DQUI)sI=1,NEQS),DLAMD

2 FORMAT{5G24.16)
DLTEMP=DLAMD
CALL STORE(LOAD,DQ,DQy0.D0)
CALCULATE THE NORMAL VECTOR.
ALPH=—(F(DQ¢DQyDQy 0) +DLAMD*DLAMD)/F(DQsR1,R1,0)
CALL STGCRE(DQsDQeR1,ALPH)
DS=DSQRT(FIDQ,DQ+DQy0) +DLAMD*DLAMD)
G10=DSBR/DS
DS=DSBR
DO 65 I=1,NEQS

DQUI)=DQ(I)*G10

65 CONTINUE
DL AMD=DLAMD*G10
UPDATE FOR THE NJURMAL VECTOR.
CALL STORE(Q,QsDQs1.00)
LAMDA=LANMDA+DLAMD
NPOINT=MPOINT+NCOUNT-1
WRITE(2,31)

31 FORMAT(//,* NORMAL VECTOR',/)
WRITE(2,2) (DQUI)oI=1¢NEQS),DLAMD
WRITE(2,49) DS

49 FORMAT(///+* DS =',G24.16)

LLT



37

CALCULATE THE DOT PRODUCT OF THE NORMAL AND TANGENT
VECTORS.

G10=F(LOAD,DQy»DQ+0) +DLAMD*DLTEMP

WRITE(2,437) G10

FORMAT(///4+* DOT PRODUCT =',G24<164///)

RETURN

END
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LINEAR AND NONLINEAR ANALYSIS OF SPACE TRUSSES
RELATIVE TO CYLINDRICAL COORDINATES
by
Jeffrey A. Perrier

(ABSTRACT)

The element and system models for linear and nonlinear
space trusses were formulated and implemented relative to cylin-
drical coordinates. Nonlinear equilibrium paths were traced
using the modified Riks/Wempner method. Two radially symmetric
reticulated domes which exhibit snap-through instability and
which were subjected to radially symmetric loads were analyzed
both linearly and nonlinearly. Along with the entire structures,
"pie slices" of the structures were also analyzed. Accuracy
was observed by comparison of element forces or of critical
load values to those previously presented for these trusses.

Reduction of computational effort from analysis of 'pie
slices" was studied, as were suppression and generation of bifur-
cation buckling modes.

Structural models in cylindrical coordinates were found to
greatly reduce computational effort by analysis of "pie slices"
of radially symmetric structures with radially symmetric loads,
and.analysis of '"pie slices" provided qualitative information
regarding buckling mode geometries when techniques for branching

onto bifurcation paths failed.
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