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(ABSTRACT)

A structured program has been developed to track the equilibrium path of
geometrically nonlinear space structures by the modified Riks/Wempner method.
The sparse normal flow code in '"HOMPACK’ is used for tracking the equilibrium
paths by the homotopy method. Two subroutines were written as required by

HOMPACK.

Four different structures were analyzed by these two programs. Comparison of the
two methods has been carried out based on the number of Jacobian matrix

evaluations and the CPU time used by the programs.

The Riks/Wempner program successfully traced the equilibrium path through the
limit points and bifurcation points for all the four structures analyzed while the
homotopy program could not trace the complete path for two of the structures. It
has been concluded that the sparse normal flow code of HOMPACK needs to be
modified.
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CHAPTER 1

Introduction

1.1 Purpose and Scope

The purpose of this study is to compare two solution algorithms in the
analysis of geometrically nonlinear space trusses. A program has been
developed, along the lines of Holzer’s(1990) frame program, to trace
the equilibrium path of spéce trusses by the modified Riks/Wempner
‘method. The modified Riks/Wempner method has been found to
successfully trace the post buckling paths(Wempner, 1971; Riks, 1979;
Crisfield, 1981). The second élgorithm used in the study is a
homotopy method. The original program, the sparse normal flow code, is
taken from HOMPACK(1987). Two user-written subroutines as required
were provided to this program. The comparison is carried out by

analyzing four different structures by these two methods.

1.2 Literature Review

Vempner(1971) introduced the generalized arc length approach in

tracking the equilibrium paths beyond critical points. Riks(1979) also
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used the same approach in his study on snapping and buckling problems.
Crisfield(1981) proposed a modification to the Riks/Wempner approach so

that it is suitable for use with the finite element method.

Vu(1981) used the  modified Riks/Wempner method in his study of
geometrically nonlinear space trusses and concluded that it can be used
to trace highly nonlinear equilibrium paths in either pre-buckling or
post buckling range with precision. Borst(1987) used the arc length
methods in his study of post-bifurcation and post-failure behavior of
strain softening solids. Forde and Steimer(1987) proposed another arc
length procedure based on orthogonality principles which provided the
same results as Crisfield’s explicit iteration procedure with reduction

in computation effort.

The modified Riks/Wempner method was used for solving nonlinear moving
contact problems by Wu(1986). This method was also used by Sage(1986)
to investigate the nonlinear behavior exhibited by cable structures.
Kouhia and Mikkola(1989) used Riks/Wempner approach in tracking the
equilibrium path beyond critical points and compared it against
Fried’s(1984) orthogonal trajectory method. Clarke and Hancock(1990)
also compared the Riks/Wempner approach against other

incremental/iterative strategies for nonlinear analyses.

The homotopy method was used for nonlinear analysis of space trusses by

Hansen(1982), and he concluded that this method is capable of

Introduction 2



successfully tracking nonlinear equilibrium paths. The software
package HOMPACK(Watson, 1986) used in this study was developed in 1986.
The part of the HOMPACK code used here is different from the one used
by Hansen. Two user subroutines were written to use with HOMPACK the

program for analyzing the geometrically nonlinear space trusses.

1.3 Overview

The element model used in this study is presented in Chapter 2. The
solution methods are discussed in detail in Chapter 3. In Chapter 4,
the program development and the tree charts of the programs and the NS
(Nassi-Schneiderman) diagrams are presented(Holzer, 1985). The
analysis results of four different structures are presented in Chapter
5. The listing of main programs and key subroutines are presented in

Appendix B.

Introduction 3



CHAPTER 2

Structural Model

2.1 Element Model

The element model used in this study of nonlinear analysis of a space
truss is taken from Vu(1981). The force-displacement relations are
derived by using the principle of virtual work. The truss is assumed
to be geometrically nonlinear and material properties are assumed to be

linear and Hooke’s law applies.

The global tangent stiffness matrix for the truss member shown in Fig.

2.1 1is

K = U 2.1
Ea @1

where U' is the strain energy of the truss member i and Dj’ D, are the

global member-end displacements (j, k = 1, 2, C e, 6).

The global tangent stiffness matrix for the truss member can also be

written as

Structural Model 4
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i Kt' _Ki
K = [_K,. K‘} | (2.2)

Specifically,

B = 8! T
[aA,. 6Ak:| i, k=1,2,3 (2.3)

The coefficients of K derived for the member shown in Fig. 2.2 are

K1 K4 K6
B - kg Ky Ky (2.4)
Ke K5 Ks
where
Ky = v (c+{(1-c)) By = 7 (c1c(1-§))
By = % (cH{(1-c)) K5 = 50 (eres(1-D)) (2.5)
K3 = 7 (C§+%(1-c§)) KG = 7 (clcs(l_%))
and

Y = %E, A is the cross sectional area of the member, E is the
0

Young’s modulus of elasticity, L, is the initial length of the member, L

is the deformed length of the member, e is the elongation of the

Structural MNodel 6
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element, and c,, c;, c; are the direction cosines of the member in the

deformed configuration.

The tangent stiffness matrix of a structure is obtained by summing up

the tangent stiffness matrices of each member of the structure.

Structural Model 8



CHAPTER 3

Solution of Nonlinear Equations

The nonlinear equation of equilibrium may be written as (Holzer, 1990;

Bathe, 1989)
Q-F=0 (3.1)

-where  is the external nodal force vector; and it may consist of
applied nodal forces {,, surface tractions (, and inertia forces ;. F
is the internal nodal force vector that equilibrates the configuration
(a5 Q)(Fig. 3.1). The solution to Eq. 3.1 is the equilibrium path in

the (n+1) dimensional load-displacement space(Fig. 3.1).

3.1 Solution Methods

A solution method aims at developing an accurate approximation of the
load-displacement curve for the system wunder a given load
distribution. These  solution  methods  generally  involve

incremental/iterative procedures. An incremental procedure 1is

Solution of Nonlinear Equations 9
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designed to trace an equilibrium path in terms of a sequence of
successive, but distinct points(Riks, 1979). Each point offers a
means to construct the starting configuration for the next point to be
computed. The accuracy of the iterations can be controlled by keeping
the distance between the known and still unknown point within certain

bounds.

The two solution methods used in this study are: the modified
Riks/Wempner method and the Homotopy method. The Newton-Raphson
method which is contained in the modified Riks/Wempner method is also
briefly discussed here. The computer program also has an option to

use the Newton-Raphson method.

3.1.1 System Nodel

The solution to Eq. 3.1 is obtained by incremental/iterative procedure

in which Eq. 3.1 is linearized. The linearized equation may be

written as(Vu, 1981)

K* agF = AN + RF (3.2)
where

¢t = gfF + ¢k (3.3)

AL = 3k ANE (3.4)

Solution of Nonlinear Equations 11



In Eqs. 3.2 to 3.4, K* is the tangent stiffness matrix of the structure
at ¢*, ] is the constant load distribution vector, R* is the unbalanced
force vector at (q*,A\*¥), q* is the generalized displacement vector,

and )* is the loading parameter.

Equations 3.2 to 3.4 are the recurrence relations of the Riks/Wempner
method. In the Newton-Raphson method, the load level is constant

during iteration. Accordingly Eq. 3.2 reduces to

K* A¢* = R (3.5)

3.1.2 Newton-Raphson Method

The Newton-Raphson method is the most commonly used iterative method.
In this method an incremental/iterative analysis is performed to
determine the load-displacement path of a given system. A load
increment is prescribed and the corresponding displacements are
computed by an iterative process. The iterations are continued until
the desired convergence is achieved. The process is repeated for each

load increment up to the desired load level.
The solution thus involves the generation and factorization of the

tangent stiffness matrix Kﬁ for each iteration. The Newton-Raphson

method cannot trace the equilibrium path through limit points.

Solution of Nonlinear Equations 12



3.1.3 MNodified Riks/Vempner Method

The basic idea of the Riks/Wempner method is to select a generalized
arc length as the independent variable that controls the progress
along the equilibrium path(Riks, 1979: Wempner 1971). The length As
of the tangent to the current equilibrium point is prescribed and the
new point is the intersection of the normal to the tangent with the
equilibrium path. As an alternative to the iteration on the normal
(normal plane in space) Crisfield(1981) recommended iteration on a
circle (sphere in space) with the center at the current equilibrium
point and radius As. Crisfield also suggested the reformulation and
factorization of the tangent stiffness matrix only at the beginning of

each load increment. In this study iteration on normal plane is used.

The modified Riks/Wempner method(Holzer et al.,1981)is graphically
illustrated in Figs. 3.2 and 3.3 for a single degree of freedom system

vhich is based on the work by Ramm(1980).
Let a point in the load-deflection space be denoted by the vector

q
1] 5

A) be the initial load increment.
At known equilibrium point
Kaq = ax] : (3.7)

Solution of Nonlinear Equations 13



where K is tangent stiffness matrix and { is the constant load
distribution vector and the unbalanced force vector R = 0. The

tangent vector, t at the starting point is defined as

Aq _
t = Ar = |:A,\:| (3.8)
and
as = It| = [aq. aq + (ar)F (3.9)

1
where |t| = (t.t)? = length of tangent vector at t, and t.t = tT.t,

inner product of t with itself.

Let Aq = AxAql (3.10)
I

where Aq~ is the solution to

Kagl = @ | (3.11)

As = A \I (AqI.AqI+1) (3.12)

In the subsequent steps the arc length is controlled by scaling as

shown below

A

1
A8 = as (7 (3.13)

Solution of Nonlinear Equations 14



where, I is the number of desired iterations and I is the number of

iterations required in the previous step
First step
Consider the Fig. 3.2. 0 is the known equilibrium point and N is the

new equilibrium point. The first trial solution is defined by the

tangent vector at known equilibrium point 0

N [A“OI (3.14)

AX®
qgd = q + A¢ (3.15)
A= 20+ AX (3.16)
where
AQ® = axoaq®l (3.17)
and AqOI is the solution to

Kag®l = @ (3.18)

and AX° is obtained from Eq. 3.9

Solution of Nonlinear Equations 15
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P v
' A
< AS

AY = 1 Y A _; (3.19)
(aqdAPlia ) Eyfi\@q L ﬂ %

P

The positive sign indicates loading and negative sign indicates

unloading

Iteration on normal plane

In Fig. 3.3, the incremental vector Ar* from k to k+1 is decomposed

Adk A k1 A k11
ark = [A(;":| = A,\"[(i ] + [ qo (3.20)

which implies

as

At = mk agtl 4 agtl! (3.21)

where Afl and ‘AkuI are the solutions of two sets of equations of

equilibrium
KA. ag = (3.22)
K& . agtl = Rk (3.23)

To satisfy the condition of normality, the scalar product of tangent

vector t° and the vector Ar* containing the unknown load and

Solution of Nonlinear Equations 18



displacement increments must vanish

t° . arf = 0 (3.24)
In matrix form the above equation may be written as

A®AqF + AN AN }= 0 (3.25)

The unknown load increment AA* is determined by substituting Eq.. 3.21

into Eq. 3.25
!
oAkl
N LI A} (3.26)
AQ®. Aqt + AX°

An improved trial configuration is obtained from the equations

¢ = ¢F + AdF (3.27)

AL =gk L ANk (3.28)

This method successfully traces the response of the structure beyond

the limit point.

Determination of the sign of the load increment

The value of the load increment A) is initially suggested by the user

Solution of Nonlinear Equations 19
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and is adjusted by the program’s usual automatic load incrementation
algorithm. In subsequent iterations an ambiguity arises regarding the
sign of A) due to the presence of a square root sign in the equation.
The sign of AX in the direction of response along the tangent line is
chosen so that the dot product of (A'*1q°, A‘*+!)\°) and the solution to
the previous increment (A'q, A‘\) is always positive(Hibbit et al.,

1989). This is illustrated with an example.

In Fig. 3.4, let the point 0 represent the current equilibrium
configuration of the structure after i iterations. The solution at
the current configuration is represented by a vector

a = (10, 1)
and the increments in load and displacements are represented by the
vector

b = AX(-3, 1)
To make sure that the response is progressing in the right direction
the product

a.b=(10, 1) . AX(-3, 1) >0

AX(-29) > O
which implies AX < 0.

Thus the correct the sign of the load increment is determined.

Solution of Nonlinear Equations 21



3.1.4 Convergence Criteria

The iterative procedures used in the solution process are essentially
trial and error methods. Hence, the convergence criteria used in the
termination of the iterative process should be effective and feasible.
In this study, the two solution variables suggested by Bathe and
Cimento(1979) are used for convergexice criteria. They are

displacements and forces.

The convergence criteria for displacement is stated as :

||a "*1q']|

— <= € (3.29)
11" Fq|| D

where ||A "t!q‘|| is the Euclidian norm of incremental displacements
in the i** iteration of (n+1)* load step, ||"*!q|]| is the Euclidian

n+lg is not

norm of the total displacements at (n+1)* load step. Since
known in advance, it is approximated by "+lq‘, and ¢ is a prescribed

displacement convergence tolerance

The unbalanced force criterion requires that the norm of unbalanced

force be with in a preset tolerance ep of the original load increment,

||n+lq.‘ _ n+lF.' II - .
||n+lql _ n+lF || - F

nHige "t10i are the total external force vector at the

where and

Solution of Nonlinear Equations 22



first and I** iterations of the (n+1)** load step respectively, "*'F' is
the internal nodal force vector in i'® iteration of (n+1)** load step,
"F is the internal nodal force vector obtained in the nth load step
(i.e. the previous load step), and ep is prescribed force convergence

tolerance.

In this study both ep and e are taken as 104

3.1.5 Homotopy Method

The second méthod used in this study of space trusses is a homotopy
method. In the Newton-Raphson method in the vicinity of limit points
several problems arise: (i) The number of iterations required to
converge increases (ii) Constant lambda will miss the curve (iii) No
points can be obtained beyond limit points (iv) At the limit point the
tangent stiffness matrix becomes singular. The Riks/Wempner method,
though able to trace past the limit point, destroys the symmetry and
bandedness of the stiffness matrix. The modified version of the
Riks/Vempner ‘method preserves the symmetry and bandedness, but it

still fails when the tangent stiffness matrix becomes singular.
The homotopy method is also based on the arc length as the independent
variable (Watson et al., 1983). If a large number of points on the

curve and very accurate values for the the limit points are desired

Solution of Nonlinear Equations ‘ 23
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the homotopy method used in this study guarantees the non-singularity
of the stiffness matrix. The homotopy method has no inherent
instability near a limit point, in fact, a limit point is no different
from (as far as the method is concerned) from any other point on the

load-displacement curve.

The homotopy method used in this study uses the sparse normal flow
algorithm of the HOMPACK. The family of zero curves, which contains
the desired equilibrium path is called the ’Davidenko flow’(Fig. 3.5).
The family of curves which are normal to the Davidenko flow is called
the ’normal flow’. If a point P is known on the equilibrium path the
new equilibrium configuration { is obtained by first proceeding a
prescribed arc length along the tangent to the curve at point P and
then tracing to the new point along the normal to the curve(Watson et

al., 1983).

The mathematical model of space trusses and the solution procedure are
discussed by Watson et al., (1983). The application of this method in
the analysis of space trusses was studied earlier by Hansen(1981).
Some of the recommendations of Hansen for an improvement of the

homotopy program have been implemented in this study.

Solution of Nonlinear Equations 25



CHAPTER 4

The Computer Program

In this chaﬁter the development of the computer programs and a brief
description of the functions of the subroutines are presented. The
programming language used is standard FORTRAN 77. The listing of the
main programs and key subroutines is presented in Appendix B, which

includes the format required for the input and sample input files.
4.1 Program Development
The tree-charts of the programs are shown in Figs. 4.1 and 4.2.

The structure of the program I shown in Fig. 4.1 follows the form
presented by Holzer(1990) in his work on structural analysis. This
program is an extension of the program developed by Ahmed(1988) for
nonlinear analysis of plane trusses and performs the nonlinear
analysis of space trusses by the Newton-Raphson method and the

modified Riks-Wempner method.

The Computer Program 26
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The program II shown in Fig. 4.2 performs the nonlinear analysis of
space trusses by a homotopy method. This program uses the sparse
normal flow algorithm of HOMPACK, a software package which provides
three qualitatively different algorithms for tracing the homotopy zero
curve(Watson, 1989). In this study the sparse normal flow algorithm
is used to trace the load-displacement path of space trusses. Two
subroutines RH0 and RHOJS are written as required by HOMPACK. These
subroutines call the other subroutines, which are modified forms of

the subroutines used in program I.

The STRUCT and LOAD subroutines are taken from Holzer’s(1990) Frame
program and are modified to suit the present needs. The solution
routines(SOLVE, FACTOR, FORSUB and BACSUB) used in program I are taken
directly from Bathe(1985). In program II the sparse normal flow

algorithm solves the equations by the method of conjugate gradients.

4.2 Program Subroutines

The functions of all the subroutines are presented in this section.

Program I (Riks/Vempner program)

MAIN PROGRAM

Reserve memory. Read and echo control variables, the number of

The Computer Program 28
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elements NE, and the number of joints, NJ. Call STRUCT and LOAD.
Initialize the initial, maximum, and incremental load factors,

tolerance factors and iteration control variables.

Subroutine STRUCT

Read and echo member incidences. Initialize the joint code matrix
JCODE and the member code matrix MCODE. Read and echo joint
constraints and initialize the corresponding locations of JCODE to

zero. Call CODES, SKYLIN, and PROP.

Subroutine CODES
Form the joint code matrix JCODE and the member code matrix MCODE.

Subroutine SKYLIN

Determine the length of the tangent stiffness vector(in skyline
storage)SS, the vector which stores the addresses of the main diagonal
terms MAXA, the number of the elements below the skyline of each
column, KHT.

Subroutine PROP

Read and echo joint coordinates XC. For each element read and echo
AREA, EMOD. Compute the element length and direction cosines for each

element.
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Subroutine LOAD
Initialize the joint load vector  to Zero. Call JLOAD.

Subroutine JLOAD

Read and echo joint numbers, joint directions and joint forces.

Develop the load vector (.

Subroutine NEWRAP

Compute the proportional load vector using the initial load parameter.
Call NRITER and RESULT. Terminate process upon reaching the desired
load level or a prescribed displacement or a certain number of load

increments.

Subroutine NRITER
Perform the Newton-Raphson iteration for a given load level until the

convergence is reached or the maximum number of iterations is

exceeded. Call STIFF, SOLVE, FORCES, and TEST.

Subroutine RIKWEM
Compute the generalized arc length. Terminate process upon reaching
the desired load level or a prescribed displacement or a certain

number of load increments.

Subroutine TRLVCT

Perform iterations to obtain vectors orthogonal to the generalized arc
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length. Obtain the next equilibrium configuration by using the two
step procedure. Continue iterations until convergence is achieved or
the maximum number of iterations is exceeded. Call FORCES, STIFF,
SOLVE, DOTPRD, UPDATC, AND RESULT.

Subroutine STIFF
Initialize the system stiffens vector to zero. Call ELEMS, NELEMS, and

ASSEMS.

Subroutine ELEMS

Compute the global linear stiffness coefficients.

Subroutine NELEMS

Compute the global nonlinear stiffness coefficients.

Subroutine ASSEMS

Map the element stiffness matrix in to the system stiffness vector

using MAXA and MCODE.

Subroutine FORCES
Initialize the FORCE vector to zero. Call INTERF

Subroutine INTERF

Compute the internal forces for the global unconstrained degree-of-

freedom of each element in the new configuration.
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Subroutine TEST
Test for convergence. Call DISPL and UNBALF.

Subroutine DISPL

Compute the Euclidian vector norm of displacements and test for

convergence in displacements.

Subroutine UNBALF

Compute the Euclidian vector norm of unbalanced forces test for

convergence in unbalanced forces.

Subroutine UPDATC
Update the joint coordinates XC by adding the current incremental

displacements to the previous joint coordinates. Call LENGTH.

Subroutine LENGTH

Compute the element lengths and the new direction cosines of each

element.

Subroutine RESULT

Read the degrees of freedom for which the output is required. Print

the output.
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Program II (Homotopy program)

HMAIN PROGRAM
Read and echo NE, NJ. Call STRUCT and LOAD. Initialize the maximum
load increment, tolerance factors, the type of algorithm to be used,

the displacement vector, the elongation and the deformed length. Call
FIXPNS.

Subroutines FIXPNS, STEPNS, TANGNS, PCGNS, PCGDS, MFACDS, MULTDS,
QIMUDS, GMFADS, and SOLVDS are taken from HOMPACK.

Subroutines STRUCT, CODES, SKYLIN, PROP, LOAD, JLOAD, STIFF, ELEMS,
NELEMS, ASSEMS, FORCES, INTERF and RESULT have the same function as in

Program I

Subroutine RH0JS

Control module to compute the updated coordinates and the stiffness

matrix at the current configuration. Calls UPDATC and STIFF.

Subroutine RHQ
Control module for computing the vector rho. Calls FORCES.

Subroutine UPDAT
Update the joint coordinates XC by adding the current total

displacements to the initial joint coordinates. Call LENGTH.

The Computer Program 34



Subroutine LENGTH

Compute new element length and new direction cosines.

4.3

NS Diagrams

MAIN PROGRAM

RESERVE MEMORY

READ DATA FILE NAME AND OPEN DATA FILE

READ THE METHOD TO BE USED IN THE ANALYSIS

READ AND ECHO CONTROL VARIABLES NE, NJ
AN

SET POINTERS FOR DATA ARRAYS IN STRUCT

IF MEMORY IS ADEQUATE

THEN ELSE
CALL STRUCT PRINT
ERROR
SET POINTERS FOR DATA ARRAYS IN LOAD, MESSAGE
NEWRAP, RIKWEM, AND RESULT v
* INCREASE
IF MEMORY 1S ADEQUATE MEMORY *
THEN ELSE
CALL LOAD PRINT ERROR
IF METHCD = MESSAGE
1 2
CALL NEWRAP | CALL RIKWEM
CALL RESULT *INCREASE MEMORY'

The Computer Program

Figure 4.3 Main Program




SUBROUTINE STRUCT

READ AND ECHO MEMBER INCIDENCES
MING(L,I) L=1,2 & 1=1, 0

INITIALIZE JCOOE
JCODE(L,d) = 1 L=1,3 & J=1, N

READ JOINT CONSTRAINT
JNUM, JDIR

WHILE JNUME .NE. 0

PRINT JNUM, JDIR

JCODE(JDIR, JNUM) = O

READ JOINT CONSTRAINT
JNUM, JDIR

CALL CODES

CALL SKYLIN

CALL PROP

Figure 4.4 Subroutine STRUCT

SUBROUTINE CODES

NEQ = 0

DO FOR § =1, NJ

DO FOR L = 1,3

IF JCODE (L,J) .NE. O
THEN ELSE

NEQ = NEQ + 1

JCODE(L,d) = NEQ

DO FOR I = 1,NE

J = MINCC1,1)

K = MINC(2,1)

DO FOR L = 1,3

MCODE(L,I) = JCODE(L,J)

MCODE(L+3,1) = JCODE(L,K)

Figure 4.5 Subroutine CODES
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SUBROUTINE SKYLIN

DO FOR I = 1, NEQ

KHT(I) = 0

DO FOR I = 1, NE

DOFR L =1, 6

IF (MCODE(L,I) > O .AND. MCODE(L,I) < MIN)

THEN ELSE
MIN = MCODE(L,I)
DOFOR L =1, 6
K = MCODE(L,I)
IF (K .NE. 0)
THEN ELSE

KHT(K)=MAXA(KHT (K), (K-MIN))

MAXAC1) = 1

DO FOR I = 1, NEQ

PRINT I, KHT, MAXA

MAXACI+1) = MAXACI) + KHT(I) + 1

LSS = MAXA(NEQ+1)-1

I = NEQ + 1

PRINT I, MAXACI) , LSS

The Computer Program

Figure 4.6 Subroutine SKYLIN
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SUBROUTINE PROP

DO FOR J = 1, NJ

READ X(1,d), X(2,d), X(3,J)

PRINT J, X(1,d), X(2,4), X(3,J)

DO FOR I = 1, NE

J = MINC(1,1)

K = MINC(2,1)

EL1 = X(1,K) - X(1,J)

EL2 = X(2,K) - X(2,J)

EL3 = X(3,K) - X(3,J)

ELENG(I)= DSQRT(EL1**2+EL2**2+EL3**2)

C1(I) = EL1/ELENG(I)

C2(1) = EL2/ELENG(I)

C3¢1) = EL3/ELENG(I)

READ AREA(I), ZI(I), EMOD(I), CTE(I)

Figure 4.7 Subroutine PROP

SUBROUTINE LOAD

DO LOOP K = 1,NEQ

oK) =0

CALL JLOAD

The Computer Program

Figure 4.8 Subroutine LOAD




SUBROUTINE JLOAD

READ JNUM, JDIR, FORCE

IF JNUM .NE. O
THEN ELSE

PRINT CAPTION FOR JOINT LOADS

DO FOR I = 1, NE PRINT
K = JCODE(JOIR,JNUM) 'NO JOINT LOADS'®
Q(K) = FORCE

READ JNUM,JDIR,FORCE

PRINT JNUM, JDIR, FORCE

Figure 4.9 Subroutine JLOAD

SUBROUTINE NEWRAP

INITIALIZE D, DD, F, FP FPI TO ZERO

FOR EACH ELEMENT INITIALIZE DEFLEN, ELONG TO ZERO

DO WHILE QI <= QIMAX

DO FOR I = 1, NEQ

aT(l) = 1) * QI

CALL NRITER

DO FOR I = 1, NEQ

FPC1) = F(1)

IF (INCONV .NE. 0)
THEN ELSE

PRINT MESSAGE CALL RESULT

sTOP

INCREMENT LOAD PARAMETER QI = QI + DQl

Figure 4.10 Subroutine NEWRAP
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SUBROUTINE NRITER

CALL FORCES

ITENUM = ITEUPD

ITECNT = 1

INCONV = 1

DO WHILE (INCONV .NE. O .AND. ITECNT .LE. ITEMAX)

DO FOR 1 = 1, NEQ

R(I) = QT(1) - F(D)

IF (ITENUM .GE. ITEUPD)
THEN ELSE

CALL STIFF

ITENUM = 0

CALL SOLVE (SOLVE FOR DD)

IF CITECNT .EQ. 1)
THEN

ELSE

DO FOR I = 1, NEQ

DDO(I) = DD(1)

DO FOR I = 1, NEQ

D(I) = D(I) + DD(I)

CALL UPDATC

CALL FORCES

CALL TEST

DO FOR [ = 1, NEQ

FPI(I) = F(I)

ITENUM = TTENUM + 1

ITECNT = ITECNT + 1

Figure 4.11 Subroutine NRITER
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SUBROUTINE RIKWEM

INITIALIZE D, DD, F, FP ,DIVER TO ZERO

FOR EACH ELEMENT INITIALIZE OEFLEN, ELONG TO ZERO

ITECNT = 1

DO WHILE QI <= QIMAX

DO FOR I = 1, NEQ

TTCI) = Q1)

CALL STIFF

CALL SOLVE (SOLVE FOR DDO1)

IF CITECNT .EQ. 1)

sTOP

THEN ELSE
DS=DQI*DSART(DOTPRO(DDOt, | DAI=DS/DSGRT(DOTPRO(DDO1,
DDO1,NEQ)+1) DDO1,NEQ)+1)
TEMP=DQI*(DOTPRD(DDO1,D001,
NEQ)+DQI1)
IF (TEMP .GT. 0)
THEN ELSE
SGN = 1 SGN = -1
DAl = SGN*DAI
paI1 = pal
DO FOR I = 1, NEQ
DDOCI) = DAI * DDOI(1)
DCI) = DCI) + DOOCI)
DOP(1) = DDO(CI)
QI = QI + dal
CALL UPDATC
CALL FORCES
CALL TRLVCT
DO FOR I = 1, NEQ
FPCI) = F(D)
ITECNT = ITECNT + 1
IF CINCONV .NE. 0)
THEN ELSE
PRINT MESSAGE CALL RESULT

COMPUTE THE SCALED ARC LENGTH
DS = DS*DSQRT(ITEDES/IT)

Figure 4.12 Subroutine RIKVEM
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SUBROUTINE TRLVCT

ITENUM = [TEUPD

ITECNT = 1

INCONV = 1

DO WHILE C(INCONV .NE. O .AND. [ITECNT .LE. ITEMAX)

DO FOR I = 1, NEQ

QT(l) = a(I) * a1

RCI) = QT(I) - F(I)

IF (ITENUM .GE. ITEUPD)
- THEN ELSE

CALL STIFF

ITENUM = 0

DO FOR I = 1, NEQ

T = A

CALL SOLVE (SOLVE FOR DD1)

DO FOR I = 1, NEQ

DD1(I) = TI(I)

TT(I) = R(D)

CALL SOLVE (SOLVE FOR DD2)

0O FOR I = 1, NEQ

0D2(1) = TT(I)

bal = -(DOTPRD(DDO,DD2,NEQ))/(DOTPRD(DDO,DD1,NEQ)+DQI1)

DO FOR I = 1, NEQ

0D(I) = DAQI*DD1(I) + DD2(I)

D(I) = D(I) + DD(I)

DDP(1) = DDP(1) + DD(I)

CALL UPDATC

CALL FORCES

Ql = QI + DAl

CALL TEST

DO FOR I = 1, NEQ

FPI(1) = (D)

ITENUM = ITENUM + 1

1T = IT + 1

Figqre 4.13 Subroutine TRLVCT
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SUBROUTINE STIFF

DO FOR I = 1, LSS

ss(I) =0

DO FOR I = 1, NE

CALL ELEMS

CALL NELEMS

CALL ASSEMS

Figure 4.14 Subroutine STIFF

SUBROUTINE ELEMS

GAMMA = AREA(I)*EMOD(I)/ELENG(I)

6N

GAMMA*C1(1)**2

G(2) = GAMMA*C2(I)**2

G(3) = GAMMA*C3(1)**2

G(4) = GAMMA*CI(I)*C2(1)

G(S) = GAMMA*C2(I1)*C3(l)

G(6) = GAMMA*C1(I)*C3(1)

Figure 4.15 Subroutine ELEMS

SUBROUTINE NELEMS

GAMMA = AREA(I)*EMOD(I)/ELENG(I)

H(1) = GAMMA*(ELONG(I)/DEFLEN(I))*(1-C1(1)**2)

H(2) = GAMMA*(ELONG(I)/DEFLEN(I))*(1-C2(1)**2)

H(3) = GAMMA*(ELONG(I)/DEFLENCI))*(1-C3(1)**2)

H(4) = -GAMMA*(ELONG(I)/DEFLEN(I))*C1(1)*C2(1)

H(5) = -GAMMA*(ELONGCI)/DEFLENCI))*C2(1)*C3(1)

H(6) = -GAMMA*(ELONG(I)/DEFLENCI))*C1¢1)*C3(1)

Figure 4.16 Subroutine NELEMS
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SUBROUTINE FORCES

DO FOR I = 1, NEQ

F(1) = 0.00

DO FOR I = 1, NE

CALL INTERF

DO FOR I = 1, NEQ

RCI) = QTCI) - F(CI)

Figure 4.17 Subroutine FORCES

SUBROUTINE INTERF

GAMMA = AREA(I)*EMOD(I)/ELENG(I)
DOFORL=1,6
K = MCODE(L,J)
IF (K .NE. 0)
THEN ELSE
IFL=
1 F(K) = -GAMMA*ELONGCI)*C1(I) + F(K)
2 F(K) = -GAMMA*ELONG(I)*C2(1) + F(K)
3 F(K) = -GAMMA*ELONG(I)*C3(1) + F(K)
4 F(K) = GAMMA*ELONG(I)*CI1(I) + F(K)
5 F(K) = GAMMA®ELONG(I)*C2(I) + F(K)
6 F(K) = GAMMA*ELONG(I)*C3(1) + F(K)

Figure 4.18 Subroutine INTERF
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SUBROUTINE ASSEMS

DO LOOP JE = 1,6

J = MCODE(JE,N)

IF (3 > 0)
THEN

ELSE

00 IE = 1,JE

1 = MCODE(IE,N)

IF (1 .NE. 0)
THEN

ELSE

1IF ¢1 > J)
THEN ELSE

K=MAXA(I)+1-J K= MAXA(J)+J-1

"L = INDEX(IE, JE)

IF (L > 0)
THEN ELSE

SS(K) = SS(K) +| SS(K) = SS(K) -
G(L) + H(L) G(-L) - H(-L)

Figure 4.19 Subroutine ASSEMS

SUBROUTINE UPDATC

DO FOR I =1, NJ

DOFORL=1,3

K = JCODE(L,J)

IF (K .NE. 0)
THEN

ELSE

X(L,d) = X(L,J) + DO(K)

CALL LENGTH

Figure 4.20 Subroutine UPDATC
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SUBROUTINE LENGTH

DO FOR I = 1, NE

J = MINC(1,1)

K = MINC(2,1)

EL1 = X(1,K) - X(1,4)

EL2 = X(2,K) - X(2,J)

EL3 = X(3,K) - X(3,J)

DEFLEN(I) = DSQRT((EL1**2)+(EL2**2)+(EL3**2))

ELONG(1) = DEFLENCI) - ELENG(I)

C1(1) = EL1/DEFLEN(I1)

C2(1) = EL2/DEFLEN(1)

C3(1) = EL3/DEFLEN(I)

Figure 4.21 Subroutine LENGTH

SUBROUTINE TEST

INCONV = 0.Dp0
IF(TOLDIS.LE. 1)

THEN ELSE
CALL DISPL
IF(TOLFOR.LE. 1)

THEN ELSE
CALL UNBALF

Figure 4.22 Subroutine TEST
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SUBROUTINE DISPL

DELTAD = 0.00

TOTALD = 0.D0

DO FOR I = 1, NE

DELTAD = DELTAD + (DD(I)**2)

TOTALD = TOTALD + (D(1)**2)

INCONV = INCONV + 10

- IFCTOTALD.NE.O)
THEN ELSE
C = (DSQRT(DELTAD)/DSQRT(TOTALD)) PRINT
IF C > TOLDIS ERROR
THEN ELSE
MESSAGE

Figure 4.23 Subroutine DISPL

SUBROUTINE UNBALF

UNBFI = 0.00

UNBFP = 0.D0

DO FOR I = 1, NE

UNBFI = UNBFI + (€QT(1)-F(I))**2

UNBFP = UNBFP + ((QT(I) - FP(I))**2

INCONV = INCONV + 100

IF(UNBFP.NE.O)
THEN ELSE
C = (DSQRT(UNBFI)/DSQRT(UNBFP) INCONV =
IF C > TOLFOR INCONV + 100
THEN ELSE

Figure 4.24 Subroutine UNBALF
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CHAPTER 5

Discussion of Results

Four different structures have been examined in this study by the
modified Riks/Wempner method and a homotopy method. The four
structures were also analyzed with ABAQUS(Hibbit et al., 1986) using
the Riks/VWempner method to test the accuracy of the results obtained
by the programs. In Riks/Wempner program error tolerances were set at
1074 for both the unbalanced force and the displacement. In the
homotopy program the ARCRE and ARCAE relative and absolute error
tolerances that allow the normal flow iteration along the zero curve
are also set at 1074, In ABAQUS a force tolerance(PTOL) of 1074 is
used. The displacement tolerance has been suppressed in program 1 to

make a meaningful comparison.

5.1 Structure 1

The first structure analyzed in this study is a two-bar plane truss.
This structure is shown in Fig 5.1. This truss consists of two
linearly elastic truss members and three joints. Joints 1 and 3 are

fixed. Joint 2 is constrained in the direction of global 3-axis. The
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Figure 5.1 Structure 1
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type of loading used on this structure is a single point load applied
at the joint 2 in the global 2 direction. Cross-sectional area of
each member is 0.18 square inches, and elastic modulus is 29000 ksi. A

vertical load of 2 kips is applied at node 2.

The vertical downward displacement at the node 2 is plotted against
the load proportionality factor(lambda) for both methods (Fig. 5.2).
Both the programs successfully traced the post buckling path. The
equilibrium path perfectly coincided with that obtained by ABAQUS.

5.2 Structure 2

The second structure analyzed in this study is a 21 degree-of-freedom
lamella dome(Fig 5.3). This structure has 24 members and 13 joints.
The joints lie on the surface of a spherical cap with a radius of
157.25 inches. The support ring of the cap has a radius of 50 inches.
All joints are located so that the structure is symmetric about the
global 1-axis which extends vertically through the apex. The six
support joints are fixed in all three directions. Each member of the
structure has a cross-sectional area of 0.18 square inches and a
elastic modulus of 29000 ksi. Three different load conditions
considered for this structure are: (i) Vertical load of 2 kips at the
apex, (ii) symmetric vertical loads of 1 kip each on nodes 2 through

7, and (iii) un-symmetric vertical loads on nodes 2 through 7.
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For the first load condition the response of the structure is plotted
in Fig 5.4. Both programs successfully traced past the limit points.
For the second load condition, a bifurcation point occurred at a load
level of 8.55(Fig. 5.5). Both the programs successfully traced past
this bifurcation point. For the third load condition a limit point
occurred at a load level of 7.56(Fig. 5.6). In this case also both
the programs trace past the limit point successfully. These responses

are also in conformity with the results obtained from ABAQUS.

5.3 Structure 3

The third structure analyzed in this study is another lamella dome(Fig
5.7). This structure has 31 joints and 70 members. The joints are on
a spherical cap. The radius of the sphere is 100 feet and the cap
extends over a sector of 40° of the sphere. The structure is symmetric
about global 1 axis and and extends vertically downward through joint
1. Joint 2 through 11 are positioned so that members extending

radially outward are of the same length.

This dome was analyzed with a tension ring at the base. The tension
ring members are of steel having an area of 1.0 square inches and an
elastic modulus of 29000 ksi. All the other members’are of wood and
have a cross-sectional area of 6.0 square inches and an elastic

modulus of 1800 ksi. The following constraints were imposed on the
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structure. Joint 12 to 31 are constrained in the direction of global 1
axis. Joints 17 and 27 are constrained in the direction of global 3-
axis and joint 1 is constrained in the direction of global 2 and 3
axes to prevent rigid body motions. Two load conditions examined for
this dome are: (i) symmetric vertical loads of 1 kip each at nodes 2
through 11, and (ii) un-symmetric vertical loads on nodes 2 through
11.

In the first load condition, a bifurcation point occurred at a load
level of 0.8(Fig. 5.8). The Riks/Wempner program traced past the
bifurcation point while the homotopy program failed to converge to a
-solution after the bifurcation point. The algorithm failed to trace
the curve any further. The failure to trace any further was
attributed to the failure of equation solver which makes use of
preconditioned conjugate gradient. This needs modification to make it
work for all problems. In the second loading condition a limit point
occurred at a load level of 0.47(Fig. 5.9).  Again Riks/Wempner
program successfully traced the curve through the limit point and

homotopy program could not trace the curve after the limit point due

to the failure of the conjugate gradient equation solver.

5.4 Structure 4

The fourth structure analyzed in this study is a large dome(Fig. 5.10)
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