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(ABSTRACT)

This thesis describes the development of a coupled finite element -
boundary element program for a microcomputer. The steps outlined in the
thesis include the adaptation of a mainframe-based boundary element code
for use on a microcomputer, the verification of this program with sample
problems, the development of an algorithm for coupling the Finite Element
Method to the Boundary Element Method, the implementation of the coupling
algorithm with finite element and boundary element codes, including the
development of a Constant Strain Triangular finite element, and the ver-
ification of the coupled program with sample problems. Conclusions are
drawn from the results presented, and suggestions are made for future

research in this area.
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INTRODUCTION

The solution of complex engineering problems has been expedited by
the use of numerical techniques for many years. Simple analysis techniques
‘'with calculations made by hand or with a slide rule were the standard for
a long time. The advent of the digital computer allowed more complicated
types of analysis to be performed, with high speed computations. Finite
element analysis was one of the analysis techniques whose popularity rose
with that of the digital computer. As the Finite Element Method (FEM)
became highly developed, other paths of analysis were examined. One of
the techniques which came to the forefront was the Boundary Element Method
(BEM), developed on the basis of boundary integral equations. In the late
1970's, the personal computer (PC) burst on to the scene. Making high
speed computing available at a low cost, the personal computer advanced
very rapidly into the 1980's. With the availability of the microcomputer
becoming greater, a new breed of engineering techniques was developed for
the PC. It made sense to adapt some existing techniques to the PC, such
as the Finite Element Method (FEM) and the Boundary Element Method (BEM).
However, the problems‘which engineers faced also became more and more
complex. There are many situations where a combination of FEM and BEM
would be advantageous. These situations dictate the development of a

mixed finite element - boundary element program.

The Finite Element Method is a technique for solving boundary, eigen,

and initial value problems by discretizing the domain of the problem into
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subregions called finite elements. The finite elements have known in-
terpolation functions which allow a function to be represented over an
entire element as a linear combination of the values of the funétion at
certain points in the element called nodes. Assembling all of the elements
together using an appropriate error minimization criterion gives a set
‘'of N equations in terms of N unknown function values at the nodes. After
the solution is found for the nodal function values, one can obtain the

approximate solution of the original unknown function for the entire do-

main.

FEM can trace its heritage to the late 1950's, when it was developed
by Turner, Clough, Martin, and Topp [l] for use in the solution of
structural mechanics problems. An earlier work by Courant used a piecewise
approximation scheme in dealing with torsion problems in the early 1940's,
but it was the work of the four aforementioned researchers and the advent
of the modern high speed digital computer which spawned its growth. Since
then FEM has grown and diversified into such areas as fluid mechanics,
heat transfer, soil mechanics, vibration (modal), and transient response
types of analysis. This diversification has led to a very widespread use
of finite element analysis and has resulted in the development of large,
general purpose computer programs such as NASTRAN, ANSYS, and STRUDL.

These programs allow the engineer to solve a wide variety of problems.

While the FEM wutilizes domain discretization, BEM uses a
discretization of the boundary of the domain of the problem. Both FEM and

BEM can be derived on the basis of the method of weighted residuals. BEMN,

Introduction 2



with its roots in the direct method of the boundary integral formulation,
eliminates domain -integrals from the equations, so that only boundary
terms are left. The boundary is divided into subsections called boundary
elements, having interpolation functions similar in nature to those in
finite elements. BEM utilizes the funaamental solution for the governing
differential equation and generates a system of equations interrelating
all known and unknown boundary values. Once all the boundary values are
known, the function can be evaluated at other points in the domain of the

problem.

The history of BEM can be traced to boundary integral equations.
This early work centered aroﬁnd fluid mechanics problems and used what
is referred to as an "indirect'" method of analysis. It was the 1960's
work of Cruse and Rizzo [2], dealing with elastostatics problems using
the so-called "direct" approach, that led to the present BEM. However,
this period of time was the hevday of finite element research, so very
little research work was done in the area of boundary elements. This
began to change in the 1970's, when researchers began to look past finite
elements for a better technique, especially for problems of fracture me-
chanics. Brebbia [3] made pioneering contributions in the area of BEM,
especially relating the technique to other solution techniques such as
Galerkin and point collocation. Later work has included time dependent
and nonlinear problems, and the research continues. BEM seems to show a
promising future for certain types of problems, but there are currently

very few computer codes in widespread use.
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There is not much literature available in the area of coupling finite
elements with boundary elements. The book by Brebbia [4] outlines a few
ways to combine the two schemes. All of these methods essentiaily gen-
erate a stiffness matrix for the boundary element model, which is then
assembled with the element stiffness matrices of the finite element por-
"tion of the model. An interesting method proposed by Dunbar [5] utilizes
an iterative approach in which the solution to the tractions on the finite
element - boundary element interface is assumed, and the resulting dis-
placements at the interface are calculated. These resulting displace-
ments are used with the boundary element formulation to solve for the
tractions at the interface. These tractions are then substituted into
the finite element model to get the new displacements at the interface.
This iterative procedure is repeated until the solutions converge. An-
other method, suggested by Kamat and the author [6], may have more pos-
sibilities. This method uses the minimization of a scalar function, with
the scalar function being a combination of the potential energy for the
finite element model and scalar form of the method of fundamental sol-
utions [7] for the boundary element model. The composite scalar function
is a weighted combination of the scalar function for each of the two
models. Additionally, a preconditioned conjugate gradient technique is
used to minimize the function. This eliminates the need for having to
generate large stiffness matrices in core and thereby makes the method
suitable for the solution of extremely large scale FEM-BEM coupled prob-
lems. The results from this technique are encouraging, and it appears

that the method could be easily extended to nonlinear problems as well.
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In tackling the problem of implementing a coupled FEM-BEM program
on a personal cémputer two distinct areas of work were necessary. First,
a boundary element code was implemented on the personal computer. In the
author's opinion, any program developed for the PC should be as user-
friendly as possible, because the person who uses a PC-based program may
not have computer experience and would expect the program to be as helpful
as possible. The author had previocusly developed finite element programs
[8],[9] for the PC, and they incorporated many user-friendly features.
The experience gained from developing these programs was incorporated in
the PC-based BEM program. The second area of research centered on the
actual coupling of the two methods. It was desirable to make the coupling
as user transparent as possible; i.e., the user should be able to use the
coupled program with a minimal knowledge of BEM. In this vein of think-
ing, the finite element program previously developed by the author was
used as a basis for the coupling, with suitable modifications of the BEM

program.
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PROBLEM FORMULATION

The following derivations of the Finite Element Method (FEM) and the
Boundary Element Method (BEM) are provided to give a basis for the tech-
‘niques involved in coupling the two schemes together. The derivations
are intended to give a brief outline of the formulation of the two meth-
ods, and are not meant to be rigorous. More comprehensive details of the
derivation of FEM may be found in the books by Zienkiewicz [11] and Reddy

[12], and of the derivation of BEM in the book.by Brebbia et al [4].

Both FEM and BEM can be derived by the method of weighted residuals.

The weighted residual statement for problems of elastostatics is

I (

! + b ) u @ = 0© (1)

g, .
ik, ]

where cjk is the stress temnsor, bk is the body force vector, uy is the

displacement vector, and  represents the domain of the problem. Inte-
grate Equation 1 by parts (or equivalently apply Green's theorem) once
to obtain

ale wte fa
ry

"w w5 = "
ik uk,j daQ + J nj ojk uy dll' + [ b, u, d® 0 2

-J o
T 9 k "k

Q

with T being the boundary of the problem. Note that from the symmetry

of the stress tensor, Ojk’
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% K3 x *
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where the strain tensor is written as ¢,

3k Hence, Equation 2 may be re-

written as

—é Dirim f1m %k e+ ; ny oo U dar + é b u d? = 0 (3)
or as
-é %k €k e+ ; ng oo Y ar + é b w d@ = 0 (4)

THE FINITE ELEMENT METHOD (FEM)

Starting with Equation 3, choose the starred quantities (which may
be considered as virtual quantities) to be represented by the same in-
terpolation functions as the unstarred quantities. This results in
Equation 3 being the basis for the Finite Element Method using the
Galerkin technique. The first term will become symmetric in the deriva-
tives of the interpolation functions, which leads to a symmetric stiffness
matrix. Also, for those displacement components which are prescribed,
the second term of the equation is zero. Thus, for the Finite Element

formulation, set
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The displacement field {v®)} for an element is interpolated in terms of

nodal displacements
(u®) = [N] (U%) , {(&u®} = [N] (8U%) (5)
with {Ue} being the vector of nodal displacements for the element and [N]

the interpolation matrix. Combining these relations with the strain-

displacement equations, the element strains can be written
(%Y = [B) (U} , (8%} = [B] (&U%) (6)

Substitution of Equation 5 and Equation 6 into Equation 3 yields

~6u®T (£ 81T (D] [B] 42 ) (U®) + (su®)T (%)
Q
+ (s5uT (F5} = 0 (7)

The second term of this equation arises from the portion of the boundary
, . . . ey . .
on which tractions are prescribed. Since the vector {8U "} is arbitrary,

the only way Equation 7 can be satisfied is for
[K®] (L%} = (F%) + (F)) (8)

where
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(K®] = ! (817 [D] [B] 42 (9)

The next step is to obtain the global system of equations for the assem-
bled finite element model. Let the matrix [A] be defined such that if
{U} is the vector of global nodal displacements and {F} is the global

“force vector, then
. T 3
(U°%) = (A1 (U}, {F)} = [A]" ( {F%) + {F)))
Assembly of Equation 8 for the n elements in terms of the global unknowns
gives'

n
C & (8] [X°], [A] ) (V) IO[A]T ( (F%) + {(Fp) )
i=] i=1

which reduces to the familiar form

[K] {U} {F} (10)

The element used for the purposes of this study was a three node
constant strain triangular element. This element uses linear interpo-
lation functions for the displacements, and thereby yields constant
strains within the element. After the appropriate interpolation func-
tions are selected and substituted into the strain-displacement

equations, the [B] matrix of Equation 6 becomes
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L [Bw 0 s@ o0 B3 o0

[B] = — 0 ¥(1) 0 ¥(2) 0 ¥(3)

28e | ¥(1) B(1) ¥(2) B(2) ¥(3) B(3)

where B(1i) = y(j) - y(k) and ¥(i) = x(k) - x(j), x and y being the co-
ordinates of the nodes, with i, j, and k permutating in their natural
order. A derivation of this matrix is given in Appendix A. This element
has the capability of solving plane stress or plane strain problems, using

[D] matrices with the appropriate forms.

THE BOUNDARY ELEMENT METHOD (BEM)

The BEM formulation begins with the form of the weighted residual
statement shown in Equation 4. This equation is integrated by parts once

again to obtain

J'b_u d2 = 0 _ (11)

Let P = nj o and substitute the boundary conditions

jk

; ojk =Py on Fo

uk = u on Fu

Pp =1

where T = FO + Fu. This yields
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* %* % ‘ tox
-/ U, Py ar - J U, Py ar + Pr Y ar + Pp U dar
Tu To Tu To
+ J ojk,j uk de@ + J bk u d@ = 0 (12)
Q Q
* * %
Next, the quantities Uy s Ejk’ and ojk are chosen to be the solutions
of
% i _
cjk,j + 61 = 0

i, . . . . .
where 51 is the Dirac delta function representing a unit load at an in-

terior point i in the 1 direction. Accordingly,

é OJk,J U dQ = -é 61 uy d@ = “uy 1=1, 2, 3
Equation 12 then becomes
i _ _ . % * %
= ; W Py dlr + ; Pr Uiy dar + é bk Uik daf (13)

Equation 13 enables the evaluation of the displacement at any interior

te

point once the boundary quantities are known. The solutions for p{k and

*
u

1K’ resulting from the fundamental solution, are detailed in Appendix

B. Since these are known quantities, the entire expression may be eval-
uated. The next step is to formulate a system of equations interrelating
the boundary values. To accomplish this, the Dirac delta function (or
unit load) is applied at a point i on the boundary, instead of at an in-

terior point. To take account of the singularity at point i, the point
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is enclosed in a half sphere, and a limit is taken as the volume of the

half sphere approaches zero. From this analysis which entails using the

expressions for pzk and u;k’ it can be shown [4] that Equation 13 be-
comes
i _ * *
c,uy = ; w Py ar + ; Pp Yk dT
+ J bk Uy dQ (14)
Q
for any point on the boundary. If the boundary is smooth, ¢, = 1/2.

Equation 14 is the basis for the Boundary Element Method.

The next step is to discretize the boundary into a series of su-
bregions, or elements. Interpolation functions ¢u and ¢p' representing
displacement and traction fields in terms of the nodal values of the

fields, must be chosen in the form

(w) = (8,1 (V) , {p) = [4] (P) (15)

Note that the interpolation functions can be chosen to be different for
the displacements and tractions. The only guiding consideration in this
choice is the guarantee for the existence of all the integrals in
Equation 14. Substitution of the relations from Equation 15 into

Equation 14 results in
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m %
[e] (U} + X (J (P} [s,]dl) (V)
=1 Tj
m %
= ¥ (JA{Uu} [¢ ] dl ) {P} . (16)
=1 Tj P

where [c] is a diagonal matrix with 1/2 along its diagonal for a smooth
boundary. Tj is the surface of the jth element, and m is the total number

of such boundary elements. If [H'] and [G] are defined to be

m o
[H'] = 2 (J (P} [o,]dl)
j=1 Tj
o %
[G] = L (J AU} [¢_ ] dlT)
j=1 Tj P
Equation 16 becomes
[c] {U} + [H'] {U} = [G] (P} (17)

Furthermore, the diagonal matrix [c] and [H'] can be combined to form the

[H] matrix, so Equation 17 reduces to
[H] {U} = [G] {P} (18)

which is the familiar form of the BEM equation. Since either displace-
ments or tractions must be prescribed at all points on the boundary,
Equation 18 reduces to a set of M equations with M unknowns, the unknowns
being a combination of displacements and tractions. However, unlike the

Finite Element Method, the system of equations involves a matrix that is
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neither sparse nor symmetric. After all the tractions and displacements
on the boundary have been found, displacements at interior points can be
found from Equation 12. By differentiating Equation 12 and using the
stress-displacement relations, stresses at interior points can be easily

determined [4]. See Appendix B for more- information on these equations.

COUPLING DETAILS

The technique by which BEM is coupled to FEM is by creating a
"stiffness matrix" for the boundary element which may be assembled with
the global finite element stiffness matrix. The boundary element is
treated effectively as a "super"‘finite element, with a variable number

' that this element

of nodes. The finite element program does not "know'
is a boundary element, as it is treated like any other finite element.
Starting with the boundary element equation in the form of Equation 18,

premultiply both sides by [G] 1 to get

617! m] (v = (P} (19)

Notice that this equation is in a form similar to that for element
stiffness matrix equation for the Finite Element Method, as seen in
Equation 8. The difference is that the Boundary Element Method monitors
tractions while the Finite Element Method monitors forces. It is neces-

sary to introduce a [T] matrix to relate forces to tractions by
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{F} = [T] {P}

Hence, we can write Equation 19 as

(1) (617} (H] (U} = [T} (P} = (F%)

Finally, if [Kbe] is defined as

[K™°] [T] [G] ~ [H] (20)

Equation 19 becomes

K] () = (F%)

which is identical to the form found in Equation 8. The boundary element
stiffness matrix is then assembled with the finite element stiffness ma-
trices to form the global stiffness matrix, with the nodes in the boundary
element corresponding to global nodes in the problem. This coupling
technique is transparent to FEM, while using the boundary element to
represent part of the domain allows much better accuracy in representing
the displacement and stress field across that region than would be pos-
sible with a finite element mesh using the using the displacement formu-

lation.
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While in theory the [T] matrix effectively relates tractions to forces
at the boundary, the implementation of this becomes difficult for boundary
elements whose geometric nodes coincide with the interpolation nodes.
There is a possibility that the normals can be discontinuous at certain
points along the boundary, such as at corners.  The Boundary Element
Method uses a double nodes at such points thereby permitting the spec-
ification of consistent boundary conditions. However, the resulting
"stiffness matrix" has to be condensed by imposing the conditions of

continuity of displacements at such nodes.

Another consideration which comes into play is the fact that the
stiffness matrix generated by BEM is geﬁerally a non-symmetric matrix.
However, as the number of boundary elements increases, the matrix becomes
more symmetric. It has been shown [&4] that the matrix may be symmetrized
without great error, and that this symmetrization has less and less effect
as the boundary element mesh is refined. This consideration is important
since most finite element programs store only the upper or lower trian-
gular portions of both the element and global stiffness matrices. This
fact dictates that the BEM stiffness matrix be symmetric and also be

stored the same way.
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IMPLEMENTATION

PC-BASED BEM PROGRAM SNAP/BE

Development work for the PC-based BEM program SNAP/BE centered on
two areas: adapting a mainframe-based FORTRAN source code for use on the
microcomputer and creating a preprocessor which would allow a user-
friendly interface between the user and the program. The source code ad-
aptation sounds trivial, but there are some important factors to consider
when modifving a code to function on a microcomputer. The preprocessor
is a very important link in the program; it contains the routines for data
input and graphics output options, as well as being the basic controller

of the program.

SNAP/BE FEATURES

The key in developing the overall structure of the program was the
split BASIC-FORTRAN operation. A DOS batch file controls the overall op-
eration of the program, accessing the BASIC preprocessor and then the
FORTRAN-based solution processor. A set of files which are used exclu-
sively by the program allows the BASIC preprocessor to transfer informa-
tion to the solution processor. The reason BASIC was chosen as the base
for the preprocessor is that BASIC is generally standard with all the
computers, it has decent graphics capabilities which allow a pictorial

representation of the problem, and it has superior character string han-
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dling which is essential for developing a program which is '"user-
friendly". Using FORTRAN for the solution processor was done not only
because of the availability of a FORTRAN source code, but also due to the
"number crunching" speed of the language. Also, the compiled code could

be made compatible with machines with or without 8087 math coprocessors.

The other feature that makes SNAP/BE noteworthy is its user-friendly
operation. A user-friendly program should prompt the user for all of the
necessary information, without having the user consult the manual at every
step in the program. The key to achieving this result is its menu driven
structure. The menus employed in this program are simple to use; all that
the user does is move the cursor to the line of the desired activity and
press <RETURN>. The idea behind this is similar to the use of the mouse
with Apple's Macintosh. See Figure 1 for an example of a menu used in
SNAP/BE. Another function the user-friendly program should provide is
that of error trapping, or checking to see that the user does not make
an improper entry. In the event that a mistake is made, it should not
be a fatal one, causing a loss of data which was input previously.
SNAP/BE utilizes this for all of the data input routines, making it dif-

ficult for the user to "crash" the program.

A feature which is based in FEM type programs is data generation
capability. This allows the user to enter the equivalent of many lines
of data in only one line. SNAP/BE utilizes nodal coordinate generation,

as well as generation of boundary conditioms.
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WELCOME TO THE 2-d ELASTOSTATIC BOUNDARY ELEMENT PROGRANM
Move cursor to desired line and press <RETURN>

ACTIVITY:

Enter new data

Recall data from file
Exit program

SNAP/BE Copyright 1984

Figure 1. Screen 1 - BEM Input Menu

Implementation
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One last item which is very important for any program which uses data
entry to represent some sort of model is the presence of graphics capa-
bilities to give a pictorial image of the data entered. SNAP/BE has a
routine which plots the boundary of the problem, locates the internal
calculation points, and indicates which type of boundary conditions are
‘prescribed on each element. There is also the option to zoom or compress

the picture, in order to give a better view of the model.

PROGRAM ARCHITECTURE

SNAP/BE is split into two basic sections: a BASIC preprocessor: and
a FORTRAN-based solution processor. Figure 2 shows a flowchart of the
program. Invoking the batch file, the BEM Input Menu appears on the
screen (see Figure 1). The user is given three options, either to recall
data from existing files, enter a new set of data, or to exit the program.
This menu controls where the data originates from. If the new data entry
option is selected, the program proceeds to the general data input screen
(Figure 3). This prompts the user for the general data for the problem,
including number of boundary elements, number of intermal calculation
points, number of non-intersecting surfaces, and the last element in each
of these surfaces. The internal calculation points are points inside the
domain of the problem at which displacements and stresses are calculated.
This boundary element program has the capability of supporting non-
intersecting surfaces within the model, which allows discontinuities to
be modeled within a problem. The neXt screen (Figure 4) prompts for the

shear modulus and Poisson's ratio of the material. under consideration.
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The program then prompts for the coordinates of the internal calculation
points one point per screen (see Figure 5). The nodal coordinate input
screen (Figure 6) follows, and utilizes a line input format. This type
of input differs from the regular (single Qalue) input in that the com-
puter will recognize from the number of entries in the line if nodal
generation is present, and prompts the user if an error occurred in the
line format. The increment which the program asks for is the increment
between node numbers. The last screen (Figure 7) for boundary condition
input is also of the line format type. The program requires boundary
conditions in the X and Y directions, and these conditions can be gener-

ated for a specified number of sequential elements.

The program then goes to the BEM Action Menu (Figure 8), which gives
the user the choice of plotting the model, saving the data and perfoming
the solution, saving the data without performing the solution, and exiting
the program without saving the data. If the plot option is specified,
the program stays in BASIC and accesses the plotting routine. After ex-
iting the plotting routine, the program returns to the BEM Output Menu.
If any of the other options are selected, BASIC is exited and the batch
file controls the logic of the program. Before exiting to DOS, the program
creates an execution check file which tells the batch file what execution

path to take, via the commands available for batch files.

The final step in the program, if selected, is performing the sol-
ution. This FORTRAN-based code reads the data from the program data file

which has been generated by the preprocessor, and after performing the
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PROGRAM ARCHITECTURE SNAP/BE ELASTOSTATIC PROGRAM

DOs BASIC

ELBEM.BAT (batch file)
L

BEM ACTION MENU

Data Recall New Data
Input

BEM QUTPUT MENU

N

!
:
|
|
:
:
. :
|
|
|
}
I
|

|

|

5

Write Plot |

Files Model |

|

/’/ |
Perform Solution? Quit 1

|

l
Yos No [
!
|

CEBEM.EXE
(Solution Processor)

Program Stop

Figure 2. SNAP/BE Program Architecture
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GENERAL INPUT

Enter a title for this problem (<72 charactaers)
sampie beam prob. 2 - 20 elenments

Enter number of boundary elements 20
Enter number of internal calculation points S
Enter number of different surfaces - non-intersecting boundaries 1

Enter last node in surface number 1 20

Figure 3. Screen 2 - General Data Input Screen

L e e e — .
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Figure 4.

MATERIAL PROPERTY INPUT

Enter the shear modulus for the material lleé

Enter Poisson’s ratio for the material .3

Screen 3 - Material Property Input
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INTERNAL CALCULATION POINT DATA

Entar x coordinate of internal calculation point number S .S

Enter y coordinate of internal calculation point number S .S

Figure 5. Screen 4 - Internal Point Coordinate Input
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COORDINATE INPUT OF FIRST ENDPOINT OF EACH ELEMENT

1 0,0,1,0,6

7 1..2,1,1,11
i2 .8,1.0,1,16
17 0,.8,0,.2,20

ement # - X , Y (, X2 , Y2 ., 2nd element &)

- —— ——— e ————— e ———— )

Figure 6. Screen 5 - Nodal Coordinate Input
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BOUNDARY CONDITION INPUT

I
|
I
I
|
I
|
I
|
|
I
I
I
|

CODE X or CODE Y enter & D for prescribed displacement or a T for traction

or
or VAL X or VAL Y enter the corresponding value of displacement or traction
1 £,0,t.0,53

& t,1000,t,0,.5

11 ¢,0,t.0,5

16 d,0,t,0.2

18 d,0,d,0

19 d,0,t,0,2

Element # - CODE X ., VAL X , CODE Y , VAL Y (, ¥ elements)

I
|
|
I
I
I
I
I
I
I
|
|
|
£
|
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|
I
I
I
I
I
I
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Figure 7. Screen 6 - Boundary Condition Input
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B.E.

Plot
Save
Save
Exit

Move

. ACTION MENU

boundary element mesh
data - continue execution
data - halt execution
program - no data saved

cursor to desired line and press <RETURN>

Figure 8. Screen 7 - BEM Action Menu
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solution, writes the results in the program results file. The results
include the complete set of displacements and tractions at all of the

boundary nodes, and the displacements and stresses at the internal points.

A few notes on the modification of the source code should be made.
"The FORTRAN compiler used for this work was Microsoft's FORTRAN version
3.1. This compiler included the ability to access the 8087 math
coprocessor chip, if installed. This was a priority since its installation
can increase the speed of a program, like this one, with mostly math
computations, by a factor of more than ten [12]. The way that MS-FORTRAN
and most other languages for the PC access files is through OPEN state-
ments. These must be included within the source and they take the place
of FILEDEF statements issued to the mainframe through an EXEC file.
Probably the most important consideration is that when manipulating large
arrays in MS-FORTRAN, they should be placed in named COMMON blocks. This
has a limitation, however, as MS-FORTRAN 3.1 1limits the size of the
largest COMMON block to 64K bytes. While this implies significant infor-
mation, it translates into a square matrix of 128 X 128, limiting the
number of elements for an elasticity program to 64&. Version 3.2 of
MS-FORTRAN allows longer arravs, but they must be single dimensioned.
Also, using memory 64K at a time rapidly consumes the limited memory
available, but unless the machine has more than 256K RAM available, any
benefits gained by modifying the program to gain more capacity would be

limited.
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FEM-BEM COUPLED PROGRAM

The initial work dealing with the coupling of FEM and BEM combined
the BEM program described above, with constant values of displacement and
tractions for each element, and a PC-based finite element code developed
by the author and Kamat [8]-[9], utilizing eight node isoparametric ele-
ments with parabolic variations in displacements along the boundaries.
The boundary element code was added to the finite element code, with the
boundary element model being regarded as a super finite element whose
"stiffness matrix'" is given by Equation 20. However, problems arose in
this formulation, not only with the ‘code, but with modeling. The diffi-
culty in modeling comes from the fact that the interpolation nodes of
the boundary element are not the same as the geometric nodes. It was
therefore difficult to connect nodes along the interface of the two mod-
els. The scheme which was attempted used dummy nodes for the boundary
element, such that the interpolation nodes along the interface for the
two models coincided. However, this method caused difficulties at the
corners of the BEM model, where the model's boundary had to be distorted
slightly to incorporate the geometry of the corner. These problems were
disconcerting, and would require extraneous information from the user
concerning the BEM discretization. Hence, it was decided to convert the
program to one using constant strain triangular elements for the finite

element model, and linear elements for the boundary element model.

Using both finite elements and boundary elements with linear vari-

ations of displacements seemed to be a logical decision because it would
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eliminate any questions about displacement incompatibility between the
elements, which is important for thé displacement-based finite element
formulation used here. A code for linear boundary elements was obtained,
and adapted into the general structure of the PC-based program. A routine
was written for the constant strain triangular element (CST); the
stiffness matrix for which can be formed explicitly without the need for
any numerical integration required of higher order elements. See Appendix

A for the derivation of the stiffness matrix for the CST element.

Another change in the second phase of the development was the use
of the mainframe for the initial validation of the program code. One
drawback of the PC is that compilation of long programs such as this one
is very time consuming. For example, compilation of the initial code alone
took anywhere from fifteen to twenty minutes, not to mention the time for
the linking step. Hence, it was more expedient to develop the code ini-
tially on the mainframe, while following all the rules necessary to allow
the code to be compiled on the PC with minimal modification. The pre-
processor of a prototype version of SNAP/FE was modified to allow for the
input of the boundary element, including graphic display of the final
model. This was not as refined as the preprocessor for SNAP/BE, but still
aided in the data entry of the problem while containing some of the
user-friendly features. The input data files for the program were designed

to be uploaded to the mainframe, and used with the program.

The development of the coupled program with linear elements proceeded

in much the same manner as in the initial development work, in that the
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BEM code was used to generate a stiffness matrix which would then be as-
sembled with that of the finite element model. The theory for this is
outlined in the Problem Formulation section. One question whicﬁ arises
in using linear boundary elements is an understanding of how to form the
[{T] matrix. On the basis of work equivalence, the assumption of linear
"displacement variation implies that the elements of the [T] matrix should
be one half the lengths of the elements adjacent to each respective node.
However, this creates a problem (alluded to in the Problem Formulation
section) concerning a proper specification of boundary conditions at
nodes where a unique normal is not defined such as at corner nodes. The
Boundary Element Method uses double nodes at corners and at other places
where the surface normals of adjacent elements do not lie in the same
direction. Initially, only the "smearing" of elements was considered, but
after some curious results the double node idea was examined. An over-
riding concern of this development work was to keep the data input as
simple as possible, so it was desirable that the user should not be the
one to decide on the locations of double nodes. This meant that some sort
of logic would have to be worked into the program to account for the
double nodes. The first case tried was to put double nodes at all the
global boundary element nodes, even for straight boundaries. This appar-
ently caused singularities at the nodes with straight sides. A more so-
phisticated scheme was then implemented, whereby if the normals of
adjacent eleﬁents varied by more than fifteen degrees, then an extra node
would be placed at the common node between the two elements. This would
cause the size of the BEM matrices to increase depending on the shape of

the boundary, but these nodes would have to be constrained to have the
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same displacements. This task turned out to be easier than expected, as
they were identified by the same degree of freedom when assembled. A
comparison of the 'smearing'" method and the double node method is made

in the next sectiom.
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DISCUSSION OF RESULTS

RESULTS - BEM PROGRAM FOR PC

The first step in analyzing the PC-based SNAP/BE boundary element
program was to check to see if it performed properly. Two verification
problems were chosen, one a pressure vessel problem documented in the book
by Brebbia, the other a simple plate under tension problem, the numerical

results for which can be compared to theoretical values.

The pressure vessel discretization is shown in Figure 9. The results
obtained from the solution by SNAP/BE compare favorably with those re-
ported in the book, especially considering the fact that SNAP/BE performs
all of its calculations in single precision arithmetic. Table 1 shows
values of displacements, stresses, and tractions generated by the program

compared to the documented values.

The second verification problem, a plate under tension, was
discretized in two different ways to see the effect on the solution by
the different models. The first problem was modeled with one quarter
symmetry using sixteen boundary elements, as shown in Figure 10. The
second discretization employed a full model of a plate, as shown in
Figure 11. This model had twenty boundary elements. Table 2 shows the
values for displacements, stresses, and tractions for both elements at

selected points, and compares them to the theoretical values. As can be
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Table 1. Comparison of Pressure Vessel Results

INTERNAL POINT 5

[ T { 1
| QUANTITY | REFERENCE VALUE | SNAP/BE RESULTS

L L | |
i 1 T |
| Y DISPLACEMENT AT | -1.15972E-02 | -1.15972E-02

| CENTROID OF ELEMENT | |

| 3 l | |
| ; : |
| Y TRACTION ON | -9.65900E+01 | -9.65900E+01

| ELEMENT 1 | l |
1 | | !
t i ! !
| X DISPLACEMENT AT | -1.640153E-03 | -1.640153E-03

| CENTROID OF ELEMENT | | ;
| 6 l | |
i ! 1 |
[ R | ]
| X  TRACTION ON | -8.66000E+01 | -8.66000E+01

| ELEMENT & | | 1
— | + |
| Y DISPLACEMENT OF | 8.519233E-04 | 8.5193E-04

| INTERNAL POINT 2 | | i
i i i |
| XY STRESS AT | -5.717716E+01 | -5.7178E+01

i INTERNAL POINT 2 | l l
| 1 ! |
| | i 1
| X DISPLACEMENT OF | 8.030049E-04 | 8.0300E-04

| INTERNAL POINT 5 | I ,
| | . |
i i i 1
| X STRESS AT | -2.529407E+01 | -2.5295E+01

| ! |
| i !
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Table 2 (Part 1 of 2). Comparison of Results for Plate Under Temnsion

INTERIOR POINT X=.9
Y=.9

1 ] T 1
| QUANTITY | THEORETICAL VALUE | SNAP/BE RESULTS |
| | | PROBLEM 1 |
| | | I
| | i |
| X DISPLACEMENT AT | 1.0000E-04 | 0.947045E-04

| CENTROID OF ELEMENT | I |
|7 I I |
| I I I
| X DISPLACEMENT AT | 0.62500E-04 | 0.588679E-04

| CENTROID OF ELEMENT | | !
| 3 | | i
I | ; |
| X  TRACTION AT | 1.0000E+03 | 1.0000E+03

| ELEMENT 7 | | |
| [ L |
I 1 I 1
I X  TRACTION AT | -1.00000E+03 | -0.99016E+03

| ELEMENT 14 i |

i 1 { {
I i T |
| X DISPLACEMENT AT | 0.90000E-0&4 | 0.84221E-04

| INTERIOR POINT X=.9 | | |
| Y=.9 | I |
| - i I i
| X STRESS AT | 1.0000E+03 { 0.83361E+03

| | | |
I | ! I
| ! ! )

QUANTITY THEORETICAL VALUE SNAP/BE RESULTS

PROBLEM 2

[ ENER——

X DISPLACEMENT AT 0.50000E-04 0.471147E-04
3
X DISPLACEMENT AT 1.00000E-04

CENTROID OF ELEMENT
8

e e — e

|
I
I
|
{
|
| CENTROID OF ELEMENT
I
|
1
I
|
!
L

o
\Xe)
£~
w
(O3}
5~
—
t
]
o
&~
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Table 2 (Part 2 of 2).

Comparison of Results for Plate Under Ten-
sion

INTERIOR POINT X=.9
¥=.9

X STRESS AT
INTERIOR POINT X=.9
Y=.9

e ——— e —

| { 1

QUANTITY | THEORETICAL VALUE | SNAP/BE RESULTS |

| | PROBLEM 2 |

| | |

i % !

X TRACTION ON | 1.0000E+03 | 1.0000E+03 |

ELEMENT 8 | | |

] | |

1 1 1

X  TRACTION ON | -1.0000E+03 | -0.996164E+03

ELEMENT 18 | |

| | |

i I 1

X DISPLACEMENT AT | 0.90000E-04 | 0.84390E-04

| | |

| | |

! | {

t I 1

I I I

| ! |

| t 1

| ! J

1.00000E+03 0.92497E+03
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seen, the solutions generated by SNAP/BE compare favorably with the exact
values, especially when considering the coarseness of the meshes used.
The stresses for the full model seemed to be more accurate éhan the
quarter symmetry model, possibly due to the more accurate représentation.

of the model.

After the initial verification problems were modeled, two larger
problems were modeled in order to show the versatility of the program.
The problems chosen were a classical plate with a central hole, and a gear
tooth problem.. The plate with a hole is easily verified with classical
solutions and is generally & well understood problem; the gear tooth is
a problem where the use of boundary elements can be more advantageous than
the use of finite elements, due to the large stress gradients near the

root of the tooth.

There were three discretizations of the plate with a hole considered,
in order to examine the effect of boundary conditions on the solution.
The models are shown in Figure 12, Figure 13, and Figure 14. A finite
element discretization of the same problem with quarter symmetry is shown
in Figure 15 and Figure 16. It was found that the solution for the BEM
discretization with one quarter symmetry did not give results for the
stresses near the hole as good as the full model or the model with one
half symmetry. This is probably due to the fact that the largest stress
concentrations for the quarter symmetry problem were near the corner, and
constant boundary elements are known not to be able to handle sharp cor-

ners well. Table 3 gives a summary of selected displacements, tractions,
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Table 3. Comparison of Results for Plate With Hole Discretizations

POINT NEAR HOLE
X=0.1 Y=1.1
| X1000

N { 1 1 § |
| QUANTITY | QUARTER | HALF | FULL MODEL [
| | SYMMETRY | SYMMETRY | |
I l | | |
| + } % %
| X DISPLACEMENT | 0.178875 | 0.178162 | 0.179701 ]
| OF TOP RIGHT | f | 1
| CORNER X.001 | | | |
} 1 % % {
| X DISPLACEMENT | 0.101953 | 0.110994 | 0.118458

| AT INSIDE OF | | |

| HOLE ON X AXIS | | | |
| X.001 | [ | |
5 % % i |
| X STRESS AT A | 3.0077 | 2.6055 | 2.9539

| | I l i
| | | | |
| | | | |
H ! { i |
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and stresses for each of the three models.

The gear tooth problem was modeled to show the capabilitieé of the
Boundary Element Method. Figure 17 shows a typical gear tooth
discretization with 53 boundary elements, while Figure 18 shows a compa-
‘rable finite element discretization of the same model, using 221 nodes
and 384 CST finite elements to describe the problem. While the computa-
tion time required for the two models was similar, the BEM problem re-
quired much less input data than the finite element model, which resulted
in less overall time being spent solving the problem. The Boundary Ele-
ment Method also has the advantage of being able to ‘choose the points
inside the domain of the problem at which stresses are calculated without
the use of any numerical integration with quadratures, whereas the FEM
does not give the user any such freedom of choice, and would require nu-
merical integration by quadratures for models with higher order elements.
Furthermore, the stress and displacement fields calculated for the
boundary element model are continuous throughout the domain, while the

stress fields are only piecewise continuous for the finite element model.

RESULTS - COUPLED FEM-BEM PROGRAM

The first step in analyzing the coupled FEM-BEM program was deter-
mining whether the boundary element stiffness matrix was being formed
correctly, and if the calculation of stresses and displacements at
internal points was being performed correctly. This step was verified

by again solving simple plate under tension problem, this time with a
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Figure 18. Gear Tooth Model - FEM Discretization
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domain which was comprised entirely of a boundary element formed from the
coupling technique. This would help give a feel for how the coupled el-
ement might perform. After the element was checked out, the "super" el-
ement could be éoupled with the CST finite elements to solve the plate

with a hole problem, as examined previously using the pure BEM program.

The verification of the cbupled boundary element for the problem of
a plate under tension was examined using four different discretizations
of the problem illustrated in Figure 19. The first model utilized eight
identical boundary elements, two on each side. The second and third
discretizations both had sixteen nodes, with four elements on each side,
but they differed in that the second model had elements of equal length
while the third model had elements of unequal length, with the smaller
elements being at the corners and the larger elements being at the centers
of the sides. The fourth discretization of the problem had 32 nodes, with
eight equal length elements on each side. The discretizations for the

problem are shown in Figure 20 and Figure 21.

The results of these four "plate under tension" problems were quite
interesting and are tabulated in Table 4. The coarse model, with two
nodes per side, gave answers which’were not quite those rendered by a pure
BEM discretization of the same problem. The coupled model gave dis-
placements which were too low at the center of the right edge, and
stresses on the corners of the boundary which were nowhere close to the
expected values. It was surmised that this condition may have been caused

by the error introduced as a result of the artificial symmetrization of
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First and Second Discretizations of Plate Under Tension

Figure 20.
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Comparison of Results

Table 4 (Part 1 of 2).
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Table 4 (Part 2 of 2).

Comparison of Results

f | 1 T i 1
| QUANTITY | PROBLEM 1 | PROBLEM 2 | PROBLEM 3 | PROBLEM . & |
| | 8 ELEMENTS | 16 | 16 | 32 ELEMENTS |
| | | ELEMENTS | ELEMENTS | |
| | | { | |
| [ ] [ 1 1
| STRESS AT | 0.9177 | 0.9740 | 1.058 | 0.9930 |
53 s | | | | |
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the stiffness matrix and/or the coarseness of the mesh. It should be
noted that the error of the displacement at the center of the right edge
was only of the order of six percent, but the disturbing fact was that a
similar model solved with BEM yields very nearly the exact solutioq. The
second model, with a total of sixteen boundary elements, did much to im-
prove the solution. The maximum error in the displacement was less than
two percent, and the stresses showed some improvement, but they still were
much too low near the corners. It appeared that this coupled element
showed some of the same peculiarities at the corners as the constant el-
ements did in the pure BEM program. In an effort to improve the stress
calculation, the sixteen element model was revised, with the elements at
the corners being made smaller. While this would seemingly improve the
results over the other sixteen element model, it actually made them worse,
especially the stresses. The displacements at the right edge varied by
ten percent, and the stresses seemed to oscillate throughout the domain
and on the edges, with the stresses being too large at the corners and
too low at the center of the edges, with all variations in between. This
effect could be caused by difficulties in modeling corners, and indicates
that the model may be sensitive to the relative size of its elements as
well as fineness of the discretization. The final model analyzed con-
tained 32 elements, with eight equal length elements per side. The re-
sults of this model were quite good, with the displacements being very
close to the exact value, and the stresses being very accurate also. Even
the very corner nodes showed sizable improvements in the stresses, al-
though they were still about 25 percent low. However, stresses calculated

inside the domain near the corner were very close to the exact values.
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The next stage in the testing of the coupled code involved solving
truly coupled problems, namely the problem of a plate with a hole. There
were two discretizations involved in this analysis, one with a 17 element
boundary element model coupled with a 9 CST finite element model, and
another with a 16 element boundary element model coupled with a 36 CST
finite element model. These models, shown in Figure 22, both utilize one
quarter symmetry. The first model, a rather coarse finite element model
coupled with a boundary element model with large variations in the sizes
of elements, gave reasonable displacement results, but was unsatisfactory
as far as the stress results were concerned. It is believed that these
stress deviations could be traced to the coarseness of the mesh, and
possibly to the large variation in element length, an effect seen previ-
ously in the third problem for the plate under tension. The refinement
of this mesh attempted to even the element length for all the boundary
elements, and refine the finite element mesh. The results for this model,
by comparison with those of the previous model, as shown in Table 5, were
just as good for the displacement, but much superior for the stresses.
These results also compare favorably with those obtained using an all
finite element model, also shown in Table 5. The finite element model
used for comparison had 154 nodes and 260 elements yielding a total of
286 degrees of freedom, while the coupled model had only 68 total degrees
of freedom. This reduction in the number of degrees of freedom corre-
sponded to a much lower solution time for the coupled model, with the
coupled problem requiring 0.02 seconds of mainframe (IBM 3081) CPU time

and the pure finite element solution requiring 0.2 seconds of CPU time.
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Table 5.

Comparison of Results for Plate With Hole

[ T i i 1
| QUANTITY | COUPLED MODEL | COUPLED MODEL | PURE FEM |
| | 1 RESULTS | 2 RESULTS | SOLUTION |
| | | | |
} } I i |
| X DISPLACEMENT | 0.259362 | 0.264971 | 0.266245

| AT X=20 , Y=10 | | | }
| X.001 | | | |
'r % % f I
| X DISPLACEMENT | 0.285755 | 0.288247 | 0.286829

| AT X=20 , Y=0 | | |

| X.001 | | | |
| | | t |
| X DISPLACEMENT | 0.199264 | 0.198853 | 0.192883

| AT X=5 , Y=0 | | l

| X.001 | i | |
| ; % f |
1 X STRESS AT | 1.06953 | 1.00749 | 1.03611

| UPPER RIGHT | | |

| CORNER X1000 | | |

L ' 1 ! |
{ i 1 I 1
1 STRESS | 3.253 | 3.133 | 3.25268

| CONCENTRATION | | |

| AT HOLE i | | |
l { ] L |
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The coupled model also required much less storage space for the stiffness
matrix, with the total number of array cells used being 846 for the cou-
pled problem, and 6531 for the finite element model. This fact ig a very
important consideration when developing a program for use on a microcom-

puter.

Another phase of the coupled program which was examined was the use
of double nodes at discontinuous boundary sections. It was found that
using double nodes in the assembly of the boundary element stiffness ma-
trix did not significantly affect the solution for displacements for any
of the problems considered; however, it did modify the stresses somewhat,
although not necessarily for the better. The disadvantage of using
double nodes is that it did increase the CPU time for assembly by a large

margin.
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RECOMMENDATIONS FOR FUTURE RESEARCH

The use of the coupled FEM-BEM program could be quite advantageous
for modeling complex engineering problems, such as the wing with a hole
shown in Figure 23. The use of higher order boundary elements (quadratic
in displacements and linear in stresses) to give a good representation
of large stress and displacement gradients close to the hole, coupled with
a coarse finite element mesh away from the hole, would improve not only
the solution time for the problem but also the displacement and stress
predictions. Hence, it is recommended that: (1) a higher order boundary
element code be developed and coupled with a compatible finite element
code; (2) implement of double precision arithmetic on the PC if necessary
or tractable; and (3), examine the possibility of using other linkage

algorithms such as those proposed by Dunbar [5] and Kamat and the author

[6].
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Complex Engineering Problem - Wing With Hole

Figure 23.
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CONCLUSION

The steps for the devélopment of a coupled Finite Element Method -
Boundary Elément Method program for a personal computer have been shown.
These steps included adapting a boundary.element program for use on a PC,
including implementation of the user-friendly features necessary for a
PC-based program, the steps taken in coupling the.Boundary Element Method
to the Finite Element Method, and actual implementation of such a program
complete with example problems for verification and analysis of the code.
The work completed here has resulted in a very powerful computational tool
for the PC, namely the full feature BEM program SNAP/BE, and a coupled
FEM-BEM code capable of solving complex problems. The future of coupled
FEM-BEM work appears promising, although more research is definitely
warranted especially in the area of developing new linkage algorithms.
This type of program is ideal for use on a microcomputer, since the pri-
mary difficulty in developing PC-based programs is the lack of memory.
This coupling allows problems with complex geometries to be solved with
reasonable accuracy and a minimum of memory and solution time require-

ments.
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APPENDIX A. DERIVATION OF [B] MATRIX FOR CST FINITE ELEMENT

The first step is to represent the displacements over the domain of
the element. A three term polynomial is used because the element has

"three nodes. The displacement fields for the element can be written as

I
0
+
2]
"
+
0

u(x,y)

v(x,y)

1
[o N
+
[o9
(3]
b
+
[o N
(93]
“
~
1o
}—
~—

We can write displacements u(x,y) at the element nodes as

= = + +
Uy = uxg,yy) “1 €2 %1 €3 Y1
u, = u(xz,yz) = < + ¢, x, + ¢y ¥,
= > - = -+ va
ug = ulxg,v,) 1 €y X5+t c3 V3

where (xi,yi), i=1,2,3 are the nodal coordinates with respect to a fixed
system of global axes. Solving these equations for e in terms of uss

X, and y gives

= Loy (yp =y ) vy (¥ =y ) v ug Uy =y ) 1/ 24,

s
s -
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ey = [uy (X57x,) + v, (x,-x5) + ug (x,-x;) ]/ 24,

]

where the area of the element Ae is

28, = (xyy5 = x3¥,) + (x5yy = x¥5) + (Xy¥, - x,¥,)

Substituting the expressions for c; into Equation 21 gives

5

e
- = - ' + = 22
u(x,y) ulYl(x,y) + quz(A,y) uSYS(x,y) iilui Yi (22)
where the interpolation functions Y: are defined as
e
= + +
Yi ( @ Bi X Ki y )/ 2Ae
with
a, = xjyk - xkyj . Ei = yj T Ve o and Xi =% - xj

A similar procedure can be followed to get the expression for the dis-

placement field v(x,y), which results in

3
— r M — e
vix,y) = \1Y1(x,y) + v, Y, (x,y) + vt (x,y) iilvi Y, (23)

with the Yis being the same as those defined previously. Now, introduce

the strain-displacement equations
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du dv dv du
E = =~ , € _= == , g = ==+ -- (24)
dx y dy Y dx dy

Substitution of the expressions for u and v from Equation 22 and

Equation 23 into Equation 24 gives

I ( ulﬁl + u252 + u363 ) / 2Ae
Ey = ( lel + V2X2 + V3X3 ) / ZAe
sxy = (ula’1 + vlﬁl + u2X2 + v262 + u3X3 + v363) / 2Ae

These equations can be written in the familiar form

{e} = [B] {U}

with

and

(Bl =(1/24 )} 0 ¥ 0 72 0 3

¥1 p1 ¥2 B2 ¥3 B3
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This [B] matrix can then be substituted into Equation 9 from the Problem

Formulation Section to obtain the element stiffness matrix.
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APPENDIX B. BEM EQUATIONS FOR DISPLACEMENTS AND STRESSES

The expressions for the fundamental displacement and traction tensors

uij and p;j for two dimensional plane strain problems are

- -1
u,, = -=--e---- { (3 -~4v) In(r) 6., - r,. r,. }
13 8m(1-v)G 1 o
and
% -1 or
pP.., = =====--=- {[ (1-2v) 6,, + r,. r,. ] --
+J 4m(l-v)r +J . J an
= (1-2\)) (r.vi nj = r)j nl) }

where r is the distance from the point of application of the load to the
point under consideration and ni, i=1,2,3 are the direction cosines of
the outward unit normal to the surface of the body. Substitution of the
above equations into Equation 13 yvields the values of displacements at
any interior point or any boundary point. Integration of Equation 13 is
performed by Gaussian quadrature. Corresponding equations for the plane

stress case are obtained by replacing Poisson's ratio v by v/1+v

The equation for evaluating stresses at internal points can be ob-
tained by using the stress-displacement relations which involve differ-
entiating the displacements at internal points, as given by Equation 13,

with respect to the coordinates of the internal points. These expressions
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are very lengthy and hence omitted from this appendix. The reader is

referred to reference [4] for details of these expressions.
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