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PREFACE

Poly3D is a C language computer program that cal culates the displacements, strains
and stresses induced in an elastic whole- or half-space by planar, polygonal-shaped
elements of displacement discontinuity. Didocations of varying shapes may be combined
to yield complex three-dimensional surfaces well-suited for modeling fractures, faults, and
cavitiesin the earth's crust. The algebraic expressions for the elastic fields around a
polygona element are derived by superposing the solution for an angular dislocation in an
elastic half-space.

The purposes of this research are (1) to verify the workability and accuracy of the
polygonal boundary element method and (2) to provide a user-friendly program that other
researchers can apply to problems in crustal deformation. In its present state, Poly3D
produces correct and accurate results for some problems but not for others. We believe
that the remaining difficulties result from programming error(s) rather than a fundamental
(or numerical) limitation of the method. The Rock Fracture Project at Stanford University
will continue to develop, maintain and test the code.

Because Poly3D is ultimately intended for distribution to other researchers, thisthesis
is presented in the form of a user's manua with example problems. The accuracy of the
output produced by Poly3D is verified by checking it against analytical solutions or other
numerical solutions. Appendix A details the algebraic implementation of the polygona

element method.
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1. DISTRIBUTION NOTES

1.1 Distribution

Poly3D is a C language computer program written by Andrew L. Thomas as part of an
M.S. thesisin the Department of Geology at Stanford University. The program will be
updated and maintained by the Rock Fracture Project at Stanford University. Copies of

this manual and the source code for Poly3D can be obtained from:

Rock Fracture Project, ATTN: Poly3D
Dept. of Environmental & Geological Sciences
Stanford University
Stanford, CA 94305 USA

A minimal fee will be changed to cover postage, photocopying, and other costs.
Correspondence by electronic mail should be sent to Prof. David D. Pollard at the

following Internet address:

dpollard@pangea.stanford.edu

1.2 Redistribution

Because Poly3D is available at negligible cost, please do not redistribute the source
code. Requests for additional copies should be directed to the Rock Fracture Project.
Thiswill minimize your risk of inheriting a copy with undocumented changes and will

enable us to maintain amailing list to notify users of updates and bug fixes.

1.3 Literature Citation
If you use Poly3D to produce results for areport or publication, please cite this thesis
asfollows:

Thomas, A.L., 1993, Poly3D: A Three-Dimensional, Polygonal Element,
Displacement Discontinuity Boundary Element Computer Program
with Applicationsto Fractures, Faults, and Cavitiesin the Earth's
Crust: M.S. Thesis, Stanford University, Stanford, CA, **p.



Also, please send one reprint of each report or publication to Prof. David D. Pollard at the

address givenin §1.1.



2. LEGAL MATTERS

2.1 Numerical Recipes

Poly3D uses severa functions adapted from the book Numerical Recipesin C: The
Art of Scientific Computing (Press et a., 1992). They appear in the source filesnr . c,
nr.h,nrutil.c,andnrutil.h. While permission has been granted for their usein
Poly3D, you are not authorized to copy the functions for use in any other program.
Numerical Recipes has been published in severa editions covering the most commonly
used programming languages. We have found it to be an excellent reference for anyone

engaged in scientific computing.

2.2 Stanford University Disclaimer

Stanford makes no representations or warranties, express or implied. By way of
example, but not limitation, Stanford makes no representations or warranties of
merchantability or fitness for any particular purpose, or that the use of the license software
components or documentation will not infringe any patents, copyrights, trademarks, or
other rights. Stanford shall not be held liable for any liability nor for any direct, indirect,
or consequential damages with respect to any claim by licensee or any third party on

account of or arising from use of this program.



3. BETA VERSION 0.0 RELEASE NOTES

3.1 New Features
The documentation for future versions of Poly3D will provide information in this
space on new features added since the first release. If you have any suggestions for

changes, please direct them to the Rock Fracture Project at the address listed in 81.1.

3.2 Bug Fixes

The challenges of implementing a three-dimensional, polygona boundary element code
are many. The present version of Poly3D contains a number of known, unsolved bugs.
Additional errorswill doubtless be discovered as other researchers adapt the program to
their own purposes. The Rock Fracture Project will attempt to fix all program errors that
cometo its attention. The source code listed in Appendix A therefore represents a
snapshot of a still-evolving program. For the latest version of Poly3D, contact the Rock

Fracture Project at the address listed in §1.1.

Known Bugs in Poly3D

* Poly3D cannot calculate the displacement, strain, or stress at any point directly
below an element vertex (8A6). For observation points directly below a vertex,
these elastic field quantities are assigned a null value given by the Poly3D
constant nul | _val ue (811.1). Because tractions and displacements are
evaluated at element centers, no element can lie with its center directly below a
vertex.

* We have not yet been able to successfully solve problems in which the
polygonal elements are assembled to form a closed surface. Problems which
combine elements of different shapes and sizes are often unstable. We believe
that these difficulties result from programming error(s) rather than a fundamental
(or numerical) limitation of the method.

Box 1




4. NOTATION

4.1 Tensor and Vector Notation

In this manual, vector quantities are indicated by a character with a single underscore
(e.g. ¥ ). Unit vectors are indicated by a character topped by the carrot symbol (e.g. V).
A letter followed by asingle subscript, for example vj, denotes the ith component of the
vector V ), wherei isunderstood to range from one to three.

Tensor quantities are indicated by a double underscore (e.g. s). Inthismanual, we

follow the standard on-in notation for tensor subscripts. For example, the stress

T

component on a surface with outward normal parallel to X; acting in the direction X J

givenby s;j (811.1.5). Subscriptsi and j are understood to range from one to three. See

Fung (Fung, 1969) for areview of vector and tensor notation.

4.2 Summation Convention
Equations in this manual employ the summation convention for repeated indices within
aterm, where indices are understood to range from one to three. For example, the

equation t; = n;S;; expandsto t; =n;S;; +n,S,; +n Sy .

ji



5. INTRODUCTION

5.1 What is Poly3D?

Poly3D is a C language computer program that cal cul ates the displacements, strains
and stresses induced in an elastic whole- or half-space by planar, polygonal-shaped
elements of displacement discontinuity (Fig. 1). Polygona elements may have any number
of sides, with aminimum of three. The algebraic expressions for the elastic fields around a
polygona element are derived by superposing the solution for an angular dislocation in an
elastic haf-space (Y offe, 1960; Comninou and Dunders, 1975) in the manner described by
Brown (1975) and Jeyakumaran et a. (1992). Appendix A presents a more complete
discussion regarding the implementation of polygonal dislocations.

Geologically, apolygona element may represent some portion, or al, of afracture or
fault surface across which the discontinuity in displacement is assumed constant. Severa
(or many) elements may be used to model afracture or fault with a non-uniform opening
and/or dip distribution. Elements also may be joined together to form a closed surface.
Depending on the problem being considered, the enclosed volume may represent either a
finite elastic body or avoid in an otherwise infinite or semi-infinite elastic body.

The polygona elementsin Poly3D are well-suited for modeling complex surfaces with
curving boundaries. Fault surfaces which change in both strike and dip can be meshed
without creating gaps (Fig. 2a). Polygonal elements easily replicate the irregular periphery
of ahydraulic fracture (Fig. 2b). A spherica void can be modeled by assembling
hexagonal and pentagonal elementsin the manner of a soccer ball (Fig. 2c). These kinds
of problems would be difficult or impossible to attempt using rectangular elements alone.
For this reason, Poly3D represents a significant improvement over existing rectangular

element codes such as Dis3D (Erickson, 1986)



5.2 Displacements and Tractions Across an Element

The displacement field induced by a polygona element is continuous except along the
element itself. Thus, no element can produce a displacement discontinuity across another.
On the other hand, the traction on an element surface is determined by resolving any
remote stress plus the total stress field induced by all elements onto the element plane (see
Appendix A). Another consequence of the mathematics of dislocations is that while the
displacement field is discontinuous when passing through the element from one side to the
other, certain components of the stress tensor are continuous. However, the assumption
of auniform displacement discontinuity causes a non-uniform distribution of tractions
across the element surface. For example, the displacement discontinuity does not taper to
zero at the edge of an element, so strains and stresses there are unbounded (Fig 1). For
these reasons, Poly3D provides separate routines for calculating elastic fields in the body

and for calculating displacement discontinuities and tractions on an el ement.

5.3 Boundary Conditions
The exact boundary conditions on a polygonal element, a, are given by the

components of the uniform displacement discontinuity as measured by the Burgers vector
a a a
(b1,b,, b3) (87.2). Approximate boundary conditions may be given by the components of
a a a
traction (t4,t,,t3) acting at the center of the element surface. Mixed boundary conditions

a a a
(e.g. by,b,,t3) aredso alowed. Because the tractions acting on an element surface to

produce a uniform displacement discontinuity are non-uniform, particularly near its edges,
stress components are evaluated at the element center (centroid) and used to define the
approximate traction boundary condition. Experience with dislocation modeling in two-
and three-dimensions (Crouch and Starfield, 1983; Jeyakumaran et al., 1992) has
demonstrated that the errors introduced by evaluating tractions in this manner typically are
small, especially when many elements are used to model a fracture, fault, or void.

In order to calculate displacements, strains, and stresses in the elastic body, we must

know the complete Burgers vector, b, for each polygonal element (see Appendix A).



When only displacement discontinuity boundary conditions are given for each element, we

can calculate the these elastic fields directly by superposition. However, whenever a

a
traction boundary condition t; is specified, we must first determine the corresponding
a
(unknown) Burgers vector component, b; . Each traction boundary condition leads to one
a
equation -- giving the traction, t; , at the center of element a induced by the remote stress

a
plus the displacement discontinuities (b1,bz,bz) on all elements -- and one unknown, b; .

If the total number of traction boundary conditions specified on al polygonal elementsis
Q, we must solve a system of Q linear equations for the Q unknown Burgers vector
components. Displacement, strains, and stresses at any point in the elastic body are then

calculated by superposition.



6. COMPILING POLY3D

6.1 ANSI Compatibility

The source code for Poly3D conformsto the ANSI standard for the C programming
language (1989). The most important change between ANSI C and the older "K&R"
definition of the language is a new syntax for declaring and defining functions (Kernighan
and Ritchie, 1988). In order to maintain compatibility with older K&R compilers, the
source code for Poly3D contains redundant function declarations and definitions that

support either syntax.

Compiling for ANSI Compatibility

The ANSI syntax for declaring and defining functions is used when one of the
symbolic names, ___STDC __ or ANSI , is defined at compile time. The K&R
syntax is used otherwise. The documentation for your ANSI C compiler should
contain information regarding how and when these symbolic names can be
defined.

Box 2

6.2 Source Files and Makefiles

The source code for Poly3D is divided among several files which must be compiled
and linked to create the executable program. On a UNIX system, you might compile
Poly3D by typing

cc <sourcefiles> -0 poly3d -Im
where cc isthe name of your C compiler, <sour cef i | es> is a space-separated list of the
source fileslisted in Appendix B, - o pol y3d names the executable file to be created, and
-1 misan option for linking with the math object library.

On many computers, a makefile may be used to simplify the process of compiling and
maintaining Poly3D. For your reference, a sample makefile for UNIX systemsisincluded
in Appendix C. A makefile appropriate for your computer and compiler may also be
availablein digital form on your Poly3D distribution disk/tape. Check the file, README,

for more information.



6.3 The FPROMPT Option

Poly3D normally assumes that the names of input and output files are supplied on the
command line (88.1). If command line arguments are difficult or impossible to supply on
your computer, you may want to compile Poly3D using the FPROMT option. Poly3D
will then use the standard input (normally the keyboard) and standard output (normally the
monitor) to prompt you for input and output file names. If you don't know what the
standard input and output are for your machine, consult the documentation for your C

compiler.

Enabling the FPROMPT Option

The FPROMPT option is enabled by defining the symbolic name, FPROMPT, at
compile time. The documentation for your C compiler should contain
instructions for defining symbolic names.

Box 3

A less elegant way to enable the FPROMPT option is to add the following line to the start
of the sourcefile, pol y3d. c.

#defi ne FPROVPT
This method should only be used if your C compiler does not alow you to define symbolic

names at compile time (88.1).



7. CONVENTIONS

7.1 Sign Conventions
Poly3D adopts the following sign conventions for various physical quantities.

Sign Convention for Tensors ()

For normal tensor components (T11,T22,T33), such as stress or strain, tension or
extension is positive (Fig 3A). The shear component, Tj; (if), on a surface with

positive Xj direction is positive if it acts in the
positive x;j direction. The shear component on a surface with outward normal
pointing in the negative x; direction is positive if it acts in the negative x;
direction.

Examples of tensor quantities include stress (S ) and strain (£€)
Box 9

Sign Convention for Vectors ()
The vector component, vj is positive if it acts in the positive x; direction (Fig 3B).

Examples of vector quantities include displacement (U), displacement
discontinuity ( b ), and traction (t)

Box 10

Sign Convention for Angles of Rotation
Arotation, @;, about the coordinate axis, X;, is positive if counterclockwise as

viewed looking in the negative direction along Xi (Fig 3C).
Box 11

7.2 Objects, Elements, and Vertices

All polygonal elementsin Poly3D belong to an object. An object issimply a collection
of elements that represents a particular physical feature, such as afault, that you are
attempting to model (Fig. 4). An object may contain just one element, or it may contain
many. The example problems presented in this manua demonstrate how objects can be
used to organize and streamline Poly3D input and output.

In Poly3D a polygonal element is defined by first defining a series of vertices and then
specifying the order in which they are connected to produce the element (Fig. 4). All of
the vertices must lie in the same plane. Although an element itself has zero thickness,

displacements are discontinuous when passing through the element from one side to the



other. The vector which describes the displacement discontinuity from one side of the
element to the other is called the Burgers vector. Obvioudly, the direction of the Burgers
vector obtained depends on which side of the element is taken as the reference. Poly3D

adopts the following convention (Fig. 4):

Burgers Vector
The Burgers vector, b, measures the displacement of the positive (+) side of the

element relative to it's negative (-) side: b= g+ -u.
Box 4

The element's positive and negative sides are distinguished by using the "right-hand rule’
(Fig 4).

Positive (+) and Negative (-) Sides of an Element

Curl the fingers of the right hand in the plane of the element following the same
order in which it's vertices were connected to produce the element. The thumb
points from the negative (-) to the positive (+) side.

Box 5

Definition of the Element Normal (El)

The unit vector orthogonal to the element plane which points from the negative
(-) to the positive (+) side is the element normal, N This is the direction in which
the thumb points when applying the right-hand rule of Box 5.

Box 6

7.3 Coordinate Systems
7.3.1 Default Global Coordinates

On startup, Poly3D pre-defines a global, right-handed coordinate system (x¥, x3,x3)
inwhich %§ points East, x§ points North, and %§ points up (Fig. 5). For half-space

problems, the origin islocated at the earth's surface.

Default Global Coordinates
In the default global coordinate system (X%,Xg,xg), f(% points East, 2% points

North, and 2% points up. For half-space problems, the origin is located at the

earth's surface. The Poly3D name for default global coordinates is "global”.
Box 7




7.3.2 Element Coordinates

Whenever anew element is defined, Poly3D linksto it alocal coordinate system

(X7,X5,X35) . You may use this coordinate system to specify boundary conditions on the

element and to display element information. The element coordinates are defined as

follows:

Element Coordinates

Each element has linked to it an element coordinate system (xf,xg,xg) with
origin at the element center. Relative to the horizontal x% - xg plane, f(f points
down-dip. §<§ is identical to element normal, N (Box 6). 23 points along strike
in the direction given by the vector cross product (§<§ X f(f). For horizontal
elements, f(leand 23 point East and North if §<§ points up or West and South if

§<§ points down. The Poly3D name for element coordinates is "elocal".

Box 8

7.3.3 User Coordinate Systems

Global and element coordinates are defined automatically by Poly3D. In many cases,
it will be convenient to define additiona right-handed coordinate systems of your own.
These user coordinate systems (X1 ,X3,X3) may have any origin and orientation you

choose. Section 811.2 describes how to use and define user coordinate systems.

7.4 Input Units

Poly3D assumes dimensionally consistent units for physical quantities with dimensions
of length or stress. Thus if you use kilometers for any quantity with dimensions of length
(e.g. acoordinate position), you must use kilometers for all quantities with dimensions of
length (e.g. displacement discontinuity). Likewise, if you use MPafor any quantity with
dimensions of stress (e.g. atraction boundary condition), you must use MPafor all

guantities with dimensions of stress (e.g. Young's modulus).

Physical Quantities With Dimensions of Length or Stress
Poly3D assumes dimensionally consistent units for physical quantities with
dimensions of length or stress.

Box 12




Other physical quantities must be specified in the units listed below.

Strain
Strain is a dimensionless quantity. It should be specified in "units" of strain (not
micro-strains, etc.)

Box 13

Angles of Rotation
Angles should be specified in degrees.

Box 14

7.5 Output Units
Poly3D uses the input units (Boxes 12-14) to display all computed quantities.




8. RUNNING POLY3D

8.1 Command Line Arguments

On UNIX machines, you run Poly3D by typing the program name at the system
prompt. The program name may be followed by one or more options. For example, the
UNIX command

poly3d -i infile -o outfile

runs Poly3D using thei nfi | e astheinput fileand out f i | e asthe output file. When no
input or output files are specified, Poly3D reads from the standard input and writes to the
standard output. If you don't know what the standard input and output are for your

machine, consult the documentation for your C-compiler.

Command Line Arguments accepted by Poly3D
-i infile (optional) Names the Poly3D input file.

-o outfile (optional) Names the Poly3D output file.
Box 15

Non-UNIX machines may require a different command to run Poly3D, such as double-
clicking on anicon, that makes it difficult to specify command line arguments. In such

cases, you may wish to compile Poly3D using the FPROMPT option described in 86.3.

8.2 Philosophy

We strongly advise against modifying the source code to Poly3D unless absolutely
necessary. If you need to reorganize output for use in a plotting/contouring package,
write a new program that converts the output file to the desired form. Likewisg, if you
want to add mesh generation, write a separate program which generates a Poly3D input
file asits output. Many systems will allow you to chain severa commands together using
pipes or input/output redirects. For example, on UNIX systems you might type

alias nypoly3d 'nmeshgen | poly3d | convert’



This defines a new command (nypol y3d) which runs your mesh generation program
(meshgen), pipes the output directly into Poly3D, and converts the resulting output (using
the program, conver t ) to the proper format for your plotting/contouring package.

If you must alter the source code, always document your changes. Embed the
distinctive string, CHANGE (all uppercase), in your comments, so that changes to the
program will be easy to locate at alater date. Consider, for example, the following
(fictional) bug fix made to a Poly3D sourcefile.

CHANGE: 12-Jun-1993 by Andrew L. Thomas

al pha = atan(y/x);

* Some inconpetent programmer used the atan() function when
* he/she should have used atan2()! Make sure to notify the
* Rock Fracture Project about this.

* FORMERLY:

*

*

al pha = atan2(y, x);
/* END CHANGES */

8.3 Error Messages

When Poly3D encounters an error from which it cannot recover, it prints an error
message to the standard error (normally the monitor) and ceases execution. If you don't
know what the standard error is for your machine, consult the documentation for your C
compiler. For example, suppose the first line of the input file, badfi | e. i n, attempts to
assign an unknown constant

no_such_const = 100.0

If you run Poly3D on a UNIX machine using badfi | e. i n asinput, you will get the

following results:
Uni x- Pronmpt >pol y3d -i badfile.in

pol y3d: Unknown constant, or incorrect format (badfile.in, line 1)
no_such_const = 100.0

Uni x- Pr onpt >

Poly3D Error Messages

All Poly3D error messages begin with pol y3d: . An error message not
beginning with pol y3d: indicates that Poly3D has encountered an error its
programmer(s) did not anticipate.

Box 16




9. EXAMPLE PROBLEM #1

Perhaps the easiest way to learn about Poly3D is to work through an example
problem. Here we consider the deformation at the earth's surface resulting from 1m of
dip-dip on aburied, dipping, normal fault (Fig. 6). The planar fault surface is 2km-square
and dips 45° to the East. Its center is buried to a depth of 1km, so the entire fault surface
isunder ground. For this problem, we will use Poly3D to evaluate stresses and
displacements along an E-W trending line at the earth's surface that passes directly over
the fault center.

The input file for this problem, ex1. i n, isincluded in the standard Poly3D distribution
kit. Thefollowing pageslist ex1. i n and the resulting output file, exanpl el. out
generated by Poly3D (File Listings 1 & 2). You can learn much about Poly3D smply by
looking over these two files. The following sections (810-813) dissect ex1. i n and
exanpl el. out and discuss Poly3D input and output in detail. Together with additional
examples presented in sections 814 and §15, they should provide you with all the

information you need to set up and execute problems of your own.



10. INPUT FILE BASICS
Poly3D input files are designed to be human-readable. Y ou should be able to read and
understand a well-written input file without referring back to this manual. Y ou must,

however, remember the following input file basics.

10.1 Words
Poly3D reads and processes an input file line-by-line. After reading aline of input,
Poly3D breaks each string of characters not separated by white space (spaces, tabs, etc.)

into a separate "word". For example, the line
shear _nod = 30000.0

contains three words:. " shear _nod", " =", and " 30000. 0". Any string of characters

within double quotation marksis treated as a single word, so the line
titlel = "Square, Buried, 45-Degree Dipping Normal Fault”

also contains just threewords: "titlel","=",and"Square, Buried, 45-Degree

Di ppi ng Normal Fault".

10.2 Comments

Comments may be inserted anywhere in the input file using the comment character, ™*'.

Comment Character
The comment character, *', instructs Poly3D to ignore the remainder of the
current input line.

Box 17

Thus, theline

rembc_type = strain *(stress/strain)

contains just three words, while lines beginning with a**', such as

LR R R R R R R R R I I I I I I I I I I I I I I I I I I I I I I O O
* k k k%
* H .
Section 1: CONSTANTS
*
EE R R R I I I I I I I I I I I I I I I I I I I I A I I I I I I I I O

*kk k%



contain zero words and are ignored by Poly3D. In this manual, input file comments are
displayed in bold type. Well-written input fileslike ex1. i n use comments liberaly to

maintain clarity.

10.3 Line Continuation

Some linesin Poly3D input files require alarge number of columns to specify the
required data. Computer or terminal screens with fixed 80-character widths may be
unable to display long input lines without "wrapping” part of the text back to the left-hand
margin. Because files with wrapped text are often difficult to read, Poly3D provides aline

continuation character, '\'.

Line Continuation Character
A"\ at the end of a line instructs Poly3D to merge the following line with the
present one.

Box 18

Because an extra space (' ') isinserted between lines as they are merged, individual words

cannot be continued across lines. Thus, Poly3D converts the lines

This is\
really just\
one |ine.

into the single line

This is really just one line.
Note that the line continuation character, '\', has specia meaning only when it appears as

last character on the line. Thus, Poly3D will read and process these lines separately

The \ character is not in the right
position for these lines to be nerged.

Of course, the above examples are intended only to illustrate how line continuation works.

Y ou would not want to try them in areal input file.

10.4 Names
Poly3D requires you to name many of the items you define. When providing names
for a user coordinate system, observation grid, object, or vertex, remember these simple

rules;



Names in Poly3D

A name may have any length and be composed of more than one word.
Multiple-word names must be enclosed in double quotation marks. No two items
of the same type (e.g. two observation grids) can have the same name.

Box 19

10.5 Case Sensitivity

Case Sensitivity
Poly3D is case sensitive when reading input files. Thus, the words "global”,

"Global", and "GLOBAL" are distinct and may not be used interchangeably.
Box 20




11. POLY3D INPUT FILES
Poly3D input fileslikeex1. i n are divided into four main sections, each terminated by

an end statement.

End Statement

Each section of a Poly3D input file, including the last, is terminated by an end
statement. An end statement consists of the single word, end, on a line by itself
(excluding comments).

Box 21

11.1 Section One: Constants
Poly3D input files begin with a series of 3-word assignment statements. Each
assignment statement has the form
name = val ue
where nane is the name of a Poly3D constant and val ue isits assigned value. If the value
isomitted, asin
nane =
the default or previously assigned value of the constant is unchanged. A Poly3D constant
iseither 1) a parameter that controls program execution or 2) a physical quantity who's
value is not afunction of position. Table 1 provides acomplete list of Poly3D constants
and their default values. Note that every Poly3D constant is assigned avaluein ex1. i n,
even when that value isidentical to the default. This strategy eliminates the need to

remember the default values for Poly3D constants.

TABLE 1
Input File, Section One - Constants

Problem Titles
Enclose multiple-word titles in double quotes

Name Default | Units Description

titlel N/A Problem Title (text string).

title2 N/A Problem Subtitle (text string).




Options

Name Default | Units Description

half_space "yes" N/A ("yes"/'no") Include Half-Space Effects?
(811.1.2)

null_value -999.0 | N/A Null value to use for observation
pts directly below a vertex (Box 1)

check_cond_num | "yes" N/A ("yes"/'no") Check matrix condition number?
(811.1.2)

print_elt_geom "no" N/A ("yes"/'no") Print element geometries?
(811.1.3)

elt_geom_csys "global” | N/A Name of coord system to use when

printing element geometries.

Elastic Constants
You must specify two (and only two)

Name Default | Units Description (Symbol)
shear_mod (none) | stress units Shear Modulus (Mor G)
psn_ratio (none) | dimensionless Poisson's Ratio (N)

youngs_mod (none) | stress units Young's Modulus (E)
bulk_mod (none) | stress units Bulk Modulus (K)
lame_lambda (none) | dimensionless Lame's Lambda ()

Remote Boundary Conditions
(Global coordinates; * these components must be zero for half-space problems)

Name Default | Units Description
rem_bc_type "stress” | N/A Remote BC Type ("stress"/"strain™)
slir 0.0 stress/strain units S{ 1 or eh
S22r 0.0 stress/strain units | g r22 or er22
33r" 0.0 stress/strain units | g o e,
sl2r 0.0 stress/strain units 552 or 952
s13r' 0.0 stress/strain units 553 or 63[3
<3r" 0.0 stress/strain units Shy O ey

11.1.1 Half-Space Problems

The earth's surface can be treated as a traction-free boundary (S33 =S3; =S3, =0).

This free surface boundary condition affects the distribution of stresses, strains, and



displacements in the upper crust. Free surface effects are included in al Poly3D
calculations unless the constant, hal f _space, isset to "no". There are two reasons why

you may want to do this:

Reasons for Ignoring Half-Space Effects

1. You are solving a whole-space problem in solid mechanics unrelated to the
earth sciences.

2. The geologic structures you are modeling and observation grids (§11.3) you
define are buried very deeply relative to their length scale.
Box 22

Because fewer calculations are required, setting hal f _space to " no" may noticeably
reduce the run-time required to complete Poly3D problems. Of course, increased

execution speed is not avalid reason for ignoring half-space effects.
11.1.2 The Condition Number

Whenever traction boundary condition(s) are specified on an element(s), Poly3D must
solve a system of linear equations to determine the corresponding unknown Burgers
vector components (8A5). Even the best numerical methods for matrix inversion are
susceptible to large roundoff errors when a matrix is ill-conditioned (close to singular).
The condition number provides a quantitative measure of matrix conditioning. Itis
normally defined as the product of two matrix norms (Gerald and Whestley, 1984).
Poly3D uses the Gauss-Jordan method of elimination (Press et al., 1992) to solve its
system of linear equations and cal cul ates the matrix condition number as follows:

cond(A) =[a |, A”], @
where IA ||¥ and IA' ]1|¥ are the matrix-infinity norms (Gerald and Wheatley, 1984)

n
IA || :maxé|a1-j|:Maximum Row - Sum
¥ 1£ifnj=1

(2)

Meaning of the Condition Number

A small condition number indicates that the matrix is not prone to roundoff error
during elimination and inversion. If the condition number is large (10 12),
roundoff error may be significant, and you should mistrust whatever results
Poly3D produces.

Box 23




User Caution: Numerical Error

Please note that matrix inversion is not the only potential source of numerical
error. In other words, a small condition number is insufficient justification for
blindly trusting the results of any numerical program.

Box 24

In order to find the condition number, Poly3D must calculate the inverse, A-L, of
matrix, A, rather than just its LU decomposition (A = LU). Thus, the condition number
can be time consuming to compute. If you already know the condition number for a
particular problem (e.g. from previous runs with the same boundary conditions and
element geometries), you can instruct Poly3D not to compute it by setting the input file

constant check_cond_numto no.
11.1.3 Printing Element Geometries

Y ou may wish to depict the geometry of polygona elements using a computer plotting
package. Poly3D input files, with their use of multiple coordinate systems and separation
of vertex from element definitions, areill-suited for this purpose. Y ou can overcome this
problem by setting the input file constant pri nt _el t _geomto "yes". Poly3D will then
print element geometries to the output file. The geometry of an element is given by the
coordinates of its vertices, which are listed in the same order they were linked to produce
the element. All vertex positions are printed using the coordinate system named by
el t _geom csys, which defaults to global coordinates. Section 812 describes the output

format used to print e ement geometries in more detail.
11.1.4 Elastic Constants

Although two constants are sufficient to completely describe the behavior of alinear
elastic material, several are in common usage. Given any two, the rest can be derived.
See Jaeger and Cook (1979), chapter 5, for areview. Poly3D understands five elastic
constants, and lets you choose which two of the five to define. Notethat inex1.in, al

five of the elastic constants are listed, but only two are assigned values.



11.1.5 Remote Boundary Conditions

In Poly3D, you specify remote boundary conditions in global coordinates by assigning

avalue to each component of the symmetric remote stress (s') or remote strain (g")

tensor (Fig 7). A specified remote strain is converted to remote stress using Hooke's Law

(8A3). Because the earth's surface is postulated to be traction-free, the 33, 13, and 23

components of s" and e" must be zero for half-space problems.

Remote Boundary Conditions for Half-Space Problems

s r33, s 53, and s r23 (and hence er33, e£3, and er23) must be zero for half-space
problems

Box 25

A remote stress represents a homogeneous stress field over the entire elastic body.
Poly3D calculates the total stress at a point by superposing the components of remote
stress with the corresponding components of stress arising from displacement
discontinuities across all boundary elements. The displacement components induced by a

homogeneous remote stress are ignored when Poly3D cal cul ates displacement at a point.

11.2 Section Two: User Coordinate Systems

In Poly3D, you will rarely use the default global coordinate system to enter data. In
most cases, a user coordinate system (UCS) will be more convenient (87.3). A UCSis
defined by specifying the location of its origin and orientation of its axes relative to a
parent coordinate system (Fig. 5). Any previoudly defined coordinate system, including
the default global coordinates, may serve as the parent. Thereisno limit on the number of
user coordinate systems that can be defined.

User coordinate systems are defined in the second section of Poly3D input files. Each

definition requires asingle, nine-word (or column) line. Table 2 lists the required data.

TABLE 2
Input File, Section Two - User Coordinate Systems
Suggested
Col Description Col Title Units
1 Name of user coordinate system name N/A




2 Name of parent coordinate system parent N/A
3-5 Location of Origin (X10,X20,X30) XNo length units
6-8 Rotations about parent axes (a1,82,a3) rotn degrees
9 Order in which (a1,a2,a3) are applied (one of rot order N/A
"123", "132", "213", "231", "312", "321")

11.2.1 Name and Parent

Y ou must supply a name for each UCS you define (column 1). In addition, you must
specify the name of a previoudy-defined coordinate system to serve as the UCS parent
(column 2). Because user coordinate systems are defined before elements, element

coordinates (87.4.2) cannot serve as UCS parents.
11.2.2 Origin and Orientation

The location of aUCS origin is specified in columns 3-5 by its coordinates
(X10,X20,X30) N the parent coordinate system (Fig. 5). The orientation of its axesis
determined by three coordinate rotations (columns 6-8); one about each axis of the parent
(Fig. 8). The order in which the coordinate rotations (a1,a2,a3) are to be applied is given
in the ninth column of UCS definitions.

Thefault planein ex1. i n dips 45° to the East (Fig. 6). In order to specify the

coordinates of fault corners, we defined a user coordinate system called FaultCS

(x! x5, xt) whose x] - x5 plane contains the fault (Fig. 6).

*nane par ent x1lo X20 x30 rotl rot2 rot3 r ot

or der

K o o o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e et e e e e
Faul t CS gl obal 1.0 0.0 -1.0 0.0 45.0 0.0 321

The origin of FaultCSislocated in default global coordinates at (1,0,-1) km (i.e. 1 km
East of the global origin at a depth of 1km). The fault normal is given by f(fg while )2{

points down-dip and f(fz points along strike.
Y ou may often find it useful to define user coordinate systems (x5 ,X5,x3) like

FaultCS in which X; points down-dip and X5 points along strike of the x{' - x5 plane



(Fig. 9). If strike is measured clockwise from North and the dip direction is 90° clockwise

from strike, the UCS should be defined as follows;

*nane par ent x1lo X20 x30 rotl rot2 rot3 r ot
or der

gl obal 0.0 dip -strike 321

where you substitute the appropriate values for st ri ke and di p.

11.3 Section Three: Observation Grids

Poly3D istypically used to calculate the displacement, strain, or stress at specified
points in an elastic body resulting from displacement discontinuities across one or more
polygonal elements. An observation grid defines a series of regularly-spaced observation
points and instructs Poly3D to calculate the displacement, strain, or stress for each one.
The dimension of an observation grid determines how the observation points are

distributed in space (Fig. 10).

Observation Grid Dimension

Observation grids of dimension n are given the following designations (Fig. 10).
Dimension Designation
0 Observation Point
1 Observation Line
2 Observation Plane
3 Observation Network
Box 26

Observation grids are defined in the third section of Poly3D input files. Thereisno
[imit on the number of observation grids that can be defined. Each definition requires a

single, nine- to fifteen-word (or column) line. Table 3 lists the required data.

User Caution: Observation Grids

Recall that displacements are discontinuous across an element surface (85.2),
and that strains and stresses along the element's edge are infinite. For this
reason, you should avoid placing observation points on an element surface.
Poly3D provides a different mechanism for calculating the traction and

displacement discontinuity across an element (811.4.1).

Box 27

TABLE 3
Input File, Section Three - Observation Grids



Suggested

Col Description Col Title Units

1 Observation grid name name N/A

2 Observation grid dimension dim N/A

3 Quantities to calculate at observation points outp N/A

4 Name of endpoint coordinate system endpt csys | N/A

5 Name of observation point coordinate system obspt csys | N/A

6 Name of output coordinate system outp csys N/A

7-9 Coords of beginning corner (X1peg,X2beg:X3beg) xnbeg length units
10-12 Coords of ending corner (X1end,X2end,X3end) xnend length units
13-15 Num of obs pts along grid axes (ny1,Nx2,Nx3) Nn N/A

11.3.1 Name and Dimension

Y ou must supply a name and dimension for each observation grid you define (columns

1 & 2). Thedimension of an observation grid is given by an integer number in the range

0-3.

11.3.2 Observation Grid Output

Column 3 is occupied by an "output string”. Poly3D uses the output string to

determine what data should be calculated at observation pointsin the grid.

Observation Grid Output String

Characters
d

e

pe

[

ps

An output string indicates what data should be calculated at observation points.
The string may be composed of any combination of the following letters. No
other characters (including spaces) are allowed.

Quantity
displacement vector
strain tensor
principal strains
stress tensor
principal stresses

Box 28

For example, the output string dpsse ingtructs Poly3D to calculate and print

displacements, principal stresses, stresses, and strains for al points in the observation grid.

The resulting output is formatted according to 812.2 below.




11.3.3 Coordinate Systems

For each observation grid you define, you must specify three coordinate systems
(columns 4-6). Thefirst isthe endpoint coordinate system in which grid endpoints (see
below) are specified in the input file. The second is the observation point coordinate
system Poly3D should use when printing observation point positions to the output file.
The third is the output coordinate system to use when printing the calculated
displacements, strains, or stresses to the output file. Inex1. i n, we wanted to calculate
displacements and stresses in global coordinates along an E-W trending line at the earth's
surface. For this observation line, it was most convenient to use the default global
coordinates throughout.

* (1) (2) (3) (4) (5) (6)

*nane dimoutp endpt csys obspt csys outpt csys ......

QobsLine 1 sd gl obal gl obal gl oba
11.3.4 0-D Observation Grids

0-D observation grids consist of a single observation point (Fig. 10A). The
coordinates of the observation point are given in columns 7-9. Columns 10-15 are not

required for O-D grids.
11.3.5 1-D Observation Grids

The position and orientation of an observation line (Fig. 10B) is determined by the
coordinates of its two endpoints, x e, (columns 7-9) and x4 (columns 10-12). Column
13 gives the number of observation points to be distributed evenly along the line.
Columns 14-15 are not required for 1-D grids. When calculating displacements, strains,
and stresses at observation points, Poly3D traversesthe line from X, t0 X g -

The observation linein ex1. i n has beginning and ending points located at (-3,0,0) km
and (3,0,0) km in global coordinates and contains seven observation points.

* (1) (2) (7) (8) (9) (10)  (11)  (12) (13) (14) (15)

*nane dim... xlbeg x2beg x3beg xlend x2end x3end N1I N2 N3



11.3.6 2-D Observation Grids

The size and shape of arectangular observation plane (Figs. 10C & 11) is determined
by the coordinates of its endpoints, Xpeg (columns 7-9) and Xeng (columns 10-12). The
line connecting Xpeg and Xeng Must paralel one of the coordinate planes of the endpoint
coordinate system (i.e. one of the following must be true: X1peg = X1end, X2beg = X2end, OF
X3peg = X3end)- The resulting observation plane lies paralél to this coordinate plane, with
Xpeg and Xend at diagonally opposite corners. Each of the plane's four edges parallels a
coordinate axis (Fig. 11).

Observation points are distributed over the surface of the observation planein a
uniform, rectangular grid. The number of points aong the observation plane edges

paralel to the xj-axisis given by Nj (columns 13-15). Nj must be 1 for the coordinate axis

perpendicular to the observation plane and [2 for the others.
11.3.7 3-D Observation Grids

A 3-D observation grid forms a rectangular box whose diagonally opposite corners are
given by Xpeg and Xend (Fig. 10D). The six sides of the box parallel the three coordinate
planes of the endpoint coordinate system. Observation points are distributed throughout
the box's volume in a uniform, rectangular grid. The number of points along a box edge

parallel to the xj-axisis given by Nj (columns 13-15), which must be [2 for all axes.

11.4 Section Four: Objects, Elements, and Vertices

Each line in the fourth and final section of a Poly3D input file defines an object,
element, or vertex (87.3). Thefirst word of each line consists of asingle letter which is
used by Poly3D to determine the type of item being defined: "o" for object, "€" for
element, and "v" for vertex. Definitions may occur in any order, subject to the following

restrictions;

Restrictions on the Order of Object, Element, and Vertex Definitions

1. Because all elements must belong to a object, an object definition must
precede the first element definition.




2. A vertex must already be defined before it can be used in an element.
Box 29

11.4.1 Objects

Lines beginning with an 0" define an object (87.3). Objects are used to specify what
physical feature (e.g. afracture or fault) a particular group of elements represents. An
element automatically belongs to the most recently defined object. Object definitions

requires a minimum of two words (columns). Table 4 lists the required data.
TABLE 4
Object Definition
(Columns 3-4 may be omitted if no output is desired)

Suggested
Col Description Col Title Units
1 The letter ‘o’ o} N/A
2 Object name name N/A
3 Output to calculate for element centers outp N/A
4 Coordinate_ system to use when printing element eltc csys N/A
center positions

Y ou must supply a name for each object you definein column 2. Column 3is
occupied by an "output string”. Poly3D uses the output string to determine what

guantities should be calculated and displayed for elements belonging to the object.

Object Output String

The output string indicates what data should be calculated for elements
belonging to an object. The string may be composed of any combination of the
following letters. No other characters (including spaces) are allowed.

Character Quantity
t Traction vector (at element centers)
b Burgers vector (displacement discontinuity)

Box 30

Because stresses along the surface of an element are non-uniform, particularly near its
edges (85.2), tractions are always calculated at the element center.

In Poly3D output files, the position of an element in space is given by the coordinates
of its center. Column 4 tells Poly3D what coordinate system to use when printing the

locations of element centers belonging to the object. 1f no output is desired for an object,



columns 3 and 4 of the object definition may be omitted. Inex1.in, we defineasingle
object named Squar e Faul t and request both traction and displacement discontinuity

output for the elements that belong to it.
(1) (2 (3) (4)

*0 name out p eltc csys

K o e e e e e e e e e e e e e e e e e e m e e e mm e -

o "Square Fault" bt
11.4.2 Vertices

A line beginning with a"v" defines a vertex (87.3). A vertex isjust apoint in space

that may be used as an element corner. Vertex definitions require the six words (columns)

listed in Table 5.
TABLE S
Vertex Definition
Suggested

Col Description Col Title Units
1 The letter 'v' \Y N/A

Vertex name name N/A

Coord sys in which vertex position is specified csys N/A
4-6 Vertex Position (x1,X2,X3) XN length units

Y ou must assign a name to each vertex you define (column 2). Descriptive names such as

"SE fault corner" arevalid, but in many cases a ssimple number will suffice. Inex1.in

we define four vertices, one for each corner of the square normal fault.

“(1) (2) (3) (4) (5) (6)

*v nane Csys x1 X2 x3

K o e e e e e e e e e e e e e e e e e e e e e
v 1 Faul t CS 1.0 1.0 0.0

v 2 Faul t CS 1.0 1.0 0.0

v 3 Faul t CS 1.0 1.0 0.0

v 4 Faul t CS 1.0 1.0 0.0

Inex1.in, vertex coordinates (columns 4-6) are given in the user coordinate system

Faul t CS (column 3). User coordinate systems often make it simpler to enter vertex and

element data. They also make your input file easier toread. Inex1.in, itisimmediately

obvious that the four vertices define a square 2 km on aside. The same vertex definitions

would be less trangparent and more cumbersome if given in globa coordinates:




*(1) (2) (3) (4) (5) (6)
x1

*v name Ccsys X2 x3

K o e e e e o e e e e e e e e e e e e e e e e e e e e
v 1 gl obal 1.70711 -1.0 -1.70711
v 2 gl obal 1.70711 1.0 -1.70711
v 3 gl obal 0.29289 1.0 -0. 29289
v 4 gl obal 0.29289 -1.0 -0.29289

11.4.3 Elements

Lines beginning with an "€" define a polygonal element (87.3). The geometry of an
element is determined by the locations of its vertices and the order in which they are
connected to produce the element. All of the vertices must lie in the same plane. The
required dataislisted in Table 6. Note that the number of element vertices (givenin

column 2) determines how many columns of data are required.

Table6
Element Definitions

Suggested
Col Description Col Title Units
1 The letter ‘e’ e N/A
2 Number of vertices (sides) #vert N/A
Coord sys in which boundary conds are specified BC csys N/A
Boundary condition type BC type N/A
5-7 Magnitude of boundary cond components n BCn stress or
length units
8-10 Names of 15t,2nd, & 3rd vertices vn N/A
11- Names of additional vertices (4th, 5t, .. vn N/A

Inex1.in, wedefineasngle, four-sided element that represents the square fault plane.

“(1) (2) (3 (4) (5) (6) (7) (8) (9) (10) (...)
*e #vert BC csys BC type BCl BC2 BC3 vl v2 v3 ...

Columns 3-7 are used to specify boundary conditions on the element. Boundary
conditions are specified by giving three components of displacement discontinuity or
traction resolved at the element center. Each boundary condition component points along

one axis of the coordinate system given in column 3.



Boundary Condition Coordinate System

The boundary conditions on an element may be specified in any of the following
coordinate systems: default global coordinates, user coordinates, or element
local coordinates.

Box 31

In columns 5-7 are listed the magnitudes of the three boundary condition components.
Poly3D looks at the three character string in column 4 to determine the boundary

condition type for each component.

Boundary Condition Type
Column 4 of an element definition is a three-character string whose it letter

indicates the boundary condition type for the ith boundary condition component.
The string may be composed of any combination of the following letters. No
other characters (including spaces) are allowed.

Character Boundary Condition Type
t Traction component (at element center)
b Burgers vector component (displacement

discontinuity)

Box 32

The remaining columns (8- ) list the vertices in the order they should be connected to
produce the element. A minimum of three verticesis required. The number of vertices
listed must match the number given in column 2 of the element definition.

For the single element in ex1. i n, we supply a complete Burgers vector for the three
boundary condition components. Boundary conditions are given in the element coordinate
system (87.3.2), so b1 points down-dip and has the desired magnitude of 1.0e-03 km (i.e.
1 m). If the vertices had been specified in the opposite order, the element would have the
same shape, but its positive and negative sides would swap positions. The b1 component
of displacement discontinuity would therefore have to be changed to -1.0e-03 to maintain
anormal (instead of reverse) sense of dip. The resulting element definition would then

look like this:
*e #vert BC csys BC type BCl BC2 BC3 vl v2 v3 ...

e 4 el ocal bbb -1.0e-03 0.0 0.0 4 3 2 1



Note that coordinate systemsel ocal and Faul t CS happen to be identical for this element.
Thus Faul t CS could have been used in place of el ocal (in column 3) when specifying

the boundary conditions.



12. OUTPUT FILES

Poly3D output files are largely self-explanatory. Printed first are the program name
and version number and the date on which it was compiled (File Listing 2). Next are listed
the input file name, the problem titles, and the values calculated for the elastic constants.
The null value used for observation points directly below a vertex (Box 1) is printed next,
followed by the matrix condition number (§11.1.2).

If the input file constant pri nt _el t _geomis set to yes, Poly3D will step through the
objects in the order they were defined and print information on the geometry of each
element. Vertex positions are given in the coordinate system named by the Poly3D

constant el t _geom csys (811.1.3). The resulting output is formatted according to Table

1.
TABLE 7
Output Columnsfor Element Geometries
Col Col Label Units Description
1 ELT N/A Element number within the object
2 Vertex Name | N/A Vertex Name
3-5 Xn length units Vertex Coordinates

The remainder of the output file lists quantities calculated for objects and observation
grids. Poly3D processes objects first, stepping through them in the order they were
defined and printing the requested output for each. When finished with the objects,

Poly3D processes observation grids in the same manner.

12.1 Object Output

For each object, Poly3D prints titles giving the object name and coordinate system
used to display the locations of element centers (811.4.1). The remaining output is
divided into two tables. The first gives the displacement discontinuity across each
element, while the second lists the tractions resolved at element centers. Either part may
be omitted if not requested in the object's output string (811.4.1). Poly3D steps through

elements in the order they were defined and prints the output for each element in the same



coordinate system used to specify its boundary conditions. This coordinate systemis

listed in the final output column. The meaning of each column for displacement

discontinuity and traction output islisted in Tables 8 and 9.

TABLE 8
Output Columnsfor Displacement Discontinuity
Col Col Label Units Description
1 ELT N/A Element number
2-4 XnC length units Location of element center
5 Bl length units b component of displ discontinuity
(b1 =u1™-ugr’)
6-7 Ul(+/-) length units u; component of displ of +,- sides
8 B2 length units bo component of displ discontinuity
9-10 U2(+/-) length units u2 component of displ of +,- sides
11 B3 length units b3z component of displ discontinuity
12-13 U3(+/-) length units uz component of displ of +,- sides
14 Coord Sys N/A Boundary condition coord system
TABLE 9
Output Columnsfor Traction
Col Col Label Units Description
1 ELT N/A Element number
2-4 XnC length units Location of element center
5-7 Tn stress units th component of traction
8 Coord Sys N/A Boundary condition coord system

12.2 Observation Grid Output

For each observation grid, Poly3D prints titles giving the observation grid name and

dimension, the coordinate system used to display observation point positions, and the

coordinate system used to display displacement, strain, and stress output. If requested in

the observation grid's output string (811.3.2), the computed values for displacement,

strain, principal strain, stress, and principal stress are displayed in separate output tables.

The meaning of each output table's columnsislisted in Tables 10 through 11.




TABLE 10
Output Columnsfor Displacement

Col Col Label Units Description
1-3 Xn length units Location of observation point
4-5 Un length units Displacement components

TABLE 11

Output Columnsfor Strain

Col Col Label Units Description
1-3 Xn length units Location of observation point

TABLE 12

Output Columnsfor Principal Strains

Col Col Label Units Description
1-3 Xn length units Location of observation point
4-6 Nn length units Unit vector in direction of €;
7 El dimensionless €1 component of principal strain
8-10 Nn length units Unit vector in direction of &
11 E2 dimensionless € component of principal strain
12-14 | Nn length units Unit vector in direction of €3
15 E3 dimensionless

€3 component of principal strain




TABLE 13

Output Columnsfor Stress

Col Col Label Units Description
1-3 Xn length units Location of observation point
4 SIG11 stress units S11 component of stress
> SIG22 stress units S22 component of stress
6 SIG33 stress units S33 component of stress
7 SIG12 stress units S12 component of stress
8 SIG13 stress units S13 component of stress
9 SIG23 stress units S23 component of stress
TABLE 14
Output Columnsfor Principal Stresses
Col Col Label Units Description
1-3 Xn length units Location of observation point
4-6 Nn length units Unit vector in direction of S1
7 SIG1 stress units S1 component of principal stress
8-10 Nn length units Unit vector in direction of So
11 SIG2 stress units S component of principal stress
12-14 | Nn length units Unit vector in direction of S3
15 SIG3 stress units

S3 component of principal stress




13. EXAMPLE PROBLEM #1 (REVISITED)

Let us return our attention to the square normal fault of example problem #1 (89).
Here we consider the deformation at the earth's surface resulting from 1m of uniform dip-
dip across a buried, dipping normal fault (Figs. 6 & 12A). The planar fault surfaceis
2km-square and dips 45° to the East. Because the fault in this problem can be represented
by asingle, rectangular element, we can compare the Poly3D results with those given by
Dis3D, aboundary element code based on the analytical solution for rectangular
dislocations (Erickson, 1986). For this problem, the displacements, strains, and stresses
calculated at the earth's surface by Poly3D and Dis3D agree to within 0.01%. Therefore,
only the Poly3D results are shown.

The E-W trending observation line at the earth's surface defined in ex1. i n contains
just seven observation points (Fig. 6; File Listing 1), each 1km apart. The vertica
component of displacement calculated at each of these pointsis plotted in Fig. 12B. The
continuous-looking curve against which these results are plotted was generated by placing
61 observation points aong the line, each 0.1 km apart, and resolving the problem. Note
the asymmetric distribution of the vertical component of surface displacement, with over
40 cm of downdrop above the hanging wall of the fault and comparatively little (< 5 cm)
uplift above the footwall.

A more complete picture of surface displacements can be obtained by replacing the
observation line of ex1. i n with an observation plane. In Fig 12C, we contour the
vertical component of displacement calculated using a horizontal 3 x 3 km observation
plane at the earth's surface. The observation plane contains 31 x 31 pointson agrid
gpacing of 0.2km. Using global coordinates for the endpoint coordinate system (811.3.3),
this grid was defined as follows:

* (1) (2) (7) (8) (9) (10)  (11)  (12) (13) (14) (15)

*nane dim... xlbeg x2beg x3beg xlend x2end x3end N1I N2 N3



14. EXAMPLE PROBLEM #2

For our second example problem, we consider a planar, horizontal, circular crack 1km
in diameter subjected to a uniform internal fluid pressure of 1M Pa and zero remote stress
(Fig. 13). For this problem, we use Poly3D to calculate the crack-wall opening
distribution and the vertical component of normal stress in the neighborhood of the crack.
Two cases are considered: 1) the crack is embedded in an elastic whole-space and 2) the
crack is buried 0.5km below the surface of an elastic half-space (i.e. the earth's surface).
The whole-space results for the pressurized, circular crack are compared with the
analytical solution of Sneddon (1946).

The Poly3D input and output files for the whole-space problem (ex2ws. i n and
ex2ws. out ) are presented on the following pages (File Listings 3 & 4). Theinput file,
ex2hs. i n, for the half-space problem isidentical to ex2ws. i n, with the exception that the
constant, hal f _space, IS set to yes rather than no. Thus only the output file, ex2hs. out ,
is shown (File Listing 5) for the half-space problem.

The circular crack surface is divided into 40 triangular elements, each with
approximate boundary conditions of zero shear traction and IMPa normal traction (Fig
13B). The crack-wall opening displacements calculated by Poly3D for the whole- and
half-space problems are shown in Fig. 13D. Note that the crack in the whole-space opens
symmetrically. The heavy, solid line representing the analytical solution of Sneddon
(1946) closely matches the Poly3D results. Because of its interaction with the adjacent
free surface, the crack in the half-space has a larger, asymmetric opening (Fig. 13D).

In Fig 14, we aso plot the vertical component of stress in the neighborhood of the
crack. These contours were generated by calculating the stress at 861 points distributed
over avertical observation plane passing through the crack center (Fig. 12A). Again, the
symmetric stress distribution around the crack in the whole-space agrees well with the

analytical results of Sneddon (1946). The stress distribution around the crack in the half-



space is asymmetric due to its interaction with the adjacent free surface. Note that the

vertical component of stress goes to zero as the free surface is approached.



15. EXAMPLE PROBLEM #3

In this problem, we consider the stresses induced by a 1cm-diameter spherical void in
an infinite elastic body subject to a uniaxial remote tension of s 55 = IMPa (Fig. 15A).
The analytical solution for this problem is presented by Timoshenko & Goodier (1970).
We have not yet used Poly3D to successfully solve this problem, but present the input file,
ex3. i n, because it provides an elegant demonstration of how multiple coordinate systems
can be used to define complex surfaces with polygonal elements.

In ex3. i n, pentagona and hexagonal elements are assembled together in the manner
of a soccer ball to produce a spherical cavity. The twelveidentical pentagons are
distributed evenly over the surface of the sphere. The twenty identical hexagons are
formed by joining together the vertices of adjacent pentagons. For a 1cm-diameter sphere,
the required pentagon radius (the distance from its center to a vertex) is0.187cm. If a
pentagon sits perpendicular to the x3 with one vertex lying along x1 and its center at the

coordinate origin (Fig 15B), the coordinates of its five vertices are given in Table 15.

TABLE 15
Coor dinates of Pentagonal Element Vertices
vertex # | x1 X2 x3
1 0.187 0.000 0.000
2 0.058 0.178 0.000
3 -0.151 0.110 0.000
4 -0.151 -0.110 0.000
5 0.058 -0.178 0.000

In order to describe the geometry of the soccer ball-like cavity, we define twelve such
(user) coordinate systems, Pent CS1- Pent CS12, one for each pentagon. The coordinates
of al vertices on the sphere are then defined by repeating the five vertex definitions listed
in Table 15 for each of the twelve coordinate systems. Pentagonal and hexagonal
elements are then formed by joining vertices together in the appropriate order. The

normal to each element (87.2) points radially outward from the center of the sphere. Zero



traction boundary conditions are prescribed for each element to produce the desired free
(interior) surface of the cavity.

Poly3D is not yet able to calculate a correct solution for the spherical cavity. The
calculated tractions, displacement discontinuities and elastic fields show a puzzling
asymmetry that appears to result from an unsolved programming error. The results for
example problem #3 will be presented in future versions of this manual once these

difficulties have been resolved.



APPENDIX: A
POLYGONAL ELEMENT IMPLEMENTATION

At the heart of Poly3D are the equations derived by Comninou and Dunders (1975)
for an angular dislocation in an elastic half-space (Fig A1). The angular disocation liesin
avertical plane with one leg perpendicular to the free surface. Itstwo legs subtend an

angle, b, and extend to infinity from acommon vertex, x . The uniform displacement

discontinuity across the disocation is given by its Burgers vector, b.

Al. The Angular Dislocation

At any point, x, in the elastic body, the displacement component, uj, due to an angular

dislocation is alinear function of the three Burgers vector components
ui = Uj(X; z,b,w) b; (A1)

where the Uj; are displacement influence coefficients for the angular dislocation. More
specificaly Ujj gives the displacement component, uj, at position, x , resulting from a
Burgers vector component, bj, of unit magnitude on an angular dislocation defined by x ,
b, andw. The strain at any point in the elastic body due to an angular dislocation can be
derived from equation Al asfollows

1%¥u.  Tu;6
eij :_?EL+_J+: E”k(l(, X,b,W)bk (AZ)
2eT1%; X g -

where Ejjk are the strain influence coefficients for the angular dislocation,

19U U6
Eijk = _?] + Jk+ (A3)
26 X X g

Poly3D uses equations (A1) and (A2) when calculating displacement and strain

influence coefficients for a polygonal element. Equationsfor U;; that appear in the source

code are taken directly from the results of Comninou and Dunders (1975) with the
corrections listed in Appendix B. The lengthily expressions for E;;, were derived by

U

partial differentiation of the equations for ~ ii and substituting the results into equation



(A3). Thiswork was greatly facilitated through the use of Mathematica (Wolfram
Research, 1991), a software package for doing symbolic mathematics on a computer.

Because the equations for U;; and E;;, are givenin local coordinates centered at the

angular dislocation's vertex, Poly3D must perform the appropriate coordinate

transformations when superposing them to yield Uﬁ and Eﬁk for an entire polygona
element (8A2).

A2. Building a Polygonal Element

Jeyakumaran et a. (1992) describe how six angular dislocations with identical Burgers
vector, b, can be superposed to yield an arbitrarily-oriented triangular element. Each side
of the triangle is broken down into two angular dislocations, which when superposed yield
adislocation segment (Fig A1). When the three dislocation segments representing the
three sides of the triangle are superposed, the displacement discontinuities along their
vertical legs cancel, leaving a displacement discontinuity only in the triangle. The total

displacement resulting from atriangular dislocation is given by
uj = a Uirj] bj (A4)
where U ,rj‘ are the displacement influence coefficients Ujj due to the nth angular

dislocation.
To create polygonal elements with more than three sides, we follow the same
procedure as for triangular elements. In general, an N-sided polygon requires 2N angular

didocations, so the total displacement field is given by
N
uj = & Uijj b (AS)
n=1
Note that equation (A5) can be rewritten as follows
2N
..1.2 2N :
uj = Uﬁ()_(, XTX 7y X )bj ; Uﬁ: é Uir} (A6)
n=1



where U ﬁ are the displacement influence coefficients for the entire N-sided polygona

element. Inasmilar manner, the strain field resulting from an N-sided polygonal el ement

isgiven by
2N
.,1.2 2N : 2
eij = Eﬁk()_(, XHX Ty X )bk ; Eﬁk = a Elr}k (A?)
n=1
where Eirj'k are the strain influence coefficients for the nth angular dislocation, and Eﬁk are

the strain influence coefficients for the entire N-sided polygona element.

A3. Stress and Traction Influence Coefficients
It is a ssimple matter to calculate stress influence coefficients for a polygonal element,
provided the strain influence coefficients and elastic constants are known. In an elastic
body, stress and strain are related according to Hooke's Law
sjj = 2mejj + le dj; (A8

where mis the shear modulus, | is Lamé'slambda, and dij is the Kroenecker delta.

1L (=]
dij =1, i, A9
1750, ) A9
Substituting equation (A7) into (A8) yields
Sij = Sﬁk (2(; ’_(1152’---12N)bk ; Sjk = 2mEj + 1 Eqned (A10)

where Sﬁk are the stress influence coefficients for an N-sided polygona element. Poly3D

calculates stress influence coefficients in exactly this manner; that is, by first calculating

the strain influence coefficients, Eﬁk , and substituting the results into equation (A 10).
Thetraction, t, resolved at point, x , on a plane with unit normal vector, n, isgiven

by Cauchy's formula

= NS (All)

Substituting equation (A10) into (A1l) yields

t; = Tiek(z(,ﬁ; >_<1,1<2,...1<2N) b ; Tik = anjeik (A12)



where Tj are the traction influence coefficients for an N-sided polygonal element.
Because the stress and traction influence coefficients are easy calculate from Eﬁ , Poly3D
does not maintain separate functions for computing Sjy, and Tj . Instead, Ej is

calculated first. S, and Tj are then determined using equations (A10) and (A12).

A4. Superposition of Polygonal Elements
If more than one polygonal element is contained in the elastic body, the total elastic
field is determined by superposition. For example, the displacement, u, at point, x,

resulting from M polygona elementsis given by
M
m m
u=a uﬁ bj (A13)
m=1

m m
where U ﬁ are the displacement influence coefficients Uﬁ due to the mth dement and bj

is the Burgers vector component, by, on the mth element.

A5. Approximate Traction Boundary Conditions

In order to calculate displacements, strains, and stresses in the elastic body, we must
know all three components of the Burgers vector, b for each polygonal element. When
displacement discontinuity boundary conditions (b1,bp,b3) are given for each element, we
can proceed directly to superposition, asin equation (A13). However, when an
approximate traction boundary condition component, ti is specified for an element, a, we
must first determine the Burgers vector component bi required to produce ti atthe
€lement center.

Recall that traction is non-uniformly distributed over an element with uniform
displacement discontinuity. Thus, specifying a traction component at the element center
only constitutes an approximate boundary condition. The traction, aEi , a the center of
element a due to the displacement discontinuity on an N-sided polygonal element, b, is

given by



ab x O b
ti=T ex,h x'x%,..x™N+ by (A14)
e

The total traction, ti, at the center of element a is found by superposition over al M

eements

UU
~

(A15)

:’-Q’

I
Qo =
o

=1

o

Each traction boundary condition component, ti, leadsto one equation of the form (A15)
and one unknown ?)i . Ingenerd, if atotal of Q traction boundary condition components
are specified on the polygona elements in an elastic body, we must solve a system of Q
linear equations for Q unknowns (decompose a Q by Q matrix) in order to determine

complete Burgers vectors for all M elements.

AG6. Singularities

Because the displacement discontinuity across an angular dislocation is uniform, the
strains and stresses along its vertical and plunging legs are infinite (85.2). When
superposed with other angular dislocations to create a polygonal element, these
singularities disappear except along the portion of the plunging leg that is incorporated
into the polygona element.

When computing the stress or strain at a point, Poly3D calcul ates the contribution of
each angular dislocation separately. Therefore, it will return an infinite intermediate result
(NaN) for stress a any point on an angular dislocation leg, even though that singularity
should cancel upon superposition with other dislocations. The singularity on the dipping
leg can be avoided by simple geometric tricks, but the vertical leg remains an unavoidable
nuisance (Fig. A2). For this reason, Poly3D cannot calculate the stress or strain at any
point directly beneath an element vertex (i.e. dong the vertical leg). Thus, no element can
be defined with its center directly below another's vertex. For observation points below a
vertex, Poly3D indicates that the elastic field quantities could not be calculated by printing

the constant, nul | _val ue (811.1), astheir value.



APPENDIX B
TYPOGRAPHICAL ERRORS IN COMNINOU & DUNDURS (1975)

Several typographical errors appear in the equations given by Comninou and Dundurs

(2975) for the displacement field induced by an angular dislocation in an elastic half-space

. The corrections incorporated into Poly3D are listed below.

Equation (20), last line, first term:

y2(y3 - a)cotb
ﬁ(ﬁ + 23)

Equation (23), first line, last term:

{log(R- z3) +log(R+ Z3)}

Equation (23), second line, last term:
1 U
Lt ==Y
Equation (27), first line, first term:
Y2

+y2

(- 2n): —

Equation (27), first line, last term:

2
Cosb
L (cosb + ...

R+ Z3

Equation (28), first line, last term:
2
R+,

.+

(cosb + ...

should be

should be

should be ...

should be

should be

should be ...

Y(V3 - @)cotb

R(R+ Z3)

{log(R- z3) + log(R +Z3)}




APPENDIX C
SOURCE FILE CONTENTS AND DEPENDENCIES

The C language code for Poly3D is distributed over severa source and include files
(Table C1). The source files (with namesending in . ¢) contain most of the actual code.
Include files (with names ending in . h) are used to define function prototypes, externa
variables, constants, and macros that are shared between source files. Fig. C1 depicts the
dependencies between source and include files. Changes made to the program will not
take effect until the affected files have been recompiled. On many computers, a makefile
may smplify the task of compiling and maintaining Poly3D. A sample makefile for UNIX
systemsis provided in File Listing C1.

TABLEC1
Poly3D Sour ce Files
Source File Include File Contents/Purpose
pol y3d. c (none) Main program and support functions
el astic.c elastic.h Routines for solving equations in linear elasticity
getopt.c getopt.h A function for processing command line arguments

getwords. c

getwords. h

A function for reading lines of input and dividing them
into their component words

infcoeff.c |infcoeff.h |Routines for calculating displacement and strain
influence coefficients for the angular dislocation.

matrix.c matrix. h Functions that perform 3-D matrix, vector, and tensor
operations

nr.c nr.h Functions adapted from Numerical Recipes (82.1)

nrutil.c nrutil.h Utility functions taken from Numerical Recipes (82.1)

safetan. c safetan. h "Safe" versions of the tan(), atan(), and atan2()
functions that check for and avoid singularities

(none) pi.h An include file that defines the value of Pl = 3.1415...




APPENDIX D
SOURCE CODE LISTINGS

This appendix contains the complete source code for Poly3D. The name and starting page

number for each sourcefileislisted in the table of contents.
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