MISCELLANEOUS PAPER SL-85-1

LA AP

e DEVELOPMENT OF GENERALIZED 2-D AND _.
US Army Corps 3-D DISTINCT ELEMENT PROGRAMS e
of Engingers FOR MODELING JOINTED ROCK
Peter A. Cundall, Roger D. Hart E
z<<‘ Itasca Cpogsgltingm(g(r)céup. Inc. ‘g::
»< Minneapoilis, l\?l)i(nnesota 55414 g‘
- < ¥
i S
>
DTIC
; ELECTERN
- MAY 1 7 1885 ‘_
. B

January 1985
Final Report

Appro.ead For Pabl:ic Retease Distnbution Unlimited

al

US Army Corps of Engineers
Washington, DC 20314-1000

~w. Contract No. DACA 39-82-C-0015

o

S

-

=J_. feie - DEPARTMENT OF THE ARMY
=

=

m . Structures Laboratory

: US Army Engineer Waterways Experiment Station
LABORATORY PO Box 631. Vicksburg. Mississippi 39180-0631

L
b
b
>
O
.
}‘.
3
[
b d
e
.
R
)
:
S
|
g

PR N P P S P T T OO AN S S x o Ay f ; MR T s ae Ll Ads A Bl Mgl e iimda e aie oo aal]



TSN

3]

ey

o

e

-

PR

‘.

Destroy this report when no longer needed. Do not raturn
it to the originator.

The findings in this report are not to be construed as an official
Department of the Army position unless so designated
by other authorized documents.

The contents of this report are not to be used for

advertisir.y, publication, or promaotional purposes.

Cirtation of trade names does not constitute an

officiat endorsement or approval of the use of
such commercial products.

MY e Y S PEIRP I S SIS WL




e

\
1

A

g T A o B o e o B P e o A e B oy Ay e R S I L AN W S W R e e iy

Unclassified .
SECURITY TLUASSIFICATICN OF Tr!S PAGE ‘Whon Dete Fntored)
REPORT DOCUMENTATION PAGE BEFORE COMML ETING FORM
1 RUPORT NUMBER 12. GOVTY ACCESSION NO| 3 RECIPIENT'S CATALOG NUMBER
Miscellaneous Paper SL-85-1 L4D'A'L§’3 7 Jj
4 TITUE rand Subtitie) - 7 S TYPE OF REPORT 8 PERIOD COVERED
DEVELOPMENT OF GENERALIZED 2-D AND 3-D DISTINCT Final report

ELEMENT PROGRAMS FOR MODELING JOINTED ROCK

6 PERFORMING ORG. REPORY NUMBER

7. AUTHOR(e) 8. CONTRACY OR GRANT NUMBENR(s)
Peter A. Cundall Contract No.
Roger D. Hart DACA 39-82-C-0015

V0. PROGRAM ELEMENT. PROJECT. TASK

9. PERFORMING ORGANIZATION NAME ANO AODRESS
AREA & WORK UNIT NUMBERS

Itasca Consulting Group, Inc.
PO Box 14806
Minneapolis, Minnesota 55414

11, CONTROLLING OFFICE NAME AND ADORESS 12. REPORT DATE

DEPARTMENT OF THE ARMY Janyaryv_1985

US Army Corps of Engineers 13- NUMBER OF PAGES
Washington, DC 20314-100Q 79

€ MONITCRING AGENCY NAME & ADORESS(!i o Iferent [rocn Controlling Ollice) tS. SECURITY CL ASS. (of thie report)
US Army Engineer Waterways Experiment Station Unclassified

Structures Laboratory
PO Box o3i, Vicksburg, Mississippi

39180-0631 8a. 25:‘:&.63{:;.0\?:0'4'oovmcaAomo

14 OISTRIBUTION STATEMENT (of this Revorl)

Approved for public release; distribution unlimi‘ed.

17. DISTRIBUTION STATEMENT (of the abatrect entered in Block 20, Il dillarent from Report)

18 SUPPLEMENTARY NOTES

Available from National Technical Information Service, 5285 Port Royal Road,
Springfield, Virginia 22161.

19 KEY WORDS (Continue on riverse side il necessasy and Identily by block numbet)

Rock deformation--Simulation methods (LC) Joints (Geology) (LC)
Data structure (Computer science) (LC)
Numerical calculations--Computer programs (LC) L b

Block designs (LC) ]
Universal Distinct Element Code (UDEC) (WES)

10. APSTRACT rCornfimue an reverse side I neceseary and idenii{y by dlock number)

—

The capabilities of the distinct element code, UDEC 1 have been improved to
provide full generality of the program for modeling jointed rock. Complete
features exist for simulating variable rock deformability, nonlinear behavior
of distinct joints and intact rock, dynamic cracking, projectile impactior, and
fluid flow and fluid pressure generation in joints and voids.

Further, the first stage in the development of a three-dimensional

(Continued)

f ORM 3 EDITION OF ' NOV 6515 OOSOLETE

Yy R Unclassified

SECURITY CLASSIFICATION OF THIS PASE (When De1s En‘arad)

/).—

P e

,‘

SOURLE (S DA

NI

O NI

I

B AR

A



v

. Unclassified
o~ SECURITY CLASSIPIZATION OF THIS PAGE(Whan Daia Bntered)

20. ABSTRACT (Continued).

-
” distinct element program has been completed. A new data structure has been
designed and a test-bed code produced for three-dimensional analysis.

) .o T R ! [ e P ’. . i
Cores Yo s v A T J L, LS os f'/","-'-"/L
“- . N -~ - .
. . Y ,
M oo T o - ./l

s O3

Unclassified

SECUNITY CLASSIFICATION OF THIS PAQE/When Daie Enterad)

s e e e . N ..
I R AN R Mt S aa vk e e Y ey D R s A A AP P AP B G e P A s e
y : AT



PREFACE

This report presents the results of improvements and extension of
the two-dimensional distinct element code, UDEC, and development of the
data structure and skeleton code for a new three-dinensional distinct
element program.

The work was performed for the U. S. Army Waterways Experiment
Station under contract DACA39-82-C-0015. These improvements and exten-
sions of the code supplement the original report "UDEC - A Generalized
Cistinct tlement Program for Modeling Jointed Rock," written by Or. P, A.
Cundall in March 1980 for the U. S. Army European Research Office and
Defense Nuclear Agency under contract DAJA 37-39-C-0548.

Mr. J. Drake of the Waterways Experiment Station initiated this pro-
ject and the final report was prepared after consultation with Mr. Drake
and Mr. 8. Armstrong, also of the Waterways Experiment Station.

Commander and Director of the Waterways Experiment Station at the
time of publication of this report was COL Robert C. Lee, CE. Technical

Director was Mr. F. R. Brown.
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Background

1. The Universal Distinct Element Code (UDEC)* is the latest
SE and most advanced numerical program available for simulating the be-
havior of discontinuous geologic systems subjected to high and tran-
sient loads. UDEC provides in one package all of the capabilities
. that existed separately in previous distinct element codes. The pro-
.. gram is built around a very powerful data structure and is able to
handle simultaneously the interaction of a mixture of rock blocks
that have different types of deformability.
N 2. During the initial development of UDEC several facilities
l’ were encompassed by the original design but were only implemented in
skeleton form. Features such as joint constitutive behavior, dynamic
cracking, fluid flow and fluid pressure effects were identified as
requiring supplemental work in order to realize the full modeling

; X potential of the code. Also, some utilitarian improvements were sug-

o gested: an improved capability for dealing with flying blocks for

I:; impact-type problems, automatic zoning for fully-deformable blocks,

i improved logic for handling special cases of splitting such as splitting
’ through corners, and more general specifications for bouncary conditions.
b ~ P. A. Cundall, "UDEC - A Generalized Distinct Element Program for

Modeling Jointed Rock," Final Technical Report, turcoean Research
Office, U. S. Army, London, 1980.




3. [In addition, it was recognized that the next logical exten-
sion of the distinct element method would be the development of a three-
dimensional version. The first step in this formidable task would be
the design and testing of a data structure and test-bed code which would
be appropriate for three-dimensional analysis,

Scope of Present Study

4. The purpose of the present study was to address the consider-
ations arising from the original development 2f UDEC. The first ob-
jective was to complete all the unfinished facilities identified above.
This accomplished, the revised version of UDEC now has a general appli-
cation to the following principal areas in jointed rock modeling:

a. Discontinuous systems can be modeled as assemblages of

blocks or particles of differing deformability; either
rigid, simply-deformable (with 3 degrees of freedom) or
fully-deformable (internally decomposed automatically into
finite difference zones).

b. Nonlinear constitutive models including dilatant and non-
dilatant behavior can be prescribed for both the intact
rock and the discrete joints.

c. Blocks can break, repeatedly, in accordance with a user-
supplied cracking criterion.

d. Fluid flow and flyidpressure generation in joints and
voids can occur with flow rate specified in terms of
joint permeability and apparent aperture.

e. Directional loads can be applied to individual blocks

and pressures can be prescribed to regions between blocks.

f. Blocks or groups of blocks can be explictly defined by
the user as flying blocks for impact problems.

5. The second objective of this study was to begin the develop-
ment of a new three-dimensional distinct element program. A data
structure was developed which was well-suited for the extension of the

methed to 3-0. A test-bed code was then produced to evaluate various




........

aspects of the program such as the logic defining the characteristics
of the block, the detection of contacts and the sequence for processing
calculations. This effort has culminated in a workable but primitive
distinct element program for three-dimensional analysis.

6. This report contains a description of the improvements made
to UDEC and a discussion of the development of the three-dimensional
program. In addition, a revised user's manual for UDEC and a new
user's manual for the test-bed 3-D code are given as appendixes to this
report.
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PART I1: [IMPROVEMENT AND EXTENSION OF UDEC

Work Items

7. In the original report several areas were identified which
required additional work to realize the full capacity of the two-dimen-
sional distinct element code. Specifically, these work items are:

a. complete edge-to-edge contact logic and install a simple
constitutive model for rock joints;

install fluid flow and fluid pressure generation logic;

improve logic for dealing with flying blocks, i.e., blocks
or groups of blocks not in contact with other blocks;
install an automatic mesh generator for fully-deformable
blocks;

design logic to treat the case of splitting through a cor-
ner and allow re-entrant splits (one line crosses 2 singie
block twice);

install dynamic cracking including the redistribution of
forces, stresses and displacements on splitting, and
create the framework for user specified criteria for crack
develooment; and

gq. install more general boundary conditions.

I~ o

la

jo

(B

Modifications have been made to UDEC to complete these facilities. In
Appendix A a revised UDEC ucer's manual is given which contains a des-
cription of the improvements made to the code and a complete set of in-
put commands and program guide. Sample problems are also given which
demonstrate the improvements made to UDEC.

Data Structure

8. The program guide, given in Appendix A, contains the complete
contents of all the groups in the data structure. Figures 1 through 5,

s S R 200 2% RO B 30 Al P T et 2o o o R M 1RO B g3 =P B e B AP BT R e
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reproduced from the original report, show schematically the linkage of
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' these various groups and should assist the user in follewing through
the program guide. Figure 1 shows the "linked list" arrangement of the
main data arrays. Figures 2, 3 and 4 illustrate the conventions for
pointers and links in the block data, domain data and contact data

s I S IRT. T

' arrays , respectively, and Figure 5 shows the structural arrangement of re- :
dundant memory groups. The program guide and the figures will assist K
the user in making any code modifications.
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PART [II: APPROACH TO THREE-OIMENSIONAL MODELING

Introduction

9. This project 1s concerned mainly with the planning of a three-
dimensional code based on the distinct element method. It {s particu-
larly important to design the data structure in a way that anticipates
how the data will be used during a typical simulation of the behavior
of a blocky assembly. Each physical quantity should be at hand when
needed, with the minimum overhead of searching, or redundant calcula-
tions.

10. Even though the objective of the project was to arrive at a
conceptual framework for future development, a working program, called
D3, was written. The present deficiencies in D3 are in the areas of
contact detection and updating and block creation. However, some as-
pects of the program are well-developed: for example, the data struc-
ture; the physical equations of motion and force-displacement law; and
the determination of volumes and centroids for arbitrary blocks.

11. Throughout the program 03, functions or subroutines are used
to perform common vector operations. This simplifies the coding consid-
erably, at the expense of some fincrease in running time. All vector and
tensor equations in this report are expressed in component form, where
the subscripts i, j and k range from 1 to 3, and the Einstein summation
convention applies for repeated subscripts.

Block Characteristics

Geometry

12. A three-dimensional block is defined by dividing its surface
into triangular faces. Triangles are used instead of arbitrary poly-
gons for the following twc reasons.

11
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a. A surface is determined uniquely by specifying three
points in space. If four or more are given, the nature
of the surface is undefined and ambiguous.

The data structure is simplified if exactly three vertices
are associated with each face; three memory locations

can be reserved in advance. Similarly, exactly three
pointers can be provided to locate the three adjoining
faces to a given face.

13. There is no loss of generality by adopting the requirement
that the surface of a polyhedron be subdivided into triangles. Any
arbitrary shape can be devised by using triangles as building blocks,
including blocks with concave regions. At present, in D3, the vertices

|or

of sach face must be given manually, but automatic surface zoning should

5¢ nossible, using the zone generation logic of UDEC.

vyolume

14. The calculation for block volume is based upon Gauss's diver-
gence theorem, given by:

3p =1 fpn‘.da (1)
vV

IXs

where p is any scalar, vector or tensor variable

v is the enclosed volume, and

n. is the outward unit normal to an element of surface, da.
If p is defined as any vertex vector X5 equation (1) becomes:

% . l.‘;i n, da
IX; va

or, solving for v using discrete areas,

3 x. ni a (2)

where S is the summation over all surface elements.

12




. '” .

et

[ SRXXSOds gty

2o FFCC AN "
AL SRR ATRPNS
PN o e e et

I e

1f area, a, is planar, X; n; is constant over the area.
For a triangular area defined by the vectors zfa) and sz) (see Figure 6)
the area calculation is:

1 1
I M CHILS RN

:a) zj(b) (eijk is the permutation tensor) (3)

and the unit normal is

where ak = eijk 2

4
N, =3 (4)

Substituting equations (3) and (4) in equation (2) produces

1 < (a) ,(b)
v=g Zxk eijk zid zj (5)

FIGURE 6 VECTORS OESCRIBING TRIANGULAR AREA

The volume assocfated with each face, when defined by equation (5), rep-
resents the volume of a tetrahedron with a base of area, a, and apex

at the coordinate axes origin. The block volume is then found from the
sum of the tetrahedrons. To produce a positive tetrahedron volume the

vertices defining a triangular face must be ordered counterclockwise
when viewed from the axes origin.
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Centroid

15. The centroid of the block is calculated by recognizing that
the centroid and volume Jf each tetrahedron are related to the block
centroid by:

. ¥, = r (N)v(")

N i 4 (6)
w v

.,-,'.}

wle

e wherev} is the centroid vector for the block

. ri(N) is the centroid vector for the Nth tetrahedron

v is the block volume

;Lﬁ v(N) is the volume of the Nth tetrahedron

?! The centroid of each tetrahedron is calculated directly from the three
o vertex vectors (x(}}, x(E) and x(?)) that define a block face. The

E}‘ centroid lies along the same vector as the average of these three

ii. vectors. By simple integration techniques it can be shown that the mag-

nitude of the centroid is 3/4 of the average vector, so that the tetra-
hedral centroid calculation becomes:

4 AN 1) (2, )

p ;*"i (7)

The block centroid is then found by using this equation in equation (6)
and summing over all tetrahedrons defining the block.

4!- Radii of gyration

1§¥ 16. This calculation is incomplete in the present version of D3.
;é; Only dynamic behavior is affected by the moments of inertia, which are
Ziﬂ now taken to be equal, approximately, to:

L

* 14




% r 2n (8)

where r is the average distance from the centroid to vertices and m is the
block mass.

Physical Calculations

Equation of motion

17. For each block, the following equations are integrated twice
by central finite differences:

(9)

u, 4 ami, = SF,
mu, 4 amu, b3 ;

A, +a]

1(,.) i (i)éi =IN, (10)

where u,, U, = components of acceleration and velocity .

LY éi = components of angular acceleration and velocity

EF1 = sum of forces acting on block
IMi = sum of moments acting on block
m = mass of block

I(i) = moments of inertia about 1, 2, 3 axes.

a = damping coefficient
Knowing the centroid motion and the current locations of vertices and

centroid, the velocities (and hence increments in displacement) of ver-
tices are calculated as follows:

ng) = 6(?) ‘e, é(g) (x(g) - x (E)) (11)

Jk

where (p) refers to a vertex
(b) refers to the centroid of the block

is the permutation tenso.
15
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The moment acting at the centroid owing to a force F(?) acting at a
surface point p is given by:

b
" G) . x)e(p)

ey (12)

Contact forces

18. At each contact, the relative velocity of the two opposing

points is calculated using equation (11) for both points and subtracting:

d(§) . &,fB) . ;,(Ii\) (13)

where (A) and (B) denote the opposing points on blocks A and B.
The relative contact velocity h(g) is resolved into normal and shear
partitions:

a{s) < yle) Jglmy,
j

u; i (15)

where n; is the contact normal.

Normal and shear force increments are then calculated as follows:

af(M) o y(n) () (16)

oF(3) w Ly () 4 (8] e (17)

O ik Ckas § "a"'B

where k(") = normal contact stiffness
shear contact stiffness
n = previous contact normal
current contact normal

3
[

16
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The second term on the right hand side of (17) corrects the current
shear force for rotation of the contact normal during the previous time
step. The expression is approximate only, and assumes that cos(ae)~1.
The contact normal may rotate because:

the two blocks concerned have rotated about a common axis; or

the contact location on one or both blocks has changed;
hence the contact normal may have changed.

o 1=

Contact forces may now be updated:

)iz p(n) o () (18)
ACOINICI RN (19)
1 1 1
If ;F(§)| sc + uF(" then
f8) 1e pl8) (g oy, (20)
Lo

where ¢ = cohesion

u friction coefficient

means "replaced by"

Note that F(n) is stored in program D3 as a scalar, because the contact
normal is stored independently. However, F(?) is stored as a vector
with components referred to the global axes.

19. After calculation, the contact forces are applied immediately
to the two blocks comprising the contact (in a positive sense to block
B, and in a negative sense to block A). Equation (12) is used to com-
pute the moment to be added, where x(?) is the contact coordinate.

17
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Contact Characteristics and Detection

Prescription for contact normals
20. The blocks in UDEC have rounded corners in order to elimin-
ate the singularities, force-jumps and "hang-ups" associated with sharp

corners. In three dimensions the same idea is almost unworkable, since
a single spherical cap cannot be fitted to a vertex because it will not
be tangent to all adjoining faces. Some kind of variable-radius curve
would have to be fitted to the vertex. It would have to be tangent not
only to adjoining faces, but also somehow merge smoothly with adjoining
edges, which would also be rounded. Although such a scheme may be feas-
ible in principle, its use would add a large computing overhead, partic-
ularly in the case of simply-deformable blocks, where the angles at ver-
tices are continuously changing.

21. A scheme has been devised that overcomes the problems with
sharp corners, and even resolves the ambiguities present in UDEC for
very large block overlays. A "prescription" or rule is proposed that
furnishes a unique direction of contact normal to be associated with
each point within a block. Because two blocks must overlap in order to
establish contact, the contact point must lie within both blocks. The
prescription is consulted to find the average contact normal for the
blocks' internal point. Certain conditions must be fulfilled by the
prescription:

a. At the surface of a btlock, the prescribed normals
must coincide with the real normals (with jumps at
vertices and edges).

b. There must be a smooth transition in normal direction
from point-to-point within the block.
¢c. The rate of change of normal direction with respect to

coordinate should reduce as the depth of penetration
increases.

In essence, the prescription provides a field of normal vectors for
every internal point as illustrated ir the figure below.

18




FIGURE 7: NORMAL VECTOR CONTOURS FOR 3-D CONTACT DETECTION

22. Much of the effect of UDEC's corner rounding is provided by
the new scheme because there will be a smooth transition as a contact
point moves around a corner. Furthermore, there is no need to know
exactly which face is providing support close to a vertex; the known
normal determines the direction of sliding and the direction in which
the normal force increment is applied.

23. The following prescription for angles of contact normals is
only tentative. More experience with its use in D3 is necessary before
it can be accepted as being a reasonable analog of physical behavior.

3. Select the vertex nearest the contact point.

b. Determine the normal distance, d(N), of the contact point
from each adjoining face, N.

c. Compute the axerage normal face direction, weighted accor-
ding to 1/d{N}). {f the contact point 1ies exactly on one
face N (d(N) = 0), then the normal direction is that of
face N.

d. The required normal is the unit vector in the computed
direction.

The prescription fulfills the conditions previously set out, except that
there will be a slight change in normal angle for deep penetration when
the "nearest vertex" changes.

Types of contact

24. Although six types of contact can be identified physically,
only two are necessary for complete support between two blocks.

19
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Types of Physical Contact

face - face

face - edge

face - vertex i
necessary for support

edge - edge

edge - vertex
vertex - vertex

Each of the six physical categories can be constructed from one or more

combinations of face-vertex and edge-edge. These two latter categories ;
may be termed "logical contacts,” which are recognized by the detection
process and in the formation of the data structure. The physical behav-
ior corresponding to the other categories can be dui’icated by knowing

the appropriate areas and lengths of contacts, in the same way that UDEC
models the physical behavior of an eage-to-edge contact even though the
logical contacts are of the corner-to-edge form. 03 does not contain this
logic in its present state of development.

Contact detecticn }
25. In any code that models interaction between arbit ary blocks ‘
or particles it is necessary to avoid exhaustive searches for those par-
ticles that are touching because the computer time for such searches
increases as NZ, where N is the number of particles. Programs RBM and
SDEM used a "box" classification scheme. Cundall (1980) discusses this
scheme, and its limitations. UDEC uses a linked-1ist scheme whereby a
block's contact candidates are found by local search of its surrounding
domains. However, the two-dimensional data structure of UDEC has no
convenient three-dimensional analog, as discussed in the next section.
26. D3 uses a scheme for which the search time is proportional
to N, but which is less efficient than UDEC. 03 maintains links between
blocks that are near each other. A given block can then interrogate this
group of nearby blocks in order to detect potential contacts. The list
of nearby blocks is updated in the following way. Ouring an "update",

20
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a block interrogates not only its local 1ist of neighbors, but also
the 1ists of its neighbors. Blocks that are further than a certain
radius are not added to the list (or are deleted if they are on it al-
ready), and blocks within the radius are added. An "update" is only
performed on a block after it has moved by some threshold distance since
its previous update. In this way, updating of almost-stationary regions
is avoided.

Data Structure

27. This section describes the form and use of the data structure
in terms of the pointers and connecting links. The complete content
of each data array is set out in Appendix B. Program D3 is modeled close-
ly on UDEC as far as structure and operating logic are concerned.

General considerations

28. The program UDEC, which models two-dimensional block systems,
maintains a data structure with the same topological form as the physical
assembly. The notion of representing blocks by circulating lists that
simultaneously encompass the void spaces seems infeasible in three
dimensions. It is possible to have a stable assembly of three-dimension-
al blocks without having an associated collection of isolated void spaces,
or "domains"; in some three-dimensional assemblies it is possible to
journey from one portion of the void space to any other without needing
to pass between two blocks in contact. In iwo dimensions, the voids
can share the same linked lists that serve to describe blocks. (A void
is traced by following a counterclockwise route, while blocks are
delimited by the same 'ist, but traced in a clockwise direction.) This
convenient symmetry is not found in three dimensions.

29. Program D3 embodies, for three-dimensional systems, a data
structure that ensures rapid access to data as it is needed during the
calculation cycle, but the physical correspondence of UDEC's data structure
is missing. This carries a penalty of more time-consuming searches for
contacts and increased difficulty in representing fluid behavior in the

21




-
1,
L

A
A

PR .
. o

R -'.‘...'-
. DM A

.I.F.

f.“

%

Y o
- ."-

-

2

AL

void spaces. Figure 8 shows the global lists that 1ink blocks and contacts.

Block structure

30. For individual blocks, the data structure describes the block
geometry and also permits the program to jump from one face to its neigh-
bors directly, and from a face to its bounding vertices directly. Figures 9
and 10 illustrate this scheme. Triangular faces, apart from their physical
advantages, noted earlier, lead to simplified data structures because
exactly three pointers suffice to 1ink faces to neighbors and faces to
vertices. The connectivity of faces and vertices is specified completely
by the pointers provided in the data array for faces, illustrated in
Figure 10. A knowledge of face and vertex connectivity is necessary for
an efficient scheme to detect and update contacts around a block. The
data array for vertices contains only coordinate data, but each block
has access to a list of its own vertices so that coordinates can be
updated as the block moves. A1l coordinates are absolute, as components
are referred to the global axes.

Contacts and links between blocks

31. Global connectivity of the block system is represented by a
series of 1inks bpetween nearby blocks. When a block system is created
initially, these links are established by exhaustive search. However,
during operation, the program can determine potential contacts by inter-
rogating just those blocks in its immediate neighborhood. In this way,
the computer time needed for searching increases linearly with the number
of blocks, N, and not as N2, The scheme, however, is not nearly as ef-
ficient as that of UDEC because many more potentfal contacts need to be
examined in D3 for each block.

32. Contacts come in three forms: one is a "degenerate" form,
and the other two correspond to "real" contacts. A degenerate contact
is a simple 1ink between nearby blocks. The memory taken by such a contact
is much less than that of a real contact, but the pointers have the
same locations as those in real contacts. This permits both degenerate
and real contacts to be included in the same scan. A code number i{denti-

22
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fies each type. Pointers and lists associated with each contact type
are illustrated in Figure 11. The two forms of real contact are:
vertex-to-face and edge-to-edge. These two categories are sufficient to
capture all types of physical contact, as explained previously.
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PART IV: CONCLUSIONS

Program UDEC

33. The two-dimensional program UDEC has been considerably
enhanced: it can now be used to model a wide spectrum of problems rang-
ing from continua to discontinua; from static to dynamic; and with or
without pore fluid interaction. The utility of the canonical* data
structure has been confirmed by the comparative ease with which the new
features were installed.

Program 03

34. Considerable thought has been given to devising a good data
structure and physical idealisation for representing three-dimensional
block assemblies. The result is reported herein; much of the scheme
has also been embodied in the test-bed program D3. In fact D3 contains
a good deal more than that required by the contract: it includes the
full equations of motion for blocks and surfaces, equations for inter-
action of contacts, primitive logic for contact detection and updating, ;
and fixed/free boundary conditions.

35. It is possible to run very simple simulations with D3 as it
stands, but the program is still only a skeleton code. The following
developments are suggested, in order of priority.

a. Test thoroughly the prescription for contact normals,
and, if necessary, propose modifications.

b. Generalize logic for contact detection and updating, and
verify that it will work under extreme conditions.

c. Recognize, and treat correctly, all six categories of
contact; install corresponding constitutive models.

d. Add simply-deformable logic.

*A "canonical" data structure is "a model of data which represents
the inherent structure of that data." Martin, J. (1977), Computer
Data-Base Organization, Prentice-Hall, Inc.
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Install comprehensive boundary conditions:
1. stress tensor
2. arbitrary velocity prescription

Allow blocks to split, dynamically and statically;
include point-to-point splitting law and Griffith's
law for simply-deformable blocks.

Perform validation and simulation tests.
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APPENDIX A: UNIVERSAL DISTINCT ELEMENT CODE (VERSION 1.2)
USER'S MANUAL

Introduction

1. This manual describes the latest improvements to the Univ-
ersal Distinct Element Code (UDEC) and supplements the original report
"UDEC - A Generalized Distinct Element Program for Modeling Jointed
Rock" written by Dr. P. A, cundall, March 1930, for the U. S. Army
{European Research Office, and Defense Nuclear Agency under Contrazt
DAJA 37-79-C-0548.

2. The improvements to UDEC were made in the follo ing general

areas:
a. Joint logic
b. fluid fiow
c. flying blocks
d. automatic mesh generator
e. general splitting logic
f. dynamic cracking of blocks
g. generalized boundary conditions

Descriptions of these improvements and their applications n UDEC are
given in the next section.

3. The modifications to UDEC have led to the development of
several types of constitutive models for the intact blocks and block
contacts. Intact block behavior may be defined by separate deformation
and fracture laws, while either point- or joint-contact constitutive models
may be chosen. The different constitutive behaviors are discussed below
and summarized in Table Al.

4. This manual also contains the revised user's input commands
for UDEC and an updated program guide. Input and output files are
presented for sample problems which illustrate the use of the improve-
ments to UDEC.

Al
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Joint logic
5. UDEC recognizes edge-to-edge contacts between blocks as joints,

.i' and refers to a constitutive model that works in terms of stresses
rather than forces. The joint logic is used for those blocks or joints

;5% that are given constitutive number 2 or 5 by the user (see Table Al).

éig In addition, some or all of the following properties for joints should :

. be defined: |

o LI normal stiffness (stress/displacement) |

N $$§ ... shear stiffness (stress/displacement) '
cj .... cohesion (stress/displacement) ‘

3: fj .... friction coefficient :

S Although the joint logic may be set for the whole block assembly, UDEC
‘ will still refer to contact parameters under some circumstances;

. therefore, these parameters should also be defined. A joint reverts

iii back to being a contact if it no longer consists of planar block faces

R in opposition. The point-contact logic is also used if incremental

normal deformation using the joint parameters would be greater than that

using the contact parameters: 1i.e., if

u an.Ij < sn

22& where ]j is the length of the joint and sn is the contact normal
stiffness.

S Fluid flow

9. 6. Flow may occur between domains if a differential pressure

exists between the domains. Two types of flow law are used, depenuing
on whether a contact or a joint separates the domains. For a contact
the flow-rate is

9 * Pyifeke
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where Paiff is the pressure difference, and
kC is a permeability constant, defined for contacts, for a
particular material number.

For a joint the flow rule is:
- 3
9= Pyigekay/ Ty

where kj is a permeability constant for joints,
]J is the joint length,
aj is the apparent aperture, defined as

a. = max(ares, - strn'/sn.;
; x( a, - strn'/s J)

where ares 1is the residual displacement (fully closed),

ao is the aperture for an open joint,

strn’' is the effective normal stress, and

snj is the joint normal stiffness.
The constants kj, ares and 3, are defined by the user for a particular
material number.

7. In one time-step, tger? the adjustment to pressure, Pdel’

in a domain is as follows:
Pgel = Q(bU]kw)(tdel)/Ad

where Q is the sum of flows into the domain,
bulkw is the bulk modulus of the fluid,
Ad
For a domain corresponding to a joint,

is the area of the domain.

Ad = aj]j

(aj and ]j defined previously). The quantities aj and ]j are only
defined for a joint. [f constitutive numbers 2 or 5 are not set, the
domain corresponding to an edge-to-edge contact will be acsumed to have
an area of Ad(min), which may be set by the user; otherwise it will
default a small fraction of average block areas. For regular domains,
Ad(min) is the limiting area for fluid calculations.

A3
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8. A printout of fluid flow in all joints and contacts may be
requested by giving the PRINT FLOW command. Aperture and length are
also printed for joints.

9. The influence of a fluid pressure gradient is included in
UDEC for fully-saturated blocks subjected to gravity loading. This has
been accomplished by adding a buoyancy force term to the law of motion
for a block. The buoyancy force is defined by a fluid density parameter,
rhow, in the FLUID input command.

Flying blocks

10. UDEC keeps track of "flying" blocks (i.e., blocks not in
contact with other blocks) by retaining one link to the main data
structure. This ensures that new contacts will be detected in the
domain containing the flying block. The single link is of the same
form as a regular contact, but it contributes no forces and is deleted
immediately after the block comes into contact with other blocks.
Groups of flying blocks are handled in an identical manner. The same
Togic ensures that the group is linked to the global data structure by
one virtual contact. Blocks which are initially not in contact with
other blocks must be linked to the main data structure using the LINK

input command.
Automatic mesh generator
11. The automatic mesh generator is based upon that described

in the report "Computer Modeling of Jointed Rock Masses" written by
Dr. Cundall, et. al., (see Technical Report N-78-4 for the U. S. Army
Engineers Waterways Experiment Station, August, 1978).

12. Automatic mesh generation for a fully-deformable block is
accomplished in three stages. First, all corners of the boundary are
linked so that the block is discretized as a triangular finite-
difference mesh. Then, the triangles are split until all triangular
sides are smaller than a maximum edge length specified by the user.
fFinally, all internal grid-points are adjusted until their coordinates
coincide with the average of the coordinates of the surrounding grid-
points. The generator appears to be sufficient for discretizing most

A4
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blocks provided the aspect ratio (longest to shortest dimensions) of
the block is kept smaller than 2:1.
General splitting logic

13. The logic for splitting blocks has been overhauled so that
a split may occur at any orientation. Splits through corners are
allowed. If 2 given split-line passes too close to a corner, the line
is diverted so that the corner is split. The criterion of "closeness"
is based on the given rounding length; the line is diverted if a newly-
created corner would interfere with the existing ccrner (i.e., their
rounding arcs would overlap). After diverting a proposed split-line
through corners (if necessary) a check is made to see if the line would
coincide with an existing edge; if it would, the split is rejected for
that block.

14. Block splitting is accomplished via subroutine XYSPL(MAT,ICONS).
This routine only requires two coordinates ((x3,y3) and (x4,y4)) which
define the split iine through the block and MAT and ICONS which assign
joint properties and constitutive behavior to the newly created ,oint.

Dynamic cracking of blocks

15. UDEC has been modified to allow dynamic cracking of rigid and
simply-deformable blocks. The decision to check for cracking is made by
introducing a tensile strength factor, tf, to the material property list.
If a block has a specified tensile strength factor, it is searched
once every cycle for conditions which would satisfy a user-suppijed
cracking criterion. If this criterion is met, the block is split into
two. The joint created by splitting a block will take the material and
constitutive numbers of the biock.

16. Two cracking criteria are presently available in the code.
A criterion based upon a relationship developed from "point-load" testing
has been assigned to constitutive numbers 1 and 2. The tensile strength
factor in this case is defined by:

2d

where fl and f2 are two opposing contact forces applied to the block, and

A5




d is the distance between these forces. Splitting of the block occurs
i{f the maximum value of the contact force-distance relationship equals
or exceeds tf. Dynamic cracking is not permitted through corners or
too close to corners (d < 1/2 smallest block edge) for this cracking
criterion.

17. A criterion based on Griffith theory is assigned to constitu-
tive numbers 4 and 5. This criterion evaluates conditions for cracking
in terms of the internal stresses in SDEF blocks (tensile stresses are
assumed positive). The relationships for block splitting are defined by:

tf = spl if 3spl + sp2 > 0
and

¢f = -{spl - sp2)°
8(spl + sp2) if 3spl + sp2 < 0

where spl is the maximum principal stress in the SDEF block,
sp2 is the minimum principal stress in the SDEF block,
tf corresponds to the uniaxial tensile strength of the intact
material.
When stress conditions exceed the tensiie strength, the block is split
through its centroid in a direction parallel to sp2 and the block
stresses are set to zero.

18. It should be noted that these two cracking models do not
account for energy lost in the system when the fracture occurs. A irore
thorough approach should take intc account the change <€ =triin energy
into kinetic energy at failure.

Generalized boundary conditions

19. Two types of boundary conditions can be used in UDEC. X and Y
directional loads can be added to block centroids using the LOAD command.
Comain pressure can be user-contro11eq using the PFIX and PFREE commands.
Summary of constitutive models

20. Each constitutive number gives the user o different combina-
tion of constitutive behavior for the intact block and the contact
between blocks. Four combinatiuns are presently defined {see table below).
Other combinations are left to the discretion ot the user.

A6
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Table Al
Constitutive Sehavior Models

Intact Black Contacts
Constitutive Deformation Cracking Deformation
Number Law Law Law
1 elastic-isotropic point-load point contact
2 elastic-isotropic point-load Joint contact
3 elastic-isotropic Griffith point contact
4 elastic-isotropic Griffith Joint contact
A7
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Notes:

Input Commands

Upper-case letters in a command or parameter must be typed; the
remaining letters are optional. Lower-case parameters stand
for numeric values. Integers must be given for parameters start-
ing with i, j, k, 1, m, n. Real numbers may be given as integers,
but not vice versa.
Input is free-format: parameters may be separated by any number
of the following characters, in addition to spaces:

= () .7
An END command is required at the end of the input file (after
the STOP command). The first command must be START or RESTART.
* = comment line
+ = continuation line

i e e ok 4 ST K"

Block

CHange

Material n Constitutive m «1 y1 x2 y2 ...

Create a rigid block of material number n and constitutive number
m. Defaults are n=1, m=1, if m, n are omitted. Corner coordinates
are: (x1,yl), (x2,y2) etc., in a clockwise direction. Continua-
tion 1ines may be used, but a pair of numbers defining a corner
must not be separated. Only one BLOCK command may be used per
run at present. Further blocks may be created with a SPLIT
command, and unwanted ones deleted with the DELETE command.
Any blocks may be changed to simply- or fully-deformable with
a CHANGE command.
xl x2 yl y2 Sdef HMaterial n Constitutive m

Fdef

A1l blocks with centroids lying within the range xl<x<x2 , ylc<y<y2
are changed to simply- or fully-deformable (Sdef or Fdef respec-
tively). Material and constitutive numbers may also be changed.
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Cycle

n
Do n time-steps (cycle O is permitted as a check on data).

DAmping fcrit freq Mass

Stiffness

Internal
Viscous damping is anplied in the form of Rayleigh damping.
fcrit is the fraction of critical damping and freq is the center
frequency. If a qualifier is not given as the third parameter,
full damping is used. The word "Mass" eliminates the stiffness-
proportional dashpots. The word "Internal” causes the specific
damping to be applied to the 3 internal degrees of freedom of
simply-deformable blocks.

DElete x1 x2 yl y2
A1l blocks are deleted in the range xl<x<x2 , yl<y<y2
Dump nm
Dump memory to printer from the main array from address n to
address m. Internal pointers MFREE, JUNK IBPNT, ICPNT and IDPNT
are also printed. MFREt gives the highest memory location that
is currently free.
End
Last input command.
Fix x1 xZ yl y2
A1l biocks are fixed in the range xl<x<x2 , ylcy<y2.
FRAction f
f is taken as the fraction of critical time-step to be used.
FLuid rhow bulkw
Fluid properties are specified for an effective stress analysis.
These are the density, rhow, and the bulk modulus, bulkw.
FRee x1l x2 yl y2

A11 blocks are set free in the range xl<x<x2 , ylcy<y2.
Note: By default all blocks are free initially,

Generate x1 x2 yl y2 Manual Gridpoints (glist) Zones (zlist)

Automatic (amax1)
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Gravity

LInk

Load

A1l blocks encountered in the range xl<x<x2 , yl<y<y2 are
discretized as fully-deformable. For automatic generation the
parameter (amaxl) must be given to define the maximum edge
length of the triangular zones. For manual generation a list
of grid-points, (glist), and zones, (zlist) must be given.
The format for (glist) is:

x1 yl x2y2 x3y3 .....,
where each x,y pair is a coordinate of a grid-point. The format
for (2list) is:

Mlmlnl 12m2n2 ..... _
Each triple corresponds to the three grid-points that define
the zone, where the numbering of the grid-points refers to the
order in (glist), starting with the last point (i.e., the last
grid-point is number 1). The grid-points should be given in
clockwise order around tne zone. Both (glist) and (z1ist) may
extend over an arbitrary number of continuation lines, but
doubles and triples should not be split over two lines. If a
given coordinate 1ies within a certain tolerance of a block
corner, the grid-point is placed on that corner. The tolerance
is taken as 0.9 times the rounding length. Grid-point coordinates
can be defined to coincide with block corners but should not be
defined to 1ie along block edges, for manual generation.

9x 9y

Gravitational accelerations are set for the x- and y- directfons.
xl yl x2 y2
Links a flying block to the main data structure. (xl,yl) are
the conrdinates of any point inside the flying block and (x2,y2)
are the coordinates of any point inside the block which will
provide the link to the flying block. This block should be the
one which is topologically closest to the flying block.
(x1,yl' and (x2,y2) should be chosen close to the blocks'
centroid locations to ensure correct linkage,
xl x2 yl y2 xload yload
A1l blocks with centroids lying within the range xl<x<x2 , yl<y<y2
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PFix

PFRee

PlLot

Print

are prescribed static loads applied at the block centroid.

ia p

The pressure is controlled in the domain with address ia. The
real constant value for pressure, p, is inserted in the pore
pressure offset of the domain 1ist.

ia

The pressure is not controlled in the domain with address ia.
Nofix Zones NC Vel

If no parameter follows the PLot command, all blocks and
centroids are plotted. If "Nofix" is used, no fixed blocks are
plotted. The keyword “"Zones" is used to plot the zones in fully-
deformable blocks. The word "NC" deletes corner rounding on all
blocks and "Vel" plots block velocity vectors at block centroids.
Blocks Contacts CORners Domains List DOList Flows

Data are printed on blocks, contacts, corners, domains and linked
lists for blocks and domains. Fluid flows in joints and contacts
are printed with the FLOWS keyword.

PROperty Material n  keyword value

n
The first parameter must be the specification of the material
number. Material properties are defined for material number n.
Property keywords are:

Bulk(or K) bulk modulus

G shear modulus

Density density

KN contact normal stiffness
KS contact shear stiffness

Cohesion contact cohesion
Friction contact friction coefficient

JKN joint normal stiffness

JKS joint shear stiffness

JCoh Joint cohesion

JFric joint friction coefficient
Tf tensile strength factor
JPerm joint permeability constant

All
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CParm contact permeability constant
Alero aperture for zero normal stress
ARes residual aperture at high stress

(Units of joint normal and shear stiffness and joint cohesion
are stress/displacement.)

The program is restarted using data from the restart file.

v fa ioff

The real value v is inserted in the main array at address ia,
with offset ioff.

d
Each block corner is rounded with a circle that is tangential to

the two corresponding edges at a distance d from the corner.

The current problem state is saved on the restart file.

xl yl x2 y2 Material n Constitutive m

A1l blocks in the path of a 1ine extending from point (x1,yl)
to (x2,y2) are split into two. The joint created by the split
is assigned a joint material number n and a joint constitutive
number m. If MAT or CONS are omitted, the joint or contact
will take the material and constitutive numbers of one of the
adjoining blocks (however no number will be printed when the
PRINT CONTACTS command is given.)

The program does a cold start.

The run stops.
ix1 ix2 iyl iy2
The integer ranges ixl to ix2 and iyl to iy2 define the viewport

region on the plotting device within which the piot will be made.
Defaults are ix1=0, ix2=2000, iyl=0, 1y2=1400.

xl x 2 yl y2

The coordinate ranges x1 to x2 and yl to y2 define in real problem
units the region of the model to be plotted. Defaults are

x1=0, x2=10, yl=0, y2=7.
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Program Cuide

Parameters and Data Croup

Note:

KB

KP
KMAT
KCONS
KBCOD

KX
KY
KXD
KYD
KTD
KAREA
KBM
KBI
KBFX
KBFY
KBFT
KXL
KYL
KBEX

The ¢tirst

integer in each block array

(otfset 0) is the block type number, as follows:

1 rigid block

2 simply-deformable block
3 fully-deformable block

Pointer to next

block in block ligt.

Pointer to one corner in block’'s corrner list.,

Materia!l number.

Constitutive number.

Code number:
0O free block
1 fixed block
% coordinate of
y coordinate of
X velocity.
y velocity.

centroid,
centroid.

Angular velocity (counterclockwise positive).

Block area.
Block mass.

Moment of inertia.
X centroid force-sum,
y centroid force-sum,

Centroid moment

sum.

x load spplied to block centroid.
y load applied to block centroid,
Extension pointer (to SDEF or FDEF data)

Oftétsets for corner data array

Note: The first integer (offset 0) contains
the vaiue MCOR to denote a corner.

KL
KR

KNB
KXP
KYP
KXCP
KYCP
KRAD

Pointer to next

corner or contact on

block, in clockwise direction.

Pointer to next
direction,

Pointer to host
x coordinate of
y coordinate of
x coordinate of
y coordinate of
Radius of local

corner in counterclockwise

block.
corner.,
corner.
local circie centear,
local circle center,
circle.

Al3
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KXDP X velocity of corner.,
' KYDP y velocity ot corner.
; KGP Pointer tc corresponding grid-point if block
is fully-deformable,

Oftsets for contact data array

' Notetr The first integer (affset 0) contains
~==-- the value MCON to denote a contact.
KC Pointer to next contact in contact list,
KBt Address of first block involved in contact.
. KB2 Address of second block involived in contact.
l KL1 Pointer to next item in clozKwise list
of block corresponding to KBl.
: KL2 Same as KL1, but for block KB2,
KDI1 Address of domain to left of contact,
qoing from biock KBl to KB2,
: KD2 Address of domain to right of contact,
' qoing from block KB2 to KBl.
. KCM Material type number.
: KCC Constitutive number.
KXC x contact coordinate.
KYC y contact coordinate,

. KXDC Relative x velocity (of block KB2 relative
' to block KBl).,

I KYDC Relative y velocity.
: KCS Relative shear displacement,
. KCN Reiative normal displacement.

: KCFS Shear force.
KCFN Normal force (compression positive).
KCCOD Code number:
1 corner/corner contact
2 corner/edge contact (KBl,..corner,
KB2..,edqe)
3 edge/corner contact (KBl...edge,
KB2.,..corner)

KCAP Mean aperture for joint
KCQ Flow-rate in joint or contact
KCL Length associated with joint

Otfsets for domain data array
Note: The tirst integer (oftset 0) contains
---- the value MDOM to denote a domain.

KD Pointer to next domain in domain lisst,
KDAR Domain area.
KPP Pore-pressure for domain,

KUMAX Fictitious domain displacement,
KDLOOP Pointer to one contact in counterclockwise
}ist around domain.
KDCOD Code number:
0 domain pressure not controlled
1 domain pressure controlled
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Simply-deaformable extension array

KED11 )

KED12 ) Strain-ratce
KED21 ) tensor

KED22 )

KSIit )

KS112 ) Internal stress
KSI21 ) tensor

KS122 )

KSAll ) Applied stress
KSA12 ) temnsor (multipiied
KSA21 ) Dby block area)
KSA22 )

Offsets for grid-point data

KG Pointer to next grid-point in grid-point list,
KCOR Pointer to corresponding block corner.

KXG X coordinate.

KYG y coordinate,

KXDC x velocity,

KYDG y velocity.

KCFX x force-sum,

KGFY y force-sum,

KGPM grid-point mass.

Offsets for zone data

KZ Pointer to next zone in zone list.

KZ¢ Start of triple pointer to 3 surrounding
grid-points,

KZsty )

KZS12 ) Stress tensor

KZs22 )

KZM Zone mass

KZLL Pointer to neighboring zone for
mixed-discretization calculation,

Legical unit numbers

LUNIF Unit number for input file.

LUNOF Unit number for output file.

LUNG Unit number for qeneral [/0 (e.q. restart),
LUNP Unit number for plotted output,

Al5




5

A
A
Rl

.
3

IR
ERE R
l,‘_‘

| B¢

P ‘f"

}‘.
v
> .
e

Number

NVCR
NVBL
NVCN
NVDO
NVSD
NVZ0
NVGP

Array |

MTOP
NMAT
NCONS
NTIP

of¢ words in data arrays

Corner

Block

Contact

Domain
Simply-deformab
Zone

CGrid-point

imits

le extension

Size of main array (l[A).

Ma<i1mum number

of materials.,

Maximum constitutive numbers.,

Numper of block

Head codes (contents O

MRIGC
MSDEF
MFDEF
MCOR
MCON
MDOM

1 Rigid block

Corner
Contact
Domain

types (rigid, SDEF, etc.)

f first integer in data groups)

2 Simply-deformable block
3 Fully-deformable block

Main Common Block Variables

LINE(80) Buffer for
LINEL1(80) Buf fer for
LPNTI(I) Pointer to
after remo
RAFLAGC
PPFLAC +TRUE., it
ERFLAC +TRUE., it
STFLAGC .TRUE. ¢
DCFLAC +TRUE., i¢
COFLAGC +TRUE, {¢
NCFLAC +TRUE, i¢f
CRFLAG +TRUE. if
JMPSAV Index of )
NERR Error numb
JUNK Pointer to
MFREE First unus
I1BLOCK Current bl

current input line in Al format.,
next input line,

gstart of parameter I in LINE( )
val of blanks, etc.

pore-pressure calculation requested,
an error has occured.,
the first input )line has been processed.
the domain pressure is controlled.
the current line i a continuation.
the next line is a continuation,
block splitting calculation is requested.
ast computed COTO in MON.
er.,
list of spare memory Qroups.
ed memory address.
ockK number.
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PR TAES

1DOM
ISTACK

NCYC
NCTOT
TDEL
FRAC
IROUTE
NL INE
NPAGE
JMPGEN
ALPHA
BETA
CON1
CON2
BDT
ALPB

CiB
c2B
DEGRAD
Pl
DAMIN
ATOL

BTOL
CTOL

DTOL
DTOL2
ETOL

FTOL

CTOL
HTOL
IBPNT
ICPNT
IDPNT
IODPNT
AKN(1)
AKS(I)
AMU(T)
COH(D)
AKNJ ()
AKSJ(I)
AMUJ(T)
CoHJ (1)
PERMJ (1)
PERMC (1)
AZERO( )
ARES(1)

S .

Current domain number,
Stack pointer.,

Currently requested number 2¢ cycles.
Total number of cycles.

Time-step.

Requested fraction of critical time-siup.,
Routing number, used in main routine.
Output line count,

Output page count.

Routing number for continuation line in GEN.
Mass damping coefficient.

Stitfness damping coefficient,

Damping factor (1.0-ALPHA#TDEL/2.0)
Damping factor (1.0/(1,0+ALPHA*TDEL/2.0))
EBETA/TDEL

Internal mass damping coefficient for
simply-deformable biocks.

Damping factor (1.0-ALPE#TDEL/2.0)
Damping factor (1.0/(1.0+ALPB*TDEL/2.0))
P1/180

3,14199

Minimum domain area allowed.

Distarice between particles at which a contact
1s first formed.,

Distance betweer particles at which a contact
1S broken,

Maximum (negative) overlap allowed

when forming contacts.

Rounding length.

DTOL/2:.0 (maximum contact overlap)

Limit on maximum domain displacement

to trigger contact update.

Total area of blocks for setting
plotting scale factor.

Pointer to list of blocks,.

Pointer to ltist of contacts.,

Pointer to list of domains.

Pointer to outer domain.

Normal contact stiffness, material [I.
Shear contact stiffness, material I,
Contact friction coefficient, material I,
Contact cohesion, materia) I,

Joint norma) stiffness, material I.

Joint shear stiffness, material |.

Joint friiction coe¢fficiant, material 1.
Joint cohesion, material [,

Joint permeability constant, material I.
Contact permeability constant, material [,
Initial aperture, material I.

Residua) aperture, material [.
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A

N
N
| A
.:-.\
A
o DAMIN Minimum domain area for fluid calculations.,
3 DENS(1) Density, masterial I,
i BULK(I) BulK modulus, material I,
-~ SHEAR(]) Shear modulus, material [.
= TFAC(I) Tensile strength factor, material 1.
o ALAML (1) Lame constant, material 1.
- ALAM2( 1) Lame constant, material .
. CRAVX x component of gravitational acceleration,
l. GRAVY y component of gravitationa! acceleration.
n RHOW Fluid density.
oo BULKW Fluid bulk modulus.
i& IX1 Plotter viewport coordinate.,
3 1x2 Plotter viewport coordinate.
D Irt Plotter viewport coordinate.
» 1v2 Plotter viewport coordinate.
. RX1 Probl!em window coordinate.
A RX2 Problem window coordirate.
- RY | Problem window coordinate,
a2 Rr2 Problem window coordinate.
o - YO Main array.
E Main Subroutine Calling Map
- UDEC

-SETUP
-MON
i -HALT
- -PRINT
o -CREATE
- -SPLIT
U -APLOT
N -INI
- -CYCLE
n -PPSCAN
-BLKSCN
o -PPGEN
> -PPDIS
-CONSCN
o~ -CRKSCN
L -DOMSCN
- -CEN
~
b
'|' Al8
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Sample Problems

e The following four sample problems illustrate the improvements
. made to UDEC.

No. 1 Single point-load cracking
No. 2 Pressurized cavity
No. 3 Complex block deformation

No. 4 Projectile breaking beam

The printed output for each problem should be used to provide a check that the
program i3 performing correctly.
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Sample Problem No. 1

g’ Lo

A single crack is induced by two opposing point contacts. Cracked
block then falls and comes to rest on base.
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b. After 600 Cycles

Figure Al. UDEC Sample Problem No. 1




START

FROP MAT=1 DENS=2000 Kh:1E3 KS::E8 F:2 TF=Z.5z4

GRAV 0 -10

DNP .1 15 (MS3)

FRAC 0.1

BLOCK (0,0) (0,30; (40,30) (40,0)

SPLIT -1,10 41,10

oY -1,20 41,20

91.1! '1'5 41,5

SPLIT 25,2.5 25,12.5

DELETE 25,40 5,10

SLIT 20,15 X,4

DFLETE 30."0 2(«-3"\.-'

R0 VI Y

FIX G & 0,5 J
rLOT !
CYC 400

PRINT BLOCKS CONTACTS

Lot

STOF |
. 1

PROBLEM NO. 1 INPUT FILE

F:f: A21
e
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ISTART

..........................................................

-----

THIS I3 A START RN

YPROP MATs1 DENSs2000 K= 1ED KSs1EB Fe2 TFs2,5E4

XRW O -10

DNP .1 13 (W5S)

STIFRESS-DNPING TERN SET T0

YWRAC 0.1

IBLOCY €0,0) (0,30) (40,20) (40,0)

YPLIY -1,10 41,10

MIT 1,0 4,0

LT -I,S 41,’

YT B,2.9 5,12.8

DELETE 5,40 5,10

YSPLIT X,15 X0,
l WELETE 20,4 20,30

WO 0500 %
FIX 0,4 0,3
wur
¥YC 600
INITIAL TINESTEP
CURRENT CYCLE CONT = o00
YRINT BLOCKS CONTACTS

|
5
s
1
:
4
!
1
E

1, 000E-02

%
5
P4
BLOCK DATA
§ SLOCK MT CONST  CENTROTD COORDS. WSS POL. MOM, X,Y,THETA VELOCITIES X,Y,THETA PORCES
! 195 1 1 3AENL 1AMEK0L 2.596ES 4.0SSEe05  -1.2038-04 -2.787E-04 |.9BUE-05 -4.0028:02 2.597Ee0 2.MIEMD
- (RICID
' 111 1SMEL 2473001 4.000EK5 S.000E07  2,992E-05 S.SYZE-05 S.MOTE-07 7.786Ee07 8.001E¢08 1.216E+04
(RICID)
) @ 11 LZ0EW1 7.4TEM0 25008405 1.TMERDT  4.OIVE-U5 -1.3A8E-08 4.709E-07 -4, STIEWD 1.S00EK06 2,750
- (RIGIDY
: M4 1 1 20006401 2.500E400 4.000Ee0S S.417Esd7  0.000Ee00 0.000Es00 0,000 8,787E«D1 -1.54YE407 4,S4SED7
- RICID)
- 76 1 1 LBSEWOL 1.S00E01 S.IUEWS 3.TTEDT  3.TE-06 -1.00ZE-05 3.SATE-06 -7.000Es0 3.38YE406 -7,6006:02
' (RICID)
)
» CONTACT DATA
¢
j COMTACT MT CONET  X,Y COORDS, roce DISPLACENT
7 W SER NRW, 9EM
3 WS 0 0 LAMEWI A99E00  1.886Ee06 -3.179E08 -9.804E-00 3.179E-03
. 166 0 0 29040601 19582601 3.041E«06 -4,2908:08 -1.7SIB-01 4,29063
; 819 0 0 2.47E1 NTSE00  7.1908K8 -2.94SBe05 -4,9506-05 1,1268-02
- 2 0 0 2401201 980800 .JISEW -1.017BKH5 27002 1,8U78-03
W0 0 247%E01 1017801 0000800 0,0008400 1.5042-01 0,000E+00
SIS 0 0 2.450L.01 49582400 B.4848006 1.SSTEWOS -8.4848-02 -1.9STE-03
404 0 0 S.005E-01 49578400 6.115E06 1.S60B0S -6.115E-02 -1,360E-03
23 0 0 S.43Z-01 1.9E01 299806 3.70EWS -2.91TE-02 -3.7408-00
164 0 0 S.OE-01 9.916EW0  A.T4E406 1.621Ee08 -4.8248-02 -1.4218-0
. wLOT

)STOP




Sample Problem No. 2

cesencsccscssawwsesaa

Upper block is forced into a cavity by an applied 1oad. Pressure
is thereby induced in the cavity, driving the righthand block outwards.
The pressure also induces flows in the surrounding joints, and hence
pressure-drops in the enclosed volumes between blocks. The outer domain
js held to a fixed pressure of zero. .

a. After 3,000 Cycles
Figure A2. UDEC Sample Problem No. 2
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AR B O PN PR
|
|
|
|

STAT
PROP MAT=1 DENS:2000 K=1,0E8 G=1,0E8 JN-1.E08 KS=1,E08 Fs0,5
- PROP MAT=1 CPEIM:LE-¢
| FLUID 0.0 1.0EY
DA .S 16, MASS
FRAC 0,10
.. m o.'o. 00 'm. w‘ '”0 wﬂ")'
. RORMD 0.2
) MIT '10’[05 ‘lu 910‘ mﬁl M‘l
' SPLIT 15,7, 15.,31, MAT=] CONS:t
l SPLIT 5.,9. 25.,31, RAT:1 CON::)
SPLIT 10,29 41,20 MAT:=1, ZONS:]
DELETE 1S.,2S. i0.,20.
Fi‘ Ou ;‘Jo N ,10.
FiX 0.,15. 0.,3.
M FIX 250,‘00 200 ,30.
! FRIX 49 6.0
U.'AD 15”50 200 ,30 0’0 '10056
WiND 0 50 U &0
ZYCLE 3000
FRINT FLOMS, DOMAINS, BLOCKS
. FLOT
| st
. 1)

PROBLEM NO. 2 INPUT FILE
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PR

A

L. L

. A N

o SEEAZ 2y

ISTART

-------------------------------- canan

THIS IS A START RN

WROP MAT=1 DBNE22000 K»{.0E8 C»1.0E8 MNe1.508 KS:1.E08 F20.5

JPROP MAT=1 CPERMe1E-9

YLD 0.0 1,089

NP .5 16, W8S
STIFTNESS-DAPING TERR SET T0 ZERO

JPRAC 0,10

YBLOCK 0. ,0. 0.,30, 40.,30. 40.,0,

ROMND 0,2

YSPLIT ’lq‘Oo ‘10’100 MATs1 CONSe|

YSPLIT 13,9, 13.,31. MATs1 CONSsi

YPLIT 5.9, 25.,31. MTs) CDSs1

YSPLIT 10,20 41,20 MATs1, CONSe)

)DELETE 15,25, 10.,20.

YFIX 0,40, 0.,10,

YFIX 0.,1S. 0.,30.

FIX 25.,40. 20,30,

WFIX 69 0.0

)LMD 15» 'bo 0. ,N 0.0 -1,0E4

NI 0500 40

JCYCLE 3000

INITIAL TIMESTEP : 8.944E-03

CURRENT CYCLE COUNT = 3000

WRINT FLOVS, DOMINS, SLOCIS

FLOW ACROSS CONTACTS OR JOINTS ...

CONTACT X Y FLOW LDCTH  APERTURE DOMi  DOM2
883 1,300Ee01 1.91SE401 2,944E-05 0.0006+00 0,000E400 522 W05
706 2.500E401 2,020E401 2,944E-05 O0.000E+00 0.000E400 S22 728
648 3.980E401 2,000E001 -2.921E-05 0.000E+00 0.000E400 49 470
425 2,45E401 2.000E401 2.944E-05 0.000E+00 0.000E400 322 470
%00 2,625E+01 1,000E401 -2:,944E-05 0.0008+00 0,000E4+00 188 S22
49 2.500E401 2.875E401 -2.921E-05 0.000E+00 0.000E+00 &9 728
350 1.400E+:01 1.000E+01 2.944E-05 0.000B400 0.0008+00 S22 372
285 1,5008401 2,875B+01 -2.921E-05 0.000E+00 0.0008400 &9 905
186 3.900E401 1.000E401 -2,921E-05 0.000B400 0,0008400 49 188
14 2,000E-01 1.000E501 -2.921E-05 0.000E+00 0.0008400 49 372

DOMAIN DATA

DOMIN PORE PRESSURE VOLLME AXIRM DISPLACEYENT

05 2.9228404 4,800E-01 8,3426-04

728 2,9728+04 4,800E-01 3.931E-03

470 2,9228404 4,8008-01 3,450E-04

2 2,922E404 4,800E-01 0. 0008400

69 o.m 40”:‘01 '-160!'02




BOCK DATA

! BLOCY WP COST  CENTROID CODROS. M ML nOm, X,Y,THETA VELOCTTIES X,Y,THETA FORCES

S8 1 1 2.20601 2.5006k01 3.000Ee05 8.125E+06  0.000£400 0.000EK0 0.000E400 4.50850 -3,Z4EW3 1,5558403
(RICTD)

- M 11 JTIWOL 1S00EDL 3.0006e05 8,125Ee06  28STR-02 -2, SUIE-0P -7.€R-11 -1.1718-01 2. 204802 -5.438-02
RICID

195 1 1 7.500EWA 2.000E¢0l 6.0006e05 3.1ZEe07  0.0008400 0.000E00 0.0008400 -3,716Ee04 -1.856E404 -1.70ME00S
RICID)

. 7 1 1 20008401 2.35Es01 2,000Ee05 3.00Ee06  3218E-05 -3.9SE-02 7.SSVE-06 3.0656eM 2.18Eed4 1.A1ZEwS
(RICID)

, 11 1 2,000601 S.O0EW0 8,0006+05 1.iXIE«08  0.0008600 0.000E400 0,000E600 5.2845-02 -1,057E-01 -1,4206000
(RIGID
»LOT
ySTOP
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E Sample Problem No. 3

T A small heavy block sits on a large block that has low modulf
- and {s fully deformable. After 1000 time-steps the plot shows the
o complex deformation pattern that develops, and the printout gives the
. internal stresses.

: L J
) o

o X

.'E.';‘ a. After 1,000 cycles

s Figure A3. UDEC Sample Problem No. 3
. -
[ )
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PR 7L A BT L P Y

CARPUSL SRR NS S Y
PRSI Y

START

FROP MAT=1 D+2000 KN=1E6 XS=1EB FRIU:.i Cs1B4 BULK:2E4
PROP MAT22 D*10000 KNs1ES X§=1EA FRIC:.] Ge1ES BULK:iCA

RORD * 0.2

BLOCK 2,2 2,8 4,8 6,2
SPLIT 0,7 7,7

SPLIT 4.5 6 4.5 9
DELETE 2578
SPLITSS 4559
DELETES.S 67 8
SLIT 0.3 8,2

ANGE 4,5 5.5 7 & naf=2
CHANGE 2 A4 37 FDEF
GEN 28 37 aTO=iL:
rixesr 23

v 9 10
i, S WL )

CITLE 1000
winD 0 & 0 0
FLOT

FRINT BLOCKS
STeF

Enp

PROBLEM NO. 3

INPUT FILE

A28



i‘ .
X i B - — - ool E
A ]
& )START t
1, eI R e L R T AL S e R 5
N PROGRAN UDEC: UNIVERSAL DISTINCT ELBENT CODE (VERSIWN 1.2) I
S THIS IS A START RN ;‘
' IPROP MATa1  Ds2000 KNe1ES XSs1ES FRICs.1 Cs1BA MULX:ZES
YPROP MAT22 De$0000 KiLES XS+1ED FRICe.1 Ce1E8 BULX=1ES E
" ROMD = 0.2
S WU 2,2 24 4,8 4,2 3
L YSPLIT 0,7 7,7 v
2 WPLITAS 4 459 _
\: WELETE 25 7 8
JOELETE 5,54 78
¥SPLIT 013 ‘13 L
b YOWNGE 4.5 5.5 7 8 mat:2 g
3 JOWKE 26 37 FORF }
N GEN 24 37 AN0sL.L E
. X246 23 \
. ICRAV 0 10 -
NP .11 WSS l
STIFFNESS-IWPING TERR SET TG ZERO 3
A «CICLE 1000 <
& INITIAL TIMESTEF : 1.78vE-03 0
L QRKENT CYCLE CONT = 1000
' WIND 08 010
, L0t &
- WPRINT BLOCKS E
- S
- BLOCK DATA »
. o
4 KLOCK MAT CONST CEATROID COOKDS. WSS FOL, AOM, X,Y,THETA VELOCITIES 1,Y,THETA FORCES u

195 1 1 G000Ee00 2,5008¢00 3.000E403 1.130Ee04  0.000E¢00 0.000E400 0.000£400 1,828E004 -J.JTT2E05 -2.102£405
! (KIGID)

76 2 1 S JTE00 7. 274E400 1.000E+04 3.607E3 L ASTE-01 4.030E-02 1.018E-08 -3.318Ee03 3. 207E+04 -1.156E¢04

R A M

. (RICID)
< 1 1 1 4O0E0 S.000Es00 3.200Ee04 8.5I3Ee04  0,000E400 0,000Ee00 0.000E600 0.000Ee00 0.000E+00 0.000E+00
i (FDEF) 2
v e CK1D-POINTS sicm-11 SIGM-12  SIGW-22 WSS o
H® & s 78 12986604 1,384E403 -4.0108403  5.0008402
113 W 42 8 2.2076603 6:811E403 -8.184£403  5.000E402
{ 1147 43 705 &2 S.TAENQT S.4STEW] -1.668E004  $.00CE«02 .
y, 555 M1 TR ST 1755604 3.934E402 -4.47SE404  5,000E402 ¥
- 1% 43 76 TS0 -5.0Bd3 3.3908403 -3 ZREW4  5.0002602 M
K 1063 7 45 TR 105046604 11978403 -3.91TE04  5.000E402 i
v 14 & 750 819 <7 93E3  4.1948403 -2.877E404  5.0C0E02 -
y 7\ T 14592004 -7,9002403 -2.7S8E403  S.000E402 .
13 B e M 2,0408404 -3,6298403 -3, 4538404 5. 0008+02
n n5: 48 A8 M 1,096E004 -1, 4998404 -2,786E004  5,000E002
5 1200 B 71 6B 15788004 -1 0708404 -6.206E004  S.000EW02
0 M B 8 8.329E403 -4,476800 -6.4SIE404  S.0008602
. 1200 &7 S8 A8 2,155E03 -2.497E403 -5,08SE+04 5. 000E+02
. 121y S5 651 88 1.084E604 -3, 7226403 -7.159Ee04  5.000£002
. 128 W s 65t 4. STE03 +1,7UE03 -5.805E404  3,000E402 “
' LT VI AT 777868 1.134E03 -S,SSIEOD  5,0000602 b
-

.
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0NE GRID-POINTS SIGK-11  SIRW-12 Sitw-22 MASS

1462
1471

714 983 1:566E¢04 8,839E+03 -5.301E+04  3.000E402
983 714 -1,453E¢02 5,490E403 -5,326E+04  5.000Ee02
981 &9 2,085E+03 1.157E+04 -7,534E+04  5,000E+02
&9 91 9.,050E403 8.Z70E+03 -6,746E+04  5.000E+0?

127 411 &2 0 &7 1,7308003  1,4688002 7.7106403  5.,0006402
124 483 495 &9 1,22B004 3,225E403 -3,302E402  5.0008402
155 411 & &5 62148403 2.237E403 1.292B404  5.000E402
08 456 807 41 4,303E:03 -1.,475E+03 -1.838E404  5.000E+02
124 483 815 &7 1,9278004 2.057E+03 -1.543E+04  5.000£402
173 &6 &5 W -9.784E403  2,2D0E+03 -2,086E+04  5.000E402 |
1282 43 &7 495 S.I9MEs03  5.808E603 -1.779B+04  5.000E+02 .
780 A7 624 415 1,545E¢04  9.187E+03 -3, 927E+04  5.000£402
1291 S48 M5 & 2.065E404 1.057E+04 -3.7268404  5.0008402
100 47 449 424 4.390B403 1.770E+04 ~4.940E+04  5,0008402
109 S46 oS24 449 9.3485603 1, 909Ee04 -5.74SE404  S.000E+02
709 546 943 415 1.2006004 6. 2748403 -4.003E+04  5,000E+02
1318 456 415 95 =1,207E03  8,395EW03 -3.397Ce04  5.000Ee02
137 54 &% 96 4 J23E403  7.464E+03 -2.850E404  S.000E402
1335 456 945 &% -9.3238403  9.582E+03 -2,263E404  5.000E402
79 M2 924 &1 S.JS8EH03  8.847EH03 -4.483E+04  5.000E+02 :
145 5B &3 9 1291EW 04 2,784E403 -5,587E404  5.000E102 i
1354 402 438 4 S.7S1E03  5.649Ee03 -4.074E+04  5.000E+02 i
1363 S5 924 8 1,300E+04 1.527S+03 -A,152E404  5.000E+02 |
87 45 858 4 8.199E+03 -1.807E+03 -7.794E+04  5.000E+02 ‘
172 S5 438 858 1,103E604 -4,521E+03 -5,724E+04  5.000E+02 ;
1381 45 &1 858 1,2428+04 -1,428E403 -8,098E+04  S.000E+02 i
1390 S5 858 451 1,574E404 -4,408E+03 -5,978E+04  S.000E402
87 445 888 451 1.357Ee04  3.84TE403 -7.963E+04  5.000E402 ;
) 1399 585 451 A8 7.384E603  2,105E+03 -8,088E+04  S5.000£402 i
T 1408 45 47 888 8.441E403 1.233E404 -1.§72E405  5.000E+02 ;
sl 147 565 s 1,4068603  1.077E:04 -1,192E405  5.0008+02 :
- 906 585 1031 45t -2,166E¢04  1,078E+04 -9,205E+04  5.0008+02 !
1426 &7 851 1031 1,1298¢03  3,585E+02 -6.462E404  5.000E+02 :
X 1435  S85 449 103t -3.458E403 1.S18E404 -8.915E+4  ©,000E+02 :
' 1444 447 1031 &9 1,904E404  4.754E403 -56.209E+04  5,000E402 i
NSS4 963 9% S.S23E403 S.752Ee03 -2.431E+04  5.000E402 :
1453 420 4% 98 -1,074Ee04  2,403E403 -2.694E+0¢  5,000E402 |
46 i
420
74
546

1480

1489 44 714 Bt -1,342E602 1,317E+04 -6.578E+04 S, 000E+02
14998  S46 981 74 5,482E403  9.84SE403 -5.705E+04  5,000E+02
54 S5 78 649 -3, 874E403 1,720E403 -8.871E+04  5.000E402
'8 1507 474 49 678 S.980E403 6.968E403 -7.351E+04  5.000E402
1516 585 S16 478 +1,7628403  6,091E403 -1.120E405  5.000E+02
! 1535 4 8 Sis 7.57SB3  1.1336K04 -9.7148+04  5,000E402

972 N 1070 & 1.101E604 1.112E+04 -1,291E405  5.000E+02
1534 585 &7 1070 7.505E103  6.596E403 -1.0428405  5.000E+02
- 1543 33 516 1070 -4,683E403 5,53EH03 -1.398E405  5.000E402
‘ ’ 1532 585 1070 Sté -7.650E403  1,000E403 -1.1438405  5,000te02

o,
ey
£ j
.. |
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20
al
i «?
) "
“
@€29
S
443
B 4
443
LY}
g’ s

- 576
I 442
15
4“5
53
438
451
696
- &9
714
887
5t6
- 705
i 70
| m
828
. 897
. 807
624
945
nﬁ
858
888
1091
963
981
678
1070
)STOP

1 A ]

boroe LT RS-

~
~
»
~

GRID-POINT  CORMER-LINK

104
96
120

0O OO0 OSSO OO0OOODDOOOO

X
2.031E400
21328400
$,1525400
6,083E400
4,087E400
4,135E400
2.0728000
841138400
4.047E400
3. 1036400
S, 1178400
3,050E+00
$.07SE+00
4.105E400
3.1316400
3,076E400
2,099E+00
5+143E+00
4.131E+00
5, 097E+00
2,045E+00
4,0483E+00
3,038E+00
8,092E400
5, 064E400
3,618E400
3,590E+00
4,623E400
4,600E+00
2,61SE400
2,S85E+00
3,5708400
2,538E+00
5. 637E+00
5.615E+00
5. S93E+00
4,5835400
2,53E400
3.SS0E+00
4,562400
5,576E+00

Y X,Y VELOCITIES

3,000E400 -7,926E-02
6,982E+00 -1.8948-01
6.848E¢00 2.2428-01
2,999E+00 5,734E-03
4,.948E+00 3.2228-0y
8. 928E400 -2.463E-02
4,905E+00 1.007E-0L
4,911E+00 1.839E-02
2,9798+00 1.4728-01
5,934E+00 5.314E-02
5.904E400 1.350E-01
3.978E+00 2.160E-01
3.950E:00 3.6238-01
5.929E+00 1.917E-02
4.950E+00 -2,439E-01
4,962E+00 1.097E-01
5.979E+00 -1.985E-01
¢.87YE+00  5.093E-02
5.842E+00 -6.8Y4E-02
4,731E+00 1.861E-01
3,972E+00 1.104E-01
2,7796+00 1.138E-01
3.933E+00 3.827E-01
2,99E+00 -1.107E-02
8,841E+00 -4,517E-03
S.447E+00 1,190E-01
4,407E+00 -14643E-01
4,445E+00 1,595E-01
5.470E+00 -1.319E-02
4.443E400 1,749E-01
4.%0@ 2.1628’01
§,381E+00 2.528E-02
S 405600 1.357E-0L
4,438E+00 1,348E-0]
4.4518400 -3,233E-02
3,490E+00 1.458E-01
3. 4808400 1.379E-01
30W 9,105E-02
3047520& '5.466E'02

4,3148-04 5.391B402
1,6488-01 1.317E3
2.9115-01 -3,9408+03
4.124E-02 203‘3’02
8,7758-02 -1, 4928+04
1.3098-01 3.517E+03
-1,053E-01 -6.0055'03
30367!‘02 '1051M
4,260E-02 5.811E:09
~2.2578-01 -1.181Ee04
2.0098-01 3.919E+02
-3,203E-02 4.38E403
4,2098-02 1.554E+04
60”05’02 201“003
2.264E-02 -3.9148+®
-1,1588-01 -5.304E+(Q
-1.804E-01 2.903E+03
200‘55‘01 ‘05515003
$.179E-02 -5.830E+03
205235'02 601?650‘03
'9-&5’02 '307“2’02
-7.978E-02 5.55ZEH3
1.451E-02 -7.430E+02
<1,253E-01 -5 X E+03
-3,507E-02  2,562E43
-7.032E-02 8. 721E3
20M'°l 105M
-4, 274802 '4.7&75003
1.521E-01 2.907E+03
1,291E-02 -8.959E402
20526£'°l 1.”950“
<1.3998-02 -1 04E+04
'60“‘5'02 1.1315004
-2.,027E-01 -9.123E402
3.767E-01 -3.125E«3
1,588E-01 '2.73250-04
1,104E-01 1.312E+04
S.W'Ol "061“0&
1,550E-01 '6.6375003
1,040E-01 9.440E603

X,Y FORCES

=4, 9955+00
~4J44E+03
18038404
9.801E+02
4. 8863
$. 495403
9.47E03
4.8838:03
1, 7488403
2. 125:04
1,699E+04
1. 2875404
$,3648+03
3, 00E+04
8,564E+03
1,524E+04
1,831E+04
2,712E+04
9.543E403
8.508E4+03
7.3456+03
'205538"03
2,059E+04
-1 .2335004
1. 1358404
-1 |m
1.794E+03
1,590E403
-3.4916403
3.71Z403
2,077€+02
1,820E+04
-4, 137E403
9.597E403
8, 72648
2, 541E004
1,456E+04
1,691E+04
1,021E+02
4,0838403
2, 205E+04

A58
3. 33E2
3.3%35002
3.3EH02
3.333Ex2
1,338+03
8. 64TEM02
4466TENR
4.647802
4,64TE002
1.3336403
1,3338+00
1.3EN3
1. 30E+03
1,3RTEH3
§, 4478402
1. 333E+03
8,447E+02
8.667E+02
84647EX02
1. 3JEA3
$.667E+02
1.3RTE+3
8+657E+02
6. 667E402
54687E402
8. 84TE402
8, 84TEs2
8, 66TEHO2
$.46TES2
4.847E+02
6.467E602
61667E42
$,86/E+02
6464TEH02
$0687EMR
8, 44TE02
$,667E+02
8,84TEA02
548678402
8,687E402
6,847E+02




Sample Problem No., 4

A projectile hits a beam and breaks it into two (fracture based on

Griffith theory).

[
i

a. Initial State

| B
i J

c. After 1,200 Cycles

i
i i

|

b. After 1,000 Cycles

i

After 2,000 Cycles

Figure A4. yDEC Sample Problem No. 4
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STRRT

FROP MATs1 DENS=2000 K=i,0E8 (=1 ,0E8 Km=1,E08 X5s1,E08 F=0.1
PROF MAT=L TF:3240,

GRAVITY 04 =10,

ROUND 0.1

AP W5 1A, MASS

DAM W5 14. INTERNAL

FRAC 0,10

ALOCK MAT=1 CONS=4 10)01 1003035 3403435 30,0
SPLIT 0,1 4))

SFLIT 0,1.% 4.1,y

WLIT 1-5"\))5 ltSr;.oS

SPLIT 4.5,-0.3 4,5,1.8

DELETE 1.5,4.5 ©.1

SFLIT 2.5,1.7 3,254

FLIT 5:2000.8 44

SFLIT ZoaSy L7 373,543
SPLIT 3415,108  2,59.2.0%
FLIT 205,309 43,05

DELETE 1,2.5 109,33

DELETE 3.75,5 1,7,3.3

DELETE 4'.\-:\.'3.4 10;’1204
DELETE 2,3.73 3.15.43.37
CnGE 1,5 1,2 SDEF

LMk 3,3 4.1.5

sz 115 0;1

LOAD £¢5 2,3,35 -0.3E4 -0, 9584
VIBW O 700 700 1400

WIND 0407

FLOT

CYCLE 1000

VIEW 700 1400 700 1400
PLOT

CYCLE 200

VIEM 0 700 ¢ 700

PLOT

CYCLE 600

VIEW 700 1400 0 700
PLOT

FBCCODLL o \g
d i O

PROBLEM NO. 4 INPUT FILE
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ISTART

THIS IS A START RN

-----------------------------------------------------------

-----------------------------------------------------------

JPROP MAT=! DENS=2000 X=1,0E8 £=1.0EB KN=1,E08 KS=1,E08 F=0.1

)PROP MAT=1 TF=3240,
JGRAVITY 04 -10s
WOND 0.1

DA 5 164 MASS

STIFFNESS-DANPING TERM SET TO ZERD

AP 5 18, INTERMAL
NOTE - ONLY MASS-DAMPING USED
YFRAC 0.10

YBLOCX MAT=1 COMS=4 l.,O. ~1l,30$ 50’3035 50'00

JSPLIT 0,1 6,1
PLIT 0,1.9 6,1.9

YSPLIT 1.5,-0.5 1.5,1.5
)SPLIT 405"005 405’105
YDELETE 1.5,4.5 0,1

YSPLIT 2.5,147 3,254
YSPLIT 3.25,1.8 4,4,1
SPLIT 2.65,1,87 3.75,2.48
YSPLIT 3.15,1.8 2.55,2.85
YSPLIT 2.6,3.5 4,3.05
YDELETE 1,25 1.9,3.3
)DELETE 3'75’5 1.9’303
YOELETE 2,6,3,4 1.9,2.4
DELETE 3,375 3.15,3.35
YCHANGE 1,5 1,2 SDEF

LINK 3,3 4,1.5

FIX 1,5 0,1

4 SET FORCE OF PROJECTILE
JLOAD 1,5 2,3.35 ~0.3E4 -0,95E4
NIEW 0 700 700 1400

WIND O 607

PLaT

)CYCLE 1000

INITIAL TIMESTEP = 4.325E-04
CURKENT CYCLE COUNT = 1000
WIEW 700 1400 700 1400
PLOT

YCYCLE 200

INITIAL TIMESTEP = 4.325E-04
CURRENT CYCLE COUMT = 1200
WIB 0 700 0 700

LT

)CYCLE 800

INITIAL TIMESTEP = 4,325E-04
CURRENT CYCLE COUNT = 2000
WIEN 700 1400 0 700

Lot

WBCCORDL

A34




- dRAIEA L

c RS, G vTEER Y e e

v .

C OMERE L il o s s R

PR JURU I S

e BT

SLOCK DATA

BOCK MT CONST CENTROID COORDS. L N\ FOL. oM, X, ¥, THETA VELOCITIES X,Y,THEYA FORCES
13 1 4 GO0 1, M07E+00 J.400ER03 1.440E403  4.044E-02 -8.201E-02 1,S4SE-OL 7.272E400 2,126Ee04 1,1J5Es04
(SOEF)
> ]3] mi2 B2 (377 st S112 S12t Siz2 Satt SAL2 S SA2
1,2648-03 1,996800-1,7438-00 3.4738-0-8.3998403- 2, YI5E402-2. 91 SEK02+4. 0¥3E100 -0 O2SE D48, 5824021, T7TENIS-2, D1EWM4

30 1 4 AJSOER0 5.000E-01 1.000Ee03 1.042E402  0.000E00 0.000E00 0.000E+00 4.203E003 -2.397Es04 1.&7Z 03
mig;“ 1 4 3.060E«00 2.373E400 1.448E403 1.7I7E402  -1.844E-02 -2.353E-01 -9.981E-03 1.741E403 4.843E+03 -1,094Ee02
‘"g:” 1 4 1973Es00 1.403E400 3.500Es03 1.843E+03  -4.776E-02 -8.433E-02 -1.687E-01 -8.535Ee03 2.078E.04 -1, 227804
o ()1} ]2 m21 20073 S s 5121 siz SAt1 SAL2 SA21 A2

1,264E-03 1.996E-03-1,783E-00 3.473E-03-0.379E400-2.915E«02-2,915E+02-8,073E+00-3.02TE+04 -3, 58284021 . 7T7TEL03-2. L Eo4

i1 4 1, 50Ee00 S.000E-01 1.000Ee0] 1.042E402  0,000E+J0 0.000E¢00 0.000E+00 -4.721E+03 -2,4Y2Ee04 -1.598E+0)

(HIGID)

CONTACT DATA

LONTACT AT CONST X, Y COCKDS. FORCE VISPLACERENT

NOOWL  SHEAK NORAL  SrBse

1187 1 4 3.060Ee00 1.780E600 2.338EW3 2.336E402 -5.317E-05 -6.424E-04
aly | 4 3.007E+00 1.480Ee00 1.0ATEsO4 1,067Es03  S.096E-05 -1.8218-02
149% 0 0 2,948E400 1.76SE«00 S5.255L+03 S5.25FEe02  1.0028-C4 -7,674E-03
548 0 0 65STIBs00 9.99AE-01  2.41¥Es0d -2,417EW)I -2, 7HE-M4 5,412E-02
Lk < B 0 1,409Ee00 9.95E-01 2.5220+04 2.522E403 -2.423E-04 -5,5XE-02
1% 0 0 48926400 1.011E400 0.000E+00 0,000E+00 2.1VE-0Z 0.000E+00
144 0 0 1.110E+00 1[.012E600 0.000E+00 J,000Esd  2.600E-02 0.000E+00

CORNER COORDINATES « 1N X,Y ORDEX)

“ocx 1373
3.002E¢00  1.782E400 4,98E000  1,Y29E000 S.053E400  1.934E400 3.0%0E400  4.451E-01
mi.som» 1+000E+00 S.000E+00  1.000E400 S.0008+00  0,000E+00 4.500E+00  0.000E+00
w;.ﬁé?m 2,781E+00 J373E00  1,923E400 2.945E400  1,724E400 2,70E+00  2,118E400 3.000E400  2.981E400
mg.m;too, 8.45E-01 9.342Z8-01  1.041E00 1,015E+00 1. Y29E40 3,0186000  1.763B400
u::.SOOEEOO 0.000E+00 1,000E+00  0.000E 00 10006400 1,000E+00 1.500E+00  1.000£400

435

S N e e Lt Mo o o ot bt e o1

1, 42,

a2 1 _pow "

L PN
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DOMAIN LINKED LISTS
DOMAIN 1189
CONTACT 1147, BLOCX1 1373, BLOCK2
CORNER 544, BLOCX 1373, R-LINK
CORNER 239, BLOCK 1373, R-LINK
CORMER 108, BLOCX 1373, R-LINK
CONTACT 146, BLOCK! 1373, BLOCK2
CORNER 120, BLOCX 500, R-LINK
CORNER 57, BLOCK 500, R-LINK
CORNER 532, BLOCK 500, R-LINK
CONTACY 448, BLOCK1 500, BLOCK2
CORNER 1393, BLOCK 1373, R-LINK
CONTACT 419, BLOCK1 74, BLOCK2
CORMER 709, BLOCX 75, R-LINK
CORNER 1034, BLOCK 76, R-LINK
CONTACT 433, BLOCK1 1, BLOCX2
CORMER 334, BLOCK 1, R-LINK
CORMER 358, BLOCK 1, R-LINK
CORNER 21, BLOCK 1, R-LINK
CONTACT 144, BLOCKIL 1, BLDCK2
CORMER 132, BLOCK 74, R-LINK
CORNER 215, BLOCK 75, R-LINK
CONTACT 1427, ELOCK!I 195, BLOCK2
CORNER 1214, BLOCK  1¥5, R-LINK
CORNER 1240, BLOCK 195, R-LINK
CORNER 370, BLOCK 195, R-LINK
CORMER 1405, KLOCK 195, R-LINK
CORNER 428, BLOCK 195, R-LINK
DOMAIN 937 (OUTER BOUNDARY)
! CONTACT 1147, BLOCK! 1373, BLOCK2
1 CONTACT 1429, BLOCKI 195, BLOCK2
g CONTACT 419, BLOCKL 74, BLOCK2
| DOMAIN 470
* CONTACT 448, BLOCKI 500, BLOCK2
CORMER 554, BLOCK 500, R-LINK
i CONTACT 166, BLOCKI 1373, BLOCK2
| DOMAIN 188
| CONTACT 433, BLOCK1 1, BLOCK2
CONTACT 144, BLOCKI 1, BLOCK2
Cm 96’ MK 1’ R“LINK

195
1393

2

536
120
57
1373
108
1373
215
709
7
96

358
75
1034
132
76
828
1214
1240
0
1405

195
76
1373

1373
532
500

76
76
21

CORNER /EDGE

EDGE/CORNER

CORMNER/EDGE
CORMER/EDGE

CORNER/EDGE

CORNER/EDGE

CORNER/CORNER

CORNER/EOGE
COKNER/CORNER
CORNER/ELGE

EDGE/CORNER

CORNER/EDGE
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BLOCX LINERD LISTS
BOX 1373

CORER 1393, HLOCK
CONTACT 619, BLOCKI
CONTACT 1147, BLOCKS
CORMR 544, DLOCX
CONER 239, BLOCX
CORER 108, BLOCK
CONTACT 144, BLOCKI
CONTACT 448, BLOCKL
WO 500

CORMER 532, BLOCK
CONTACT 648, BLOCKI
CORER 535, MOCK
CONTACT 144, BLOCKI
CORMER 120, BLOCK
CORER 57, BLOCK
BLOCK 195

CORNEX 37¢, kLOCK
CORNER 1405, BLOCK
CORER 828, BLOCK
CONTACT 1167, BLOCK!
CONTACT 1429, BLOCK!
CORER 1216, BLOCK
CORMER 1240, BLOCK
BLOCK 7%

CORER 707, BLOCK
CORER 1034, BLOCK
CONTACT 433, BLOCKI
CONTACT 144, BLOCKL
CORMER 132, BLOCK
CORER 215, BLOCK
CONTACT 1429, BLOCKI
COMTACT 619, BLOCK!
7 SR

CORER 304, BLOCK
CORER 358, BLOCK
CORER 21, BLOCK
CONTACT 144, BLOCKI
CORER 95, BLOCK
CONTACT 433, BLOCK1
YSTOP

1373, R-LINK

74, BLOcK2
1373, Bock
1373, R-LINK
1373, R-LIX
1373, R-LINK
1373, BLOCK2
300, BLOCY2

500, K-LINK
500, BLOCXK2
300, R-LINK
1373, BOCK2
00, R-LINK
500, R-LINK

lﬁ’ R'LINK
195, &-LINK
195, R-LIKK
1373, BLOCK2
195, BLICK2
195, R-LIK
195, K-LINK

76’ R'le
76, R-LINK

1, BLOCK2

1, BLOCX2
76, R-LINK
76, R-LINK
195, BLOCK2
Y4, BLOCR2

1, R-LINK
1, R-LINK
1’ R'U'l
1, BOCK2
1, k-LINK
1, BLOCK2

108
1373

1240
370
1403
195
74
a8
1216

213
709
76
76
1034
1R
76
1373

9%
76

A
76

CORNER/EDGE
CORMER/CORNER

CORNER/EDGE

[

CORNER/CORMER
CORNER/EDGE

CORNER/EDGE

A37



S -y

-

v

APPENDIX B: THREE~DIMENSIONAL ODISTINCT ELEMENT TEST-BED CODE (VERSION 1.0)
USER'S MANUAL

Introduction z

1. This manual describes the test-bed code, D3, written to evaluate X
features developed in the design of a new three-dimensional distinct
element program. D3 is in skeleton form with several facilities provided
for in the code but not completed at present. The input commands and
program operation follow closely those given for UDEC.

Input Commands

Notes: Upper-case letters in a command or parameter must be typed; i
the remaining letters are optional. Lower-case parameters stand
for numeric values. Integers must be given for parameters start-

ing with i, j, k, 1, m, n. Real numbers may be given as integers, 5
but not vice versa. ;
Input is free-format: parameters may be separated by any number 2
of the following characters, in addition to spaces: it
=),/ 3

An END command is required at the end of the input fi'e (after ?
tne STOP command). The first command must be START or RESTART. y
* = comment line i
+ = continuation line i
A

Block Material n Constitutive m x1 yl z1 x2 y2 z2 ...
Create a rigid block of material number n and constitutive number
m. Defaults are n=1, m=1, if m, n are omitted. The block's
surface is divided into triangular faces. Vertex coordinates.
(x1, yl, 21), (x2, y2, z2), etc., are entered three at a time for

[
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ETTRLT

CHange

Cycle

DAmping

Dump

End

each triangular face. Continuation lines may be used but a set
of three vertices defining a face must not be separated.
Vertices must be ordered counterclockwise looking along the
outward normal,
x1 x2 yl y2 z1 22 Sdef Material n Constitutive m
A1l blocks with centroids lying within the range xl<x<x2,
yl<y<y2 and z1<z<22 are changed to simply-deformable (Sdef) or
may have material and constitutive numbers changed.
n
Do n time-steps (cycle 0 is permitted as a check on data).
fcrit freq Mass

Stiffness

Internal
Viscous damping is applied in the form of Rayleigh damping.
fcrit is the fraction of critical damping and freq is the center
frequency. If a qualifier is not given as the third parameter,
full damping is used. The word "Mass" eliminates the stiffness-
proportional dashpots, and "Stiffness" eliminates the mass-
proportional dashpots. The word "Internal" causes the specific
damping to be applied to the 3 internal degrees of freedom of
simply-deformable blocks.
nm
Dump memory to printer from the main array from address n to
address m. Internal pointers MFREE, JUNK, IBPNT and ICPNT are
also printed. MFREE gives the highest memory location that is
currently free.

Last input command.

FRAction f

Gravity

Print

f is taken as the fraction of critical time-step to be used.

gx gy gz
Gravitational accelerations are set for the x-, y- and z-
directions.
Blocks Faces Velocities VERtices Contacts
Data are printed on blocks, faces, block velocities, vertices and
contacts, respectively.
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Ve
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e

PO

R U

L Y

SRR AN

AL

PROperty

Restart

RSet

SAve

STArt

Stop

Material n keyword value

n
The first parameter must be the specification of the material
number. Material properties are defined for material number n.
Property keywords are:
Bulk(orK) bulk modulus

G shear modulus

Density density

KN contact normal stiffness
KS contact shear stiffness

Cohesion contact cohesion
Friction contact friction coefficient

JKN Joint normal stiffness

JKS joint shear stiffness

Jeoh joint cohesion

JFric joint friction coefficient

The program is restarted using data from the restart file.
v ija ioff

The real value v is inserted in the main array at address ia, with
offset ioff.
The current problem state is saved on the restart file.

The program does a cold start.

The run stops.
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Prograa Guide

Paraneters and Data Group

Sesescsccnnccannccn

Offsets for block data array

P L T T I T Y Y T Y

Hote: The first integer in each block array
-+=- (offset 0) is the block type mmber, as follows:

B2 B E B ES§3 3 B §

1 rigid bloek
2 siaply-deforsable block

Pointer to next biock in block )ist,
Pointer to one face in biock's face Vist.
MRaterial number.,
Constitutive nuaber,
Code nuaber:

¢ free block

i fixed block
Start of triple pointer to x,y,z coordinates
of block cantroid.
Start of triple pointer to x,y,z components
of velocity,
Start of tripie pointer to x,y,2 coapoments
of angular velocity (counterclockeise positive).
Block volume.
Block eass,
Start of triple pointer to moment of inertia
about 1,y and I aves.
Start of triple pointer to x,y,z conponents
of block centroid force sus,
Start of triple pointer to x,y,z components
of block cantroid soaent sus,
Start of triple pointer to x,y,z cosponents
of load applied to block centroid.
Extension pointer (to SDEF data)
Pointer to one vertex in block's vertex list
Pointer to block's contact list

Offsets for face data array

--------------- ®sscae

Note: The first integer (offset 0) contains
e-- the value NFAC to denote a face.

R3ET

Pointer to next face on this block,
Pointer to host block,

Pointer to first connecting face,
Pointer to second connecting face.
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Pointer to third comecting face.
Pointer to first vertex of this face.
Pointer to second vertex of this face.
Pointer to third vertex of this face.

55583

0ffsets for vertex data array
Note: The first integer (offset 0) contains
=== the value IVER to devote 3 vertex.

OV Pointer to next vertex on this block
VX Start of triple pointer to x,y,2 coordimtes
of vertex.

Offsets for contact data arrays

...............................

Note: The first integer (offset 0) contains
---- the value NCON to denote a contact

KL  Pointer to next contact in global list
XCB1  Block | of block pair
KCB2 Block 2 of block mir
KCN:  Pointer to next contact in block-1's list
KCN2  Pointer to next comtact in block-2°s list
KC0D Code musber

(above offsets shared by degenerate contact)
¥CVI  Nearest vertex on block-}
KCVEE! 2nd. vertex, block-1, for edge-edge comtact
KCV2 Mearest vertex on block-2
KCVEE2 2nd, vertex, block-2, for edge-edge contact
XX  coordinate vector (triple)
KCNDKN unit norwal vector (triple)
XCF¥ normal force (scalar)
KCFS  shear force vector (triple)

Logica) unit nuabers

UNIF Unit nuaber for input fi)e,

LUNGF  Unit nusber for output file,

UNC  Unit nuaber for general L0 (e.q. restart),
LWNP  Unit nuaber for plotted output,
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Rhe1c

NBL  Block

WR  Face

NAR  Vertex

WON  Contact

MOIC Degenerate contact
Array limits

escccocconen

NTOP  Size of sain array (IR).

NWT  Maxisus nuaber of saterials,

NCONS  Raximua constitutive nuabers,

NTYP  Mumber of block types (rigid, SDEF, etc.)

Head codes (contents of first integer in data groups)

.....................................................

MIC = 1 Rigid block
MSOEF = 2 Siaply-deforsabie block

WFAC  Face

MER  Vertex

MCON  Contact
Contact codes

ICEE  edege-to-edge
MCVF  vertex-to-face
NCDC  degenerate

Main Comson Block Variables

---------------------------

LINE(OO)  Buffer for current input line in Al format,

LINE1(8G) Buffer for next ingut line,

LPRI(D) Pointer to start of paraseter I in LINE( )
after removal of hlarks, etc.

WAL(J)  vector of zero length

ERFLAC JRUE. if an error has occured.
STPLAC JTRUB, if the first input line has been processed.,
COFLAC JRE. if the current line is a contimation,
NCFLAC JRUB, if the next line is a contimuation.
APSAV Index of 1ast computed COTO in MON,
NERR Error rusber,
AN Pointer to list of spare sesory groups.
NFREZ First unused sesory address,
1RLOCK Current block ruaber.
ISTACX Stack pointer,
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Curvently requested nusber of cycles.

" Tise-step,
Requested fractiom of critical tise-step, 4
Routing nunber, used in min routine.
Output line count,
Output page count.
Routing muaber for comtimation line in GEN.
Mass dasping coefficient, 1
Sciffness dasping coefficient. 3
Dasping factor (1.0-ALPHATDEL/2,0)
Dasping factor (1.0/7(1.0+ALPHAYTDEL/2.0))
BETA/TDEL

FHHITHIITEE

Internal sass damping coefficient for
sinply-deforsable blocks.

CiB Damping factor (1.0-ALPBSTDEL/2.0)

(i ] Dasping factor (1.0/(1.0+ALPBSTDEL/2.0))
DEGRAD P1/180

Pl 3.1415¢

ATOL Distance between particles at shich a real contact
is foreed.,

crol

118 Distance between particies at wmhich a
degenerate contact is forsed

ET0L

1311

18PNT Pointer to list of blocks,

ICPNT Pointer to list of contacts.

AN(D Norsal contact stiffness, saterial 1.
AS(D) Shear contact stiffness, saterial I,
A(]) Contact friction cosfficient, eaterial I,
COH(T) Contact cohesion, material 1.

AT Joint norma) stiffness, saterial I.
AKSJ(1) Joint shear stiffness, aaterial I,
AT Joint friiction coefficient, sateria) I,
Co(I) Joint cohesion, saterial I.

DBNS(]) Dersity, mterial 1.

R ik sodulus, saterial 1.

SHEAR(I)  Sheer sodulys, saterial |,

AANL(I)  Lase comtant, material I.

ALAZ(1) Lase comtant, mterial |,

W) vector of gravitational acceleration.
aC) Min array.
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Sample Problem

Two tetrahedral blocks are created. The lower block is fixed,
and the upper block allowed to come into contact with the upper vertex
of the fixed block. Gravity acts in the -2 direction. Since the
centroid of the upper block is not directly above the fixed vertex, the
block translates and rotates, and develops shear forces at the contact
as well as a normal force.

<

i 4 X 0 X
! 1.4 [} ns

X - Z section =05
x - y section

a. Initial State

Figqure Bl. D3 Sample Problem
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STORT

PROP MAT:1 Ds2000 KMs{E3 KSs,SES F:1.0
BLOCK MAT=} (0,0,0) (1,0,0) (1,1,0)

+ (1,0,0) (1,0,1) (1,1,00

+ (0,0,0) (1,1,0) (1,0,1)

+ (1,0,0) (0,0,0) (1,0,1)

BLOCK MAT=} (0,‘0.5,1) ‘loS,’Oos'" (1.5,1,1)
+ (1051’0050" .(1.5,:003,3) “05'1'"
¢+ (0,‘005;” (loS,l,l) (105"005’3)

+ (0"005,1) “05,‘055;3) (143,'0-5,1)
FIX010101

R 00 -10

(Mo

FKINT CON VEL

Cics

FRINT CON VEL

cc 10

FRINT CON VEL

STop

> )

INPUT FILE

B9
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YITART

sssssececassene ETYS

P L L L L L SR Y PO LI T T P 2L

THIS IS A START RUM

YPROP MATs1 Ds2000 DNs1EA KS+.SES Fs1.0
YRLOCK MATe1 (0,0,0) (1,0,0) (1,1,0

Yo (1,0,00 (1,0,1) (1,3,0)

»e (0,0,00 (1,1,00 (1,0,1)

b (1,0,0) (0,0,0) (1,0,1)

TROCK MATs _(0,-0-3,1) “o,’_'_oo,'" 1.9,3,1)

Yo (1.5,-0.3,1) (1.5,-0.5,3) “0"‘,1)
Yo (0,4.3,1) (105)1;" (1-3,'005,3)
Yo (0,-0.3,1) (l.S,'O.S,ﬁ) ll.S,‘OJ,l)
WIX010101
W ¢ 0 -10
e 1
TIRESTEF = 2.582E-04
QURRENT CYCLE COUNT = 1 L
YPRINT CON VEL
CONTACT e 5L0CX-1 BLOCK-2 X{1) X(2) X(3) FS(1) FS(2) %) N
184 (VERTEX-EDC": 1 89 1.,0006¢00 0,0005400 1,0006400 0.000£:00 0.000£+00 0.000E400 &.4878401
177 (DECDERATE) & 1
BLOCY  CODE uxpor ureot uzot nagr ot ot
8 0 0.000E400 0.000£400 -2,382E-03 0.0002+00 0.0008+00 0.000€+00
| 1 0,0005600 0.0006400 0.0008e00 0.000E400 0.000Ee00 0.0008+00
e s
TINESTEP « 2.5822-04
CURKENT CYCLE COUNT : $
YWRINT CON VEL
CONTACT TIPE FLOCK-1 WLOCK-2 X1} X(2) U s nae) By L]
184 (VERTEX-EDCE) 1 89 1.000£400 0.0008400 1.000E400 4.4248-01 -4,424E-01 0,0008+00 1,279283
177 (DECENERATE) o 1 '
NOCX  CORE woot uYoor uznor 0 ot 10T
89 0 4,0832-08 -4.8032-08 -1.309B-02 4.97T9R-05 4. 979E-0F 0.0008400
i 1 0.0002600 0,0002:00 0.0002+00 0,000E+00 0.0002+00 0,0008400
0ore 10
TDESTEP + 2.38Z-w4
CURRENT CYCLE CONT s 14
WRINT OON VEL
CONTACT  TYPE nocx-1 Kocx-2 X1} 2 X ¢ [$}) (2 i M
14 (VRTEX-EXD) 1 9 1,0000:00 0.0008:00 1.0008600 2.4538001 -2.4330001 0.0006400 §.1498400
177 (DEOBMERATY) 8 1
0w cont Q0T ureer umoT gt mo 201
L O L0705 -1.2078-03 -2.2958-02 9.1418-04 9.141E-04 0.0008400
{ 1 0,000800 0,0008:00 €,0008000 0.0008+00 0.000E:00 0,000K000
nnw




