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h ABSTRACT

i

FLAC (East Lagrangian Analysis of Continua), Version 2.20, is a
- two-dimensional, large-atrain, explicit finite difference code
'

written for analysis of problems in geotechnical engineering.
,

FLAC has the ability to perform static mechanical analyses as
well as transient heat transfer and fluid flow simulations.
Various constitutive models are available to describe linear and

:r '- non-linear response of the solid. Coupling can be performed be-
,

$ tween the thermal-and mechanical, as well as the fluid and me-
chanical, models. The following report presents the documenta- t

' tion specified in NUREG-0856, Documentation of Computer Codes for
High Level Was'e Management. The documentation is presented inc ,

three volumes. Volume 1 contains the mathematical basis for the
3

various aspects of the codoi Volume 2 is the code User's Manual,
and Volume 3 presents FLAC verification, example and benchmarku

problems. ,
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TERMS AND CONDITIONS' '

c
FOR LICENSING FLAC ]

.m

You should carefully ~ read the following terme :
'

>

^' and conditions before using the FLAC program.
Insertion of the FLAC disk into your computer in-

,

diostos your acceptance of these terms and con- >
t ditions. If you do not agree with them you i

. should promptly retum the package and,your
,

i money will be refunded.

This program is provided' by Itasca Consulting ,
'

Group, Inc. Title to the media on which the program
is recorded and to the documentation in support ,

| thereof is transferred to the customer, but title to the i

,L' . program is retained by Itasca. You assume respon- :

C. sibi ty for the selection of the program to achieve.
L your intended results.and for the installation,~ use
[[ and results obtained from the program. |

,

|

b . LICENSE '
,

You may use the program on only one machine at
any one time.

You may copy the program for back-up only.In sup- :

) port of such use. :

$ modify, or transfer the pro-
You may ng.1 use, copy, hole or part, except as ex-gram, or any copy, in w *

j pressly provided in this document. '

V ,

ij - You may D9.1 sub-license, rent, or lease this pro-
4 gram.

,
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Terms and Conditions R'

| Page (b) ]
w

_
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.

TERM f>
,

y

The license is effective until terminated. You may 1
terminate it any time by destroying the program to-
gether with the back up copy. It will also terminate if s

you fall to comply with any term or condition of this ;

agreement. You agree upon such termination to de- ;

stro:r the program together with the back up oopy, ,

mocifications, and/ or merged portions in any form. '

WARRANTY
,

;

Itason will correct an errors in the code at no :
charge for twelve months after the~ purchase r

date of the code, fication of a suspected error !
must be made in writing, with a complete listing of

; the in put and output files and description of the error. '

If, in the judgment of Itasca, the code does contain.

the copy at no cost to the user g) r refund the initialan error, Itasca will (at its option correct or replace
|1 purchase price of the oode.

LIMITATION OF LIABILITY ;

Itasca assumes no liability whatsoever with respect .|'
,

c '' to any use of FLAC or any portion thereof or with re- i
' spect to any damages or losses which may result

from such use,' including (without limitation) loss of '

,

time, money or ooodwill whlen may arise from the :i

use of FLAC including any modifications or updates
that may follo(w). In no event shall Itasca be respon-

'

E

. sible for any indirect, special, incidental or conse-
L quantial damages arising from use of FLAC.
!

.

1
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, ,

?[" CODE SUPPORT
w
P ltasca'will provide telephone support, at no cost, to

assist the code owner n the installation of the FLAC
. code on his or her computer system. Additionally,

,

general assistance may be.provided in aiding the
owner in understanding the capabilities of the vari-
ous features of the code. However, no-cost assis-o

tance is ng1 provided for help in applying FLAC to
specific user-defined problems,

t

Technical support can be purchased on an as-
needed basis for $70.00/ hour in minimum one-half
hour increments. For users who envisage the need
for substantial amounts of assistance,' support oro-
grams offering up to eight hours of support !n a
twelve (12) month period fo(8)$500, or up to twentyr
(20) hours of support in a twelve (12) month period,

' for $1,000 are available. - in all instances, the user in
.'

encouraaed to mall or fax the problem description to
liasca in' order to minimize the amount of time spent

u trying to define the problem.
'L,
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FLAC |

Fast Lagrangian Analysis of Continua.

' (Version 2.2) ]
'

June 1989 -

i
'

le

1.0 INTRODUCTION

FLAC is an explicit finite difference code which simu-
. lates the behavior of structures built of soll, rock, or '

- other materials which may undergo plastic flow when >'' their yloid' limit is reached. Materials are repre-
sented by zones, or elements, which form a grid that,

is adjusted by the user to fit the shape of the object -
. ,

to be modeled. Each element follows a prescribed -
,

> ' linear or non-linear stress / strain law in response to
the applied foroes and boundary restraints. If stres- -

,
'

ses are high enough to cause the material to yleid
and flow, the grid actually deforms and moves with

?j|the material it represents. This calculation scheme
: is called "Lagranglan" and is well suited to modeling
large distortions. The explicit nature of the solution >

. means that any type of non linear stress / strain law
may be'followed without incurring' great overhead
(as compared to a linearlaw).

L Structures such as tunnel liners, rockbolts, or sheet

soll may also be modeled. . It is possible, g rock or
pilings which Interact with the surroundinL

.

'

:

therefore, ;
'

-

to examine the stabilizing effects of sup?orted exca-
vations or to examine the. effects of soI or rock in-
stability on surface structures. .

|

l .:

,, ,

'

d

:.
i ,

i
s . .
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FLAC Version 2.2 also contains an interface model.'
,

o in addition to the continuum behavior of the individ-
'

'

ual zones, slip surfaces or " slide lines" may be used
to represent discrete faults or joints within a body'

;,

.J upon which the zones may slip or separate.- >
-

a Version 2.2 of FLAC also offers the ability to model !,

groundwater flow and consolidation. These Imerac-
t ons may be combined with any of the. mechanical _ ,

r

models.
,-

FLAC is also available with modules for thermal and [
"'

creep calculations, at an additional cost.
a

'

The manual is organized in the following fashion.' A
simple tutorial is given first, in Section 2, to illustrate

,

operation of the code. Section 3 of the manual
vides the theoretical background for the code'. pro-

c:

Inp ;

L - Section 4, a detailed discussion of the input.com-'

L' mands is given. - This section provides the primary i
'

p source for information on control of the FLAC pro- t

: gram. Section 5 describes the'use of FLAC in prob- !
,

H :em solving. Here, the details of setting up and ex- -

ecuting engineering problems are discussed. Sec- :
'tion 6 describes the. details of using the support-

structure interaction logic. In Section 7, example
!

L- . problems which test the various aspects of the code -
are given, along with comparison to analytical solu- ,

tions where applicable. Finally,he use of FLAC.Section 8 discusses
common errors encountered in t i

- "

R The mathematical details of the constitutive models f
'

am given in Appendix A. The use of FLAC for solv-'o-

Ing consolidation and groundwater flow problems is

| f
.

H ,

'

;

'?

r
'

,

f

' '
. .__ _ . . _ _ _ . . _ _ _ __ ___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ __
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[

described in Appendix F. Graphict sr dot matrix

printers and the H P Laserjet are discussed in Ag
o

pendix G. For FLAC versions with thermal a,

creep modules, Appendices H and I describe their
,

use.
'

y t

e FLAC Soecifications and Installationg

FLAC Version 2.2 is available for the following com- !
puter systems:. ,

(1) IBM PC- or AT-oompatible with

(a) 8087 or 80287 coprocessor and
640K RAM;

(b) 80386 based computer with
. 80287,80387 or Weltok copro-"

cessor and at least 2 Mb of
RAM (Machines with less RAM

- can run the standard PC or AC- '

version.);

(c)- ' Definicon Systems Incorporated
L (DSI) 68020-based family of co-

processor boards;

: (2) one (1) floppy disk drive; *

1
'

(3) one (1) 10 Mb orlarger hard disk;
[
|:

/ ,

. ,

i

ie

|u

i'
,

m 4

I. . , _ . . - - - - -
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(4) IBM-oom>atible Color Graphics Adap-
'

tor (CGAj, Video Graphics Array (VGA) Enhanced Graphics Adaptor(EGA), or
monitor;

;
,

(5) DOS Version 2.1 or higher; and

(6) Hewlett-Packard or compatible 2- or 6-
2en plotter, PostSript laser 2rinter, H P
.aserjet,' or dot matrix rinner for hardc-
copy of graphics (optio ).e

With . the PC/AT-oompatible version, about 2000,

zones can be modeled. With a 2 Mb 80386 version,'
4

,
4300 zones can be used, and.the 4 Mb 80386 ver- |
slon can model 15,000 zones, j

FLAC Version 2.2 requires approximately 580 Kb to 1

load into RAM. If you have other resident programs, i

you may have to off-load these programs to run !

FLAC. Alternatively, a smaller version of FLAC can |

' be provided on request. l.

FLAC is delivered on one floppy disk which must be
restored to the hard disk on your system. The

- PKXARC program supplied on vour FLAC disk is
'

used to reassemble the executab'e file on your hard

disk. Co y all the files from the flosgy disk onto yourhard dis The following commanc then issued:

C> pkxarc flec. arc flec.exe |

The computer will now create a "de compressed" q
FLAC.EXE file from the FLAC. ARC file.

,

e n . _ - _ _ - _ _ - - - - _ _ . _ _ - _ _ . _ _ - - _ _ - _ _ - - . - _ _ _ _
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Several other files are contained on the floppy disk..

These are: (1) FLAC.CGA; (files FLAC.CGA a(nd2) FLAC.EGA: and 3)
several data files. . The

L' FLAC.EGA have FLAC commands which will set i

_ your system to the CGA or EGA graphics mode.'
|'As will be discussed later on start up, FLAC will took

for a file called FLAC.INI in the directory in which,.s

L FLAC is written. This file contains a series of FLAC
,% commands which set attributes of the system or pro- .

- gram which are normally performed every time the |
code is used. For example, a user who has an EGA |
system will need to issue the command SET EGA '

upon FLAC start up to set the attributes of the EGA
card. This command may be placed in the'FLAC.lNI :

i- file so that the user need not be bothered with typing
' ' '

it in every time the code is started up. The .

FLAC.CGA and FLAC.EGA files have the necessary
commands to initialize the graphics adaptors. If you !

- have a CGA system (i.e., the standard, low resolu- '

r tion color monltor), rename the file FLAC.CGA to f
'

FLAC.lNl:
. . . ,

>

- C> rename floc.cga flec.ini
'

s

L If you have an EGA system, rename FLAC.EGA to
D FLAC.INI:

,.

C> rename flec.ege flec.ini i

t
You may add any commands to these files that you
wish using any text editor. '

>

e

l ': ,

x

%

>

e
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FLAC can send plots to a Hewlett Packard (or com- 1' -

patible) pen: plotter, a Postscript-language' laser i

printer, or-to a dot matrix printer wah graphics
ROM. FLAC sends 1)en plotter commands to a user-
selected port. Mos: pen plotters are connected to i

serial port COM1. Therefore, the pen plotter output
must be directed to COM1 prior to loading FLAC. 1

~

The serial port must also be Initialized to send plots |

at the desired baud rate. The default is to send plots |

to COM1 at 9600 baud. R

'"
If your plotter is connected to COM2, or if you desire
to change the baud rate, simply use the FLAC com- l
mands i

set output a COM2 1

and/or .
set baud a b

'
,

. where b 1200, 2400, 4800 or 9600, to change the !

' default settings. The most convenient way to set I
-

'

these settings is to have the SET OUTPUT and SET
BAUD commands in the file FLAC.INI. Remember,

. the baud rate dip switch settings on your plotter must ,

be set to coincide with the serial poit initialization. i

Check your plotter manual for instructions on these i

!settings. FLAC assumes U.S. paper size; the plotter
should be set accordingly. it is also possible to send |
output to the parallel port by using the FLAC com-

-

mand --

eet output = LPT1

)

I
|
|

1

l

I
l

1
~

= _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ . _ - _ -
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L As an alternative to pen plotter graphics, bit mapped
L graphics may be sont to a dot matrix printer. The

DOS graphics I)togram must first be loaded. Before1
s

loading FUiC,lype

C> graphloe
' When using FLAC, you may dump a CGA scree'n

graphics image to the dot matrix printer by pressing
t1e shift.and print screen keys at the same time.

- High resolution dot matrix EGA screen dumps can
be made using ccmmercially available packages.

" ' FLAC can also be used to create a file which can
then be run through the POP program provided with
FLAC to obtain high resolution graphics on many dot
matrix printers anc on H P Laserprinters.

Trouble Shootina Plotter Problems

i - 1. The most common error encountered
! In using pen plotters is a failure to set

compatible baud' rates for the serial
art and pen plotter. Make certain that
the dip switch settings on.the pen plot-

.!ter are set properly for the desired
baud rate.

2. Make certain that the plotter is con-
nected to the proper serial mrt speci-
fled in the file PLOTTER.BA".

. c

1

|- i

|
1;

,a.
|

l,

1: '

s

/t ,

!1 _ . . _ - __ - . _ _ _ __ . . _ - . _ _ - __. _ . . _ . -
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,

. . ',

7 >- 3. H the non U.S. papr slae is chosen on
f ?,. the pen plotter dp switches, lettering
;fc certain that U.S. y be distorted.

on the plots ma Make
;.;/ ' paper size is selected.1

<,

. , ,

.

(

l.

'
i

rt 5

.

|

u_1_.________1______-___________-___--_- - - - - - _ - - - - - - _ _ - - - - - _ - - - _ - - - - - - - - - - - - - _ - - - - _ - - - - - - - - - - - - - - - - - - - - - - - -



r 3
t

I
i

i l
'

|
FLAC |

Page 2-1*

l
1

! !

2.0 ' INSTANT GRAT2r! CATION -- A SIMPLE TUTORIAL
CW USING TLAC

>
;This section is provided for the user who wishes"

te jnap in and begin experimenting with FLAC. A I
;

simple, f ast-running example problem is chosen !

which demonstrates some advanced aspects of the j
FLAC code. -

|
'

,

2.1 A Trench construated in a cohesionless soil .

U,

H A simple problem which con be examined interac-
tively and yet illustrate some of the power of |

the FLAC code is a trench which is excavated in j

a cohesionless soil mass. |
i
'Execute FLAC by typing:
;

C> flac i

The computer will load the program and display
an initial heading followed by the interactive j
pronet fieo>.

To set up the initial finite difference grid, !

use the grid command *: |
,

fisc> grid 5,5 j

!

This command will create an initial grid (or j
'posh,. if you prefer) that is 5 sones (or ele-

monts) wide by 5 sones high. Now, give the !
'sones a material model and properties. For this
'

example, we use''

f
>.-

h

'See reference command list for further details. 6

!'

|' j
,

:

. [

|

|

f

L
|4

- - , .n --
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the Mohr Coulomb einsto-plastic model. Type in
the following commands: |

|
flac) model mehr j

I flac> prop bulk-los shmar=.3e8 fric=35 I

i

l

| flac> prop dene=1000 coh=le10 |

! !
| Here, we have specified the Hohr Coulomb model (as j

you will see later, all of the letters of a com- I
mand need not be typed in to be "recognised" by )

L the computer). Fvery zone in the grid could con- !

p ceivably have a affierent material model and pro- I
party. However, by not specifying a range of !s

sones directly behind the MODEL command, FLAC as- 1

sumes that all zones aru to be Mohr Coulomb. The I
properties are given next --including the bulk j
modulus (in Pa. note that only b= or simply b fol- i
loved by the value is all that is required: the i

full name is given here fer clarity), shear modu- !

lus, the angle of internal friction, and the cohe-
sion. You see that a very high cohesion value is ,

given. This is only an initial value which is |

used during the development of gravitational {
stresses within the body. In effect.. we are fore- ,

ing the body to behave elastica 11y during the ini- !
tial development of the gravitational stresses.* |

|
,

f

* Alternatively, an elastic model could initially
be used to set up the virgin stresses, followed ,

by changing the model to Hahr-Coulomb prior to
any excavation, applied loads, or other simula- ;

tions. t

,

i

i

r

}
|

1

- - - . - , . _ _ . - _ _ _ _ _ _ _ _ - - _ . _ _ . - . , _..,_-_,n, . - . _ . . , , , . _ , . . . - , . , _ , . _ _ .
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This avoids any plastic yield during this initial j

[ phase of the model.' The reasons for this will be- !

come obvious once you gain experience with the ex- |
plicit simulation procedure. |

Now that a grid and model properties have been de- i

fined, data pertaining to the simulation can be |
plotted < : tinted. Issue the following commands |

|

flac) print a y

The x and y coordinates will appear in tabular !

form in the physical positions of the gridpoints. !
You will note that the table has 1 (column) and j i

(row) Entng from 1 to 6 along the top and Icit- |

hand edge of the table. Therefore, each gridpoint ;

and sone has an 1 (column) and j (row) associated i

with it. In this example, the gridpoint range is |
1 from 1 to 6 and j from 1 to 6, whereas the zones !

'

ranss from 1 to 5 for i and 1 to 5 for j. If you

require greater clarification on this point, see
Fig. 4-1 in Chapter 4. To see a plot of the grid,
give the following command * ,i

.

flac> plot grid |
1

You will see a plot of the grid on the screen in i

the low resolution color or EGA mode, depending on !
your FLAC.INI file. After viewing, press return !

to get tack to the FLAC prompt level. Note that, j
i

!

| ;
'

*The plotting wind,ow will be set automatically un-
less otherwise specified.

;

L i
i
r

i

I
.

3

I

l

;

!
I i

1

,

-,.,n- - -- , - - - ~ . . . - - . - ,
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! if you do not assign coordinates to the grid (by
using the GM or INITIAL cosunand), then the x and
y-coordinates are assigned equal to the number of
the gridpoint minus 1. For ex6mple, in the previ-

.
ous grid plot, the lower left hand gridpoint is

'
aseumed to be the origin and is given the coordi-
nate (0,0). The bottom right hand corner [ grid-
point (6.1)) is given the coordinate ($ni,0). The
user is completely free to assign any coordinates
that he or she chooses by using the GEN and INI-

L TIAL commands. To keep this example simple, we
p leave the grid at 5mx5m.

| Next, the boundary conditions for the problem are
set. In this problem, we want to place roller
boundaries on the bottom and sides, apply gravita-
tional forces to the zones, and allow the in situ
stresses to develop as they occur in nature. To
fix these boundaries (i.e., no displacement or
velocity in the specified direction), use the fol-
lowing commends:

flac) fis y j=1
flac> fix a i=1
flac> fix x i=6

The commands noted above perform the following
functions.

!. 1. The bottom boundary gridpoints (j=1) are
fixed in the y-direction. When FLAC sees
j=l, it automatically assumes that i
ranges from 1 to 6 (i.e., the full
range). You can perform the same func-
tion by specifying j=1, i=1,6.

.

- _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ . _ _ _ _ _
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2. The left-hand boundary gridpoints (i=1),

and right-hand boundary gridpoints (i=6)
are fixed in the x-direction. Again,
F1AC assumes the full range of the j-

' direction.

Next, we set the gravity by typing in

flac> eet grev=9.51

i where 9.31 m/sec8 is the acceleration due to grav-
ity. Here, gravity is taken as positive downward
and negative upward. (If gravity is set negative,
objects will floati)

If you wish to see a history of the displacement
of a gridpoint on the model to observe equilibrium
or collapse with time, type

flac> his metep=5
P flac) his ydis i=2 j=6

Here, we choose to monitor the y-displacement
every 5 timesteps for a point at the top of the
ground surface. i

!
Now, we are ready to bring the initial model to !
equilibrium. Because FLAC is an exp |code, we step the model through time}icit dynamic, allowing '

the kinetic energy of the mesh to damp out (thus 1

| providing the static solution we are after). To ,
'

!

!
!
1

* Calculational time--32t real time. !

;

!
;

i

-

P

>

l

|

:

,

_ _ _ _ _ _ _ _ _-- _ __ _ . _ _ _ _ . _ . _ _ _ . - . - - - - - -_.--mm- ~ - . - . , - - - . .- -



c
,

i

i

t . FLAC
,.

Page 2 6

s

allow gravity to develop within the body, we time-
stop the simulation to equilibrium. Here, the
SOLVE commagd is used to automatically detect
equilibrium a

flac> solve

FLAC will "think" for a period of time (a few min-
utes). At each step in time, the step number and
maximum out of balance force will 6ppear on the
screen. When completed, FLAC will return with a
message that the solution limit has been reached.
The FLAC prompt will then reappear.

Now, we can see what has occurred within the
model. Examine the y-displacement history re-
quested earlier:

p flac> plot his 1

A screen plot will be shown in monochrome or EGA
mode which indicates that the model came to
equilibrium within roughly 108 timesteps,

i
(

*See Chapter 4 for setting the limits on the
SOLVE command.

|

i

|

i.
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\* Let's examine the gravitational stresses developed .

in the body. The window is automatically defined
!

but,ifyouwishtoenlargeorshrinktheplog,by |you can reset it. Now, give the plot a title
typing j

|
flac> title

;

|ftitle > a simple trench escavation asample the
initial gravity stresses

1

Type the following (if you are in monochrome mode,
leave off the color keywords): j

i

flac> set pal =0 |
|

(to set the palette choice), then j'

i

flac> plot syy yet bou are i
i
.
>

stresser iYouwillseeaplot(Fig.2-1)oftheo(N(allisin yellow-brown and the boundary in gro j

green on the monochrome screen). Similarly, the j

e stresses can be plotted by typing |xx

flac> plot sax yel bou kre
i

You will note that the gravitational stresses in- |
crease linearly with depth. These can be identi-
fled by typing [

fflac> print saz syy

|
.

\
*

*The title and legend appear on hard-copy pen i

plots but not on screen plots. ,

5

i
,

b

i

,

.. . -
-- -.
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Fig. 2-1 The Gravitational Stresses Induced in the-
Soil After 108 Timesteps

,

1
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It is wise to save this initial state so that you
can restart it at any time for performing parame-
ter studies. To save this, type

flac) save trench.sav
,

A save file will be created on the default drive.
A FLAC prompt will then return. Now we can exca-
vate a trench in the soil. Type

flac> prop coh=0

.With a zero cohesion and vertical, unsupported
trench walls, collapse will certainly occur. Be*
cause we want to examine this process accurately,
the large strain logic must be set in the code.
This is done by typing

flac> set large

.

Finally, for plotting purposes, we wish to aos
' only the change in displacements from the trench

excavationandnotthepreviousgravitationalseg-
ting--so we can sero out the x and y components:

flac> init adis=0 ydin=0

To excavate the trench, enter

flac> model null i=3 j=3,5

*This will not affect the calculations since the
model does not require displacements in the cal-i

| culation sequence. They.are kept only as a con-
! venience to the user,

l

(

!

!

t .. .



. - -.

_

'

J<

,r
F

|
1

L FLAC j

Page 2-10 j

!
i

0 because we purposely set the cohesion low enough
to result in failure, we do not want to use the 3

300{Ecommandwithalimitforoutof-balancefor- I

ces (which checks for equilibrium), as our simu- |
lation will never converse to the equilibrium i

state. Instead, we can step through the simula- !

tion process one timestep at a time and plot and I

Iprint the results of the collapse as it occurs.
This is the real power of the explicit method--the f

model is not required to converse to equilibrium [
at each calculation cycle because we never have to }
solve a set of linear algebraic equations, as is ;

the case in the implicit codes with which most en- [
gineers are familiar. To do this, we use the i

STEF commandi+ i

i

flac> step 100 .

i

FLAC will now step through 100 timentops. When it j
is finished, the prompt will reappear. Now, exam- '

,

ine the results thvs far by printing and plotting ,

some variables--e.g., ;

i
flac) pr state

or !

[flac) plot state .

i

i

!

*See Chapter 4, SOLVE command, for more details. f

+The SOLVE command can also be used with limits on !

the number of timesteps.
t

k
i

e

I

f

*
.

|\- ;

;
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The present yield state of each tone will be
!

printed in tabular form. The number 1.0 means j
^ that the material of this tone is actively yield- i

ing. A value of 0.0 means that the zone has al- i

ways been elastic. As you can see, the son i

jacent to the trench are actively yielding.gs ad- !
.

Now, try plotting some parameterst

flac> plot grid

You will notice some grid distortion beginning at I

the trench, but the resolution of the screen will !
be a bit poor for accurate plot reproduction. If

,

you have a Hewlett-Packerd pen plotter, try send- |

ing a plot-you will see improved resolution. .

(See the Pim command in Chapter 4 for details.) |

Next, try some plot overlays to define better the }
extent of the failure area. (If you wish, first :

'

retitle the plot using the TITLE command.)
i

flac) plot av s yell dis red mas =le-2 bo green I
i

You will see a plot of the x-velocity contours (in I

yellow, sero contours removed) overlain by the .

displacement contours (in red, scaled to a maximum i

vector length of 1x10*8 m) and the boundary (in !

green). This is shown in Fig. 2-2. The velocity

I

| * Note that we have made our boundaries on this
.

problem spil in order to speed operations thus, ;

some boundary interference occurs, j

r

| :

,

h

P

|

1
|

|
| 1

|

|
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Fig. 2-2 A Plot of the Displacement Vectors and
x-Velocity at Timestep 208
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contours are given here to help visualise those
areas of active yield, since this material is
flowing.

t

The collapse process can be examined as it occurs
by timestopping 100 steps at a time. Note that
you can stop the TLAC calculation at any time with
any keystroke. FLAC will return control to you
after it has completed the current stop. We on-
courage you to step ahead in this fashion, creat-
ing plots and experimenting with the MAX, DTIT and
008AR cosenands at each stage. Try plotting the
stresses, velocities and displacements to produce
meaningful plots. In this example, we will jump
ahead to a convenient spot in the collapse pro-
cess

flac> step 400

Again, try
flac> plot grid

You will see a drastically different picture at
this stage as the trench collapses (Fig. 2-3). By
typing

flac> pr state

you will note that the sones are still at the
yield point. Examine the o state and displace-yy
monts by requesting

flac> plot syy sero disp man =9.2 red bou gros

! You will note distortion of the stress contours
L due to the excavation and an increase in magnitude

(by approximately 20 times) of the displacement
vectors.

.

1'
|
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Fig. 2-3 Deformed Mesh After 608 Timesteps
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From this point, you may wish to play with the
various features of FLAC in an attempt to stabil-

I- 1:e the excavation. Try restarting the previous
file you created by enteringg

f flac) rest trench.sav

Excavate the trench as before but try using the
structural element logic described in Section 6 toi

model bracing or tie-back anchors.

You will see that FLAC is v,trtually bullet-proof
; --an error-trapping function recognizes most com-

|
monly occurring errors.

'

: This ends the initial tutorial. Section 5 con-
tains additional details on problem solving with
FLAC.

!
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!

E 3.0 BACKGROUND -- THE EXPLICIT FINITE DIFFERENCE |

Mr.THOD t

!

| 3.1 Introduction
|

FLAC is a general geomechanics numerical model :'

which uses the explicit finite difference method -
,

L to solve the basic equations of motion. The fi- |
? nite difference method in general, involves di . t

'vision of the body to be modeled into a number of
two-dimensional zones (elements) which are inter- i

connected at their gridpoints (nodes). At each
; gridpoint, the form of the equations of motion are i

solved in a timestepping fashion. It is possible. .
''

therefore, to see the behavior of a system as it ,

' evolves with time. ;

!

Several authors (among them, Wilkins, 1963) have !

shown that the equations resulting from the finito ,

'difference and finite element methods are identical
for particular examples. The finite difference
method is as flexible in use as is the finite ele-
ment method in that irregular meshes may be used ;

and varying material models or properties and vari- !

ous boundary conditions may be specified. Particu-
lar applications of finite differences to geome- i

chanics problems are discussed in Cundall (1976). i

<

3.2 Explicit Formulation / Calculation Cvelg j

i
There are, in general, two methods employed by nu- |
merical codes in the solution of the equations of )

motion for a particular problem. The implicit ap- !
proach (used in many numerical methods to solve !

static problems) solves for unknown values at all i

gridpoints at one time. In other words, a system

1
l

1

l

I
i

4

!

l

*

i

.. . . ..
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!

I

of equations is set up which relates unknown to i
known quantities such as the relationship of nodal |

forces to displacements.via the global stiffness !
matrix in a finite element model. This system of |

equations must be stored and solved, resulting in
large computer memory requirements. -|

!

The explicit method makes use of the idea that, )
for small timesteps, a disturbance at a given j
gridpoint is experienced only by its immediate i

neighbors.- As an example, imagine that the tem- !
perature of a gridpoint is raised to some value at :

time t=0. For a short period of time, only the |
neighboring gridpoints "realire" that the tempera-
ture has been increased. As time goes on, the of- g
fact will spread through the grid, resulting in
higher temperatures at surrounding grid points. .i

6

The timestep must be chosen carefully to avoid nu- ;

merical instability in the solution--e.g., the i

.timestep must be less than the time of propagation i

of the phenomenon between two adjacent gridpoints. |
In the mechanical version of FLAC, this timestep |'is governed by the speed of sound through the

'body; in the thermal version of the code, the
thermal diffusivity and convective heat transfer }coefficients govern the thermal timestep. FLAC t

automatically determines a timestep which ensures
numerical stability. ;

t

At present, FLAC is used to solve static problems .

by properly damping the dynamic solution. In this !

case, "timestep" refers not to a physical timestep
,

but a problem timestep, where velocities are maa- |

sured in length per timestep. ?.his solution pro- '

cedure results in many advantages for modeling of :

geological materials on the personal computer. (
!
:
,

,

I

>
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Because matrices are never formed, the memory |
requiremer.ts of the cede are minimal and the com- |'

I putational effort per timestep is small. A very |
| important aspect of the explicit method for geolo- t

!" gical materials is the ease with which non-linear i

constitutive laws are handled. No iterations j
(which may cause significant errors in the solu- :

tion) are required for the material to follow non- !
linear stress-strain laws: the stress change cor- i

responding to a given strain change may simply be !

enforced at a given zone as occurs in reality. In ;'

this manner, non-linear laws are followed in the i

correct physical fashion and are not depeadent on !

the path sensitivity of iterative methods. Also, j
'because matrices are not formed, phenomena such as

large displacements can be handled with little ad- ;

ditional computational effort. On the negative r

side, however, explicit codes are, in general, [
slower to run than their implicit counterparts for !

'

static, elastic problems.
;

What does all this mean for modeling geotechnical f

materials? For soils and rocks, the material verf !
often undergoes failure or yield (i.e., the mater- |
tal-is non-elastic) and may exhibit large dis- :

placements. Thus, a body may experience collapse f
in an isolated region (e.g., a soil slope) yet be i

stable in the remainder of the body. For such a !i

problem, an implicit code, in which all gridpoints j
L are interdependent would become numerically unsta- t

ble during matrix inversion. However, the expli- ,

cit code suffers no time or numerical stability
*

losses. A more subtle advantage is that the user
can examine the development of yield or material i'collapse as it develops instead of viewing the end
equilibrium state only. ,

*
,

',

I

i

k
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:

|
The explicit calculation cycle employed by FLAC is ;

illustrated in Tig. 3 1. For nach timestep, the !
equations of motion are solved for each gridpoint jin the mesh. The forces present at each gridpoint ;

are not in balance for a non-equilibrium state. !
This gives rise to accelerations of the gridpoint !

based on the components of the out of-balance !
force and the sono mass lumped at the gridpoint. !
The accelerations are integrated to yield the !

gridpoint velocities which age, in turn, used to i
determine the strain change r

!

The strains are used in the constitutive law to !

determine the corresponding stress increment for ,'
the sone. Once the stress increments have been i
determined, the forces which they produce on the .

.

surrounding gridpoints are summed to determine the !
resulting out-of-balance force, j

.

This calculation cycle is repeated every timestep. .

The user may examine the present state of the 4

problem at any stop in this process. As stated |
earlier, the dynamic response of the system is nu- .

merically damped within the FLAC code to provide a i
static solution. The method of damping employed
in the code is discussed later. The damping re- !
suits in the decay of the out-of-balance forces to !
sero as the problem approaches static equilibrium i
with increasing timestep. The number of timesteps i
required for equilibrium depends on many factors. |

.

*The'velocitie,s are intsgrated to yield the dis- [placements which are kept as a convenience to the
,

user. ;

f

r

i

e

I
t

!

!
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i

At each time steps

l'
f LAW OF MOTION

f
For Each Gridooint

,

!

* determine out-of-balance forces at grid-
; point from sono stresses
i

* determine gridpoint velocity components;

from out'of balance forces

' determine gridpoint displacements by in-
tegrating velocities

.

STRESS-STRAIN LAW

For Each Zone

* determine strain rates from gridpoint
velocities

|- ' calculate stress increment from stress-
l strain law

I'

Fig. 3 1 Overview of Code Operations

|

|
l'

|
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including the solution accuracy desired by the
user, the extent of yield in the material, and the
size of the problem.

,

3.3' Finite Difference Scheme"

3.3.1 Representation of Derivatives - Wilkins
|; (1963) presents a differencing scheme based on the
; integral definition of a partial derivatives

L
. .

I' 8F g
'

S - = lim F ng ds (3-1)-

| 881 A+0 A
,,

. .

|
where F = a scalar, vector or tensor

xg = components of position vectors

A = area of integrations

ds = incremental arc lengths and

ng = components of the unit normal to ds

*The discussion given here follows lecture notes
by P. A. Cundall presented at the University of
Minnesota (1983).

3

_.
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i
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/ I

ds ' ;
.. t

arsa i !
A f

1

Fig. 3-2 Integration Path

>

.

The surface integral of Eq. {3-1) is continuous, !but an equivalent (although approximate) expres- i
sion may be written for integration done over a
finite polygons- !

,!

8F 1 N n n
--- * - I T cik AXk (3*2)
081 A n=1 !

!

where N = number of sides
;

n !

F = average value of F on side n [
n

Aug = components of vector length of side n I
and i

t

cik = permutation tensor in two dimensions, ;

,

01 -

'-1 0 ,

. .

t

:

.

L i

I
i , ;
I :

5

.

f
t
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sWe
n

}k I

!

1

!
;
,

Fig 3-3 Discretization of Boundary for Numerical ;

Integration !

:
'Expression (3.7) is used to derive all spatial

difference equations in FLAC. It should be noted |
that this formulation imposes no restriction on i

the shape or number of sides, unlike many finite !

difference formulations based on rectangular ;

grids. I

;
'

3.3.2 Eaustions of Motion -- The squations of me-
tion are given by the familiar expression ,

i
e. .

|Bug
Bog 3 + p gg

!

(3-3) i! p --- =
iat Bxj
:t

, .

.i
! !

|- ;

!
t

f
,

' -

,

0

1

'
'

.

!

P

V

3

.,- - - .-. n.. . , . , . . , . - , - -
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!

where p = density:' [

Og = velocitys ;

t = times ;

i

ogj = stress tensors and
i

31 = body force components. '

:

As a simple example, examine the motion of a ness {subjected to a time-varying force. F (Fig. 3 4): .

,

|

,

m ,

F * 9 * U. O. u !

:
f

Fig 3-4 Mass Subject to a Time-Varying Force. F :

;

P

Bu F r(i.e. F = ma) (3-4)-- = -

at a ;
t

k

!

!
i

k

<

h

B

!

,

L

_ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ . . - __ -._ _ - _ - , - . - _ m



,

H

FLAC-
Fage.3-10

1

'
i

A'contral difference * scheme may be used to solve
Eq. (3-4) by storing velocities at the half time- :

step. The acceleration [left-hand side of Eq. (3- !

|4)) can be written as :

. (t + At/2) . (t - At/2).
!

8u u -u
(3-5)e

-- =
8t At

i''
I

.

Substitution into Eq. (3 4) yields |
\

. (t + At/2) . (t - 64/2) + F(t}/m at (3-6) !

* ' '

u =u
!. .

which is the velocity of the gridpoint at the half ;

timestep. Now, the displacement can be Cetermined ;

from the velocity by one additional integrations ,

,

!,

u(t + 6t) = u(t) + 6 (t + at/2) ,7)

I

The force can be determined during the same time |

increment, resulting in the calculation sequence |

illustrated in Fig. 3-5.

i
t
b

* A Taylor's series can be used to show that a
central difference scheme is second-order accur-
ate--i.e., error terms in first order at will |

vanish. See, for example, Jaeger and Starfield
(1974).

:

|

[
'

i
,

.

b
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1
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r -. .-. - - . - .

at a

Figure 3-5 Interlaced Nature of Calculation Cycle
Used in FLAC

3.4 Velocity / Strain Increment Eaustions

PLAC determines an initial strain increment at
each timestep from the velocities at each grid-
point. The strain increment'is used in the chosen
constitutive laws to determine the corresponding

:stress increment. In incremental form, the strain
;

tensor is given by
|
3

. .
,

Ob 3b1 i j i
Asij = 2 -+ At (3 8) 4

8xj 8xg j
- . ,

t

i

>

|
'

:
.

t
,

4

, --



yg -
, = ,--- - - _ . - . _

' t
& , . ,, ;v

|3y.> ,

g(_:q w, .;

fi| Q 'h.I- |
;

?.,
k' , FLAC |

(:;c,, , .Page 3-12: ;
~

,

Ii 'h,'
F ,

t
-

where Aegj = strain increment tensor'<
y ': 1,j ='1,23,. .

..; ,

,. .

;, !'
' :, . . .

ui ='i component of tho' velocitym,
i = 1,23 L

'
,n

['
xi = i component of the coordinate,

i = 1,28 and' ,

|
At = ti:testep. .

>
'

!
'

After the application of the equation of motion i
i ..

*p [Eq.;(3-3)], a set of x- and y-velocities exist at ,

Iaach corner gridpoint of a typical quadrilateral
b' '-

element; FLAC; subdivides.this quadrilateral into
' two pairs of superimposed' constant-strain triangu- ,.

lar: zones termed, a,' b, e and d (Fig. 3-6): ;'

i;
,

c <,

;.
a - SE<

.

' - -
.

N N
2 1 2 3 ;

/ '

.

a e
,

.

W- E' W E

b d
1;

I '

|:: 3 g 4 3 g 4

Fig. 3-6 Constant-Strain Triangular Zones in FLAC
.

,
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I
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|

?
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3
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' '
Recall [Eq. (3-8)]: that the velocity gradients' are !
required.when calculating the strain increment

,

tensor. . Based on Eq. (3-2), the partial deriva- !

tives may be replaced by their difference forms
!-

;

. *

Bug 1
;

I 0{j * - 1 cjk Axk' (3*9) .

edges
.

!
,

%
This summation is.taken over the edges of the-o

zone, but velocities are known only at the cor- ,

'

nors. If the average velocity components are
-taken along each edge, the term inside this summa-,

tion is identical to that inund by exact integra-
tion from Eq. (3-1), assuming a linear' variation
of. velocity along the edge. :FLAC determines':the,

velocity gradients-initially for triangles a and b
!and then for triangles e and d. For a, the expan-

sion of,Eq. (3-9) gives
:

. 4.

.

(u. (1) + u(2)) cjk {N)
.

,

t. t xk j
,

Ob

=g- .v (ut.(2)+u.(3))cjk{W)
. i 1 1

..

g xk (3-10)
"

+ (u(g ) + u(i. 3)) cjk
.1 (SE)

'

Axk '
.

.

To illustrate the above expansion for onc compon-
.

|

ent of the derivative, examine the xx-strain rate
,

,

I

k

( -
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.
.

.
I t

.2 (2) (1)(u. ( 1) ' + u(g )) (x2 - x2 ')
' '

g:

'8b (3) (2))+ (ut.(2) + u.(3)) (x2
i 1 1

t - x2 i--- =,- -

.8xt 2 A ;

!(1) (3))+ (ui.(1) + u.(3)) (x2t -x2
j.

.

(3-11) i

Expanding and cancelling terms gives

.
q.

(2) (3)). (1)- (x, 2 - x2ute

r
< .

.

4: But 1 i (3) (1)
+ u(i. 2) (x2' X2 ') (3-12)=- -

8x1 2 A. 1.

(2))(1)
+ u(t. 3) (x2- x2

J
1
iAll other velocity gradient components are deter-,

mined in the same manner and used to determine the'

e
n three components of the strain increment tensor.

1

. The problem of "hourglassing" deformation modes ,

sometimes experienced in the use of finite differ- |,

|ences is' eliminated here because triangulac zones
are used in the calculations rather than quadri- |
laterals.

i

H
;

1
|

|
:

|

:+ |

"
,

1

|

,> ,
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In order to prevent " lock-up" during plastic flow,'

the mixed-discretization scheme of Marti and ;, ,

Cundall'(1982) is used between triangles a and b ,(
'

and between c and d. The forces provided by the r

two sets of triangles are averaged at the grid-'
,e
'

points.

f

' 3.5'. Stress-Strain Law
l-

. .

. ,

i' Once the strain tensor has been determined in each '

triangular element, the corresponding. stress must
be calculated from the chosen constitutive law for
the zone. Prior to entering the constitutive law,
two corrections to the existing stresses are re-
quired. First, if large strain' logic is in use,

the stresses must ba corrected for rotations in-- -

duced by displacement of the gridpoints. These
7. are discussed in'$ection 3.6. ;

; Second, if effective stresses are used the pore ^

pressure must be subtracted from the direct stress
components. :

>
. '!The constitutivn relation between strain and I

i stress is given in inctemental forms

ooij = f (Aeij, ogj, . . .) (3-13) [
where Aegj =. stress increment tensor i,j

'
= 1,2, and,

|-

f( ) = a constitutive equation involving
,

incremental strains, existing total
stress state, material constants.

,

[
etc.

4l'

|:,
,

i

|
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J'' The details of the constitutive laws and the cal-
t culation of stress components from the strains are

given in Appendix A.s,.,

Finally,'the average stress' components for a quad-.

'L - rilateral are determined by a weighted average of
the triangular components. FLAC allows for print-'

ing of either the triangular or averaged stressg
:t components.,

'3.6 Determination of Out-of-Balance Force at a
Gridpoint

s

Once the stress tensor within the quadrilateral.

zone has been determined, it can be used to cal-
''culate the out-of-balance forces at the grid-

points. Recalling the equation of motion, i
)

. . <

85
'

Bogj + p gi
'

1
p - =

8t
8x3

i. .

note that the right-hand side .aay be repiaced by
,

Eq. (3-2) and divided through by p. The result isL

. .

85 - '

1 1

E oij cjk Axk + P8i (3-14)p --- *-

'
. ..

E

i
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'

d or f-,

v.

'8b
. i.F i>,

+ gg,

,-

Bt m
.b.

where F = I cij.cjk.AxkI and m = pA.-S i

All vector quantities'are taksn to occur at grid-
'

,

; points and, therefora,'the mass, m, in the above
'

e'ation is taken to be a lumped' mass with contri-o ,

butionifrom the surrounding zones (Fig.' 3-7). The-
sununation term of Eq. -(3-14) is taken to occur
over the' closed contour illustrated-in this fis-

sc ure.
<-

/ zone centroid'1r

d * *es.-o.-+- r summation contour,

.. l. 2y g '

< ,

$~ ~ s ,.'0 W gridpoint
3

,

|

i

Fig. 3-7 Closed Contour for Summation
,

I

i

i

'

..
!,

-

!,

'i

'

t
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t If the closed contour is taken over.the path shown.
F .in this figure and the lumped mass is assumed to..

b .be equal'to the mass enclosed by the path,'then
1

(1) the total area of the grid is exac-
.

L tly covered.by all such paths ~around i

gridpoints, and j"'

'1

L (2)|the lumped mass fulfills certain
conditions--namely, conservation of
center.of gravity..

, , , ,
' -

.

:
,

,Although the path of a. contour within a zone isyf, ,

important for the mass lumping, it is unimportant
h for.the-summation; term in Eq. (3-14). Because
~ zone stress is constant over a zone, the summation i

gives the same result for any path, provided that

[ .the endpoints are fixed (at the centers of grid
j|

| lines).: .Hence, the gridpoint force, as
9 illustrated in Fig. 3-7, becomes

1,

- |
F '

!-!. '

(1)' (4)) + Olj Ejk (xk
b (2)

(1)) |a
Fi = oij cjk (xk ~ Xk - xkq

c (3) (2)) + d (4) (3)}
i

+ oij cjk (Xk - xk Oij Ejk (xk ~ Xk

(3 15) |

This force, and all the stresses and coordinates,
|

are known at times t, t + at, etc. The gridpoint
velocity at the next half timestep is

1

f
1

|

[

,.

n

I
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t i

l
l h j .-3

t) (

.(t - ot/2) + F(i
+

.(t + 6t/2)-,;,

at + gg. (3-16). -|ug = ug.,

m,
'

u. ,

'). i ,

p It should.be noted that-if any of the. zones in ,

11. , Fig. 3-7 are missing (e.g., at a boundary or.if j
the zone is null). the term correspondir.g to the ::

"t '~

missing zones is simply omitted from Eq. (3-15).
'l

If.the large-strain mode of FLAC is selected, the
Lt new velocity in Eq. (3-16) is used to update the

grid' coordinates:cs

[
(3-17)

[ (t + 6t) (t) + u.(t + At/2) at- xt- = xi i
.

,
.

'

A displacement vector is also updated in a similar
'

fashion for the convenience of the user, although
.

displacements are not used by FLAC. i'

:
3.7 Stress Rotation Correction Terms

c

When using the large-strain logic in the code, the ,

stresses must be-corrected for rotation of the
i . body. The regular transformation equation for' '

. stress is ,

b '

.g cij = cas im Jjg (3-18)J '

|

|.

l, |

i
'

'

i
1. '

K

..

>

!

|

|s
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t -

where J j =- cos 0- sin.0 'for 2-D, and :
i,

-sin 0 cos.0 ,u

. . .1 s

P

.

ogj =: stress tensor' corrected for large ,

strain rotations. '
,

,

.i
,y '

i

~ Y' x'
rotated ~ axes .-

't
0 '

' x +
'

old axes
4

Fig. 3-8 Rotation of Stresses by an Angle 0
1;

?

For'small angles AB,
.

[
. .

'

i 1 A0 ,

Jj= -60 1
'

i ,

(1
. .

| + *

1

since cos 60 = 1 and sin A0 = A0. Hence,
i

|

t

'

<

F

| 0

I/

1

|

i

' .r.
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,Ds

'

i

'

011 " 011 11 tt + c21 12 11 + 012 igJ12J J J J J

+ O22 12 12 fJ J

= oil.+ o2160 + c1240 + o22602
#

'

,

(3-19) :
,-

,

4o11.=-2o1260, since c21 " 012, and j
,

402 = 0 for small 60.
J

'

This'is a change in stress, referenced to the new
'

axis at. 60 from the old axis-but we want the new -!

stress referenced to the old, original, axis. 3

Hence. the correction, terms for oli is.

!
>

Ao11 = -201260 (3-20)

- .!
Similarly, f,

5 '" 011 21 21 + O21 22 21 + 012 21 2211 J J J J J J;

J J+ O22 22 22

= c11602 - c2160 - c1260 + o22

'

= o22 - 201260 + c11602 (3-21)

|'
1'

,.

|

|~

,

/

'

l --

|
|

|

|-

!
:

_ _ - _ _ ---- - _ - _ - _ - - - _ - -
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. Reversing sign.and ignoring the term in 60 2,'

p u

.4022 * 20 1240 (3-22)7' , 1

c ..

Also,
1'

;. ,

J J J J J J'' ~

012 " 0 11 11 21 + O21 12 21 + 012 11 22
e .

,

"

[ J J+ c22 12 22- '

o116 0 . -' 02160 2 + 012 +'02260.

= -

(3-23)o

,:

'
-t- m

pg 6012'''(011 - 022)o0 (3-24)a

,

a

| These correction' terms.are added to the stresses- |,

when large, strain logic is used. i
~

? ,

;
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4.0 INPUTINSTRUCTIONS
'

,m

4.1 Definitions
1

A few definitions are reviewed here prior to a de- i

talled discussion of the input commancs. Greater de- J

. tall on terminology and problem set up are given in 1

7.
Section 5.0. ,

Zone an element of the. finite differ- ?
'

*w once mesh, analogous to a finiteq
'

element.-
.

'

Gridpoint a comer node of the finite dif-1
'

forence zone.' Each quadrilat-
e? eral zone-is defined by its four >

' . , corner gridpoints. Adjacent';^ ,

zones are connected at their ,

gridpoints.c .

[' L Grid- an assemblage of finite differ , k',

ence zones, analogous to a fi- 1
'

nite element mesh.x
!

'

In normal operation, the finite difference mesh ori in
is in the lower left hand corner of the grid. The )
and j(y) axes begin at this point Fig. 4-1. Ea
zone and gridpoint thus have an(I (colum)n) and j

, .(row) number associated with them.
,

,. ,

.

|-
<

t'

4.

'

1 s
7

, ,
;

L

{ ,

u

/
L,

,
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'

>. . .
S |

;
,

3" .
-4s

' sone 4,24 p

|r . 3 ,

- 2 ~ gr;dpoint 5.2

(- 2

p- 14

;

e g' ' 1 O r

*
GRIDPOINT 1 2 3 4 5 6 I

, ZONE 1 2 3 4 5

' ]I
:

Fig. 41 Finite Difference Grid Nomenclature i
,

.. (zones and gridpoints are given I,J co-
ordinates) . 1

, ,

Because FLAC is an explicit code,'the basic equa-
tions of motion are solved at. successive steps in

F-
< time. . The code is dynamic, which means that each

S gridpoint has a velocity component which must be ,

damped to provide the static solution. This damp-
..

Ing is done automatically.In FLAC as the code is "

timestepped to equilibrium. The equilibrium solution
i is obtained when the velocities have reached some
' sufficiently small magnitude. The means by which'

equilibrium is determined is discussed in Appendix .

B.
'

|'

:
,

.

Y

!

*

10

# 1

,f

a

k b 'e
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Settina Your Own Default Conditions.,o
,.

'
<

. ,

' ' if you wish FLAC to assume certain parameters or,

. modes whenever you start the program |n any valid
prepare a ;

file called FLAC.INI. This file may conta'

.
FLAC command (s). FLAC will read the file automati-

.,~

T, , - onlly on start-up and process the commands. For !

example, FLAC.INI might contain the following: ' !'
.

i-
est forces 5e2, EGA, plotspost, output =flec.ps

l;p set water density =1000 espect=1.05

if the file FLAC.lNI does not exist, FLAC simply con-
'

. . ,'e
tinues without error. Note that some commanc s in a ;

FLAC.INI file may result in an error message. For
example, if you attempt to give properties to a grid
prior to defining the grid, the normal error message -

; . will arise..
'

|

!

'
.

..

.

1

o ,

,

t
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4.2: Inout Commands.
'

The input commands to FLAC differ from most com-
# puter programs written for numerical modelina; com ,

mands are a cifically designed for simplicTty and 1
ease of use the program operator. FLAC may be |

. - operated in "nteractive" mode (i.e', commands on - c

tered via the keyboard [le and read in from disk (etteor " file driven" modei.e...
'

- '

data stored on a data fi
or hard disk). In either case, the commands for run-
ning a problem are identical, and the particular meth-
od of data input depends on user preference.- '

,

- All input commands are word-oriented and consist of l
a primary command word followed by keywords and '

numerical input, as required. The cor.imands, given
- on the following ) ages, are typed literally on the in . ;

put line. You wil note that only the first few letters |
are capitalized. The program requires only thoce let- !
ters to be typed for the command to be " recognized". '

Many of the keywords are followed by a series of ;
numbers which provide the numeric input required
by the keyword. Words that begin with a lower-case.
letter' stand for numbers. ' integers are expected '

- when the word begins with I, J, m or n; otherwise, a '

real (or decimal word is expected. The decimal
point can be om)itted from a real number but must ,

t

- not appearin an integer.
,

'

These values may be sesarated by any number of !

spaces or by any of the fo lowing de imiters:

(),/= {

:

|

.

b I

|

|
1

-- . . . . - . . , . . , . _ _ . _ _ _ _ - - _ _ - _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ - - - _ _ _ _ _ _ _ _
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|.
You will see additional notations with some of the in- ;"

put parametersc These are: -],
,

denotes optional paramet'er(s)' <> ,

,

(the brackets are not to bem

typed);
- ,

Indicates that an arbitrary num- i...

ber of such parameters ma) be ;

given,
a

Anything that follows a ." * " or "i " In the input line is !.,

taken to be a comment and is ignored. It is useful to *

make such comments in the input file if running in !
'

tbatch (i.e., file-driven) mode since the comments are
. reproduced on the output.-

NOTEi The input command to FLAC may contain a
full 80 characters, in the examples given in the fol-

the input command.page width restricts the length of
lowing section, the ,

In some cases in the manual it -

is necessary to continue the' input command on the
next line. In such cases, the continuation line is in-

*

i- dented. These commands are tvoed on a sinale line
|* in the FLXD oroar,gm. - I

4

The following sign conventions are used in FLAC -

iand must be kept in mind when entering input,
;

1 i

,

c

,,

,

f

.,

<

L f i

' '
i-
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,

oa
'

1

:e ,

-[ positive for:*
.y

motion upwards and to the right
av tensile stress
.,e h extensional strain ,

shear strain as follows:.-
2 ;

**** a
. * ,

' * *
c,, **** '

| :"
| The sign for a force boundary condition is deter- 9.

mined by the direction of the force vector (i.e... + )
'when pointing in the positive axis direction). Al- j

though we recommenc SI units, any consistent set .)
'

h :of engineering. units for properties may be used. A 1

|t ~ review of systems of units is given in Table 41. No <

| conversions are performed in the program except for-
1. . ; friction and dilation angles, which are entered in de-
H', grees.
i. , t

|;
The following examples illustrate the use of the inp(or

ut
commands. To fix the x-direction displacementL

L velocity) for all gridpoints in the range of i=1 to 10
,

L and J-1, the following commands produce the same
;

L result:

|- fix x !=1,10 ja1,1 I
or

L fix x ja1 la 110
or

f x i=1,10 ju1
,

if either the I range or the j range is omitted, the
whole range of the grid is assumed. ;

'

t

! '
i

_ _ _ . _ . _ _ , _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ ___ __ _ _ .
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Another example illustrates the use of optional pa-
remeters in an input line. To create a plot of the dis-

,

placement vectors scaled to a maximum length of
O.001; the following command is given:

'

'

plot disp /maxa.001

When the program " recognizes" the word " displace-'

o . men ,t" it looks for additional descriptive or " switch"
words. . In this case, the word " max" sets the maxi-

,

' mum value of the displacement vectors for plotting.
Note, also, that, in several cases, many keywords !

'

can be given on the same input line.

I"or example, >

plot disp / max =.001 exx/ Int =10E6/ red

will produce a plot of displacement vectors as above,
stress contours withsuperimposed with thp oxx

contour intervals of 10 , drawn in red. Note that the
. / and = in the above examples are used as delimi-

r ,

iters strictly for the convenience of the user and may
be eliminated 11 desired.

L

.

'.

L

1 '. '
i ;

1

P

4

' ',

,;

1

h

'
s

, . , , .
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Table 41s

SYSTEMS OF UNITS <,

i
1,

attalt galfilN '

Laanth e e e to ft' in !e

3 3 3 10 ,,j,: gg,j,,3 slues /ft snetts/te '5 3 3O mansity kale IC ke/o

.f Perse 'N ' kN - let lesynes Ib, 1b,
3'Stress ~ Pe hPa MPa bar lb /ft psi )g

Gravity e/sec' a/sec e/sec se/sec ft/sec' in/sec'
3 3 3

i

2

I t Iaftere 1 bar e IW draes/em a 10 N/mI * 100 Pe

i sta e 1.013 bars e 84.7 Psi e !!!6 lb /ftI 8e 9.007:10 Pe
I g

I slug e i Ib s /ft * 14.59 kgy
I1 enet1 e I la .s /in '

<

g

I previty o 9.01 m/s2 e 901 en/sI )
t

i

!

f
,

I

..

f.
'

.

6
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'

u ?' l.

LIST OF INPUT COMMANDS i
';x '

L

'

Apply .a ,

w .

l=11,12 }=11,2 .

.
,

XF value <long> < VAR xv,yv>'
m"

YF: <short> <from 11,11012j2> .

l
PRESSURE <short>
SXX.
SYY-<

:
'i SXY

'

E .The APPLY command is used to apply -
1

.

forces, pressures or stresses to any :-

,o", boundyy af the model grid. Thermal ,

and groundwater boundary conditions
are also applied with.this command.

,

(See the. propriate supplementary .

appendices. The user.must specify !
:the quantit type to be applied (i.e.

XFORCE, YFORCE, PRESSURE, !

SXX,' SYY, SXY), the numerical values
'

," '

to be applied, and the gridpoint range e

over which the variable is to be ap- F

piled. Optionally, the user may define
a variable distribution or a boundary 1

- path over which the quantity is to be,' .,

applied. Some simple rules, listed be-'

low, must be followed.-

*

i

(
l.

h

, i

|>.
L ,

',>

s

4

,

'

,

1' 1

'

. .
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,

, ,

#

.

Apply -2

>
.

1. Ranae Over Which Variables
Are Aoolied'

I The range over which the variable is
'

tied Is defined b the term 1=11,12
,j2, where 11.j1 i the starti grid-

|m nt and 12,2 la the ending gr int of
':he range- - boundary points' over
which the variable -is to- be. applied.
Optionally, the range may be given as-

"from 11,j1 to 12 2". In either case, both
points myg be ed on a boundary,~.

Note that the code no longer requires
that gridpoints be orderec in a given
fashion to produce tensile or compres-

4<, sive pressures on boundaries.

.i

!
. .

I I

*
L

d

.

,

n -

r

|

|
'

.1

.

, ,

d's
s

. [ .',

-|

i
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e
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*- !

f 1:."1 Apply.-3 i
..

w<
"R. 2. Blan Conventions

.

,
,

,y :
<3, t

3
1

Pressure is given as a positive value .

' '

i|, ' for pressure acting. toward- the solid
'

.#

'

: material. Pressure is given as a aggg-
:i.y.g value forepressure acting 3w._gy -|*

% rom the solid' material. Note 11at th s ,
,

is a change from pre 2.10' versions of !

a',* ' FLAC, which required that' gridpoints
%. be numbared in a specific order to app-

ly compressive or tenslie pressures."

The sign convention for applied
.' ltresses to boundaries is the same as

-

- .

they were applied ~ Internally-4.e.,
; com aressive stresses are neaat ve and i>

'

:SDg.1 stresses are oositive.- Shear:
stresses'may be postive or negative ,

"a E as determined for the particular stress
state. The sign convention for forces is i

'

determined from the direction in which .'
the force acts--e.g., a y force acting in' '

, ,

.. . the +y direction is positive; a y-force :
^; acting in the -y direction is negative.

,

.

$

,

|'
|..

1,

~.

L
g

!

a.

.

t

+

| '
'
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,
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,

b,, - Apply -4'

o

N' 3.- Use of a Boundary Path
W -

f , ,' . As described in Rule 1, above,.varia- 1
'

bles mayibe applied over specified
i ran s of gridpoints by.using the i=ll,12
x J. 2 range descriptors. This is a
b, .sl le operation if the boundaries are:" ho zontal or vertical, as most often oc-'

, ,

. curs on the outer boundaries of the
'y' ,

i grid. It.ls quite difficult to apply vari- :,

. ables in .this way if the boundary is !
curved or. Irregular, such as. may be e 1

F found:with a borehole or excavation.
For this reason,' the code is provided |j;

i with logic for tracing a boundary path !
between . two . specified gridpoints.
Three options for defining the bound-
ary path along two boundary gridpoints ;c

are provided:' LONG, SHORT or-

BOTH. . These options !are used in 1

combination with the "from 11.j1 to i

i.
.12,j2"1. range. descri tor which ' defines 1

>

the boundary. gri oints on the path. |'

LONG specifies t e longest path be- I
tween these two points, SHORT speci-

L fies the shortest path, and BOTH adds
the long and short paths.- The default' '

F path is the SHORTEST distance be-
ween the two points. NOTE that, if |
11,j1 and 12,j2 are the same, the entire !
closed boundary will be taken. Exam- |
pies of the use of this command are .I
given on the following pages.,

3

,i.

i

&

.. r
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'
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.

Paq -3-

.
. .

' '

1. .m . .

!rn
, ,

,

' Apply -5 )*

.
'

m 4. - Apolvina Gradients of Pressure,
i Force or Stress :

,
,

In many cases, a linearly variable pres- !' 4
,

sure distribution is required along a, .
'

boundar This arises, for example,
when ,y. inducingfar-field stresses-

+

through aaplication ' of boundary,

stresses. T1e Variation XV,YV modi- :

fier is used for this purpose. The 'i-

original value specified by the APPLY q
-

command is forced' tot vary linearly 1

from its: original value, VALUE, to
VALUE + XVAR or VALUE + YVAR
from the bottom to top of the 1,J ran e
specified. Note that the range 11 1 ;'

12,J2 refers to gridpoints. An exam e
will help to illustrate the use of this op- .

tion. '
> e

i

e

'This is a change- form pre-2.10 ver-
'

U '

sions, in earlier versions 11 j1 and
12,j2 referred to zones, and the varia-L'

E tions were taken between zone ,

centroids. !
c

|
| t-)

'( s

.

i

f

1

;f

I -

tj

+

tr
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; g.- Apply -6 :

+ 4. Apolvino Gradients of Pressure.>

> Force or Stress (continued),
,

.The command-

apply press =20 var 0,20 i=1 ja1,11
,

4 will cause the horizontal compressive -
"

> , . - pressure along line l=1'to vary from 20"
'

at ' gridpoint , (1,1) to 0 at gridpoint
(1,11). Further examples are given be-'> '

. low. .
-

.

.

-,

If..you want gradients for 'a closed
boundary path, then the starting grid -' '

!: 'c. t point should be different from the
ending gridpoint of the range so that':

'
'

,

the length of the span over which XV'~, ' n'

and YV are applied is not zero.'

.o

'
i

i
| -

i j

t p- '|
i
!

,

- .,

!

!

.
!

?;
'

'!.

.;

f' 4
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EXAMP .E 1: Pressure Apolled.

'<

- Around lExterior Boundares :.,

'j' in this example, compressive pres-'.

.;
sures are apsiled along the : vertical.~

i

and horizontal boundaries of the gr'd- ',

so that horizontal pressure - 20 and -

,, . vertical pressure = 10..
,

grid 10,10
[me

. ..

c, - * left vertical boundary ;
<

.'

l
*right vertical boundar]y ,11

. app y press =20 l=1, =1 -
.

o
i

1 .. apply press =20 !=11,J=1,111" .
* top boundar-

apply press =y .10 ' i=1,11,j=11
* bottom boundary ,

y' ; apply press =10 i=1,11 j=1,

.;
* plot and print resultsi '

plot apply'

i
print apply.

1

L

l' ;. >

'

|. ,

,

1:c ,

s' ' ,' .

.

I

L ,

.

L

'

'i

.

I [.

;ej

14
i-

I

6s

'
, , - .
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,
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'

,i<

!-v .,

' Apply -8* '

EXAMPLE 2: Pressure Acolled to Ex.
*

terior Boundaries, With DeDth Gradient
<- m. ' on Morizonta Pressure

- This example is the same as Example -
1 but, here, the horizontal pressure is 3

C' varied from 0 at the top of the grid to
4 the full value at the bottom. -

'i.' .

grid 10,10
.

, ,

0" me
T* left vertical boundary : . .

apply press =20 var 0, 20 ini j=1,11 ;
* nght vertical boundary.

apply press =20 var 0,-20 l=11 j=1,11
* top boundary i

. ,.

n apply press =10 i=1,11,j=11 |

L * bottom boundary ;

? apply press =10 l=1,11,j=1 -

l' plot appl:r
print opp y

?

.

|-
L

.

<
,

.

,

': j j-

.

|

I
. t

, e

|

t

o

o',

.

t

'
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Apply -9
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EXAMPl.E 3: Anniv C)moressve !11iss Bold ' o E d0rlor 50undar,1 e I
-

%'9 ch Win Be n inLia Eaul ibrium wSh !
nllal B;reas vgNM !

!,

grid 10,10 !

tme ,

!'left vertical boundary (compression

*nesative) 20 i=1,,.':/:1 !' exx !' vertical bouncer !y exx 20 l=11, )=y -1,11
!

'

o DoundaAi.1,11311 |
s

v.o.* tiom bwndary >

t2'.r."!'.in'f0P' |w .x,e. 0
ium at 2:1 stres, field* grid in ege:libr

'

i

;

i

i,

i

:

!, ,

!

.
3

,,

'G,

!

[

!
.

I
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Apply -10 j
EX AMPLE 4: Arh Intemal Prasaure i

jto "unna
i

IThis example illustrates how pressures '

may be applied to the surfeos of a tun-
nel using the boundary path logic,

. grid 10,10 q

mo
gen otre 5,5 3

|plot grid -
find gridpoints which lie on boundary i

i
print n ork !note that boundary gridpoints are
' marked -l

!* choose points on boundwy between
!'which we apply pressures

apply pres =10 short from 6 3 to 4 9 i

apply pres =30 long from 6,5 to 4,6 i

ft apply plots ridt to at the
herefore even for - t' point forces.

*oonstant pressure distribution, forces !

'at gridpoints may vary due to zone i

*faos length. |

f

I'

:

!

:

:

i

I
t

!

f

.

>
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AT1ach !
!

Aside clong> Irom II,ji k 12jtJBolde clong> from 13ja b I4j4 !
!

The ATTACH command allows the !
user to rigidly atteoh pairs of gridpoints !

'

to one ano: hor along two speelfied I

bounderles. This command is useful '

for creation of grids which have a linear
.

i

radial expansion of element size. Ex- !
amples are given below. ',,
The pairs of gridpoints to be attached |
must be given in order. Referring to ;

'

the above command nomenclature, i
(11,J1 will be attached to and soon in) order of appearance (13,3)idpoints l

. 3r }
'

Ing,y be dttached whloh are not touch-
ma ;

but a waming message will result. ;

The shortest boundary path between ;

two p)oints is taken (for closed bound- !

aries by default,d by specifying thebut the longer path !may be selecte
;

LONG keyword. There is no limit to
!L the number of gridpoints that can be ;

attached to one another;.however a
i

tec5ed. pair of gridpoints cannot be,at- 'lsirule
If the ranges (from 11 J1 to ;

of two or more ATTACH ,com- ;12,j2)ds overlap, then groups of multi
attached grid >oints can bs created,ple
man i,

'

if
.

the FIX and PREE commands are ap- |
plied to a nt, they are also ap- !

p' piled automat to all attached grid- |
zoints. The P INT ATTACH and i

i PLOT ATTACH commands can be I

f
I,.

L !
| !

:
i r

I'
,

| i
o .

- _ . , . .
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,

Attach -2

tached to one another points are at-used to verify whloh-

A trivial example of the ATTACH com-
mand is to elmply put two hahres of a
grid together and bond them:

grki10,10
mo si,3
mo =5,10
* leaves one row of mones null, crosting two
' seps.ste grids. Now, move upper bl60k down i

|
* b meetlower ush MmAL command
Inl add 1 10 |

fstt aside from1,4 to trem 1,5 to 11,5
!

print sitech
!

!
The two halves of the grid are now at. I

tached and will act as a continuum. j

lt is often desirable, paniculaf |
ground excavation problems, yin under.to create i

grids which are finely discretired in the !

center of the grid but which grade out to :
" infinite" bounderlos in a radial expan- !

sion at some constant ratio. The exca- ;

vations may then be formed in the con- :

tral, finely discretized area where stress !

gradients are high. The ATTACH and i

GEN oommands allow the user to create i

this type of grid by forming two grids: i
one to represent the central, finely dis- |

i
!

I

[

;

:,

| !
:

|

|.
;

r

it
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ATisch -3 ,

l-

cretized area, and one to represent,

',

the outer, expanded portion which
'

Grades the mesh to infinite boundaries,,.1..

Examine the following example prote
lem:

*e use of GEN and ATTACH to develop
' a red xpanding grid about a Anely-
*discret conter
prid 52,10

for a 10x10 contral rid with

gorid w, Anolydecretitwound it, two

m o isi 0
'ihis 6wrappedaround
me 2,51 ):1 10
* this portion to b,e the centralpart
' wrap Arst portion of grid around lisolf to get
' radial e in ratio of 1:1.2, forms
' recta lorous, wrap one quadrant ata
' time. each undrent is 10 elements wide x 8
' elements , increase dimensions of outer

id to 100 x 100, bottom fast

pen 0,0 00,40100,0 ret 1A,OA3 is1,11bi,9
fight-

pen a s 00,00100,100 rat 1.0,0.03is11,21)s1,9

gen s e 40000,100 rat 1,0,0.03121,31b1,0
left hand elde

pen s a 40,40 0,0 rat 1A,0A31=31,41)st,0

|

|
|

|

1 ^

|

t

'
,

1
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.

*,

|
L AT1ach -4

I
:

,

|* anmoh he ends of ' wrap arount so that they act asS

trem 1,1 to 1,9/ b trem 41,1 to 41
' we now have a aquere with a ocunre hole i the .

' middle of dimensions 20 x 20' fil ||In with the second
|

dmonsions; gn'dpoints must coincido

40,00 00,00 40,40 l=41,52 :11't
the two grids together on their bo)undan,os; do

.

pen i

' this in two sto n, botom first, then 3 sides at once i

attach a trem S,9 to 11,9 I b from 4t l to 82,1 !,
'

sttach a trem 12,9to 41,9Ib(long)istem 52,2 to 42,1 !

print attach
|

,

:
.

A word of caution regan$ing the |

ATTACH command and "w
-s

igrids. When you print values
!

"

variables (e.g. sxx, ydis, etc.), he
elements and nts may no longer !

appear in the same peometrical posi- |

:tion as they are in tie screen plots.
This is due to the fact that the grid has !

' been disto:1od and no longer conforms .|
1to the standard Ij ot representation.
!Therefore, when minir> numerical

L
values for stresses, di acoments, j

l. etc., you must make certain that the j

location of the zone or gridpoint is ;
|,

known ahead of time. )I

1

i

!

!

|
;

e

,

B

;-

:
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ib

,

!
!

I. p5d493 |
!; ,

|j >.3 1
'

.g.

Call filename

A remote input file, Alename,Any ser.
jcan be

run with the CALL command. -

los of inwt instructions can be peoed - !

In this fie to run in a remots or batch i

E mode. The command RETUHN must i

be the last command in the remote file !
<
'

' " to retum input to the local or interactive j

mode. At xceent, the file must not i

i: contain a CALL command itself. I
t

i
i

fP

i

>

f ,

f
|
;

i
'

,

(

,

.

5 i g

.
.

. i
! i

f
'

,

!

!-

(, '

i
>

tn j

. !
I'. >

(' !

l. !

>
1

i
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A CCnfig option
,

This command allows the user to sp. I
olfy if certain options are desired. The |
command alters the use of memory in |

FLAC. The CONFIG command only i
'

reserves space for the desired options; |
;" they nood not subsequently be used, |

but the amount of memor |
other things will be less, y available forif CONFlO is I

used, it must be given pjeft the grid
is specified. The op; ions specified
through this command are: j

| 1

(1) groundwater; j
;

(2) thermal;+
|

(3) axisymmetry;

(4) plane stress; and

(5) z direction. !
'

The default is to assume that none of 5

a !these options is to be used (i.e., isplano strain mechanical problem ;

solved). !

!

|
a

+The thermal configuration can only be |
used with versions of the program ,

with the thermal option. ;

>

h

.

,

e
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,

r5aN-2s !

f
"

i 1. |

Contig -2 |
1he latt of these is used to indicate |

L; that the out of plane stress component i

must be calculated during mechanicali

i- cycling. This option Mm be specified
.

for the creep models, but may also be t

,'
specified for others, in the Mohr. ;

'

Coulomb model, the out of plane com- i

;i- ponent ma affect the plastic yield. If i

the out of lane component is speci. !,

I fied, SZ may be INITIAL zed, !

PRINTED, plotted, or used in a HIS- !

TORY. For axisymmetry, the z. |
direction is enabled automatically. -

:

Only one CONFIG command is al- |
: lowed, although more than one option :

CONFIG AX THER specifies both(e.g.,
' may be requested with it i.

.

axi- i

symmetry and thermal options), if you ~ |
always will require certain options, it is !

best to put the CONFIG command in i

the "FLAC.lNI" file, so that Ft.AC is ,

automatically configured correctly.

The keywords for this command are, !

| GW, TH, AXI, P,STR, and 2 D. |

!

See the supplementart notes provided
Lwith the manual for in ormation on the ;

i solution of axisymmetric problems. ;

i

|>

.

!

!

i

i

1

l''

;

L 1
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f.

Pg -6

v.
'

.

CYele n

CYCLE is a synonym for STEP, where i
>

n is the number of calculation steps to i

execute. !

l
!
i

l

i

|

|

.

|

:

!
'

!
I

f
f
i
?

;

!
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i
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i
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,

Flx keyword < mark > < range > . I
-

,

e With this command, the quantities .'

'

Xvelocity Yvelocity, Pore pressures
and Temperatures may be prevented !

>'

from changin$, PP or T can be used. !
. One or more of the !.

j keywords X,
'.; < range > ls of the form i=11,12, J.J1 j2; i

either I or J can be first, if a fixed dis- i
placement is desired, the appropriate !

j!velocities should be initialized to zero
(This is default on start up.). The FIX
and INI XV, W commands ma }used together to provide a rigid, y b6mov- ,

ing boundary condition. Note that, if |
the MARK keyword is given, only :

marked gridpoints in the range will be i

fixed. !

{t

:
f

k
:
i

|
!
|

i

\'
'

i
,

e

e

.

>

|

|
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r
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f

f
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||; :

MFree <X> <Y> <PP> < Tem > < ark > <tange>

'-' This is the inverse of the FIX com- ,

mand, it teleases the gridpoint con- |
.s. straint. l

|
1
J

I
n

|

!

!

i
i

!
,

i
I

i

V

3, t

(

.

1

i
;

|

I
5 t

6

'

!
-

)
P

:
!

i
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n q
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Pe I-9 3

3
;(i

:

OEn x1,y1 x2,y2 x3,y3 x4,y4 <ratioiltj> <ange>
<eam e < sam o <eem o <eem >

Coordinates can be generated for the !*
whole orld or for sub-regions, if the 1

above form of the GEN command is J

Olven, a cundrilateral region (d col- |deter-
mined by tw rance of rows an"

i
'

umns) is re zonotf. The gridpoint with
the lowest row and oolumn number in !
the range is placed at coordinate j
(x1,y1); he remainirn comers of the |
range are iven 'he coordnates }

-:-- ....:: d; i(on.y4) proceeding in a
-

(x2,yt), (x3, x4,
, Any or all of the !

coordinoto pairs may be substituted I

with the word SAME: In this case, the |
partlouler comer will retain its current ;

coordinate. The remaining gridpoints !

In the rllateral region are spaced |
tunito within the region unless the

optional RATIO keyword is given. In !
this case, the sont spooing can be i
made to increase or decrease sooord- )
ing to the parameters ri snd rj, which i

are the geometric ratios between suc- j

oessive zone sizes in the I and J direc- !
tions, resmalvoly. For example, a iC

. ratio of 1.5 will cause each suooessive i

zone to be 1.1 times larger than its pro- ;)

doosesor. !

!

r ,

?

I.
!

!

|; h
-t

,

.I'

|

,
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1 lmb

gen -2

oEn Ciroi. xo yo red
Arcxo,yo xb,yb theta
Une x1,y1 x2,y2
Table n

This form of the GEN command foroos
spoolflod portions of the grid to conform
to given shapes such as circles,. lines,
etc. These GEN commands are used to '

define intomal shapes within the grid
which may be used to define excava. -

tions or structures such as bodded de- ;

'posits or ore bodies. The following
shapes are available.

{
. ARC The grid is mapped to con-

form to an are of a cirolo ,

which is centered at I

- b(xo,yc) with a beginning i
oundary point of xbyb !and a counter &-i;.3;e '

'

angle of theta degrees.

CIRCLE The grid is mapped to a
circle of radius rad and
center (xo,yc). |

~ LINE The grid is mapped to a :
line with end coordnetes ;

(x1,y1) and (x2,y2). |

!
!

I
i

:

:

!

,

. + . v, -4 . .._ _ _ . _. . , . _ ,
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i
,. -,' a |
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,

,

dedb
1

I
gen -3

TABLE Gridpoints are moved to
conform to the coordnate ;

pairs spoolfied in table !

command). N(See TABLE |number n
ote that this i4

command is used to form I

a cloeod path. The first '|and last points must be the ;
<

same, j

Note that the gridpoints that form part of j
the given sha>es are ' marked' (see !

commands MA3K and UNMARK), j
T whole region onclosed by marked !

nts can then be addressed by the e

'ION keyword with the commands
INmAL, MODEL and PROPERTY. For i

'example, the region within a circle can
be removed wl1 the command mod >

null regel.), where I,J is ons zone inside ;

the circle. Examples of the use of the i,

L' GEN command are given in Sootion !
5.2.1. i

The GEN command should be used with
some caution. Some geometries are im- i:

possiole to construct with quadrilateral.

elements (e.g., long, thin triangular .

regions defined by two intersecting i

lines). Also the user should be aware ;

that onoe gridpoints are MARKED, they
,

cannot be moved again by another GEN j
i oommand. If the user wisies to move a !

:

i

f
,

>

b
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rao.L A ^LF*

4-
L

i

gen -4 .

<pridpoint which was MARKED previousl |
9w gridpoint must first be UNMARKEO y, j

l
The following exams illustrates the :

use of the GEN TABI.E command: !
.

'

4 -

e .se seg
4'

i
s.t . : lese 1 p,n si, 1 le ia o ,n n ,v ss,n n tu a ne n.I n n ,1 n; -

te 1 14h,189 84,163 83,160 ?$,138 88.th0160,k38131,148148,144te 1 44
1n 149,113148 87 in,60137,61 186,64164,n n,n1

; te 1 86,4619,18 69,n Sh,41
I

!: go. te 1.

1.ed se11 ref=10,10
; plot grid i

i
,

f

The resulting gridis shown below, i
!

'
i
i

|

^~h I

kis_-g .i___
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s
____
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A,

,fMe[ !
: x ',

,

'r '

!

,

i

:

|
,

,

f

,

0

t

a

k

i
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i
I
i, ,

f
C' '

,

Pgh-3 |

!
t

i

!
'

san -s
|

Ogn Adjust |
i

The grid adjusts itself in an attempt to !

obtain a smoother discretization. Grid-
points that are marked and boundary
points are not mwed. Sucocesive. t

ADJUST commands may be given to j
refine the grid further. Examples of the t

- g grids een be found in"I

r

[
t

f
!

i
I
>

<

!

!
!

!
i

;

i [
; 1

{'

!
!

I-
i

;

| )
l

!i

,

4
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Ortd lool Jrow;

The number of columns and rows of
zones in the coloulalon prid is emi-
fled. For the 640K verson of F AC,
approximately 2,000 tones may be ;

used with the MohrCoulomb model.
The E mb and 4 mb 80386 versions al- |

Iow about 4,000 and 15,000 zones, t.e- .|
;

'- specWvely, i

|
i

|
t

!

I
!

!

!

;
,

!
!

!.

I

i
1

!
<

f
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.
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Help. The MELP command provides a screen i
listing of the avaltable FLAC commands, i.

v ,

i

1
;

I

i,
'

!
;

. i
'

>

n

I
I

!
t
I

i5

f
i

;
I
!

i

!
'
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,

;
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,

db^4 3,0
1

!

His <Natop n> < keyword . . 1 11 J.ji> .
1

The history of a variable < keyword > la
stored every NSTEP timesteps for grid- ,

point or zone li,ji. Up to 1,000 points !

:er history may be kept for .up to 25 |
iistories at any time. Each history _is !

numbered sequentially from 1. The j
histories requested may be printed at
any time by using the HIS LIST com-
mand NSTEP must be the same for
all histories and need onl j
once prior to timestepping;y be Olvenit defaults 1
to 10 if not given. ;

The history value. are stored on a di- (
rect sooess file on the hard disk. -This- ;

file. is erased when stopping FLAC; i

therefore, if the user wishes to save j

the history, a save file must be created ;

or the history must be written to a for- ;

matted disk file (see HIS WRITE N !-

command). The keywords for whloh j
histories may be tracked for gridpoint ;

or zone 1,j are: ;

f

Ang angle of minor prinolpl i

streas counterdookwse i

i
from p)ositive x axis forzoneI, {

i

!

ASXX xx stress, triangle a of :

zone 1.] |

!

.

.

!

;

t

i



-

,, . ,

\ b

. ::3 -

- i e

: ' dhib
i
;

;
i

its -2
i

ASXY .xy4 tress, triangle a of |
zoneIJ j.

zone 1) , triangle a of f
ASYY yy4 tress

,

-

>

ASZZ zzetross, triangle a of -

zone 1,j f
-

zone 1.) , triangle b of
.

BSXX. xx4 tress I
t,

t

BSXY xy4 tress, triangle b df
.

|zone 1,]

zone 1,) , triangle b of !BSYY yy4 tress

i

BSZZ
zone 1.j , trianble b of
zz4 tress :

j

xx4 tress iCSXX
zone 1] , triangle c of

CSXY
zone 1,) , triangle o of
xy4 tress

!'

CSYY
zone 1,) , triangle o of |
yystress

y,
.

CSZZ
zone I,J , triangle c of

|
zz4 tress :

DSXX
zone 1.) , triangle d of
xx4 tress

:

!

|

| I

.

.

'
: e- _

. . . . __ -
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, ,

n
4

L ,fj $_C,

His -3
|

| DSXY xy etress, tdangle d of
'

'

zonelj

DSYY yy stress, tdangle d of
zoneIJ |,

'

|
L DSZZ

zone 1,J , triangle d of |zz stress
j

! PP pore pressure forzone IJ |
!

SIG1 m@r prinolpal stress, j
| zone IJ q
L )

| SIGI:
zone 1, principal stress, )minor

! j 1

SXX xx-stress, zone 1,,
SYY yy etross, zone 1,,
SXY xy stress, zone 1,
SZZ zz etross, zone 1,,,

Temp temperature of gridpoint i

lj
1

Unbal maximum unbalanood
force |

X x-ooordinate of gridpoint
IJ

Y -coordinate of gridpoint

I

i
'

)
.

!

|

'

;
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,

b. '

,,

i
!''

Po -9
;

b I
"

!
1His -4
4

J
s

3s

XDie x depleooment, gMpoint |
IJ -|

1

YDie @ ment, gMpoint
.

;

XVol x velocity of gMpoint I,,
Wel y veloolty of gMpointI, :

'

:
i

,

!

,

,

1

F

!

|

t

.

i

|

i

t
P

-

t

i

f
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'
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,

Pa e -

His - 5
,

His - keyword i
i'

,

The following forms of the HISTORY |

command allow the user to print, write i

or reset histories. History number nhis ;

written to the screen or to a disk file)on(nhis=1 to total number of histor'es is
!

i

the hard disk. The following choices of j,

the keyword are possible.

Dump nhis The history (time- i

step number, his-
tory value) of his-
tory number nhis

,

is written to the )
screen. If the his- )
tory is greater than
the page length, it
will scroll W the'

screen. IJse the
entrl numlock keys >

to stop scrolling. .

Ust lists the histories !
ou nt being

.

!

- ,

- i

!:

'
;- i

i

|

!

(

i

!

,
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1
<

!

!
|

|- dAkO I" n

|
\ ,

\ |
u ,

His - 6 )I- #

L !
'- Write nhls The history (time- |

step number, his- !

! tory value) of his- |

tory number nhis !
'

is written to a file i,
' FLAC.HIS on the i

hard disk. i

This file may beo
printed or manipu- !

lated after stop- :

ping FLAC. !

Successive HIS I

WRITE commands !
will sequentially :

;
add to the FLAC.
HIS file. However, ;

the first file written ':
will overwrite any
existing FLAC.HIS .

file.
,

L i
.

Roset All histories are ,

cleared. !
:
;

'
i

:

,

b

?

h

!
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< :,n..

P 2
- ;

l

t'
linitial
;

enart> war pame <edd> value <ve w,yv> <. , a vangs> .

onul> I

|Certain pridpoint or zone variables are
pken intial vslues. One or more key- j
words can be chosen from the follow- i

ing list: ;

PP pore pressure
.

I

X x-ooordinate |
Y y-ooordinate I

J

SXX xx component of i
stress + i

-

;

SYY W component of ;

Mress+ i
'

.

SXY xyemponent of |

j stress + ,

!t.

SZZ uomponent of |
stress '

I :

!

!
.

+ Remember that compressive stresses |

are negatkel !
!,

| |

!
.

u ;

l'

|.

|. 5

L, ;

h-
|

t-

i

'
:

?

6

9

4
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'

Initial-2

IY -y t

XVol x veloolty* :
Wel y veloolty

i

Several optional keywords are pro- |
vided to assist implementation of the !
INmAL command. These are: |
Add The keyword ADD adcis ,

the specified value (in- :
oluding any variations |

Iven) to e.insting values
,

f the variable spoolfied) ,

the grid. This com- !'

mand is useful,ing coor- !
for exam-

pie, in translat
dinates for regions of a
trid without resorting to !

no GEN command, as is i
encountered when orsat- :
Ing interfeoss. t

L- :

Mark Gridpoint variables will be Il

initialized on MARKED !
gridpoints only (others

,

will remain unafisoted). .

!

$
* Velocity units are length por timestep. '

.

i

J

P

|
'

-

s. . . . . .
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JML"

L initial -3
i

Mul The keyword MUL multi-
plies the existing values i,

of the spoolfied variable i
"'

duding any variation (sf.by the quantity given in-.

,

This command is useful l
in distorting the Grid <

changing elross !)radi-
ents, etc. Do no, use

i

negative multipliers un- j
| less you really know what j
I you are doing. I

L.
1

Region ij
|.
/ All zones enclosed by a
| continuous sequence of

MARKod gridrnints will,

be initialized. The zohe IJI

la one zone within the
MARKod region,

i

Var w,yv |

A variation in the param-
eter can be given over
the range (or

where w is the
va nin the x dreotion

h and yv is the variation in
the y-drection. The vari-

'

ations are applied be-
twoon the minimum and i

1

|
L

L

1

I

i; *
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6 :. - . .- j,

"
-'; .. # j 'i ,. s

u <

, . )am,

''
,

_ . _ - 1I.

f . t-'
|

,

. F,L Q
,

f1

.i
' 1

f; , initial-4 ;

m.
1",

i ' Var (continood)
.,

maximum x and y values
4 *. . . In the 1,j range spoolfied.'' ,

This is s' versions-c1ange from
:
'

pre 2.10 - of .

FLAC. When placing ini.-
..

"

tial stresses in the grid, ;'

the stress : variation or !
,

'

<3radient ' is be-
' ween I to, not -

ec zone cen;ro , as in '
!vious FLAC versions. pre-
.

.

2n-
. An optional range of zones or grid-

,

'
.

points can be given, identified by ,

<rance>. The ran')e, of the form t

l=li 12, J-ji,j2, must :s last on the in-
-

put |Ine, but either i or J can be first.-'

,

; ,

*

. !

l.

}n, . .
A , ., 5

'
.

..?-

I

<
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'
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initial -5 '
Evomole 1: -111:IsI Horizontal Stress
9e c VaMnoWt 1 MD 1

|if you wish to initialize a gradient in the<

horizontal stress with depth the follow-
ing INmAI. command may b lasued:

,

: grid 10,10 |
*.me

'

ini sus =40e6 (verse,10e6) 1:1,11 js1,11'-

fix xy ist-

fix x y imit
fix x y 1

L fin yg
11

q_

pan = 3
i

Here, the xx-stress is -30 MPa at the.

bottom of the grid and is set to 20
MPs at the top of the grid, with a linear

!:
,

.

variaticn in y between these gridpoints.

:
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Examolo 2: Trannlation of a Portio) of a
3rk tri FoTr a D aconal Interface .Jaina ,

| j)g h siA. Command,
,

(: ,
.

gr 5,20
mo :

' *generatesinterface !

gen line (0,3||(5,16)14)'

, ,

gen line (0,5,1 (5, !,

mod nut rege1,5' '

* shift top block down?

iniy add 2 r =1,20 ;

*re-zone e nts- . ,
;

, int x=5.0,ym .0 l=6.je14
, Inl x=0.0,y=3.0 i=1,j=8 -

,

,

The INITIAL command can be used to !
move orldpoints to other locations in the
grid. Care must be taken when perform- i.

Ing this procedure. .FLAC intomally di-
ykes the. quadrilateral zones into two
superimposed pairs of triancular zones :

for the calculations (see Fig.3-8). n

!
i

|
|

L
'

, i

|

;

|
'

|

|

1

.

,
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# Pof -8
1

,

'

-
. '

initial -7'

A c undrilateral may be deformed in any
.J fasilon, subjoot to the following ~ two .

L criteria: |
E - s

'

the area of the quadrilateral must 1L,' '(1)-
be positive; andL

,

| (2) each member of at least one pair
L of triangular zones must have an -

area greater than 20% of the total ,,

H quadrilateral area.' j
1 8

~ If either of these criteria is not met, 1

. FLAC will give a ' BAD GEOMETRY" or- 1

|ror message during timestepping.' -

ure 4 2 Illustrates possible zone de r- -)
mations. !

It is often'useful to initialize the dis-'

Waoements prior to a run by setting
E 1 heir values to zero. This wit' not affect

- the calculations and will give the. , - ,
p
p : hance in displacements as- . If :

L uhey are not initialized, the ace- |

ment upon output will be the dis-c
I

! placement.

L CAUTION: It is not meaningful to f

change coordinates part through
the run. The user may speci an initial l

stress state which may not in equi-
libriumHn which case, the modelx
should be equilibrated first.

m

!
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Inittel -8 '

occeptoble !
c initial deformed !

,

,

geometry geometry !2 '1 ~2 1
'
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?
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|
_
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U
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,
,

!
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t

' deformed !

geometry
_
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Fig. 4-2 Acceptable and Unacceptable Zone
{Deformations
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Interface ,, 20. fen *N3|*!.'03$'"* "'
**' *

-

a

(, , + s

interfaces or joints can be defined in a
'FLAC rid between two or more por - !

r
tions o the grid. These interfaces areu
planes within the s rid upon which slipn'

.and/or separation is allowed and can ;

be used to model the effects of pints, ,

faults, (frictional. Interfaces beweenbodies e.gd. cement in a bin, a billet
. , '

,

bein force through a die, a concrete
foun ion on a soll mass etc. Within i

the code, the interface is), represented |

as a seiies of normal and shear :

torface at interacting nodes,pposing in-springs which connect the o
,

'

;
e.

The' interface is civen shear and
normal stiffness, frictlon, and cohesion,

,-

|

l' Additionally, the interface may be Iven
tensile strength and may be 11 -

l.o., the two halves are bonded and no j

in an 'l<

slip or separation is' allowed, case, KN and KS must still be given. y]4-

L
.

;

I

L
The' following keywords and options
can be used with the INTERFACEy
command.V

i
| ,

| |
1 j

f. 1

1

t
,

*
<

I

L. o
,

i /
f
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,

,

G; . Interface -2. i

1>

I
asamma .wz imum smam i

L | " 8' " $' " 8'
. .t.:!:: .!.:::!!:scJ1:.. . .:

: '.". "" :!",: '..lJ
.l:.:!: U.id:Ril. . .u.

.
.. ..

.ngi d
,

.

~ The value n is a unique identification,

'

number for the Interface and need not
. be ' sequential..,

Figure 4 3 shows a typical Interface :
,

and the nomenclature used for describ-.

Ing it..

N
N

N
N ,

. BSIDE t

%,

> 14 14
'

ASIDE > u. J2g,g,
' - N !

l. N '

N :
r

.

w.=t% ed point.

1.

'. Fig. 4 3 Interface Nomenclature
,
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Interface -3 .,
The two Interacting faces of the inter- '

. . ' ' face are-termed t1e ASIDE and the
? BSIDE. These faces are initially creat-

ed nullingl the region between them''

and defin.no the possible interacting' |
s

W grid nts. The two faces are then
cenerally > laced in contact using the . :

, :,s% - GEN or INITIAL command prior to - t
;

*i-
timestoppi . The previous versions of-

,

,

J
FLAC requ that the user specify the
Interacting g ints. 'The code now" ,

does this a omaticall by simply spe- ' ;
i

L cifying the end grid nts along each :

sico of the interface usi the FROM...
TO..; construction.: If thi form is used, ,

the shortest distance between the sI)e- i
1

' cified d nts.will be taken; use lhe
keywo ONG to force the longer 1

,

. route to be taken. The prasent versionLe ~ llows intersecting interfaces. Appen-E a,

dix D provides greater detail on the
generation of interfaces.-

I. ' The interface must be given properties ,

3rlor to timeste Ing. These include j

ear stiffness (kn, ks )
e.g., GPa/m, psl/in)),lhe normal and

u'
|in. stress /lon

the coheslo tress unitt, . (i.e., !
,

,
'

psi), and friction an e (degrees).

can be specified, as well as w(stress)ditionally, the~ tensi strengthx
hether

!the interface is to be glued (no si or
separation) or, conversely, unglue .

|
|
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Interface -4 ,

;e ?,

Any set of consistent units may be ;
used for those properties, if the pro-,

-

"*
~ n ,' porties are not specified, they are as-

sumed to be zero.
~ |

.
.

* g
Example ' problems for uso of the,.

*"

INTERFACE logic are. presanted in. :' Appendix D ..
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Mark < range >
;j- ,; ;

,

Gridpoints are marked in the given"
'

range.: A marked gridpoint does not in-
,

flusnoe the calculations in any way but
serves to delimit a reglon for the pur-

'' s of the INmAL, PROP, and-

- DEL commands. Note ~ that the
GEN comroand marks some gridpoints
automatically.'-

< range > la of the form I 11,12, J-j1.12.
Either i orj may be first..

r
,

i

1
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. Model keyword < REGION-1,J> < range > . t

~

7, This command associates a constitu- i
~

tive model with an area of the grid-

-

corresponding to the range of zonesE ' ,

identified by < range > or the region in :,' ,

which zone 1,J lies. See Section 5.2.1 )

for creater detall on defining regions .!
.

within a FLAC grio. . During the cafoula-"' "
;

tion cycle, zones will refer to a constitu- :'
1

tive subroutine corresponding to one of -

. the keywords listed below: .

I.
, '

-

j
,

Anisotropic'"

transversely isotropic'- :

elastic model
.r,.. ,

Elastic elastic, isotropic cdnatitu- |e
tive model ;

r
1

Mohr-Coulomb . . i
,

Mohr-Coulomb plasticity -

model j
.

r
" '

Null null zone (Null zones are
*-

_.

used to model excavated'

s '
P material.- The stresses
| within f:1e null zone are a

.

automaucally set to zero.)
,

i ..

b~

s <
.

'!

.

(|
t'

e

n ,

I'''>.

: (' t

.
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f'
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J

$,' Model-2 !

b' SS- strain softening.
' ,|'

Ubiquitous ubiquitousjoint model -|

'

\< range > la of the form l=11,12, J J ,j2; !.c
sitheri or can be first. Altemative , a !

region of he model can be defin as .;

REGION =l,J; in this case, all zones on-'
,.W, closed bt a continuous sequence of

MARKE0 ridpoints will be set to the ;.'

e- ,

. given m'
.

'
\o^:~

The MODEL command is also used to l

spoolfy thermal and creep models, J
' where appropriate. See su J

: piemontary appendices for(details.) p- '
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4. ' New This command allows the user to booln - 1
'-

a new problem without leaving FLAC. i l' '
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x c Ptei keyword < switch <. v>...,<k.yword ...,
L

.

.This command requests a p' lot to be<

made on the screen, Hewlett-Packard' ' -

pen Motter or Adobe Postscript com-
patibe laser' printer, or allows HP or4

Postscript command files to ba sent to
disk. Plots can also be sont to a file in >m x 1

b a format to be used by dot matrix print- ,

At ers. Note that the WINDOW command . |
X1 must first be used to define the plotting '

h- \ area unless the default window is satis-
factory. Several variables may be plot-

'

ted at once by giving several keywords )'
,

~ material model (Orld must be_given a -on one litie. The.

using the MODEL 1:
'r " < command) prior to making printouts or

rAots. The keywords,' anc their mean- ,

.in0s, are as follows- i

l

@ ply Wots vectors of applied j
'

"orce resulting from the
i APPLY command.

u ;

x >

Attach Attached gridpoints are
..1 Indicated.

-

4

Beam Mots geometry of struc-
': ural elements.' -

(..

Boundaty The buundary of the grid
'

Is plotted, including in-
temal boundaries cf null
regions.

,

f

. . .

f

.b.

.i

\
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1 <

s %

,

,' Plot -2 -
.x

Cable plots cable bolt geomet.'y.
.

. . ,

r -

CFo m ' plots force vectors along"

! : cable bolt elements..
.

"-
.

. J.

J ( Disp Displacement vectors are
plotted. ., .

i

i

'E_p ~ oontours of plastic strain
(if using strain-softening'

materia modelonly),

' '

shown, gridpoints'Fixed are iFix
'-

i

Flo- Flow vectors are plotted.

GNum Gridpoint !,J numbers are
shown.-

Grid The finite-differenca grid
is plotted. -<

|

Head hydraulic head contours i
o i

i

I,6

I:

i

|: e

| '
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|
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t

1
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!. ! :, ,

H
' Plot - 3-

s

F
q

k . His n . A plot of the time history,

of the ve.rlable recorded(^ v in' histcry number n is^
.

,

made. This keyword can>

also be used to. show ,

(e.g.,; on a grid plot)
where histories are,1- .

4 taken.

I The command PLOT HIS
?% ". n will plot history n, but

PLOT GRI. HIS n will' ' ' ' -

show the location of his- .

tory number n on' a grid
plot. PLOT GRI HIS will,e
show the locations of all ,

histories. 4

Hook This command is similar
", to the PLOT MOHR com-

'

mand. The Hoek Brown
empirical strength param- t'

eters ucs, m, s must be
areviously defined using

-

1ho SET command

Mark Marked gridpoints are .

shown.
4

fk .

|

4

$

b t

i

iy' 2k I , l'
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, Plot -4 i.; .

m . Model creates a filled grid plot of |
'

.

the various material mod-- o

els in the grid (screen or |
PostScriot olot on vi -

a

s
''

t,

Mohr allows the user to plot i'

u contours of strength /
. stress ratios for zones :-

- with - a Mohr Coulomb;

oonstitutive relation. The.

cohesion and friction -

'

angle used for this > lot :
.are input using the OET t

command and are D91 i
r$ecessarily the same as '

those in the zones being
..'

plotted.

Num Zone numbers are shown i

on the plot. ;

-
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- - Plot -5 -'

Y Pen routes screen plot to one
.

'

of two locations:- (470A.
1) a i' '

-

Hewlett Packard 7 y
or 7475A' (or compatible)<

pen plotter or PostSoript-

oomp(atible laser printer;
E

,

and 2) lea' disk file (The :!
disk fi will contain i

,

HPGL or Postscript com ' i

mands or commands for
a dot matrix | winter, inter l

de- i

:ending on w1|ch pr.

'ype is set (see the SET j
'

J oommand))
'

I
These files may be cop-

i;led, after. quitting FLAC,
to the pen plotter or laser i

s

printer using the DOS ,

copy or print commands. t

*
.

If a dot matrix printer is to- 4

be used, see Appendix G. !

The plot routing la oon- '

trolled by three SEf corr.-
mands which are given
prior to is6uing a PLOT ;

command.
. ,

,

|..

I'

'h, ,

'
,

"\.'
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,y;r
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| Plot -6

K 4' j
..

", Pen (continued) Jc J

,

(a) set out a name :
.

where name is the disk
fileriama to be created for '

diversion to a disk file or
'

'

"

is the output port (oom1
com2, or LPT1) to which
the printer or plotter is
oonnected;

>

,

(
(b) est baud s. baud q

'

which sets the baud rate
of the output port (baud = ,

1200,4800 or 9600); and -

(c) set plot a device"

where. device = HP
'

'

(Hewlett-Packard pen
olotter); or device =

*OST, ' for Postscript !
'

laser printer file, or
devloe = PRINTER for
dot matrix printer. "'

l
|
1

,

'
,

i: .
,

> ,
,
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k

i

i
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Plot -7
'

,

|. Pen (continued)

To create pen plots:)s(et1)
set the boud rate;e '-

output file or and
plot or

ST).
,

To send plots, plot
pets t:rpe, where is
any pot type. Th key-
word pen must appear
immediately. after the
PLOT command.

'1 - )
PLAS plots a symbol in each

zone indicating whether
yloid has occurred.

6
,

,

PP. contours of pore pressure

Prop 3ame
!

(whore prop name is any J

materia rty for the
sent "his cre-

es a plot of
the properties he grid. ~i

Example: ot shear will
create a t of all shear
modullin he grid. |, , ,

,

4

'

1

f
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co y ;m - " Plot -8 j

Region , creates a filled prid plot of
the various reg ons within ;

the grid (screen or Post- ;

. Scriot olot on vi. |
?

3

?

RF reaction forces on fixed t

gpoints, plotted as voc-
-

i

Sigi contour plot of major prin- ,

cipal stresses- ;
-

,

.

Sig2 contour plot of minor prin-
'

'

cipal stiesses
'

t
r

>

"

state ' The current yield state of
fthe material is plotted at

element centroids. >.

,

'|

STross principal stress vectors

R i
;

.

'SXX contours of xx-stress (to-L '

tal stress)"

SYY contours of yy stress (to-
tal stress) .

p ,

|
' <

l'
t-

|

t-

L

|

|
'

.

!

n
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y- Plot -9

'SXY contours of xy-stress

< ,

SZZ contours of zz stress

x

Table n. Table n is plotted.

Temp temperature contours,
,

..''
Tension allows the user to plot a .

alngle contour separatint ;
regions of tension art .j
compression..,

,

;

. , Theta angle between principal i
stress components, ,

|
a. i

- ,

Velocity Velocity vectors are l
plotted (as arrows). j

1

WAtor plots watertable line * 1

|

|
,

* Note: You must re ad'ust window if
water table lies above t'le ground sur-
feos as in an undersea simulation.

|

l
:

I

'E. |

.

k
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' ' '' Plot -10 '
,

.

XDisp- contours of x-dsplace-''

ment

c

;" YDisp. contours of y-displace- ;
ment

:
,

i
.

. XVol contours of x-velocity
.a

W

Wel contours of y-velocity
.

,1

il I

l'

i

)

?

i

{
~

r

,

('s

- I

i

. h

.

<

,

I
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Lf Plot -11
.,(

H Enhancina or Modifyina Plots !
|

|

4 ff no further parameters are given, ;

scale factors a window and a default !
,

line color will be chosen automatically. :

However, any keyword may be fo!-
lowed by any number of " switches",', 7, '-
which are themselves keywords that

.,

'
'

set certain characteristics of the plot.
Each switch owrates on the keyword
that precedes 1. The switches can be
used to control pen color, scaling of the .i

o

.-
vectom, contour-interval, drawing of

,

,

pometric scales on the plot boundar- -

I'<
.

es, drawing of profile or line plots of a
i variable, and removal of head ngs.

Note that an enlarged or contracted >

fot may be made by ing hea '_

#1NDOW command prior to ng t'

E PLOT commar:d. The window || then ,

remain set and will be remembered on :"

restart.

+,

ABSO The magnitude of the ;
quantity is plotted.

BLO Instead of contour plots, ;"

j zones are filled with a dif-
l' forent color for each '

| ~ value of the property.
..

;

1
~

L
..

| v ,

a'
|

|

L
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i,
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' Plot -12

Enhencinc or Modifyina Plots
- (continuec)

' "

Color The line color desired is '

typed literally on the com-

'

mand line (e.g., plot grid ;

. Color choices de-
.

red)dpon on the palette '1

chosen previously. with '
>y

the SET PAL command'

and the type of gra>hics*

monitor.* For the CGA-
palette #0, the line color
choices are: Green, Red
and Yellow-brown; for'

-

palette #1, the line color
choices are Cyan, Ma-
genta and White.

'
,

' Note that the background color of the
plot may be adjusted. For CGA moni-
lors, the background normally is set .!-

to black - (i.e., set bac=0; for the i

monochrome mode, use set bac=2 -|
The default palette choice is pal =1.

).!:
'

i
t

L
1: i

i

i

!

| .' , ;

|t'

'

i -
'

s

>

__
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).cl' - Plot -13,

t',,
.

LA Enhanalna or Modifyina Plots
Ec. , (con;inued)

* EGA Color Choloos
''

klne Color Keyyig[31

green green
' red ' (default)

,

Red :
yellow Yellow .

~ magenta Magenta
brown Brown

' white White'o

-li ht green LGreen '

-

li ht red LRed
li ht blue- LBlue>

li ht magenta Magenta ;

fr ense white IWhiteo.

[ black Black :

L' blue Blue i

L cyan Cyan

|

l '

1

,

.

I

,

'%

^

..
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'

Plot - 14 .1

Enhaincinc or Modifyina Plots |

(con;inuec)

1Changes have been made .for the
choice of pen color for H P six pen i

>lotters. 1 he choice of pn number
las been set up to use all six pens in,

the H P pen plotter. The pens chosen
correpond to the screen colors in the
EGA and CGA modes. The following -

.,

describes the :>en assignments for the !
'

various color cioices.

in EGA Mode
'

Screen Color - Pen Selection !

,

green 1
'

cyan , 1
-

.
,.

red 2
blue . 3 ,

magenta 4
,

'. brown - 5
! white 6 t

'

1 1

blue 2
li ht green 3

e 5
I ht magenta 6'

yellow 1

black 2

-- . _ . . _ . _ _ _______ _ _ . _ __ _ ._ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __. .a
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k, Plot - 16
' IEnhancina or Modifyina Plots

|;oontinued)

In CGA Mode :

I,

Screen Color Pen Selection<

green - 1

cyan i
red 2 ,

'

magenta 2
yellow 3- d

. white 3 1
J

If you have only a CGA adaptor, you
may still plot in all six colors by issuing. 1

the SET EGA command prior to issu-
Ing the PLOT PEN commands.
Use the SET CGA command prior to !
making any screen plots. '

'
,

'
,

|

..

v so

,? .
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Plot -16
t.

Enhanoina or ModlMno Plots,'

(continued)

Fill is used to create filled con-
tour plots, as opposed to
the default lie? coniput

plots (for Po stScriot or
acrean n'ats on v1..

interval = c sets the contour interval'

to c. The contour values
may be wrttten on the
screen or pen plot by is-
suing the 8 CLIN oom-
mand immediately before

the PLOT com-
issuing (see SCLIN com-

-

mand
niand).

theFor Postscript plots,d forINV
e is reversegra

: .

|)
h,

1

! ?

|

i,:
\

l

|'
|

|:
1'

|
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| Plot -17 .;

IEnhanalna or Modifyina Plots

||oontinued) !

i
1

Une xb,yb xo,ye,num I
1

orostos an x y type' plot '

of gridpoint or zone varl-
able versus distance !

along the line defined b '

the endpointsThe line(xb,
vided ).
(re,ye is -

into num points, ;
~

and the zone or gnd>oint . !i

variables are interpo ated
'

| st each point from sur- |
roundn zone centroids '

,

or ints. Care ,

shou taken when !,

specifying the value of'

num. It is not sensible to i
spoolfy num such that the i

spacing of points along ii

the line is much less than ;
the gridpoint spacing.

|

|. i
l :

! !

|

-

;

.

i

f '

i,

i

!

,

f

,
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t

Plot -18 I
i

. Enhanoina or ModMna Plots j

(oor.tinued) ,

i
.

i

Max = v sets the . value corres- i

mnding to the maximum j

e i of arrow to y for i

y or plots. All other i

vedors will be scaled to. I

this maximumlength. On ;

oontour, plots, the maxi- {
mum contour value cari :

be set. [

!

Min-v sets the minimum value .

to be used on contour |
plots, j

r

!
'

Noh removes the heading ,

from the plot. |
.

|- !

Seeles places geometrio scales :

along the es of the !
ocreen plot ( s are ;

plotted on pen plots by !

default.) ,

i

I

'!
1 i
e :

h
1

; !

!

, ,

|

)

P

I

p

h
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Plot -19
:

'

Enhanalna or MadlMna Plots _
(continues)

!

. Time' Histeries are plotted as a |'

'" function of smo rather |

than timestep. This only !
applies to creep runs.

|
t

Zero causes the zero contour - !
line to be omitted, i

;

I

i

!

i

!

i

i

!

;

!
P

i
!

.

i P

'

,

I i
1 8

r

e

| *

[

I

|

| t
,

;
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Print herword W...W) stenge>

Printed output is produced for ap |loads, limits, main grid vaiiables, pliedetc. I

Output can be produood for a range of j
pridpoints or zones identified I

'

<tange> or the region in which zone i !
lies. < range > ls ,of the form i=li, , j

either i or !J.J1,)2;is given, J oan be first. If nothe entire grid is irange
a region of the 1

printed. Alteraativelyd as REGION =l,h;model can be define !
In this case, associated wit !

'
zones enclosed a continuous so-

. enoe of MARK gridpoints will be
nted. The zone 1, is one zone within i
e MARKED region]. !

;

As is the case with slotting, the grid i,

variables will not prin; until a material
modells ascribed. The keywords are:

Angle >rints angle of anisotropy }
'or transversely elastic !
model, i

| Apply values and ranges of )
forces or pressures ap-
plied to the rnodel and ;'

thermal and groundweter ;

boundary conditions- !

!

(
i

!
!

!

!
1

>

1

i

{
-. .. . .. . . - . - _ _ _ _ _ _ _ __
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j Print -2 '
'

ATisch prints all pairs of attached
gridpoints.

Flx indicates whether x, y,
pore pressure or temper-
ature is fixed at grid-
points.

Interfeos prints out the interface
osta, including nodal
stresses and unit normal
vectors. Note that com-
pressive stresses are
negative.

Umits limits for SOLVE com-
mand

MA* prints ma*ed gridpoints.

MEm rnemoryin use

STRuot prints relevant forces,
moments and displace-
monts for nodes within
structural elements

| Table prints te.ble values.

1
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1Print -3 '

l
Main Grid Keywords )

1Bulk bulk modulus '

;

COhoslon oohesion !
:

Den mass density |
Dilation distion angle |
E.,,p total platic, strain !

softening model) (strain-
-
l
,

FRiotion friction tmgl6 |
,

Shear shear modulus !
.

X X-ooordinate l
Y Y coordinate

j
tPP pore pressures t

;

JAnje ointanplo I
i

'
,

JCo1 oint colwalon ;'

JFric oint friction i

JTen |oint tensile W.rongth

NUYx y x Poisson's ratio
|NUZx z x Poisson's ratio -

!
,

|

|

*
|

!

.

!
,

i
e

t

:
:

!

>

.

6
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pde [bl
' -

.,
Prirst -4 |4

Main Grid Keywords (continued) r

Sigt major prinolpal stress + i

Sig2 minor principal stress + .

SXx XX-stress + !

SYy YY-stress + |<

SXY XY stress + !

SZZ ZZ stress + i

Tension tensile strength for Mohr- I
Coulomb model j

Theta angle of minor principal I

stress counterclockwise .|
!from the x axis
)

.

XDis X-displeosment
YDis Y4:splacement |

,

XMod X modulus
YMod Y modulus ,

;

XVol X veloolty
YVol Y-velocity |

r

I
!

+ Remember, on printouts, compres- |

sive stresses are negative. !

!
;

'
e

;

e

,

:

!

h

r

'

i,

F

i

. .. . :. _ . - -
1
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1

Print -5 A

j
iL MalftOdd Keywords (continued)
f,
iASXx XX-strees ri le A)# i

BSXx XX-stress ri le B,i iCSXx X X etro ss le C > :

DSXx XX-stress ria le 0,;
|

ASYy W-strces tri le A'l '

BSYy W stress t le BS i
CSYy

W-stress trian le D;JW-stress tda le C l !
DSYy

i
s

ASXY XY-stress (t ) l
BSXY XY-stress tri i !

le D)J
CSXY XY-stress tria :
DSXY XY-stress tria !

ASZz ZZ 6 tress rien la A'l !
BSZz ZZ-stress rien le B) i

.CSZz ZZ stress rien le C,l !
DSZz ZZ stress ria le D)

|
i

| i'

l- :

# ecall that FLAC dMdes each quadri- !R
lateral zone into four triangular zones'
a, b, c and d, '

,

L !

!
;

f,
1

,

I

!

!

|-
-

1

|
'

i

:

:

I
-

e .

4 , . , .
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M nt ~ 6'

State plastic state

O elastic-

1 at yield

2 elastic but previous-
ly atyield

3 has sur>assed ten-
sion ou;-off in uni-
axial tension

4 at yield, also sur-
passed tension out-'

off

5 has surpassed ten-
sion out-off in gen-
eral tension 1

6 ubiquitous joints |

current;y af yield i
J

7 ubiqu!tous joints i

have yieldedin the :

mt but are current- .

yin the elast!c state |
-

3

;

,

t

,

k
.

. !
'

~
;

.

.

*

t

*

,

- , , - - - , - - - -
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k ., s Pr!nt -7

XReaction x-reaction force

YReaction y reaction force
>

Variables 80dolfic to the proundwater,
thermal and creep modoa can also be

- printed. (details.) ppropriate appan-
See the a

dices for ,

1

,%

b

i!;

. t

.

J

, . .

-a
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PR0p keyword value <. . > 4egion.I) < range >" ''
3

!',

fThis command assigns properties for a -,

i'(T"
constitu'.ive model identmed by the |.

MODEL command. Tiis property key. |
,

s
t

L. wolds, their meanings, ar.d the consti '
'

,

i- ;

tutive models which use them, are |

given on the following pages.. ' ' '
)i ,

..

thermal ard groundwater flow |
,

Creep'tles are also assigned. (See the '

proper
appropriato appendices for details.)-

i

I>

!

I

k

:
,

!

i
!*

!

6

:
E

i
!

>

b

'

|
'

J
:

'
,

-
.-

-

.

G
'

e

b

4

6
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M $6 M
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i

,

Angle engle erenleesepy neben seester-
Wenevest4 !

,

sischwim kom me a aste losesepic
i

tiulk sPeelltinA mo#As steens. Mehr.Cedene
L

i j*eweineene t
heNierM.

s,. M'88 ;
,

-

x Coheelen h ,
.

t ,. Mehr C. oM_ __, s'. rain- !,, g-__,-. _

.

. . ,

CTab,' u6le n e ber
Tab, strain ::t _-4 I

,

i
rieb hesconing ''

i

Densby mese donehr es models -

t
Olleibn engte of delien (m degrees) Mehrfeulomb. i

' i
\ strain $e ';

henfoning.
WM18

;
'
;Fnelion . ergn elintemetbloeien Wishr4edent, awain.e

(m aps) |
_ _ . . _ . , _ _ _ _ . ,

,

i
'

''

'N CTab. DTab er Fieb are specited,4 corroependy table must be delned (m
[

;

TABLE c z: n !,,

,
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J00heelen sehesonof WWomous >bes uWeAsus>bes
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JFelveen . Menen engle of WWSAsus Wdessus Jelsen 1

i

joiva eurtsees
|,

NUYa Poiseen's rolle for normal Weneversely
evees in the plans et leapspr leelsepic ;

.i abs a unbede eveesin
pe9enseuler plane ,

NU2s Peiseen's rede kw nermelles- ^ r - ; _ ri_.

,

Wepic strees in the plane el leepepic >

leswepy abe to urteelef elmasi

In piano elleepopy !

JIorhi joint tevolle spogh uWedieue joints i
:

Wear med steelle sheer meMus
og models ,

i
\s

|
! Tf.<elen eenlinuumtenene epongth

#

Xmed eleolic Youns's modulus in Weneverseer( ;
| Ihe piere elheWapr isetsepic

i

| !
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,

,

PR0p -4
, c

The model type must be defined prior to
printing or plotting of any dem, if
properties are Olven which are not con-
sistent with the chosen mMel, a waming1

'h mesea0e will be given which informs the
user that the unreeded properties were
not ecoopted. The models Igadtg the-
following properties:

; .

E!Attl9
,

(1) shear modulus
'

(2) bulk modulus

(3) density

Mohr-Coulomb

(1) shear modulis

(2) bulk modulus

(3) density

(4) friction angle

(5) oohesion

(6) dilation (optional)
L-

| (7) tensile strength (optional)
[ >

\

$

|

|
.

,



-r-
!

J
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!

Mk$9 ~c,

PROP -5 e

i ,Transytraely lautronic

(1) sheer modulus *

(2) x-modulus

{3) y mod':lus

(4) density

(5). NUYx

(6) NUYz

*The cross shear modulus Gx for
anisotropic elasticity must be deter-
mined. S. G. Lekhnittskil frhoory of
Elasticity of an Anisotroolc Dody,
doscow: Mir Publishers, ' 981 sug-
posts the fc ; wing equation bas)ed ona
aboratory testing of rock:

'

.. gEy

Gry * Ex (1 + 2Vxy) + Ey
,

assuming (see Appendix A),the x r plane is the plane ofisotropy

l

_ e- - __ r_ . - -_ _ . _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . . . _ _ . _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ . _ _ . _ _ _ _ _ _ _ _ _ _ _ _ . __
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I
|
|

"1 J

PR0p -6 |
1

; : - Ublauttous Joint ;

;

(1) shear modulus !

h'' (2) bulk modulus
!

(3) density -

'

(4) oohesion (Intact material) |
t

(5) friction (intact material) !
!

(6) ~ jcohesion (joints) '

!

~(7) jtriction ()olnts) !

(8) Jangle (joints) !
.

(9) dilation (intact material; optional) :
i

(10) ,
tension tensile strength of ;

,oints (optional) j

r

'!
f

f
-

|
,

- $

!
i
,

|'

l'
s

|
|-

|

I' >

f

$

1 '{
.

u ,

|
'

*
+

.

'

| !

!

'
'

,

.

's.
.

i'
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t

PR0p -7

Strain-Hardenina/Softenina
,

(1) shear modulus

(2) bulk modelus
"

(3) ' density

(4) friction angle (initial value)

(5) oohesion (initialvalue)o

(6) dilation (innialvalue) :

(7) flable (table # for relationship of |
$ to plastic strain, optional) -

'

,

(8) otable (table # for relationship of |"

oohesion to plastic strain, op- ,

tional) !

(9) dtable (table # for relationship of i
dilation angle to plastic strain, ;

_ != optional) ,

,

,

[

f
,

,

,

./
'

.

t >|

,

1

|

L
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!
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:

p.F,H,(.. e
q j

!

PROP -8
;

The strain hardening and softening be- I

havior is controlled by the variation in j
friction, oohesion and dilation as a 8

function of plastic strain given by a I

sl:ecified table of values. See Appen- !
dx A for details of spoolfications of i

. these values. !..

,o t
''

Note thai, if table numbers are given !

as 0, the pro !
kiven (i.e., perties will take the valueswith COHESION, Dil.A-

'

lON or FRICTION keywords). f
i

Optional keywords are provided to as- !
sist implementatio:1 of the PROPERTY '!
command. These ara, t

'
Region - 1J

All zones enclosed by a !
continuous a ver::s of
MARKED g ints will .

,

have the - fled pro- i

porties. 't zono IJ is !
one zone in the MARKED i
region. !

!

!

;

[

I
|

'|
,i; (

|i'

,'1

'

|

|. ,

't

;

1 .

|

!
I

.

>

1
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Var w yv

A variation in the property
can be given over the
alwolfied range (or re-
gon) where w is the vari-
ation in the xdirection
and yv is the variation in
the y-direction. The vari-
ations are applied linearty
between the gridpoints
within the spoolfied
ran<pe, with the smallest
anc largest I,] numbers.
Note that this is a ch6nge
from pre 2.10 FLAC ver-
sions, in which the VMia-
tion wat taken betwwen
zone controids rather
than gridpoints.

An optional range of zones can be

. given, identifi6a by <12, J-ji,j2, must
range >. The

ranpe, of the form l=11,
be att on the input line but either i or j
can be first. If no region or I,J range is
awolfied, the given property is as-
s gned to every zone in the entire grid.

4



-

fi ~TV ~ :. 4

r

: .
,

,

1.

f

FLAC i
aPsoe 4-73

0 '
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i
<

QuN stops execution of FLAC; a synonym of ;
STOP. i

,
i

u

l
s

i
s !

,

,
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t |
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,
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.
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e
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;
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i REstere filename

L A previously-seved problem state is re-
i. stored from the named file, filename.

,-
(See the SAVE command.)

.

I
i

|

i

|

1
i

I
:
1

i

1

I
|
1
'

I

i

!

!
;

!

i

:
!
>
?

f

I
1

1

I

]

a

;
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RETum This command should be last in a re . <

L ''-

mote input file (see CALL oommand). |
,
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P5clkks
'

,

SAve filename

The current problem in memory is ;

saved at its present state on the
,

named file, filename, if the file already |
exists,it will be overwritten. !

|

|
i

'

i

.

o
!

;

i

E
,

t

.

I

!
t

b .,

,b |
!
,

r

6

I )

6

!
'

!
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k
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,
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|

rE.lf97
|
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!'

|

| SClin <n x1,y1 x2,y2> |
. reset > j<

This command labels contours on any |
contour plot produced on the screen or !

>en plotter. The user defines a "soon !

ine" upon which he or she wishes to
'

know the values of contoum. The user
defines the endpoints of this line using

; the command SCUN. At each point of
,

^4 Intersection between the scan I no and
a contour, a letter, A to Z, is written. A
heading is given which Indoates the j
value of the smallest and largest con- :

tours and the contour interval. This al- i
lows calculation of any contour value ;

between the exVomes. The default ;

condition is De scan line. Up to 5 scan ;

lines may be specified for a plot. The !

parameters are as follows: ' - ,

,

n the number of this scan line i
?(must be 1,2,3,4 or 5),
i

x1,y1 ooordinates of the beginning of ;
the scan line, and ,

t

x2,y2 coordinates of the ending of the ;

scan line. :
!

The scan lines are remembered be- !

tween plots. To prevent them from |

being used, the command SCLIN ;

RESET should be used. ;

t

r !

L I

p .

! :

i
i

r i

L
!

l.

i

i
_, _, _ , _ _ _ _ _ _ _ ,
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,

FLAC
Pane 4-99

8 Clin -2
For example, the command

flec: solin 10,10,10 l
!

.b .

will produce values for those contours I
'

which intersect the scan line from 0,1
to 0,10.

i

.

!
-

|
:

i

)

o

$I

,1

'T\
>

} .

5

o |
2

,

I
i

,

t

a

_ _ _ _ ._ _ _ _ _ , _ _ - - _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .



_. _ _ . . _ _ _ . _ . _ _ _ _ ~ _ _ _ _ . __ _ _. _

i
' ,!

i

r.F,,Lgg,
,

set < keyword > < keyword > . . . i.

!
This command is used to set many pa- Jremeters, most of whloh control eitner
cycling or plotting.' .The keywords for
'this command are:

7
.

;

As sets pen plotter paper q
size to A3. :

:
,

'

A4 sets pen plotter paper
size to A4 (default). :

\

Aspect a j
i

where a is the ratio of x :

to y measured from a ,

non square screen image ;

which should be equare.
a will generally vary from 1
0.5 to 1.5, depending on !

| the graphics board and i
'

screen vertical size ad-
ustment. You should i

'irst attempt adjustment :,,

of vertical size control on ;

the monitor. ;
.

!

i
,

n

.
h

t

k

9

f

- .. , , - - . - . . _ - - - - . - - - - , .. ..- -- -
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E

. (;

Fpa,[$,Qgg<

;.

set - 2*

.

Back back roundcolor0

0 black
1 blue
2 green

*.. 3 cyan
4 red
5 magenta
6 yellow-brown
7 white -

,

N '
Default assumes that
oolor screen is present. .I

This command only ap- i
olles to machines with !

DGA or monochrome !

screens. J
:
.

Baud b 'I
:

sets baud rate for output i

devios. The choloes for b :are 1200, 2400, 4800
and 9600 bpm. The

.

baud rate can only be set i

for COM1 or COM2 and
is not used on 80386 ver-
sions of FLAC.

i

e

.

,

s

)

s

e

..
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.'. i.: ,

f. j;, .' . , - y
#

.

,

$ ) f j

|i
'' '

W
,

dhamac ,o ;,

afp t-

,

' P'. , s i ,E
~ e L's ' { ,. .z,

.

* J , set -3 *
,

.
. . . ., ,. ; . m .

,

Ulf " ' CGA or CSC ' ..
. 11 ,

7 g, ,i sets graphics mode to- q
#1 color screen, 320x199

|
<

'

: ? .>lxel resolution. This is,

i. . '
'

':he default screen eet-'
ting.,

.
.

;.
,

-.

.sp s -

f y.,
,

Clock. t im . "w',
, . ,

.a, ,. , .

.
.. . .,.

ji, R sets the limit of elapsed i,

O
,'

time, in minutes, for the+ ,

T '. , . ' SOLVE command -

p
-

>

,.

.

,o,s

Ik 8
,

1... 'J --

..A- Col n 1,

y e

@' ' ~ L n is the maximuin num- Li
"

ber of oolumns on output. !
Note tS5/ the user must" ' (.,

c@ W* set the > roper oolumn '

. . , '
. mode on <:he printer prior

M .to FLAC operation. Con- i
''

suit your printer manual
for the method of seMirg >

{ printer modes.
,

1 4

$\ . ?. >

'
' 4< 4, , s

4 f e'

s.U;
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4 L

set -4| ,

; ;'
'

COLS = _pai; ' n
,

< s. Table ntab
= nool, lool' '

.= nool, color
9

* This keyword is usW to i'

'i'r oontrol the colors used'
-

for filled plots in FLAC. ' !

The first format' olven i,

: above, SET COLS ='
"

npal, selects;one of the
< > ' three built-in color pal-.

ettes. - default
palette is pa(Thelette 1.)'.The

D
,

-

- '
'

colors in these palettesm i

are tabulated below. !

c "

The second format, SET 1
'

,/ COLS TABLE = ntab,
'

uses the colors revi- -1

ously spoolfied - the |3, . ,

|: . user Wth the BLE l
s command. .The tab'e .-

must be input'as airs of'

I. >:

numbers,t the firs 1 mem-
p,' 'bor of the pair being the
L location' in tha tabla .'

.

(number from 1 to.13, I

and the second being th)e! L ..

L ' ''S- color number corres- ;

, .o ponding to the desired L

L color on the following list. ,

.

,

..,,

1 |

|

Q

:\.

; .) j

i

'',|?e

.

s%
, j.f|[ .I

i'

I
J
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I
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I
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' ' FLAC !
Page 4-703

-
y

:

G'
'

,
~

'
.

set -5 |

QQbi(continued)' j""
,

u
ji. : For example, the com-

mands |
'

,

+.. ;

TABLE 31 A 2,3 3,5..13,7 .i
!

SETCOL8: TABLE 3 ;

e. .

set up a palette with !

black, oran and magenta "

.
.

as the Irst three colors, 1
,

- and white as the last :

color. |
'

-i: .

)

0 = black .;

1 = blue 1e

L, , 2 = green .

3 = cyan~ n
4 = red
5 = magenta ig '

6 = brown ;J. -

L 7 = white -
8= ay :

9= ht blue ;

10 '= ht green .!
#

p 11 = 11 ht cyan
' 12 = li ht red

13 = li ht magenta- *' '

L 14 = yellow
15 = Intense white :

)
. . . |
P ,

'

s f

'

,,
h''' /

m
'

' )3
>

,

(' 7. t\ (

\'

L
'

'

L.'
t

,

,

s

k,,

s . )

7 g
'

)n, y:' ,

;: 9.
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Set - s1., ,
,

|%
-

GQLS (continued).-4, .c

The third option - SET
COLS neol, lool, changes |
color number nool In the ;

current palette to oolor icol ;

on the above list e.g.,
' SET COLS 3 7 cha(nges !

'

the third colorto white). .j
1c

[7 The ' fourth option, SET 'l'

,

COLS neol, 9olor, acts i
'

,

similarly to the third,- ex. I>

' copt that the color name 1-

black, blue, etc. is used
i(nstead of the co) lor num--

"
l'L >

s

Y-
.

ber- (e.g., SET COLS 3
.

i; white is equivalent to SET '

t- COLS 3 7). ,

>
+

'l \ ; ,

,('

f i
>

t

.

' \ ',,_
1

|

4

:).y

i k

>

D

. ,

3

;9 ,

f |;
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.h-

, .

t

/

9
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,

'

m.

.g, -

T set -7 '
-

,

4 QQJgt (continued)7,

,

.'.

l
' -

ColorTayan :<
,

.t,,

4 Color Table 1'
>

t

13 = II ht magenta-

; 12'= li ht red -

,

F 4=r
L- 6 = brown-

14 = yellow - a
10 = light green

os 2 = green ;

11 = light cyan j.
,

3= an ' -

9 = li ht blue .

1= e .

'

.7 o white !

8 - grey |
-

t
!

~

r
'

t
o

1

'.
- >

'
1

.z.

i e

?
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o ,
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i
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7tg. .,

') #

'
I

.

t

,

'

l

4

|'
,

a)i

|J
!

1 "; g t <

| ,, '

f . < ' .- , . N t
r

,

'i l
- .:. * _ _ . _ _ _ - _ _ _ _ _ _ - - - _ - _ _ _ _ _ _ - - - - _ _ . _ _ - _ _ - _ _ - . - _ . _ _ . - - _ _ _ _ _ _ _ - - - . _ _ - _ _ _ _ _ _ _ _ - _ - _

*
r



'
5

..%, |t . L) f,

,

f

* .s ..! t
. ;

A t f ' sY' ,iE

. ; ., . - c-
s ?

' '' .R . , ,
g ,.
- : . c., ,

,

<
<

r .. -i

F FL'AC, .

Pace 4.106
-

,

h '

;
r-e s.

{- ;? s i

g . 8Et --8,

ac ,

.

[ 7
^ .

Q9]&(continued) ;
,x ;

W ' Color Table 2'
,

. ,
;

,

8 = grav - !
7 = white :

0 "; , ' 1 = blue H

9 = light blue q'p--

. 3 = cyan
|[. 11 = light cyan .|<

2 = green !9. -

F
- .10 = light Green - )
',

' 14 = yellow '1L'
' ',

,

L ' 6 = brown :l
"

4 = red -m ,1

l '. 12 = light red .|
4

.

13 = light magenta
''

+
,

i . 1

o

I i,

'5

|

l
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Y QQ1& (oontinued) . a,, ,
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'

Color Table 3 --

|, . m '1 a blue: 't
4i 2 = green

- 3 = cyan '

4 ~= red - '!1-
-

6 = brown - ,

e- a,
.

,

9= blue i

10 = ht green !

11 = | ht cyan !4 '

12 = l| ht red . ;

' ' , 13 = | ht magenta - t

14 = yeilow
15 = intense white .

r
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' ON> <:OFF>1 <W ,
.

''a!
'

SET ECHO ON or SET l
ECHO causes FLAC to 1
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thel enhanced ' graphics i,
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[ HBS val 1
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N orown in CGA mode. 'i
o

i
i

h ,,m_

k\c 1 . palette number 1. ;
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Colors for the EGA' mode -l
'are given with the PLOT ]"
command. . ,i

.;

:
1

P?A will set HP pen plotter 1
'

,

speed to1831 ']
i

s

Plot' name -

sets plottin , da'ece to
,
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iL - Solve < keyword value ...>
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,

.:+
i . '

.!'. Th4 command allows automatic deteo-<

tion of the steady-s' ate solution of :',v-
t 3; (m.

s

i
' - @j ,. n. t chanical problems. - Calculation la per.1 s ,

. formed'until the !imitingsoondition for
,

s X f ,., timestep, run' time, or out of-baianceA ;M force is reached.m- '
<

i
''

These ilmits are changed by the.op-'

tional keywonJs.,

<

; ;.
'

,
'

.Iw', Clock run time (in minutes)
. e, Step. ' timestep . .

> a Force out of balance force ;,

" "

Defaults forthese keywords are:
e

'
.

~'F
S = 500 steps '

G"yyy T- 5 minutes
F = 100

'hs - Note that.F de
units adopted. pends on the system of

< -A ;Ok! !!mits' will ap
not specified explicitly, but these

?ly if
1

,

oi t4
,

imits 1
'

9 ere mmembemd \when set or on re- 1ye 9 start.5, However, they are reset to & ' '.W' faults when a NEW command is given.
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F
A time, limit of g.' ester inan 1440 min-

!
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for gre(M hours) wl;l not be accepteC
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|T- '.L ater run 1:rns (e.g., over a week-
1- si
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i end). severul SOLVE commands can ,
<
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b., bs glven in soquence, if the " escape',

Hi a key is touched during execution, FLACo ~/
wiPi return contrd to the user efter the
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'

i curr,ent step is completed.
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STRuot < keyword > . . . )

w The STRUCT command is used to de-
fino the geometry, properties, and end )
conditions for structural elements. The i1" STRUCT command describes the ele- I

'

ment type and geometry, links the ele- |ment to the FLAC grid, and associates
a property type number with the ele..

,

ment. The keywords used to define
,

the structural element are as follows.
,

(1) Element Tyna Keyword '

.There are two element types:
'

>

Beam A beam element is de- i
fined by.' the geometry - .

,

and property keywords i

and values which follow ;.,

the BEAM keyword,

Cable A cable element is de- !
fined ' by the gt:ometry
and pmporty Reywords :

. and values which follow -

L . the CABLE keyword.

Each beam or. cable is defined by -

i. ehher beginning or endin coordnates, !

' '

I node:4, or main Orid 11 es. The
'

L.,. beam or cable may be div ed into a
i- number of segments; each segment is

connected by a node at each end. The
i

.

)
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1a beam elemsm node is described by
three degrees of freedom:, an x and y-
translation and a rotation. 'The cabe,m <

element permits only.x,y translations. .i4''

Finally, properties are assignod through
,

r. property type number. Ficure 4-4 il- ;

lustrates the conditions associated with
the beam element.
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e (2)- Element Geomq,try and Nodal
'

,
,

.inkaos

m; The fo!!owing two keywords are re-
'

quired to dehne the element geometry..-

'

Begin keyword

The BEGIN keyword !
identifies one end of the

y beam or cable.

End I:eyword

The END keyword identi-
fles the other end of the

j ,. beam or cable. ,

The endpoints of the element are de-
fined by' one of three mssible key.. -

words and/or values whici lmnktdiate y -

follow the BEGIN and END keywords: ;

L Grid I,j 'i

| Here, a linkage'la estab-
'lished between the begin- ir-

1./ ning or ending element '

L node and the soll or rock
( mass at gridpoint i,J
L

;

!
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Node- n,

As the structure is creat-' " "

' '

sd, FLAC will automati-
cally. give ' structural
nodes a sequential num-
ber from 1 to tM number.
of nodes In the order in

~

which they were created.
The beginning or ending.

cf the present element
4- may be coupled to nods

n by issuing this com- i,y
mand. *

r

x,y . An element node may be
: .given a spatial coordinate

simply by giving an x,y
pair after the BEGIN or -

END keyword, it is pos- '
:

sible to define elements
at any orientation in !
space with this com- -i
mand. If x,y' are very 1

close to an existing node
|# or gridpoint, FLAC . will
B force this new node to
% conform to it.
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L. , L (3) Element Property Tvoo Keyword
t

,

' '

b Each beam or cable may be assigned
'

properties. This is done by associating

or cable. y number, n, with each beama propert,

, |.
'' The form of the keyword is: 1,

.
,

' '

Pmp n
|

Property number n is as- I,
signed to the element !

type. The propertler ara '

associated with the prop- i
erty number by using the i

command struct propan i.-

|: keyword described be .

L low. !
'
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(4) Element Seaments Keyword .
'

Each beam or cable may be divided
'

into a number of segments by using
the following keyword:

.

'

;

Seg k-

The element is divided
into k segments. For ex-

.
,

ample, if the beg) inningcoordinate is (0,0, the
ending coordinate is
(10,0 and k=10, then the
eleme)nt will be divided
into 10 segments of
length 1.0.

(5) Cable Pre-Tensionino Keyword
.

A cable bolt may be pre tensioned to a
load, t, by the keyword

Tension t

Two supplemental STRuct commands
are prov|ded to define element condi-
tions further,

,

,

|

l

L
! :

|

|:
|

1
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STRuct Node =n keyword

Each structural node may be pres-
cribed various boundarr or geometry,

conditions which are def ned by the fol-
lowing keywords.

Flx <X> <Y> <R>

This option allows node n
to have fixed x and/or y-

.

displacements or rota-
tions (i.e., e' beam end.

,

may be locked in place or a

allowed to rotate).
.

Free <X> <Y> <R>

This is the opposite of
Flx.

Pin This establishes a pin
connection at node n
(i.e., frees moments). '

1

: Load fx,fy,m

This allows the user to
apply x- and/or y-direc-
tion 1orces or moments to
node n.

_.
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x,y These are the x and y-
coordinates of node n.-
This is used in establish-
Ing a new node which
can then-be included in
the structural element.
This permits the user to -

define node numbers
'

prior to generation of the i
element. .

.
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STRuct Prop-n keyword = value . . .
1

This command associates property val-
ues to a particular property number n.
Figures 4 5 and 4 6 illustrate the rela--
tion of grout and cable material proper- ,

ties, respectively. The following prop- 1
erty keywords apply: ;

1

E = value :

Young's modulus of '

beam or cable
.

3 1 = value

moment of inertia of
beam
area) (second moment of

/
j Area = value
! cross-sectional area of

beam or cable
|.

Kbond= value !
1 >

| bond stiffness of grout
|

|-
d[ force / unit cable length /isplacement]

'

1
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SBond = value t

.

bond strength cf grout :

[ force / unit cable length).
,

>

'

Yield =value
'

yloid strength (force) of
cable ,

i

!-

!
'

-

SBond - - - - -

i.

'

Kbond-

R. e /
<

D /'
-

.

n
u Displacement of Cable Relative

to Surrounding Material

Fig 4-5 Grout Material Properties
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Relative Displacement of
Segment Ends

Fig. 4-6 Cable Material Properties
(Note: Cable elements consider
tens!!e forces only)
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SYS
_

This command allows the user to ac-
cess the DOS system for performing a
number of standard system com- a
mands. A sys> will appear. The sys-
tem commands are:

RENAME file 1 file 2; i

COPY file 1 Iile2; I

DELETE file;

DlR <flie-spec >; and i

TYPE file. ;

The file-sp"ecification for DIR may in-
clude the wild characters" ? or *, but
these must not be used with the other .

commands. Note that COPY will over-
write file 2 If such a filename already ,

exists. A directortr listing may be :

halted by hitting any <ey.

| The user may return to FLAC by hitting
L the retum key. An alternative form of

the SYS command is to issue the en-
tire command; for example,

SYS RENAME file 1 file 2

;

1

|

|

.

1

1

9
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FLAC
Pace 4-132 i

!

-

J SYS -2

CAUTION: Do not use these com-
mands with files FLAC currently has ;

iopen, such as the file to which plots
are being sont, if you wish to copy .

,

such a file, first close it (e.g., by SF,T i

OUTanewname, where "newname" is
a different name). If these commatids
attempt to access open files, the sys- :

tem may hang up, and the files may be i

lost,
t

!

.

Y

,

h
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Table - n < insert > x1 y1 <x2 y2> <x3 y3>. . .- 1

This command sets up a table of x-
and y-values in memory for use by
FLAC. Tables are used in defining the ,

water table for pore pressure calcula-
tion (see WATER oommand), the fric-

*tion, oohesion and dilation tables for
the strain softening model (see PROP .

command), and a series of coordinates :
from which Doundaries may be fit
within the model grid (see the GEN ,

command). Apart from the amount of
memory remaining, there is no limit to +

the number of tables (see PRINT '

MEM). Any number of x,y pairs may '

be given; the number n identilles the
table and may be any integer except -

zero, items are added to the end of

the current table unless the INSERT .

'keyword is given. In that case, each
item is inserted between the two exist-
Ing items which bracket the given x-
value, if an x-value for a olven item is ;

identical to that of an existing item, the
value is updated (in

existing item's yThe command PRINT
TABLES can b)e used to verify the con-
INSERT mode . ,

tents of a table. Individual tables can
also be plotted using the PLOT TABLE
n command.

<

|
|

L
L

|
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Title The next input line is taken as a title
nted on subsequent pen and screen

~' ots and rooorded on restart files, if '

t TITLE command is given in inter -
active mode, the old title apears. if
the " escape" key is hit, tils title is i

retained; otherwise, a new title may be ;

entered. !

i

- ,

(

{

,

k

|.
'

|
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dokkkas, - / )
)
.

IUnmark < range >

Existing marks on any gridpoint within ,

the range are removed (see MARK !

and GEN comands). J

i

,
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F

5
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W Ator < Density = value> < Table = n> < Bulk =value>

A pore pressure is de sited in each
zone according to the d th of the zone ,

'

below a water line given y the specified
table. The pressure is also proportional
to the density of water as g von above)and the vertical accele(ration of gravity
(given on the SET GRAVITY command .
Zones above the water line have zer)o <

pore pressure.
.l

When pore pressures are deposited in
the grid with the WATER command, di-

the sams am(ount, sTn)ce they all corre-rect stresses sxx, syy are increased by
spond to total stresses. The pore pres-
sure distribution may be plotted and -

.

'. printed; pressures are taken as positive.
The water line may also be displayed

i (using the PLOT WATER command).
L
i During calculation FLAC uses effective

stresses (i.e., total stresses minus porel
pressure) in consulting constitutive mod-
els. Pore pressures are not affected by
zone volume changes, nor is there any t

flow of water unless the CONFlO GW
command has been given. Total

i stresses are displayed on plots and
printouts.

L
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" WAtor -2:
If the command WATER TABLE = 0 is

from tho' grid. pressures are removed ~given, all pore ,

iSimilady, the pressure
|distribution may be changed durin a-

run by switching to a new table or b al-
tering the contents of the current tab e.

The bulk modulus of water may also'be I

set with this command.

.

.

(

1

.

1 I

l

1.

|
,
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Window <xio xhl ylo yhi>
< AUTO >

This command creates an imaginary
window on the screen or pen plotter for
the purposes of plotting. The region of-

space xio to xhl, ylo to yhi is mapped
onto the square screen area. Hence if '

the window region is not square, n d,s-i

torted picture will be drawn in which
the x and y scales are different,

if the window is not defined prior to
plotting, one is selected which encom-
passes the entire prid. The window will l

'

remain as set untI changed, if auto- ;
matic windowin
AUTO keyword,g is desired, use the

'

if the window is less
.than the grid dimensions, the screen
image will be clipped at the window

u boundaries. The user may use this
feature to obtain enlarged views of de-'

I tall at points of interest.
.

|-

|

|

|

|

l
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~5.0 PROBLEM SOLVING WITH FLAC-
,

5.1 Introduction
3

To run a simulation with FLAC, the problem geome-
try, boundary conditions, and material model must
first be determined. These procedures are similar ,

to those of nearly all stress analysis codes. The
region to be modeled must be subdivided into a
number of quadrilateral elements, or zones, with
each zone defined by its four corner nodes or
gridpoints. Internally, FLAC further divides each
quadrilateral into four triangular elements for-
the subsequent calculations.

Once the mesh has been defined, boundary and ini-
'

;

tial conditions must be provided. The conditions
can consist of

(1) fixing gridpoint displacements or velocities
in the x- and/or y-directions;

i

(2) applying pressure across any face or line of
gridpoints;

(3) applying x- and/or y-direction forces at any i

gridpoints
s

(4) initial stresses in the body; and

(5) gravity.

The actual solution of the problem is somewhat
different for an explicit model such as FLAC than
for many of the commonplace implicit codes. Ex-
plicit codes are often termed " time-marchinB" in
that the basic equations of motion are solved at

i

|

|
1

|
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i

successive timesteps until equilibrium is reached.
(This was discussed in Chapter 3.0.) In practical<

|

terms, this means that, for the user, the problem !

'is solved in a physically-meaningful manner.

For example, consider a tunnel excavated in a soil. |
near the surface. In this case, the forces due to
gravity are important. The geometry of the mesh j

may be set initially to a size large enough to i

avoid boundary effects [ Fig. 5-1). The side and i
lower boundaries are fixed on rollers and grevity; -

is applied to the material. The model is then
" stepped" through a number of timesteps until the
velocity or out-of-balance force at the gridpoints
approaches zero--i.e., until the vibrations have
damped to an acceptable level. FLAC allows two ;

basic methods for time-stepping to equilibrium at i

each model stage. The user may give a specific
number of timesteps which are desired, the limit ;

on maximum out-of-balance force within the grid or
the real time (in minutes) which is to be allowed
for solution. Alternatively, he or she may allow

'the program to solve the problem to equilibrium
without user interference. The advantage in the
first approach results from the explicit nature of

I the solution method. Explicit programs were ori-
ginally developed to allow solution of highly non-
linear problems such as structural collapse in
which equilibrium may never be obtained. In this
case, it is advantageous to be able to examine the
collapse process as it occurs. To do this, the

I solution process is cycled a number of steps at a
| time (depending on the type of problem), a "save"
[ file is created, plots made, and numerical output
i examined. The save file is restored and cycling

contihued in this manner to the satisfaction of
the user (i.e., either to equilibrium or to some
failure state).

_ _ _ _ . ._ _ _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ .
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Fig. 5-1 Near-Surface Tunnel Problem
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'

Consider the near surface tunnel problem illus-
trated'in Fig. 5-1. In this example, once equi-
librium has occurred in the grid without_the exca-
vation, the gravitational stresses in the body

'

will have been' established and will be at the in-
situ stress state. At this point, the excavations

is made by changing the material model of these
zones to the " null" model. The calculation pro- 1

cess then proceeds by again stepping to equilib-
,

rium. As before, the user can simply allow the I

program to solve for the equilibrium state or can I

step manually and examine the state of the body at
intermediate steps.

The problem-solving process with FLAC therefore
involves the logic illustrated in Fig. 5-2.

,

Tnis procedure is convenient because it physically
represents the processes which occur in the na-
tural environment. Modeling of a few simple prob-,

| lems such as Prandtl's wedge, a circular tunnel at
'

great depth (Kirsch's solution), and soil slope
stability under gravitational leads should be run
to familiarize the user with the solution process.

e

-- _ _ _
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|
,
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'

1. SETUP

define grid, deform to desired shape :
*

define material models and properties*
,

set boundary conditionsa

set initial conditions*

STEP M EQUILIBRATE

9

2. PERFORN ALTERATIONS

* excavate material
change material properties or model

* change boundary conditions

9

STEP M EQUILIBRATE, ETC.. ETC.

Fig. 5-2 General Solution Procedure for an
Explicit humerical Model

,
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5.2 Runninn FLAC

FLAC can be run in either an interactive (commands
entered via the keyboard) er file-driven (batch)
mode. First, the user must copy the code from
floppy to hard disk and de-compress it by follow-
ing the instructions given in Chapter 1.0. The
program is then started by typing

C) FLAC

The machine will load FLAC and display the fol-
'

lowing message

,

FLAC (Version 2.00) |

c
'

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

.g.

| Fast Lagrangian Analysis of Continua ,

j................................................|
|(C) Copyright Peter Cundall-(1987)
| Itasca Consulting. Group, Inc.(1987)L '

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

Strike return to continue

_ - - _ _ _ _ _ _ - _ __-__ __-______. . _ .
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If a FLAC.INI film exists, the program will read
and execute the commands when the return key is

| hit. When FLAC is ready to receive' commands, the
|_ following prompt is displayed *

flac>

If you wish to run the code interactively,'just
begin typing in commands from the list presented
earlier and discussed further in the following
sections. FLAC will' execute each command as the
return key is preesed. If an error arises, a :
warning to the user will be written to the screen.

I

The code can also be run from a previously-pre-
pared data file which contains a set of commands
just as they would be entered in the interactive
mode. The data file can be created'using any DOS
editor and stored using the file extension .dat.
To recall and execute the data file, the CALL com-
mand is used:

flac> call file.dat

where file is the name you have given to the data i

file. You will see the data entries scroll up on
the screen as FLAC reads each line. Finally, the '

program can be restarted from a previously-saved
state using the restore option. Typical data sets
for all three of these input options are given in
the following section.

* Note: In the following discussions, the flac
prompt (flac>) is shown before user input com-l

| mands.
I

,

|

|

|

,

-_._ ___ .. . . _ . , .
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5.2.1 Mesh Generation and Material Proper-
ties Definition -- The first input commands which
must be given generate the finite difference mesh.
The three primary commands which control this J
function ares |

|

flac) grid icol.jrow

i
*

flac) gen

flac> initial x or y < range > ,

The GRID command generates a mesh icol zones wide ;

by jrow zones high. The i-axis is parallel to the
'

problem x-axis and the j-axis is parallel to the
problem y-axis (Fig. 4-1).

i

The GEN command is then us3d to provide coordin-
,

atos for the mesh and to deform the mesh to any e

desired shape. . Specific features of the GEN com-
mand include " grading" the mesh to represent far <

boundaries.

This command is also used to create boundaries of
various shapes within (or on the exterior cl) the
mesh. Pre programmed shapes include circles, arcs
and lines. The line function can further be used 4

to create arbitrarily-shaped openings. -The fol- ;
lowing are examples of the generation of shapes
using the GEN command.

t
.

{- *See Section 4.0 for the various forms of the GEN
command.

1
'

|

|.

|

|

|

, . .. ._ _ __ _ _ _ _ _ _ _ _ - . -
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Example 1

In its simplest form, the GEN command can f

supply new coordinates to a grid. The com-
mands

flac) grid 10,10
flac> a a

will create a square grid of 10 sones by 10 '

zones (11 gridpoints by 11 gridpoints) and
will assign an elastic model to each. If the *

coordinates of the grid are printed at this
stage by issuing the command ,

,

flac> pr x y

you will note that both run from 0.0 to 10.0 :
--i.e., FLAC assigns a square grid with 1
unit spacing between gridpoints. If the ac-
tual coordinates of the grid are to run from
0.0 to 500.0 in the x-direction and 0.0 to
1000.0-in the y-direction, the GEN command is
used as follows:

flec> gen 0.0.0.0 0.0,1000.0 500.0.1000.0
500.0.0.0 i=1,11 j=1,11

Note that the portion of the mesh defined by
i=1,11 j=1,11. starts at the lower left-hand
corner of the grid and works around its outer
corners in a clockwise fashion. All grid-
points interior to these corner points will '

have their coordinates re-assigned based on
the corner point coordinates. Now, print out
the coordinates again to see that the coordi-,

nates have, indeed, been changed. Note that

|

|
|

'

I
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| . just a portion of the grid can be given new
F coordinates. The portion of the grid.is de- 3

fined by the i,j range. In the previous ex- - :

ample, if i=5.11, j=5,11 were specified as i

the range, only the upper right-hand corner
of the grid would be affected. The range
must be specified in a clockwise fashion.

|

Example 2

,

The GEN command can-be used to create distor-
tior.s in the grid. For example, try the fol-
lowing commandes

flac> pew
~ flac> grid 20,20

flac> a e' ;
iflac) gen 0,5 0,20 20,20 5,5 i=1,11

flac> gen same same 20,0 5,0 iu11,21 ,

flac> plot grid i

i-

'In this wxample, only a portion of the grid
is distorted with each GEN command. The
first command creates a distorted quadrila-
teral from half of the grid while the second
command " wraps" the remainder of the grid |
around to form a rectangular opening. Note

4 that successive GEN commands'are additive--
#

i.e., once changed, the coordinates of the
grid remain at the new coordinates until
changed again by using the GEN or INI com-
mands.

.

t

>

_ _ _ _ - _ _ _ _ _ _ _ - - - _ _ _ _ _ _ _ _ _ _ . _ _ - _ _ . _ _ _ _ _ - _ - - - - _m_
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!
Example 3

i

The GEN command can be used to grade a mesh )to represent far boundaries. For example, in
many cases, an excavation is to be created at
a great depth in a rock mass. Detailed '

information on the stresses and displacements
is to be determined around the excavation, ,

where the disturbance is large, but little
detail is necessary at greater distances. In
the following example, the lower left-hand ,

portion of the grid is left tightly '

discretized and-the boundaries are graded. -

.

outward in the x- and y-direction. Try issu-
ing<the following commands: ,

flac>'new
flac> grid 20,20
flac> a e
flac>
flac> plo grid

.

The GEN command forces the gridlines to ex-
pand to 100.0 units at a rate 1.25 times the ,

previous grid spacing in the x- and y-direc-
tions. Note that if the ratio is between 0
and 1,.the grid dimensions will decrease with
increasing coordinate value. For example,
issue the following commands:

,

i
| .

|
,

_ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _
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1

:flac> mew
flac) gr.10.10 j

i
flac> a e '

flac> sen -100.0 -100,100 0,100 0,0 rat .80.1.25
flac) plot grid ,

;

You will see a grid graded in the -x and +y
[directions.

P

Example 4

Excavations often need to be created in the I

- grid. It is very tedious to create complex
*

excavation shapes, especially circular arcs,
by simply moving individual gridpoints. Two
examples are given here for the creation of

'

excavation shapes using the GEN command. ,

First, a circular excavation is created. .Try :

the following commands:

flac> grid 20,20
flac> a e
flac) gen circle 10,10 5
flac> plot grid

This command automatically creates a circular
opening outline within the grid, centered at
(x=10, y=10) and with a radius.of 5.0. Note
that the remainder of the nesh remains square
--i.e., element corners are at 90 degrees.

[

|

,

i

,

|'

'

_ ___.
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,

To cause the mesh to conform better to the
new opening, type '

flac> gen adjust '

~flac> plot grid

Successive GEN ADJUST commands will warp the
grid to increasingly greater levels. ,

When creating internal shapes within the grid
using the CIRCLE, ARC, or LINE commands, FLAC
distinguishes between the various regions of
the grid created by marking closed paths. In
the previous example, the GEN CIRCLE command
creates two regions within the grid created
by the boundary of the circles the region
inside the boundary and that outside. If you
wish to see where the boundaries of'the grid
are, type

flac> pr mark

Those zones which have been adjusted by FLAC
to conform to boundaries are signified by an
"M" in the printout,

i One note of caution-two regions can only be
formed if they are separated by closed con-

| tours. In other words, a line segment which
| begins and ends within the grid and does not

form a closed boundary will subsequently re-i

|p sult in only one region. -For the previous

| example, the REGION keyword can be used to
assign models, properties, or initial values

.

'

to either region. For example, to null out
the interior of the tunnel from the previous

| example requires only the command
,

l'
,

I

L

:

. _
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|

| flac) mod null region =10.10 'l
| flac) plot grid-'

You will note that the tunnel zones have been
excavated. .They can now be replaced by typ- j
ing i

flac> a e region =10,10 ;

-Note that the excavation can be replaced by
any model and with properties consistent with-
the model. See the MODEL and PROP commands
for greater detail.

'

,

d

Examole 5

' INITIAL can be used to move a point or a number of ;

points from the present to a new location. The
following commands create a grid and distort it
using the INITIAL commands

flac) grid 5,5
flac> model elastic
flac> gen 0.0 0,10 10.10 10,0 (assigns coordin-

ates to gridpoint from 0 to 10 in the x- and
y-directions)

flac> ini x=-12 i=1 j=6 (moves upper left-hand
corner horizontally by -2 units)

flac> ini x=12 i=6 (moves right-hand boundary
gridpoints to the right by 2 units; note
that, since the j range is not given, the
entire range is assumed)

Note that the INITIAL command can be used to move
any gridpoint to any position. Of course, ele-
ments cannot overlap. If this happens, a warning >

message referring to " BAD GEOMETRY" will be given

l

)

I
,

__ _ ._ ._
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I

and TLAC will not continue execution until the er-
rors in grid construction are rectified. A prac-

,

tical limit on the aspect ratio of sones should be i

kept to about 1:10 or less for reasonable solution
accuracy.

I
Once the mesh is defined, one or more material
models and the required properties must be as- ;

signed to the zones within the body. This is done i

by using tho' MODEL and Plt 0PEltTY commands described ,

in Section 3.0. |

!

5.2.2 Applyinn the Boundary Conditions -- ,

IAfter the mesh has been generated boundary and/or
initial conditions are applie.d. The possible
boundary conditions are shown in Table 5-1. ;

i

i

h

'
,

!

>

,

?>

;

!

'

i

l'

| I

|

|
'

|

|
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i
Table 5-1

DOUNDARY AND INI11AL CONDITION CODMAND fiUlHARY !
| !

COMkAND gg.c.Ic
1

Initial !
SXX initialize aux stress for a zone (s)' i
SYY initialize syy stress for a sone (s) !
SXY initialise sxy stress for a zone (s) j
XDIS initialize x-displacement for a

sone (s) !
YDIS initialise y-displacement for a

.

sone (s) !
XVEL initialise x-velocity for a zone (s)
YVEL initialize y-velocity for a zone (s) '

FIX X fix velocity (or displacements) in i

x-direction at a gridpoint !
Y fix velocity (or displacements) in '

y-direction at a gridpoint tXY fix velocity (or displacements) in '

x- and y-directions at a grid- :

point '

!Free X opposite of fix command L

Y opposite of fix command ;

XY opposite of fix command
i

.

I
i Apply Pressure

pressure over a row or column of
|'gridpoints

| XFORCE x-force applied over rows or columns
,

'

of gridpoints '

YFORCE y force applied over rows or columns
,of gridpoints !

,

4

b" e

f

.

$
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For example, consider the development of a grid !- >

subjected to gravity load. Within this grid, a |
near surface circular tunnel will be mined. The i

following command sequence may be typed interac- {
tively to examine the effects of the GEN commands

i
flac) grid 10,10 i
flac) model elastic (
flac> sen circle 5.5.2 (deform grid to accommodate i

tunnel prior to initialising the gravi- i

tational stresses) |

flac> plot grid i
flac) gen adjust (adjust grid)
flac> plot grid f

flac> prop s=.3e8 b=leS d=1600 (properties) [
flac) set grav=9.81

'

flac) fix a i=1 (boundary condition rollers on i
flac> fiz a i=11 sides and bottom to let soil ;

flac> fin y j=1 settle uniformly) I
flac> stop 200 i

flac) * stresses developed in body now, excavate !

tunnel and see reaction i
flac> pr mark (shows the boundaries of regions '

within the grid) i

flac> mod null region =5.5 (null out region inside i

tunnel) |

flac> plot grid I

flac> step 300 :

flac> plo str bou :
g

. . . continue simulation as desired !
I

the above problem illustrates an initial stress

i problem--i.e., the stresses exist in the body
'

,

prior to excavation. Because the grid cannot be i'

altered after timestepping starts, it must be de-
formed to fit the boundaries of the grid before

{
t

<

|

,_ _-_ _ _ . . . _ -. ..
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the initial stresses are equilibrated. This type ;

of problem is in contrast to one in which the tun- '

nel exists befors the body is stressed. The ulti- |

mate stress state will be the same for the case of
an unsupported excavations however, the displace- '

monts at the tunnel will be different. This is j
analogous to cutting a hole in a pre-stressed :

plate compared to cutting a hole in a plate and |subsequently stressing the plate. The user must i
decide which type of problem is appropriate under !the circumstances. i

5.2.3 Applyina Load /Channinn Cond!.tions --
FLAC allows model conditions to be changed at any :
point in the solution process. These changes may !be of the form

excavation of material* '

:

addition or deletion of gridpoint loads or*

pressures

change of material model or properties fora
i

any zone <

fix or free displacements or velocities for ''

,

any gridpoint '

i

To perform these operations in the interactive '

,mode, simply enter the new commands, cne at a '

time, at the screen prompt. j
s

t

.

i

1
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|

As an example of the ability to change conditions !

during a run, consider a simple example of cut- (
and-fill mining, where excavations are created and i

backfilled sequentially. Try running the !

following simplified problems )
i

flac) grid 10,10
'

,

flac> a e * elastic rock mass ;

flac> prop s=5.7e9 b=11.le9 d=2000
flac> fiz z y i=1 j
flac> fix x y j=1 |

flac> fim a y i=11 fix all boundaries j
flac> fix a y j=11 :

flac> ini sus =-30 6 syy=-20e6 (in-situ stresses) {
flac> his astep=1 |
flac> his adis te5 j=5 (displacement history at !

stope wall) ;

flac> solve i

flac) * now one.avate
flae) mod null i=3,4 j=3,6 (excavation # 1) |
flac> plot grid
flac> step 200 (step to aquilibrium)
flac> plo his 1 (check equilibrium) i

flac> plot grid str (plot stresses, grid)
,

flac> mod mehr i=3,4 j=3,6 (fill excavation with !
sandfill) ;

Iflac> prop s=.3e8 b=let fric=30 i=3,4 j=3,6
(sandfill properties) i

flac> mod null i=3,4 j=7 (excavation # 2) |
flac> ini ad=0 yd4 (initialize displacements so i

that the changes due to excavation can !

be seen) [
flac> step 200 (step to near equilibrium again) {
flac> plo his 1 1

Ifisc> plot grid str (plot stresses and grid)
flac> plot coh (plot different material types) i

!
| '

| |

!

'
,

t

I

,
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In this example, the boundaries are far too close
for an accurate solution, but it illustrates

;

FLAC's ability to change the model conditions dur- '

ing a run. Note that, if the user plots the grid
after replacing the null sones with another mater-
tal (in this case, a sandfill), the elements re-e

moved will be replaced. This points out that, |
'

even though the zones are given null properties
,

and are not plotted or printed, they still exist 1

and can be altered at any time. A contour plot of
the material properties may also be plotted by
typing plot followed by the name of the desired ;

]\
property.

The use of the history plot shown here enables the (user to judge when the problem is sufficiently ;
close to equilibrium. In this case, the x-dis- '

placement of a gridpoint at the excavation wall is i
used as an indicator of the movement toward equi- :

librium. When there is little change in value !(displacement, stress, etc.) between successive j
timesteps, the model is more-or-less at equilib- )

rium.
:
:

i 5.2.4 Printina and plottina of Data - As !
| previously discussed, a screen print of pertinent !

data can be obtained by simply using the print !
e command: ,

flac> print keyword
|

h matrix of values printed is in a logical for- !

mat analogous to the grid itself. The keywords !

| are self-explanatory, with two exceptions:

2

i

l
,

:
| .

,

(

-
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1. As previously discussed. TLAC subdivides the
user defined rectangular tones. into four tri-
angular sub sones which are designated a,b c
and d. The user may request a print of the
stresses within each subsono by using the com-
mands:

flac> print asas, . . . etc.

2. TLAC keeps a record of the yield history of
each tone. It is often useful to know which
tones are currently yielding, those which have
yielded in the past but are currently elastic,
and those which are now and have been elastic.
The PRINT STATE command can be used to provide
the current plastic state of each tone. The
numbers printed in the matrix table have the
following meaning:

O elastic
1 at yield
2 elastic but previously at yield
3 has surpassed tension cut-off in uniaxial

tension
4 at yield, also surpassed tension cut-off
5 has surpaased tension cut-off in general

tension
6 ubiquitous joints currently at yield
7 ubiquitous joints have yielded in the past

but are currently in the elastic
state

The user may obtain printed copies of any text
typed to the screen by using the SET LOG ON and
SET LOG OFF facility. In a FLAC data set (either
from a batch file or an interactive flie), the

command
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|

flac> set los=on

will open a hard disk file (FLAC. LOG) which will
then record all the commands which follow and all
FLAC responses. To turn off the logging facility,

3type
i

flec> set los=off 1

This file can than be examined or copied to the !
printer for paraanont record after exiting FLAC. !

Simply use the DOS copy or print commands. i

Plots of the grid geometry and output variables
!can be made on the PC display or on a Hewlett-

Packard or compatible plotter. The current plot !
types available to the user are listed below,

i

1. GRID plots the finite difference grid. As !
timestepping continues, the GRID command will
plot the deformed shape (in large strain mode) ;

of the finite difference grid . This is par- iticularly important with large strain logic i

since, often, failure modes become evident I

from the deformed plots.

2. antiuna*Y plots the boundaries of the grid and :

excavations. It is often advantageous to
overlay the boundary plot on the other vari-

!able plots such as vector or contour plots. t
,

| 3. DISPLACEMENT and VILOCITY draws vector picts {} of displacement or velocity at each gridpoint.
. ;

,

4. SKK, 5YY and SKY plots the xx, yy, or xy
;

' stresses.
|

| |

;

I

e

!
,

l

L

|
|

'

'
|

,

-,
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!

5. EDisP and YDISP plot the x displacement and y-
displacement contours.

6. EVEL and YVEL plot the x-velocity and y-velo-
city.

7. STRESS plots the principal stress vectors.

8. PP plots the pore pressure contours.

9. RISTORY plots time histories of variables
selected with the EIS command.

10. SYATE plots the yield state of the sones.

11. REAM plots structural elements.

12. CARLE plots cable bolt geometry.

13. RF plots reaction forces

The graphics screen must first be initialised by
using the SET command. Version 2.00 requires an
IBM (or compatiblu) CGA or EGA graphics card or the
Hercules monochrome card. The SET command defines

(1) the type of nraphics screen * -- low resolution
color (CGA) high resolution color (EGA), or
high-resolution monochrome. The default is

* Monochrome plotting requires the color graph-
ics adaptor but will plot in the optional high
resolution monochrome graphics mode on the
color screen. A separate version of FLAC is
available which works with the Hercules ;

Graphics Board.
>

[

:

?

|

|
|
|

b
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| the low rossistion color screen. The choice
of screen is set using either the SET CGA (for

' a low resolution color graphics adaptor) SET
MONO (for esonochrome), or SET BGA (for an on-
hanced graphics adaptor) commands.

(2) the backaround color -- The background color
is set using set back = iback, where iback is
in the range 011 backs 7, as follows:

0 = black
1 = blue
2 = green
3 = cyani
4 = red

| 5 = masenta
L 6 = yellow-brown
| 7 = white

The def ault is green in' monochrome mode be--
cause the background is the line color. If
you desire, for example, red plots on a black
screen in monochrome mode, set back = 4. The
CGA and EGA boards require a black background
(or bec=0). If you have either of these op-
tions, it is best to create a FLAC.INI file
with set bec = 0,

(3) the malette selection -- There are two possi-
ble palette selections (ipal=0 or 1) set using
the SET PAL command. -Each palette has three-
possible foreground colors. For ipal=0, the
CCA color choices are green, red, and yellow-

I brown. For ipal=1, the CGA color choices are
1

|

|

|

,
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cyan, magenta, and white. For the BGA, 14 |
| color choic e are possible. See the FIMF com- ;

mand (Section 4) for details on color choices. |Fnreground colors are defined by the color j

keyword in the F1DT command. ;

;

An example command set for a color, low resolution i

screen with black background, palette #0 ist j

' flac> set pal = 0 back = 0 OGA ,

!

Once the graphics device has been initialized, the i

plot window may be set. The window should be |
square to eliminate plot distortion. The form of !

the cossaand is
|

flac> wind slow.shigh,ylow,yhigh |

If the WDIDOW command is not given, a scale will
be chosen automatically. Note that, by changing r

'

the window dimensions, plots may be enlarged for
detailed examination of the grid. The window
should always remain square m therwise, the plots f

will be distorted. Plots may have a slight dis-
tortion, even with a square window. This is due '

to the varying vertical adjustment of each screen. |
To eliminate any distortion, adjust the vertical

,

adjust knob on the back of the monitor or use the ,

SET ASPBCT command. ;
,

| Plots can now be made to the screen by simply typ-
| ing the coannand word plot followed by the keywords :

for the plots which are to be overlaid. An exam- !
t

| pie plot command ist

flac> plot sxx disp boun j

!
1

|

1

i

I

|
i

,
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1

i
'

,

i

which will overlay.the sxx stress contours, the.
idisplacement vectors, and the grid and excavation
iboundaries. A heading describing the plot is pro-
}duced in the upper left-hand corner. . Further en-,
5'

hancements to the plot can be obtained by using
"sub-keywords" or switches. These switches can be
used to:

.

'

!

(1) define the maximum vector length
(max = value):

,

i

(2) define the contour interval (int =
valua): i

(3) define line color; and

(4) remove headings.

For example, the above-noted command could be
-

given as:
t

flac> plot saa int =154 cyan disp mar =.001 mag
boun

,

Here, the sxx stress contours are plotted in cyan
(assuming palette #1) with a contour interval of
1E04, the displacement vectors in magenta are
scaled to a maximum vector length of .001, and the
bcundary of the grid and excavations are in the

rbackground color.
*

Contours may be labeled by using the SCLIN command
prior to plotting. ,

L

,

Once a plot has been produced on the screen and is
satisfactory, a pen copy of the plot can be pro-

iduced on a Hewlett-Packard pen plotter. A plot is r

!

i

- - - -
_ _ _ _ _ _ _ _ _ _ __ _ _ ____ _ _
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obtained by typing the command FEN before the plot
keywords. For example, the conmand

flac) plot pen sax disp boun

will dump the plot to the pen plotter.

The plot can also be sent to a graphics dot matrix
printer. This is done by issuing the DOS command
GRAPRICS prior to loading FLAC. When a plot is
made on the screen, it can be dumped to the
printer by using the print screen key. The plot
generally will not have the same aspect ratio on
the printer as on the screen. Some experimenta-
tion may be necessary, using a non-square window,
to create a " corrected" distorted plot on the
screen which will result in a non-distorted plot
on the printer. Several commercial packages are
available to create dot matrix plots from the CGA
or EGA boards in monochrone or color.

!

5.3 Special Considerations

FLAC has several features of note which are re-
viewed here.

5.3.1 Larne Strain -- As the body undergoes
strain, the normal assumption is that the magni-
tude of the displacement is small enough that the
coordinates of the body remain unchanged. This is

,

'

the case with the default small strain logic in
FLAC. If, however, the strains are large, the co-
ordinates of the gridpoints must be updated, and

,

| zone Jtresses corrected, as strain occurs. When

L dealing with plastic constitutive models, and pos-
|

|

|
|

|
|

i
!
,
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sible structural collapse modes, the large strain
logic is essential. This'is the case with the
large strain option in FLAC, which is invoked by
using the command

flac> set Israe
If you wish to return to small strain mode, the
coemand

flac> set small

is used. Gridpoint coordinates will then not be
updated in futura calculations.

5.3.2 Plane Stress -- The default solution
mode for FLAC is plane strain. However, the as-
sumption of plane stress can be set by using the
command

flac> set p-stress

It is not logical to switch from plane strain to
plane stress in the middle of a run, so this com-
mand should only be used at the time of grid ini-
tialization.

5.3.3 Gravity -- Gravitational forces can be
induced in a body by setting gravity on

flac> set grav 9.3 0

.___ _ _- . . _ - - _ - . . _ _ - . -_ _ _ . _



,

|
.

FLAC |
Page 5-29 ]

|

i

The value of 9.8 is the acceleration due to grav- |
ity and O' signifies that gravity acts vertically. j
(The default is 0 and is not necessary.) The sign |

convention for gravity is as followet |
1

+ = down. - = up. !
I
i

5.3.4 Aspect -- A square grid should appear !
as a square on your monitor screen. If it does ;

not, there are two ways to correct for this. '

The first method involves manual adjustment of the ,

vertical site control or your PC monitor. If this
does not resolve the problem, then draw a square '

,

grid on the screen (i.e., grid 2,2) and manually ,

measure the horizontal and vertical dimensions :

with a scale. The aspect ratio is equal to the j
horizontal / vertical ratio. Set the aspect ratio :

in FLAC by typing :

;

flac> set asp =a j

f
F

5.3.5 Lonninn -- A hard disk record of your |FLAC session can be obtained by " logging on" and >

" logging off". This is done with the commands
.

flac> set los=on |
and i

'flac> set los=off
|

| to log on and log off, respectively. Anything !

which is printed to the screen between these com- t
'mands will be written to a hard disk file called
t
i

!

,

$

9
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l

FLAC.1DG. Remember that an existing FLAC. LOG file
will be over-written when you start a new FLAC
run. If you want to retain the log file, re name
it before starting FLAC.

I

5.4 Zeror Handlinn !

FLAC has an error recovery logic which recognizes fmany of the common errors and gives the user a
|message without aborting the program when in in-
i

teractive mode. Control is returned to the prompt
|1evel. A listing of the error messages is given
i

in Appendix C. !

:

i
5.5 Savinn/Restorina Runs I

i

FLAC allows the user to save a state and then re-
store it at any point in the simulation process. i

A save file is created by typing the conmand i

iflac) save Enfile.say i-

where " file" is the name you wish to give the save
;file and "Z" is the drive specification. To re- '

store a saved file, simply type the command
!

fisc> rest Enfile.say
|

[where, again, "flie" is the nams of the previ-
3

| ously saved state. It is always a good idea to
make liberal use of save files for purposes such i

,

| as parameter studies, plotting, and printing. .;
c .

!

:

I
1

,
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5.6 ggggr.stions and Advice
t

* FLAC uses constant-strain sones. If the !

strain gradient is high, you need many
sones to represent the non uniform strain ,

distribution. Try running the same problem ;
'

with more zones, to check. Constant-strain
| sones are used because, for plastic flow.

it is better to use macy low order elements'

than a few high order elements.

* Try to keep soning as uniform as possible.
Avoid long, thin sones or very distorted ;

sones. ;

|

* For a new probles, always do a trial run ;

with a few sones to get a quick feel for :
the response and possible difficealties. [
When you understand the trial results, in- !

crease the number of zones to obtain better I
*accuracy.

* FLAC will take a longer time to converse !
ift

,

(a) there are big contrasts in
stiffnessess or |

(b) there are big contrasts in zone ,

sizes. t

i

* A very stif f loading plate of ten can be re-
placed by a series of fixed gridpoints
which are given constant velocity. (Recall !
that the FIX command fixes velocities, not

idisplacements.)

!

!

l

!

!
i

e

i

, -- ,. - - --
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In order to determine a collapse load, it*
,

often is better to do it under " strain-con- 1

trolled" conditions rather than " stress- I
controlled" conditions--i.e., apply a con- I

stant velocity and measure the reaction |
forces rather than applying forces and mea- !

suring displacements. A system that col- !
. lapses becomes difficult to control as the
applied load approaches the collapse load. |(This is true of a real system as well as a !
model system.) '

Use symmetry conditions, whenever possible, I
*

to save computer memory and run time. For i

example, if a system is symmetrical about a !

vertical axis, you can represent the syn- f
metry line as a vertical boundary with the *

gridpoints fixed in the x direction (but
free in the y-direction). ,

!Make frequent use of save files. For exam- j
*

ple, save intermediate states when doing i
parameter studies. If the run stops for
any reason, you will have the intermediate j
states. -

Treat a FLAC model just like a physical*

model. Try to reproduce in a TLAC run the !

stages that actually would occur in nature.
Keep in mind that there is no unique squi-

.

librium state for an inelastic system. ?

There may be many possible states that sat- !

isfy equilibrium; the one you get depends
t

on the history, i

k
.

-

!

I;

l

|
,

l

)
)
.
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I
j i

FLAC shows how a system behaves. Make fre- !e

|quent, simple tests to check that you ar's
doing what you think you are doing. For i

example, if a loading condition and geome- !
try is symmetrical, check that the response
is symmetrical or, after making a loading !

change or other change, execute a few steps !

initially (e.g., 5) to verify that the ini- i

tial response is of the correct sign and.in t

the correct location. You might also do I

back of the-envelope estimates of the ex- |
pected order of magnitude of stress or dis- <

placements and compare them to FLAC output. j
,

11 you apply a violent shock to a system, !*

you will get a violent response. If you do i

non-physically reasonable things to the |
system, you must expect strange results. ;

Critically examine the output before pro-*

coeding with the simulatiors. If, for ex- i

ample, everything is ok except for large [
velocities in one corner sone, do not 30 on |
until you understand the reason. In this
case, you might have left a " fixed" grid !
point free. |

FIAC does not give a " Factor of Safety" di- !*

rectly. If you need a factor of safety, it !

can be defined for any parameter that you i
consider important by taking the ratio of ,

the actual value to the value which causes ;

failure. For example, j
,

;

I
1

i :

!'

|

p i

l. ;

'

:
:

| -

. . .___ _ _ - - . - . _ . _ _



I

TLAC JPage 5-34
!
;

I

water level to cause collapse
F, =

actual water level |
;

tan (actual friction angle) f

F* = t

tan (friction angle to cause failure)
.

!

h
load to cause failure

FL= design load i

-s

Note that the larger value is always !
divided by the smaller value (assuming ;

that the system does not fail under the -

actual conditions). [
.

* If you want FLAC to run overnight but !
still have the computer available the i

next morning, simply set it going |
with a large number of steps. You |
can use the " escape" key to return to i
the command level when you need the

.

machine. It is safer to make long |
runs under the control of a CALLED .

file which contains frequent saves.
}in case of power failure. L

| * Use history plots to determine when a .

; model is in equilibrium.
i

.

i-
,

| i
'

I

'
,

!
"

;

,
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6.0 STRUCTURAL MODELING IN FLAC

Structures of arbitrary geometry and properties I

and their interaction with a soil or rock mass may
be modeled with FLAC. Two types of structural ,

elements are provided: '

(1) beam elements (which can be joined [
together with one another and/or the |
aoil or rock mass to model problems ;

such as retaining walls, support .

struts in an open-cut excavation-, ;
and concrete or shotcrete linings
for a tunnel or surface structure
such as footings); and

;

(2) cable ur rockbolt elements (which ,

can be used to represent fully- |
'grouted or point-anchor rockbolts,

cablebolts, or tie-back anchors). !
|

In all cases, the commands necessary to define the !
structure (s) are quite simple but invoke a very ,

powerful and flexible structural logic. Because
this structural logic is developed with the same
finite difference logic as the rest of the code

,

(as opposed to a matrix-structural approach), the j
structure may be subject to large displacements. i

i

t
'

6.1 Command Structure
i

To model the interaction of structures with a soil ;

or rock mass, the user must define the geometry of '

the support (in addition to the body), t.he proper- [ties of the support, and the type of linksge be-
,

i

l

i
r

|
'

!
r

r

!

. . _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ . _ _ _ _ _ . _ _ _ _ _ . . _
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tween the structural elements themselves and the
support medium.

To perform these functions,J three basic commands
are provided. The command i

hee. Celd 8.) Celd 1.j
s n.et cette testa unde a and sende a (Sega Prer-6 Tea **t>

, Sih *e ih

defines'the type of element, its beginning grid- !

point linkage, structural node or x.y coordinate,
the ending reference point, the number of segments ,

into which the element is to be divided, and the :

property t>pe for the element. A cable bolt may be j

pre-tensioned to a load, t, by the keyword TENSION.

The command J

!

STtuct Prop =k keyword . . . {
!

defines the type of properties for the beam or 1

cable bolt. The following property keywords may be i
usedt :

I !

| Area cross-sectional area '

|
|

E Young's modulus !

I moment of inertia of beam (second
moment of area) ',

i

Kbond bond stiffness of grout i

SBond bond strength of grout j
t

Yield yield strength of cable ,

i
L

;
|

|
| s

;

t

i

t

- - - - - - - , _ . _ , . -._m
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r j
Finally, the command |

Sitect No&rm keyword f
.

defines the linkages at structural element nodes.
'

The user has the choice of fixing or freeing dis- -

placements or rotations at nodes, applying x- or |
y-directed forces or moments or specifying a pin ;

,.

joint at structural nodes. By default, the nodes !

are considered to be free. The following keywords
may be used to define linkages.,

,

FIx <X) <Y) <R) fix x , y-displacement or
rotation at node n

Free <X> <Y) <R) opposite of FIx |

Load fx fy a user-supplied directional
forces or moments

Pin establishes pin connec-
tion at node n -

x.y user-supplied x- and y-
coordinates of node n ;

i

!

With these three commands, it is possible to spe- t

cify structures of arbitrary geometry, boundary :

conditions, and properties.
i
>

|

:
!

!

,

i

}

|

, - - . - - , - .
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6.2 Definina the Structural Element Geometry and |

Ets 1.inkame to the Support Medium +

.

The geometry and linkage must be defined for each )
beam or cable. A single beam or cable may be di- !

vided into a number of smaller segments to improve !
the accuracy of the calculation. The primary com- !
mand shown earlier is used for this purpose. The !

keywords located within the brackets are optional !
'choices, although one of each must be specified.

Beam elements are used for any structural member
in which bending stiffness is important. Examples ,

of applications for beam elements includes :
1

(1) surface structures such as a founda- 7

tion or footing (The logic used is i

general, so that any surface struc- |
ture may.be represented as an assem- :

blage of beams): ;

(2) retaining structures h
!

(3) interior continuous tunnel supports !
such as a concrete or shoterete !

iliner or support such as steel or
wood sets.

,

t

Examples of applications for cable elements in- |
clude [

i

!(1) tie-back anchors for retaining
structures (point or fully grouted t

anchorage): ,

i.

(2) cable anchors (point or fully- |

grouted anchorage): and
,

r

i

h

i

r

e

i

- . . _ _ _ _ . . . _ ___
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|

(3) rockbolts (point or fully grouted
anchorage).

The beginning and ending linkage of the element is
defined by the BEGIN and END keywords. Several
options are available for eachi (1) grid =i,j, (2)
node =n, and (3) abeFb or m.,y .

The grid =1.j keyword denotes that the beginning -
' (or ending) of the beam or cable is linked to

gridpoint i,j of the rock or soil mass. The
node =n command links the beginning (or ending) of
the beam or cable to another node of the structure
(i.e. , another beam or cable element). By defin-
ing an x.y pair for the beginning (or ending) of
the beam or cable, the user can place a structural
element at any location within or outside the
grid.

Each different type of beam or cable is assigned
properties by using the STRuct PROP =n command.
For example, if a beam is to be used (i.e., one
structural cross-section), n=1, and the command

- may be

flac> struc prop =1 E=200e9 I=2.3e-5 e=4.Se-3

for a W6x25 besm (in SI units).*

*The Structural Steel Handbook lists sectional
properties for standard beam sections.

I
|
|

|
|

|

1

- _ --
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It is noted that all quantities must be given in ;
an equivalent set of units (see Table 4-1). The j
code does not take into account the weight of the
structure when calculating loads. Therefore, if
the weight of the structure is of importance in ,

the probles, apply vertical forces to the struc- i

ture equivalent of the weight.

The supplemental coronand, strwet nede=a keyword j
provides options for describing the type of con- :

nection between the structural elements. The op- )
tions includes |

.

(1) free or fixed x- and y-displacements :
or rotations:

t

(2) pin joints: !

t

(3) applied loads or moments; and i

.

(4) coordinate of the node |

These linkage options are given by the following !
'optional qualifying keywords.

FIx X,Y,R fixes the x- and y displacements
and/or the rotations at a given >

node point. ;
,

t
'

Free X,Y,R frees the x y displacement and/or
|

rotation at a given node point.

;
e

1
:

1

l

?

__ ., _ . _ _ ._ . __.___ , _ _ _ _ _ _ - . . _.-_ .__
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|
!

'

!Pin provides a pin joint at a node ((i.e., releases moments). !

t

Lead fx.fy m applies an x- or y directed load or !

moment at a node point. Loads are |positive in the Cartesian direc- '
.

tions. Counterclockwise moments |

are positive.
.

x.y assigns coordinates to a new node
number. Note that, if you already

|have created noden using an option '

other than the noh conumand, FLAC fvill automatically assign node num- ;
bars to node points as it creates

!them. To see the currenc node num-
.

bers, issue a PRIFT STRUCT command. ;

!
i

!

t
>

|
t

?

P

,

f

a
I

f

1

!
!

,

t

|

|

|

1

|

|
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l 6.3 mr --le Aeolications
|

A few simple e.mamples are given to illustrate the
/ use of the structural element commands in FL4C.,

The example in Section 2.0 illustrated a collaps-
ing trench. Here, we support this trench with two
struts which brace the excavation walls. The fol-
lowing command sequence is for the simple case
where the braces are placed immediately upon exca-

,

i|vation.
) i

flac) grid 5,5
flac> a mehr
flac> prop s=.5e8 bale 8 d=1600 fric=20 coh4 a

e flac> fin y j=1 :

flac> fim a i=1 |

flac> fis a i=6 -

flac> oot large i

flac) bist netsp=1 i

flac> List udis i=3 j=6 |

flac> set grav=9.81 ;
flac> oolve
flac) * ascavate trench and install braces !
flac> model null i=3 j=3,5 :

flac) * properties for W6 25 beam in gI units ;

flac> struc prop =1 3=200e9 I=2.3e-5 area =4.8e-3 ,

flac) strue beam bog gr=3,6 and gr=4,6 s=3 pr=1 |
flac> struct beam bos gr=3,4 and gr=4,4 s=3 pr=1 i

repeat to examineflac> stop 50 -
,

flac) plot grid beam movement toward |
flac> plot rf bound equilibrium, plots |
flac> plot bound dis beam structure, reaction !

forces, displacements !-

I
!

;

|

i

I

;

!

I'
11

|
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l|- Figure 6-1Lillustrates the effect of the two j,

braces (compared to Figs. 2-2 and 2-3). Trench ;collapse will still occur for this modal but the
{failure region is reduced. Additional bracing
!and/or sheet piling (represented by vertical-

beams) may be tried'to stabilize the trench). '

! . :A second example illustrates the loading of a
foundation by a surface structure. Here, a simple .

cross-braced platform is constructed on a concrete- j
'

slab which rests on a soil. mass. The structure is
,

*

loaded with vertical point loads on the supporting
columns. .The object is to examine the loads and'

i

moments in the structure as well as the stresses '

and displacements. induced in the soil mass.
-|

!

,

a

|

1

L
! i

|
1
1

-

.

.

*

1

. _ . , _ - .-



. .

1 -
.n'|

'

,_

|

I-

i

.. ._ . . .

,

~ ~ , - . =

.

%|\ %%% 1~ U) /'iiuw.
/. /,

))/. .a '

.
e. \, /- - .. . , . . _... ,

.- ,,, ,

%~ . . Te~ ~

w - seems e
8 mere Rose .meteam gy

' en er
,

| .T. " . . * - -o
! Oe a -s

. .

L

. . . .

l

:

Fig. 6-1 Collapse of Braced Trench
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'

1

The command structure below is used to set up and )
- run this problemt ]

flac> * a simple cross-braced structure on a soil.
Jflac> grid 10,10 * the soil mass !

flac> m o
flac> prop s=.3e8 bale 8 d=1600 ,

flac> fix x i=1
flac> fix x i=11 :

flac> fix y j=1 !

flec> set grav=9.81
"

flac). solve
flac) * 1et soil equilibrate under gravity ,

- flac) * build stracture .

-flac) * concrete slab t
'flac> struc prop =1 E=17.58e9 I=0.0104 a=.5

flac> struc prop =2 E=200e9 I=2.3e 5 a=4.8e-3
flac> struc beam beg gr 5,11 and gr 7,11 s=1 pr=1 +

flac> strue beam beg node 1 and 4,13 s=2 pr=2*'

flac> struc beam beg 4,13 and 6.13 s=2 p e2
flac> struc beam beg 6,13 and 6,10 a=2 pe=2
flac> struc node =8 5.0,11.5
fisc) struc beam beg node =8 and node =1 s=1 pr=2 ;

flac> struc beam beg node =8 and node =4 s=1 pr=2 '

flac> strue beam bos node =8 and node =6 s=1 pr=2
flac> struc beam beg node =8 and node =2 s=1 pr=2 i: ''
flac> struc node =1 fix r
flac> struc node =2 fix r r

flac> struc node =4 Load 0 -le6 0
flac> struc node =6 Imad 0 -le6 0
flac> plot beam * check structure
flac> pr struc * check linkage
flac> step 100 repeat to examine
flac> pr struc movement to
flac> plot beam boun ydis equilibrium

| flac> plot rf beam boun -

,

t

___________.___m_______.___ _ _ _ _ . _ _ . _ _ _ _ _ __ _ . _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ - - =w--- r-
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I

The initial problem configuration is shown in Fig.
6-2. The effect of loading the soil with the
structure is illustrated in Fig. 6-3. The forces,

and moments developed in the structure are a re-! t

sult of the applied loads and the interaction with
the elastic grid are available by typing PRIET

,

STRUCT. l

A third example problem examines the loads devel- I
oped in shoterate and concrete liners for a circu- |
lar shaft in a biaxial stress field. Here, beam '

elements are used to represent the lining in di-
rect contact with the rock mass. Interface ele-
ments could also be used to simulate the effect of .

slip between the lining and the rock (see Appendix
D).

|

|
1

. . - - . - - . .. - - - - - _ _ _ _ _ -
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For this case, the development of the grid and
liner is as follows: ;

flac> grid 15,15
.

flac> a mohr (Mohr-Coulomb model) !

flac) gen 0.0 0,30 30,30 30,0
flac> sen 14.14 14,60 60,60 60,14 rat 1.2 1.2

i=8,16 ja8,16 (stretch grid boundar-
ins, leaving fine grid in center)

'
,

'

flac) gen 14.-30, 14.14 60,14 60,-30 rat'1.2 .833
i=8,16 j=1,8 '

'flac) gen -30,-30 -30,14 14,14 14.-30 rat .833
.833 i=1,8 jal.8

flac> sen -::0,14 -30.60 14,60 14.14 rat .833 1.2 *

i=1,8 ja8,16 :

flac) gen circle 14,14 4 '

flac) gen adjust "

flac) * rock properties
flac> prop s=5.75e9 b=6.6e9 d=2000 cohale7 fr=35
flac) * boundary conditions

c

flac> fix x y i=1 *

flac> fix x y i=16
flac> fix x y j=1
flac> fix x y j=16
flac> ini sxx=-60e6 syy=-30 6 (initial stress)
flac> solve (at equilibrium mine tunnel and in-

stall supports then let it come to
equilibrium)

flac> mod null region =8,8
flac> strue prop =1 > 13.8e9 I-2.8e-4 a=.15

(concrete liner, 0.15m thick) '

flac> pr mark
flac> struc beme beg gr 7 9 and gr 8 9
flac> strue beam beg gr 8 9 end gr 9 9
flac> struc beam beg gr 9 9 and gr 9 8
flac> struc beam beg gr 9 8 and gr 9 7 -

flac> struc beam beg gr 9 7 and gr 8 7

|
|
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flac> strue beam beg gr 8 7 and gr 7 7,.

flac> struc beam bas gr 7 7 and gr 7 8
'

flac> struc beam beg 3r 7 8 and gr 7 9
flac> plot grid beam
flac> step 100 -

flac> plo bou disp red beam repeat to exam-
flac> pr struc ine movement to

'

flac> pr state
'

equilibrium-

The loads and moments in the liner elements are !

listed (from FRDif STgUCT) in Table 6-1. The fi-
nal stress state around the lined shaft is illus-
trated in Fig. 6-4

1

.

.

|

|

|
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Table 6-1 |
1

RESULTS OF PRINT STRUCT FOR TUNNEL LINER EXAMPLE j

i,

Structural node data ... |
10 a y s-essp ydisp ang disp xfix yfis rf tt
8 1.000E+01 1.400E+01 1955E41 9.416E 05 7.235E 05 no no no .

7 1 1175+01 1.117L+01 1.279E42 3.815E43 1.66X43 no e no i
6 1400E+01 1000E+01 3.40JE44 5.737E43 1.306t44 m no no
5 1 654E41 10y1Edi 1164E 02 3.79243 2.095E43 no no w
4 1.000E+0! 1400E+01 2.*26E42 2.9ME 04 2.014E05 no no w i

3 1 6A3E41 1663E41 1.334E42 4 64'N3 217tE 03 no to no -

2 1.400E+01 1800E+01 5.*5?M4 4.271E43 1.266E44 no no no
1 1 091E+0! 1.654E+0i 1.436 02 3.FtN3 1.809E43 e no no '

3 3 load - y*;oad ' euent i J pin I ang
8 0.000E-01 0 000E41 0.000E-01 7 6 no
7 0.000E41 0.000E41 0 000E41 7 / no
6 0.000E-01 0.000E41 0.000E-01 6 7 no .

5 0.000E41 0.000E 01 0.000E41 9 7 ne
4 0 000E41 0.030E 01 0.000E41 9 6 no [
3 0.000E 01 0.ME41 0.000E41 9 4 nc
2 0.000E41 0 0ME 01 0.00E 01 6 9 no

.1 0.000E41 0.000E41 0.000E41 7 5 no
Structurel element datt ...

ID node 1 node 2 prop Fsheer F axial non 1 sos 2
6 8 1 1 bees 3.0677+03 4.079E46 6.85503 1.457E43
7 7 6 1 beam 3.002E4 3 4.073E 46 2.336Ee03 6.855E 43
6 6 7 1 been 9.75A+01 6.277E46 2.037E43 2 336E+03
5 5 6 1 beam 6.595E+02 1.351E46 4.351E+03 2.037E43
4 4 5 1 bees 3.t17E+03 4.34X+06 9.037E43 -8.351F43
3 3 4 1 besa s.091E+03 4.520E46 3.487t+03 9 037Ee03
2 2 3 1 bees 3.761E42 9.382E+46 2.336E43 3.467E43
1 1 2 1 been 2.548E+02 e.185E46 1457f43 2.336E43

Structural properties ...
Prop no. E I Area

1 1.380E+10 2.000E 04 1.500E41 i

!

|

|

1
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The last example problem examines the behavior of ,

fa lightly reinforced concrete beam subject to mid-
point loading. Here, cable elements are used to
represent the reinforcement. The input commands

'for this problem ares ,

4

flac) * a simpic reinforced beam .

flac> grid 10 2 ,

'

flac> a e ,

'flac> prop a=9e9 b=10e9 d=2400
flac> set large p-stress ,

flac) * boundary conditions
flac).fix y j=1 i=1
flac> fix y j=1 i=11 .

flac> apply yforce -le7 j=3 i=6
flac> struc cable beg .1 .1 and 9.9 .1 s=12 prop =1 ,

flac> stru prop =1 yi=le6 kb=le9 sb=le7 e=200e9 a=2e-4 "

'

flac) his ydisp i=6 j=3 i

flac> solve f=le5 s=1000 t=15
flac> save beam.say

flac> ret

For this case, the vertical centerline displace- i

ment was about 12mm. ,

|
Figure 6-5 shows the reinforcing location superim-
posed on the x-displacement contours.

|

|

I
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7.0 EXAMPLE PROBLENS

The following section provides a series of prob- -

lems in the fields of soil and rock mechanics
which have been chosen to illustrate the various !
features of the FLAC code. Where possible', the

'results are compared to analytic solutions for
verification of code operation. ;

,

7.1 Example 1: Routh Footina on a Frictionless ,

Cohesive Soil

A standard soil mechanics problem which can pro-
vide a rather severe test for the numerical model
is the prediction of collapse load for a footing ,

which bears on a cohesive soil (Sloan and i

Randolph, 1982). The soil-bearing capacity from
the solution to "Prandtl's 'w' edge" is given by: 4

q = (2 + s)C
or

"

= 5.34C

where q is the load at failure and C is the cohe- .-

sion of the material. The mode of failure is
,

known to occur as shown in Fig. 7-1.
L

A rather coarse mesh was used for the FLAC simula-
tion of this problem (Fig. 7-2). A 10-by-10
square grid is initially specified, but the right-
hand and bottom boundaries are extended a bit to
provide a reasonable approximation to a semi-

L infinite boundary. A symmetry boundary condition
| is imposed on the left-hand edge of the grid,

whereas the bottom and right-hand edges are fixed
in both the x- and y-directions. The footing load
can be simulated by three possible methods:

__
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(1) A pressure boundary condition may be
;

i. applied in the negative direction across
|the desired surface elements.
,

(2) Gridpoint forces equivalent to the de- !
sired footing stress can be applied in
the negative y-direction at surface grid ;

points over the. desired footing width.

(3) A constant velocity boundary condition
may be applied in the negative y-direc-
tion across the desired footing width.

Because our aim, here, is to compare the predicted '

and exact solutions, the third alternative is

chosen. The bearing capacity can be calculated by -

monitoring the force change in the grid beneath
!

the boundary at failure. This eliminates the need
for experimenting with applied force boundary con- '

ditions until collapse occurs.
r

The Mohr-Coulomb constitutive law was used for ,

this simulation with the following material pro- !

pertiest

|~ density 1,000.0 kg/m8 :

~

| shear modulus 0.3x10' Pa
,

bulk modulus 1.0x10' Pa
1'
c- cohesion 1.0x10' Pa'

|
,

| friction angle 0

;

i
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1

In addition, small strain logic is used in* com-
!patibility with the exact solution.
i

The input ir given in the following command se-
quence. Note that the velocity condition repre-
senting the footing is obtained by using the fix -

. . .
x.y (i=1,4, j=11) command followed by initializing

.

they-velocity [orthesegridpointstoavalueof '
' -1x10*8 m/ step. Limits on the SOLVE command have,

been set to an out-of-balance force limit of 200
*

Newtons, a time limit of 40 minutes or a step
limit of 1,000 timesteps. The time history of the
y-displacement beneath the footing is kept and '

a will be plotted at the conclusion of the run.

t

u

*When a FIX command is used, the normal assumption ';

is that the velocities are fixed at zero. How- -

ever, the velocities may be given any values, as
illustrated above, using the INITIAL commano.

,

These will remain constant until changed.

i
l
1

|

r

1

1,
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' setlogon
tit

Prandtl*s medge
gr 10,10

ellehr-Couleeb codel
aa
prop ss.3el blel del 000 fris0 cohole5
testend grid boundaries a bit'
ten 0,0 0,15 20,15 20,0 ret 1.2 .I
sapply the boundary conditions
ils:ist

fix:yjst
fis s y ist!
erigid footing soving at constant velocity
fisay1:1,4 jell
iniyve-le3ist,4joll
* displacement history under footing
his nste al
hisydisis6joll
* solve with nem limits
solve is2e2 ts40 s 1000
set log off
save befoot.sev

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - - - _ _ _ - - - _ - _ - - _ _ _ _ - _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _
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1

The run stops after 1,000 steps. By issuing the
I

comunand
flac> print state j

|

the following output will appear.
f

{state

!1 2 3 4 5 6 7 8 9 10
'

J

10 1.000 2.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.0 %
t 2.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

,

8 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
7 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.000 t

6 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.0 M ,
>

5 1.0001.0001.0001.0001.0001.0001.0001.M0 0.000 0.000
's

4 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.000 0.0 M
3 2.000 2.000 2,000 2.000 2.000 2.000 1.000 2.000 0.000 0.0M

2 2.000 2.000 2.000 2.000 2.000 2.000 2.000 0.000 0.000 0.000
1 2.000 2.000 2.M0 2.000 2.M0 2.000 2.000 0.000 0.000 0.000

>
1

t
p

L
'

|

.

_ _ . .
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The values of 1 indicate that the material in that
zone in currently at yield. The values of
indicatethematerialiscurrently. elastic.gand2A .|
better picture of the geometry of the yielded ma- '

terial can be obtained by plotting the displace- '

ment vectors and velocity contours. First, set ;

. the screen to the color mode. If you only have :'

the monochrome screen, ignore the following two i
commands: r

flac> eet CGA (or set BGA) ,

iflac> set pal =0
'

To create the plot, type
<

flac> plot rv a int =le-4 yel dis red bo
'

The switch word z removes the zero contour inter- ,

val and the specifier int =le-4 sets the contour '

interval to 1x10** m/sec.
,

Figure 7-3 will be reproduced on the screen. To
obtain a pen plot (assuming you have properly con- *

nected the pen plotter--see the PLOT command),
simply insert the word PEN after PLOT in the last
command line.

*See the PRIrr STATE command for more detail.

.

- - - - -
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" The y-reaction forces beneath the footing at col-
,

lapse are given by the command

flac> print yreaction

They can also be plotted by the command

flac> plot rf

*

The average stress at yield can be determined by
summing the y-forces and dividing by the bearing
area, yielding a value of'q = 5.176x105 Pa, as ,

compared to the exact solution of 5.14x108 Pa.
Therefore, even the fairly gross discretization 4

yields an error of less than 1% from the true so -
lution. ,

The time history plot is shown in Fig. 7-4. The
increasing displacement with time indicates the
model has not come to equilibrium and is in a::tive
collapse.

;

A few final comments concerning the problem input
are necessary. The solution limits to the SOLVE

l command have been re-defined from the default lim-
it s .' Finally, note that this data file could eas-

ily have been set up on disk and called in by the
program rather than with the interactive approach
used here. The identical data set would be typed ,

in, using an editor, to a disk file (e.g.,
1 FOOT.DAT) and called in by using the command
1

flac> call foot.dat

.

|
|

| 1

L l
:

L
1

|

|

|

|

|
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The user will see each line executed in sequence
as it.is called in by FLAC. If you wish the in-
formation.which is typed on the screen to be re-
corded in a file on hard disk or floppy, simply ;

use the command
:

flec> set los=on

All data typed to the screen will be placed in a '

file FLAC. LOG on the hard disk.
.

Finally, the command save foot.say will create a

restart file of the current state of the simula-
tion. To restart a-saved state, simply use the
RESTORE command on the default' drive (e g., flac>
rest foot.sav). ;

\
7.2 Example 2: Slope Stability for a Cohesive ;

a and Frictional Soil i

Another common problem encountered in engineering
soil mechanics is the stability of soil slopes in
frictional materials. In this example problem, we
run two case studies. First, one in which a sand

i

b with zero cohesion is modeled with an initial
i slope steeper than the angle of repose of the
I sand. This slope, of course, should collapse, and

we wish to plot the progression of this collapse
as it develops. Second, we add a small cohes' ion
to the material and re-examine it to determine if

L it is stable. We will use a simple example in
| which the soil is homogeneous. Here, the stabil-
1 ity and factor of safety of the slope could be de-

termined using an analytic or graphical technique.
The power of the FLAC code lies in examination of

j. more complex slope geometries in which, for exam-
|
1

-.

|

|
|
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i
ple several layers of soil with differing mater-e 1

ial properties may exist. This type of problem !

can be examined with no greater effort by simply
assigning differing material models to different .i
zonese

,

i

This problem illustrates the use of several grid *

generation functions as well as zone " excavation" .;
methods. The following command sequence is used

; to initialize the slope and create a restart file !

from which the boundary conditions'and/or material
properties may be varied.

t
til

es.i, e w, reviisu.a iw
. y 30.64

,

ener4eeles sesel i
ea
een, ris i. ene e coe . nrei e lies is.m is
.s,eu.eene .;
gea llee 5,3 t lt t

e. i nu . .i.e is er.t te ene = iw i. ,sii.e no e,w :
eart tel,4 P4 '

emell regle la fret of slepe,

est sell regel.14 s

etell properties * este lage tehool. to late 'settlel eleetle
,

eteneet, e, setysteleg 1414861 stress state. Ibit allt provost
esteee f allere ehes teltlelistag too revity stresses

y

pr. so.3e8 Plot deltet frisN tchetelt "

addepinessel listry of elepe
lie M4 eel
ble pits lett Pit
ed!spluesent hand,3 tenditt.s
ele e let i
lie a left
las a y jel
egelt Feritt
tot reva9.O! [
eteles ter teltlel grevity stresses t

solve
treset 6tglesseset tespesete to sete
lei adical yeled
eteve laittel state
save 6tlit.6es e

eset testles to 4
prep ted
evee lyte strale legit ;,

tot lage'

ste) 100
ease bill!.ses i
stop 300 "

teve 4|||3.3e,
retwo

|

|'
|-
.

.
1

'
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," An initial square grid of 20x10 zones is set up.,
Note that this initial grid will be assigned, by
default, the dimensions of 20 units in x by 10
units in y unless otherwise re-defined'by the
user. A'Hohr-Coulomb constitutive'model is as-

|signed to all zones (assumed because no range is
given) with the following properties

3density 1,500 kg/m ' }
'

shear modulus 0.3x108 p,;-

bulk modulus 1x108 p,
f

friction angle 20' ,

cohesion 1x1010 p. !

You will notice that we have assigned a very large r

value to the cohesion for this slope initially.
,

The reason for_this can be seen by re-examining
the way in which an explicit model works._ We must

'

form an initial grid and', in this' case, apply
gravity to the grid points and allow the gravi-
tational stresses to equilibrate. Because the
model is dynamic in nature, we step through time,
consolidating the material until the velocities of :y
the grid points are small. For most problems, we
wish to have this consolidation process occur as

1
rapidly as possible. This can be done by requir-

j' ing the material to behave elastically during the
consolidation. .Once stresses have equilibrated,I

we may assign whatever material properties we
choose, excavate, apply loads, etc., and continue ,,

| the simulation process. In the case illustrated

| here, we assign a plastic constitutive model ini-
tially but set the cohesion high, forcing the ma- ,

-- . - - . . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ - _ _ _ _ _ _ _ - _ _ _ _
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1

,

' terial to behave elastically. Once the stresses
have equilibrated, we can simply re-define the co- I
hesion to be the desired value. This eliminates ;

~

having to re-define the constitutive model and i

properties after equilibrium, thus saving a few
steps of input. The same effect could be gener- i
ated by using an initial elastic model for consol-

; idation of the grid, followed'by a change to the
,

!

Mohr-Coulomb model, as well as definition of' the -
material friction and cohesion. Either~methodol-
ogy for initializing a gravity-loaded grid is ac-+

'

ceptable and is determined only by the preference
of the user. It is important, however, that the

,' user follow a general solution procedure as illus-
trated in Fig. 5-1. :

We have defined the basic grid, but it must now be
deformed into the shape of a slope and the soil
base beneath it. This is done using the GEN com-

,

mand. 4

First, we define an internal line which we will

use to define the eventual slope boundary. This
is done'with the command

L
flac> gen line 5,3 9,10

-

A line is generated beginning at (x,y) = (5,3) and
ending at (x,y) = (9,10). You may wish to plot,

'

the grid to verify that an internal line has been
|generated. Note that the given endpoints of the '

line should' coincide with existing gridpoints if 1

the full line is to be generated. You can re--

position gridpoints (with the INI command) prior
to using GEN if they are not already in the cor-
rect positons. We next null out the area directly
to the left of slope face without eliminating the

_______ _ ____ .. . _ . - . . .. -. .-
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slope toe. This is done by creating a " region"
'(i.e., we need to divide the grid into two regions
separated by a boundary). You will note that the
line which defines the slope face starts within
the grid and must be extended to the left-hand
boundary. Two methods are possible for extending
this boundary. Another GEN LIMI command could be |

used, extending elong a horizontal line from the
left edge of the grid to the end of the line, or
the same can be " marked" to notify FLAC that a ,

boundary exists. Here, we will use the MARK com-
mand. The' entry

flac> mark i=1,6 j=4
<

marks a boundary line along j=4 from i=1,6. Now,
we have successfully defined two regions: the
slope and the area to be removed ahead of the

,
slope face. This can be verified by issuing the ,

L pr mark command. This area may be removed by typ- |

ing
.flac> nod null region =1,10

which will null out the region in which zone 1,10
lies. Now, plot the grid to see the final result.|! >

; ,

|
The acceleration due to gravity is next set to

(positive means acting downward). The9.81 m/sec8
L boundary conditions applied' include roller bound-

aries on the front and rear of the model as well .

as a fixed base. Now, we want to obtain an ini-
tial elastic state in which gravitational stresses ;

'

are equilibrated. This is done by using the
510LVE command with the default. limits. Equilib-
rium is obtained when the out-of-balance force !

limit of 100 Newtons is reached. As a means of
examining the progression of the run, the user may

I
,

'

,,

|
|

|
'

- - - - . ._ _,__
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I

i

!request the y-displacement history at a gridpoint ;

at the' peak of the slope. This is done using the i
rig command. When the 30LVI command has reached
its limit, try plotting the history to verify that ithe mesh is, indeed, at an equilibrium state

{(i.e., plot his 1). A numerical and graphical irepresentation of the elastic stresses can be ob-
|tained by issuing the following commands: ;

!

flac> print su syy

flac) plot su yellow bound *
{

flac) plot syy yellow bound * i

At this point, it would be smart to create a re-
.

start file which will save the present equilibrium
.|state. This is done to save time in case future :

runs will be made in which material parameters or !
constitutive models are to be varied. Performing

|these studies requires only that the elastic state
!

be restarted, therefore eliminating +the necessity ;to re-develop the equilibrium state. The command

flac> save kil11.say

I

*
assumes screen initialir.ed to color screen, !palette 0 prior to plotting

,

+It is worthwhile mentioning here that, particu-
larly when complex excavation sequences or mater-

ttal properties variations are to be modeled, lib- !

eral use of the restart option is suggested.
i

!

;

|

*

i

9

. . _ - - - _ -
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.

will create a restart file on the default drive
called MILL 1.SAV. We could quit FLAC at this ,

point and restore the saved state at a later time i
simply by typing |

i

flac) restore hill 1.saw !
1

IAt the current timestep, the simuletion is still
in RAM, so we can proceed from here. |

For the next stage of the simulation, we want to
set the material properties to the actual soil !

values and time-step while examining the possible 1

failure process. During this process, plots of !

the progressive displacement of the slope will be !
made. To avoid any confusion in analysing the r

data, we prefer to see only.the shangg in dis- !

placement and not the cumulative displacements (
since the beginning of the simulation (i.e., time- i

!stop = 1). The explicit procedure does not re-
!quire displacements in the ca}culation process but

keeps the cumulative total for each grid point as i
a convenience to the user. Therefore, we may zero
them out (i.e., initialise) at any point in the !

icalculation procedure without affecting the re-
!

sulting answert, This is done by using the com-
+

mand
flac> int adis=0 ydis=0 i

From this point on, plots or print outs will show |
only the shangg in displacement from the previous .

state.
r

Next, the material properties of the sones are re- ,

'
set by using the PROP command. The cohesion is ;

iset to zero for all sones which are currently com-

posed of soil. This is done by using the REGION ,

I

s

h

!

,

'

.- -
. .-
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|
!command once again. Finally, we set the calcula-
|

tion mode to LARGg STRAIk to provide a more accur-
|ate geometrical representation of the slope fail- (

ure as it progresses. Because slope collapse will ioccur due to t.he angle of repose of the soil, we !
do not want to use th
will not be reached).g SOLVE command (equilibrium {It is easier to use the '

STEP command and simply time-step the simulation a ;

small number of steps at a time, stopping to print i

and plot these intermediate stages. Here, we soo i

the power of the explicit method in its ability to '

follow highly non-linear problems, which may never
iconverge to an equilibrium state, through time. '

i

Try stepping in 200 timestop intervals, followed
'

,

by printing and plotting the results, by issuing |
the command j

flac> step 200
:

followed by
;

flac) print av yv ad yd state

flac> plot rv s yellow disp 1 red bound I

,

The following series of figures show the results
,

of the plot commands given above at 75, 475 and '

1275 timesteps. These figures clearly illustrate ;
the progressive collapse of the slope.

'
,

| !

| ;

i *0f course, the SOLVE command could be used if
:'

larger out-of-balance force limits or a smaller '

number of timesteps or total run time were in-
-

posed.

!

t

e

.

p

.
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iFigure 7-5 shows the initial grid plot which was
produced by the cossmand

flac> plot pen grid (plots grid with auto window)

The problem is then stopped 200 additional time- ,

steps by typing ;

flac> step 200 |
Figure 7-6 shows the x-velocity contours superia- :

posed on the displacement vectors and slope bound-
iary at timestop 475. This figure was produced by

the comunand ,

,

flac> plot pen av s red diep ma M .4 gre boun gre

You can clearly see the beginnings of the slope ;

collapse. The x-velocity contours illustrate the
development of the yielding face. Figure 7-7 was !

plotted after another 800 timesteps. Here, the i

slope is collapsing in an attempt to reach its an- t

gle of repose. Obviously, the displacements of !

fthe grid points become unrealistic (this is a con-
tinuum code), with continuing timestepping. FLACi ,

| automatically checks for excessive grid deforma- -

| tion and will stop the calculation process if it ;

| is detected, displaying an error message without
loss of the run.

|

!

:

| \

t
,

|
+

|

|

|
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| -
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i

I
1

! The user must realize that there is a limit to {
which the large distortions are meaningful. As !the shape of the zones becomes distorted to too '

great an extent, the resulting calculations may ;
tbecome inaccurate.
i
,

After completing the above simulation, type :

flac) new
iand a new run will be initialized. An ti.teresting !

comparison can be obtained by running another sin- !ulation in which a small cohesion is assigned to
the soil. Because we have saved the initial clas- i

tic equilibrium state, we need only restart from
|this timesteps
t

flac> rest hill 1.say

Following the procedure used earlier, type |

flac> ini sdis=0 ygis=0flac> prop coh=7:10 region =10.1
flac) est large
flac) stop 200 i

'
.

Run this problem as before, examining the ef fects (of a change in properties.
f
i

|

|

!

i

f

,

5

,

;

.
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7.3 Example 3: Elastic Cantilever Beam with End {
1h1AI

!The following example analyses the banding of a
cantilever beam under the action of a shearing i

force across its and surface (Fig. 7 8). Although !

continuum codes such as FIAC are not best suited [
to analysing structural problems involving bending j

moments, this problem presents a fairly difficult |
'

validation test.

The input data given is given in the following \
comunand sequence. |

f,

set les e
tit !

thaseithendsheer
gr 30,6 j

. e
:

*5:1 t'e6e eith 6 torti stress sisth
'

i
et

&

sit p stress (01:132
!propdel000t'ultatelshears. stb
;

.ti.s,... of it..

its a y is! ;

ilapply thf sheer
apply yfertes-0.1428$7e51:31 jel,7 6(lead of it$ unttti 1

step 3500 ',

setlegelf ,

leve telth. sty

I return

I
|

l
.

.:

;

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __
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,

A grid of 30x6 sones represents the beam in plane ]
stress. The output is also set to 132 columns. j

One and of the beam is fimod in x and y, while the ]rest remains unconstrained. A negative y-force of |

20x10' Newtons is applied to the opposite end of j
the beam. This load is distributed among the 4

seven and grid points for a load per grid point of |
-0.142857x105 Newtons. Although this example runs !

rather slowly, convergence is obtained after about
3500 timesteps. Figure 7-4 illustrates the final
y-displacement along the beam.

'}

The final displacement is 0.41 m, compared with an
analytic solution of 0.39 sr--or an error of ap- ,

proximately 51. !
r

!
'7.4 Example 4: Circular Tunnel In an Elastic.

Elasto-Plastic, and Transversely-Isotronic j

Rock Mass Under Initial Stresses
,

This example illustrates the use of several con-
stitutive mocals as well as the GBl commands to !

*generate a mesh coordinate system and the circular
boundary of a tunnel in an infinite rock mass in :
plane strain. The method of introducing symmetry
conditions into the model is shown by examining |.

only one-quarter of the hole. The use of the ini-
tial stress cosmand and the application of bound- ,

ary pressures to provide in-situ field stresses t

are also illustrated in this example. !
i- ;

|
i

| 7.4.1 Elastic Rock Mass - The input data for
i this problem is given in the following listing. i

The file can be set up on disk and rsad in by |
using the CALL command, or it can be typed in *

interactively. [
!

| i
:

r

'

?

,

---- - - - . - - - _ _ _ _ _ . _ . _ _ _ _ _ _ . _ . _ _ _ __
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|

tits

lisle la en elastic eedive ,

6 generate the grid )
gr 2t,30 !
6electic sedel
ee
6tive initial grid teerdlutes and grade seek to beenderles !

gen 0,0 0.6 6,6 6,0 ret 1.21.2 |
6 generate e patter circle in louer lef t hand twner of grid
tosing the wt faction
een w e 0,0 l l 90 )i
telestic properties

3

prep s*2.tet b*3.9et densell06 ;

tinittel stresses ;

int asse 30e6 syre Ste6 [
eboundwr tendittens fw a guerter eyesetry problee ,

ils is! ;

fin y J*l r

ils a y (*21 f
itsayje?! )
6eenitor histwy of displacements et tonel periphery |

his noteel !

hisydisleljal! !
'

bisadistel! Jet !
6selve for inittel stress stete '

solve i

toes escovete hele i

med pull reglenal l |i
i*tlee step to equilibrius

step 500
6 create a save file '

save shele.sev ;

treturn to interactive sede !

retare
i

i

1

,

t

l
i
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!
1A 20 by 20 tone grid (400 elements) is specified (

vith elastic constitutive model. We wish to have j

a tunnel radius of 1 meter and have the tunnel i
periphery be finely discretised so that the re- j
sults are reasonable. To obtain this, we would i

like to have an x- and y grid spacing of about |
1/5th the radius in the area encompassing the |
tunnel, but we also need to have the boundaries :

about 5 radii away in order to avoid influencing '

the displacements at the hole. To create an ini- '

tial grid spacing of 0.2m, the GEN command is used
to re-define the mesh coordinates to 0 6 meters in '

the x- and y-directions. If you wish to confirm I

the results of GEN, use the print a or print y '

,

command.
|
i

The tunnel periphery is formed by using the GEN i

ARC command. The effects of this command can be
viewed by setting a window to I

flac> wind .5.2 .5.2 [

and by plotting the grid. After the initial -!
stresses have equilibrated in the sedel, we will |
excavate the zones interior to the tunnel peri- !phery.

,

Next, the boundary conditions mest be set to rep-
resent symmetry conditions along the left-hand and
lower boundaries and fixed displacement boundaries
set at " infinity" (the top and right-hand boundar-

;

iss). This is done by placing rollers along the .

i=1, j=1,21 (lef t) and j=1, i=1,21 (botton) bound- ,

aries and fixed points along the i=21 j=1.21
(right) and j=21, i=1,21 (top) boundaries. With :
the grid now fixed in space, in-situ stresses can !
be applied using the initial sxz=<value)

3

syy=<value) command. i
,

|

:

,

!

# _ _ _ _ _ . . _ , , , . - . . ._, _ . . ,
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l
1As was the case in the previous example, these
!stresses must first be equilibrated prior to exca- i

vation (as is the physical reality). This re-
!quires only one timestep, since FLAC simply loads
!the stresses into proper positions in its main
!array. This can be accomplished with either of f

the following commands:
!

Iflac> step 1
ior '

flac> solve

You can verify that the proper initial stress
statewasogtainedbyusingtheprintsaaorprint '

syy command . At this point, it is best to make a
i

save file which can be restarted from this initial !
state. i

|

Next, the excavation is created by " nulling" out
!

I

the tunnel zones. This is done with the series of jmodel null commands. To verify that you have
tnulled the proper zones, plot the grid.+ The on- (tire grid and a blow-up of the excavation are
;

i
!

;

| *There are several alternative methods of inducing'

initial stress in the grid. You can apply bound-
ary pressures or boundary loads which will pro-

!
,

duce equivalent internal stresses. t

!

+1f a mistake was made, use the NEW command to
start over and restart the initial state. '

,

>

>

I
:

|

|
,!

>

f

6
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shown in Figs. 7 9 and 7-10. These plots were |

produced with the connands |
i

flac> plot pen grid a plots full grid f
flac) wind .5.2 .5.2 (creates small window) r

flac> plot pen grid (plots grid around the exca- I

vation)

Now, the problem is stepped to equilibrium. For a !
20x20 grid with small strain logic, approximately !

30 sec/ tim 6stop is required on the standard PC {with the slow 8087 (4.7 MHz) chip. Thus, 100 ;

timesteps will require roughly 1 hour of solution !

time. The elastic solution here will require ap- [
proximately 500-800 steps to arrive at the equi- j
librium solution (depending on your definition of ,

equilibrium). |
It is good practice to make history plots of the
displacement at points undergroing the maximum 1

change (i.e., at an excavation boundary) to deter- j
mine the progression of the model toward equilib- !
rium. You will quickly be able to see the convec- |
gence characteristics of the problem. You may !
wish to plot the stresses and displacements on the !

screen using the PIOF command. Recall that if you |
wish to use the color screen, you must type set ;

esa (or set aga) and use whichever palette choice ;

you prefer. i

A comparison of the results to the analytic solu- !
| tion (Kirsch solution) for a hole in an infinite '

plate in plane strain is shown in Fig. 7 11. As
you can see, the solutions compara reasonably i

vell. The error is attributed to the rather
"

course soning adjacent to the tunnel. A similar ,

run with a 30x30 sone model produced an agreement I

within 5%. |
i

!.

,

7
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7.4.2 glasto-Plastic Rock Mass - Next, a compar- !
ison is :=de to the same problem but using an i

elasto plastu constitutive law. The only adjust- i

monts necessary W the input data shown earlier |
are new constitutive law and property definitions, i

This is done by changing the second and third [
lines of the input data file to reads !

t

fflac> model mehr

flac> prop s=2.5e9 b=3.9e9 d=2500 frie=30 f
coh=3.45e6 i

i

The SOLVE command is used to bring stresses to [
equilibrium and requires one timestep. The tunnel !>

is minsd using the previous model null region com- t

mand. Finally, the displacements can be reset us-
ing the initial add ydd command. For the simu- ;

lation to come to equilibrium, approximately 500 !

to 600 timesteps are necessary % r about 2-3 hours !

of solution time on the standard IBM PC. Times !
Iwill be significantly less on the AT or equivalent

with higher speed co processor (6 12 MHz) or when f
'using one of the ecsumercially available enhanced

speed processor boards. j

IThe stress profiles around the opening for the
plastic case are shown in Fig. 7-12. This figura |

clearly illustrates the yield sons which has !

formed around the tunnel, resulting in the peak :

tangential stress moved to a rsdial distance be- i

yond its limit. The theoretic 41 and predicted |
,,

profiles match the theoretical solution (Bray, j
1967) quite well. The radius ..f the broken sono i

;

j is given by Eq. (7 1).
'

!

|

I
t

b i

|
.

t
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!
!

2p qu + [1+ tan (45+$/2)) C cott 1/0 |
tbr=a (71) ;

2
![1+ tan (45+$/2)) C cot $ --

,

I }
s t

; where a = tunnel radius i

C = cohesion ;
:

p = far field hydrostatic pressure !
:

q . tan (45+$/2) i
*

1
tan (45 9/2) !

;

qu = uniaxial compressive strength !

$ = friction angle

,

The tangential and radial stresses in the plastic !

sone are given by

c6 = C cot ([(r/a)Q-1) !
(7-2) !

r = C cot [Q(r/a)O-1) |o
;

i

and the stresses in the elastic zone are given by j

!
2o, = P + (6/r )

(7-3) i

2r = P - ($/r ) |o

|

!1

| l
| !

I

a

|

|

;

1

|
1 ,

|
'

|
,

. _ . . _ _ _ . _ _ _ _ _ _ - . . _ _
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1

2- (tan (45+(/2) 1)p + qu '
I2where A = r

2tan (45+(/2)+1 br- -

j

in this case, the radius of the broken tone using |Eq. (7-1) is 1.35 meters. You can examine the ex-
|

tent of the yield zone predicted by TLAC by typing i

!
flac> print state i

or
flac> plot state I

The state indicators show that the yield zone ist'

approximately 1.6 m and is in reasonable agreement
with the analytic solution. Again, the error is

!attributed to the relatively course grid. A 30x30
sone model agreed within less than 7%. .

!The principal stress vectors, displacement vectors
;

and shear stress contours for this problem are i

given in Figs. 7-13, 7-14 and 7-15. These plots !

were produced by the following command set.
'

!

flac> set esa pal =0 (if you have a color monitor) !flac> vind .5.2 .5.2 i
flac> plot pen str bou !

flac> plot pen disp man =.3 red isou green
flee > sclin 1 0,0 5,5 j

'

flac) plot pen say a boun green j

If you wish to have only a screen plot, eliminate
the keyword PEN.

!

4

I

!
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i

l

i
7.4.3. Transversely-Isotronic Rock Mass -- A final :
example calculation is performed for the tunnel in i

t.

L a transversely-isotropic rock mass under initial
i'. bianial stresses (Fig. 7-16). The solution for !

| the displacements of the tunnel is given by Eissa i'

(1980). In this example, the use of boundary j
l pressures to bring the initial stresses to equi- '

librium is shown. We start with an elastic rock- |
; ' mass with the identical grid as used in the previ- ious tunnel problems. The input data is identical

to the previous examples with these exceptions
the material model and properties must be changed i

,

and, rather than using a fixed boundary, boundary j
pressures are applied to maintain in-situ ~

sttesses. Note that the symmetry here is valid
|only in that the angle of anisotropy is 0: if it
,

were at some some angle, the symmetry is not sen- ;sible. i

!

|
>

i

?
. f

i

!
;

!

{
.

!

1

|

'
|
'

!

5

r

r

|
|

>

|
'
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Fig. 7-16 Geometry for Tunnel in a Transversely- i

Isotropic Rock Mass [
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One-nuarter symmetry is again assumed by fixing
|

the x-velocity along line i=1 and the y-velocity 1

along line j=1. To provide the boundary loading,
we use the APPLY command on the opposite boundar-,

iss:

,' flac> apply press =1.De6 i=1,21 j=21 |
1

flac> apply prese=.5e6 i=21 j=21,1 !
|

These cosamands apply a biaxial compressive stress )
to the boundary. The direction of the stress is
controlled by the numbering of the nodes across
which it is applied. (See the APPLY command for 4

greater detail.) We also use the command init
|

sxx= 5e6 syy=-le6 to establish the initial stress
|state so that equilibrium is accomplished within ;

1-to-3 timesteps. The stresses can be examined at ;

any time by typing print sxx syy. .!
!

Once the stresses have come to equilibrium, change
the material model and give new properties by us- |ing the following commands: '

t

flac> model anis (sets all sones to anisotropic i
model)

|
!

flac> prop s=.1103e6 w .976e6 ys=.953e6 !

I
flac> prop muy=.167 mus=.165 dens =2000 ;

i

Now, tero the displacements and excavate the tun- !
nel, as before. The problem can now be time-
stepped to equilibrium using the STEP or 50LV3 ;
command. Appror.imately 1000 timesteps will be re- |
quired at about 30 seconds per step on the stand- |
ard IBM PC.

,

i

s

!

f

i
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Plots of the resulting principal stresses and dis-," placement vectors superimposed on the boundary |
.matline are given' in Figs. 7-17 and 7-18, respec-
tively. .These plots were produced by using the

;

following command sequence.. ;

i, ,

flac> wind .5,2. .5,2 (sets a small window) {

flac> set esa pal =0 (sets color screen, palette
of 0)

flac> plot pen str boun green (plots principal f
'stress)

flac> plot pen di sex =4 red bo gre (plots dis
vectors)

The keyword PEN is removed if only a screen plot '

is desired. If you have a two-pen plotter, assign
colors in the command line te change the pen color i

'

when each new plot is encountered. Compressive
,

principal stresces will always be plotted in color !

!#1, while tension will always be plotted in color
#2. '

Figuru 7-19 plots the calculated-versus-analytical
displacements as a function of angle from the x-
axis. The maximum error for this exampic is ap-

L proximately 10%, and resulta primarily from the i

L close proximity of the stress boundaries and the
coarse grid.
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8.0 IMPORTANT- POINTS OR CAUTIONS TO NOTE WHEN '

RUNNING FLAC

This section details some points in running FLAC
.

which we have found may provide pitfalls for some '

users. As we continue to obtain response from us-
ers, this section will be expanded and updated. ;

8.1 Initializina Variables -

e

It is common practice to initialize the displace-,

ments of the grid points between runs to aid in
the interpretation of a simulation in which many :

different excavation stages are used. This can be
done because the code does not require the dis-
placements in the calculation sequence--they are
determined from the velocities of the grid points
as a' convenience to the user. -

Initialization of the velocities, however, is a
different matter. If the velocities of grid
points are set to a constant value, they will con-
tinue to have this value until set otherwise.
Therefore, do not initialize the velocities of the

.

grid to zero simply to clear them--this will af- '

feet the simulation results.
|

l

! 8.2 Changina Material Models
|
| FLAC has a limit on the number of different mater-
'

ial models you may use during a simulation. The
code has been dimensioned to allow the user to
have a different material for each zone (if you
wish) for the maximum size grid for your version
of ? LAC. Problems in memory may arise, however,

1

>

I
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,

if you change the material model of the entire
grid for large-sized problems.

I

8.3 Runnina Problems with In-Situ Field Stresses.
and Gravity

There are a number of problems in which in-situ
field stresses and gravity must be applied to the.
model. An example of such a problem is deep cut-
and-fill mining in which the rock mass is sub-
jected to high in-situ stress fields (i.e., grav- .

ity stresses for the limited mesh size can be ig- ,

noted).but in which the emplaced backfill pillars j

will develop gravitational stresses which could ;

collapse under the load. The important point to. !

note in these simulations (as in any simulation in )
which gravity is applied) is that at least two' l

points on the grid must be' fixed in space--other- j

wise, the entire grid will translate due to grav- 1

ity. If you ever notice the entire grid translat- j

ing in the negative y-direction, it is a good bet
that you have forgotten to fix it in space.

If you desire to have only in-situ stresses vary-
ing with depth, use the INITIAL command with a
depth variation options

flac> ini sux=-30e6 (var =0, 10e6)

This will cause the xx-stress to vary from -30e6
,

L at the bottom of the grid (i=1, j=l) to -20e6 at ,

I the top of the grid (i=n, j=n). Because the i,j |

| range is not give, FLAC assumes the entire grid. I
! The x-variance is set to zero in this example.

1

L 5

|

|

.
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FLAC

APPENDIX A

DESCRIPTION OF CONSTITUTIVE MODELS

A1. INTRODUCTION
i:,
'

There are six basic consititutive laws provided in
FLAC Version 2.0. These ares

(1) elastic, isotropic
C (2) Mohr-Coulomb plasticity;

(3) null
(4) elastic, transversely isotropic
(5) ubiquitous joints and
(6) strain-softening

A short discussion of the theoretical background
for each model is given here.

A2. ELASTIC, ISOTROPIC HODEL
i

The relation of stress to strain in incremental
form is expressed by llooke's law in plane strain
as

aott = at aett + a2 ae22
i

6022 = a2 6011 + "I ae22

6o12 = 2G 6e12
1

8021 " A012 ;

o

L
'

|

i

!
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!

where at = K + (4/3)G
'

1

i

52 = K - (2/3)G i
,

K = bulk modulus, and

in G = shear modulus.

>

'
. . ,

86
1 aug +3*

'

AtA*i4 =-
J 2 8x3 8xi

*
,

..

where Aetj = the incremental strain tensor,-

d = the displacement rate, and
i

,

at = time step. .

5

In plane stress, these equations become
~

A011 = Si Ae11 + S2 A*22

6 22 " S2 Aeli + S3 Ae22 '.
0

(A2) '

4o12 = 2G Ael2

A021 " A012

where St = ai - (a2 at) and/

2=a2-(a$/at)8 ,

-

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ._
- - - - - . t
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. A3. MOHR-COULOMB PIM''ICITY

The plasticity formulation in FLAC assumes an
elastic, perfectly plastic solid in plane strain
which conforms to a Mohr-Coulomb yield condition
and non-associated flow rule.

The yield surface is given bys

f = o 1 - N,o 2 + 2C (N,)1/2 (A3)

and the plastic potential function is given by

a = o g - N,o2 + 2C (N )1/2 (A4)9

where Ng = (1 + sin ()/(1 - sin () [C = $ or $)

C = cohesion (positive sign)

$ = friction angle

$ = dilation angle

og = major principal stress

o2 = minor principal stress |

i

The strain increments are assumed to be composed
of elastic and plastic parts:

;

e p ,

Ae1 = Ae1 + Ae1 j

(A5) !

1

|

|
I

i

i

$

1
'

L'
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*

Ae2 * A*2 + A*P |

2

The plastic strain rates are given by the non- !

associated flow rule

.P 8 '

e1 = A 3 =A
Bog

(A6) |

.P A83
e2 = -=-AN ,

802
9 ,

i

"

1where A is the multiplier which must be determined
from the stress state.

|
1

Multiplying by At, Eq. (A6) becomes l

1
p :)

Aeg = AAt

(A7) ;

P
Ae2 = - AN, at

l I
1 |

1

I ,

l l

i

|
L
[

l

1

l'
:

1

|

|
|
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The incremental principal elastic stresses are
given by:

4 e 2 e
ong = (K + g- G) Aeg + (K g- G) A*2

(AE)

2 e 4 e
ac2 " (K 3- G) 6*1 + (K + 3- G) ^*2

Substituting Eqs. (AS) and (A7) into Eq. (A8),

4 2
1 = (K+--G)'(6et-Aot) + (K g-G) (oe2 + AN, at)60

(A9)

2 4

ao2"(K~3-G)(A*1-Aat)+(K+g-G)(ae2+AN4t)9

L Determining the initial elastic principal stresses

!
I I-

by og and c2, the corrected (for plasticity)|

| !
\

stresses a1,o2 are given by |,

| |
:

i

c

|

1'

|

_ _ - _ _ _ _ _ _ _ _ _ - _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ...
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!

l

I

t
I I

og - og = Aog - Aog (A10)
!

where i = 1 or 2. *

The initial principal stress increments are given
by

i

I 4 2

401 = (K + - G) Act 4 (K - 3 G) Ae23 -

,

(All)
r

I 2 4 i

402 = (K - - G) Aoi + (K + - G) Ae2
'

3 3 -

i

By substituting Eqs. (A9) and (A11) into Eq.
(A10),

,

i
I 4 2

a1 = c1 - AAt ((K + - G) - (K - - G) N,)

(A12)

I 2 4

| c2 " 02 - AAt [(K - - G) - (K + - G) N ]4
1

or, simplifying,

L

1
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P

!

.

I t

og = og - Aat (at - a2 ,)N ;

& i

(A13) ;
,

I
'

c2 * 82 - Aat (a2 * *1 ,)N

Equation (A13) gives the new principal stresses in i
terms of the trial initial stress, the material '

constants, and the multiplier, A. The A value can :

be found since og and o2 must lie on the yield
surface (if a non-admissable stress state is de-
tected). This is done by substituting Eq. (A13)
into the. equation for the yield surface [Eq. (A3))
and equating to zeros j

I I [
og - N, o2 - 2C N,

A&t = r

a2(1+N,N,) - ag(N4 + N,) g
'

(A14) i

I I i
f (og, 02, C N ) |

*
4

1

where y = a2(1 + N,N$) - ag(N +N,).4

Substituting Eq. (A14) into Eq. (A13) yields the
corrected principal stress components:

.

t

t

?

L

1

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _



- - . - _ __ ...

.?.,

i

.

FLAC *

Page A-3
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t

I I

I f (eg, c2, C, N,) :
og = og (at - a2 ,)N '

Y
i

(A15) |
P

'

f I'I1' '2, C, N )
I

I g,

o2 " 02 * (*2'- agN,) -

Y

.

The program first determines the oxx' 8w xyand o
elastic stress increments and converts them to
principal stresses. These components are then

.t

substituted into the equation for the yield sur-
.

face [Eq. (A3)). If, '

f<0, then'the direction cosines of the prin-
cipal stresses are found and the plastic
corrections are made (Eq. (A15)] to re-

,

quire conformity to the yield surface.

| f>0, then no corrections are necessary.

The principal stresses are then resolved back to
the x y coordinate platie by the d!rection cosines
determined previously.

|

L -

L

|

. _ ., __ _ ._. - _ _ ___
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I
A4. NULL MODEL

'

*

,

The null model simply represents an excavated
zone. .;

AS. ANISOTROPIC ELASTICITY

For a transversely isotropic body. FLAC assumes
that the plane of isotropy lies within the x-z
plane (Fig. A1). ;

For a general orthotropic elastic body, the
stress-strain equations are given by (Lekhnitskii, j
1981):

'

11 011 + SA*11 " S 12 o22 + S6 66 13 033

A*22 " S21 011 + S22 022 + S6 AA 23 C33 !

33 033 (A-16)31 o11 + S32 022 + SAe33 = S 6 8&

A*23 = (1/2)S 644 023

Ae13 = (1/2)S 655 013

l- A*12 = (1/2)S 666 012
|
|

'

Where

2 2o /E ) sin $ cos $S11 = cos $/Et + (1/G12 - 2v12 1

o
+ sin $/E2

l'

.

l

. _ _ . . . _ . . _ , .__
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:
,

'i

1

'1

i

Y

,

* x
,5

'!

!

|.
.

1

; Fig. A-1 Transverse Isotropy Coordinate Axes
Convention (x-z direction is plane of
isotropy)

'

,

4

- - -
_ _ -__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ - _ - _ _ - _ _
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.i|

1, i

|
1

/E ) sin 4'co,2,2
h S22 = sin'(/E1 + (1/G12 - 2v12 1

4-

+ cos (/E2

2 2/E' - 1/G12) sin (cos $S12 = (1/Eg + 1/E2 + 2V12 1

- v12/E1

2 2/E ) sin 4 + (v13/Eg)cos 4)S13 = - [(v23 2

2 2 t/E )cos , + (V13 /E )cos 4)S23 * * ((V23 2 t

'
=

S33 = 1/E3

2 2S44 = (cos $/G23) + (sin ,fol3)

2 2 i
S55 = (sin ,jg23)/(cos 4/gl3)

i

2 2
S66 = 4(1/E1 + 1/E2 + 2V12/E1 - 1/G12) sin $cos 4

+ 1/G12 '

$ = angle of anisotropy anti-clockwise from the x-
,

axis (Fig. A-2).

L

1

<

1

,

- - - . -_- . .
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|<

i

l'

A

' > -
./'

s *

////
'

:

Fig. A-2 Planes of Elastic Anisotropy Oriented at
an Angle $ From the x-Axis

|-

A state of plane stress with respect to the x-y
plane is obtained by setting 4033=A013=6o23 = 0 in|

; Eqs. (A16). This gives:
'

Ae11 = S 11 o11 + SA A
'

12 o22

Ae22 " 8 612 811 + S A22 '22

Ael2 = 1/2 S A66 012
i

The inverse form of these equations are:
1

A011 = (S 12 *22)/(S22 *11 * SA 11 22 - 12)A 8

A022 " (~S 11 *22)/(S612 *11 + S 11 22 - S 12)A 8
!-

,

| 4012 = 2Ae12/S66

|
r
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For a state of piene strain in the x y plane is
obtained from Eqs. (A16)-by setting

Ae33 * A*13 = Ae23 = 0 q

This results int

A c 13 = A o 23 = 0
t

23 o22)/S33, and.4033 " ~ (8 13 o 11 + S A4

2Aegg = (S31 - S 13/S33)Ao11

13 23/S33)A022+ (S12 - 8 5

Ae22 = (S12 - Sg3 23/S33)Ao11S

+ (S22 ~ S 23/S33)A022

Ae12 = 1/2 S &66 ol2

The inverse form of these equations is:

4011 = C11 e11 + CA 012 '22
|

|

i |
l !

u !
'

|

'
|

|

L
l ;

1

i

e - ---
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!

u !

A022 = C 622 egi + C A22 e22

6012 = 2 C 066 812

Where
|

Ctt = (S22 ~ S 23/S33)SO
'

C12 = -(S12 ' S13 23/S33)/SO8

:

C22 " (S11 * S13 /S33)/80
i.
.

C66 " I/S66

2So ' = S Sit 22 ~ S12 C

+ (2S S S12 13 23 * S 22 13 }/833S11 23 'S S

,

I. For the case of transverse isotropy with the plane
L. of isotropy in the x-z plane,
l.

Et=E3
| V 2 " V321
1

,

| .

-

|

1
,
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A6. UBIQUITOUS JOINT MODEL
'

The ubiquitous joint model is an anisotropic plas-
ticity model which assumes a series of weak planes

|'
embedded in a Mohr-Coulomb solid. Yield may occur

L in either the solid or along the slip plane, or -

,

both, depending on the material properties of the;'
solid and plane, tho' stress state, and the angle ,

I,

of the slip planes.L

1

Figure A-3 illustrates the weak plane existing in
a Mohr-Coulomb solid and the global (x y) and lo-

,

cal (x'-y') coordinate frame. :

i

I n
:

s.
i )

'

8 slip plane

e
.

l

1 (

1 Fig. A-3 A Slip Plane Oriented at an Angle 0 to
I the Global Reference Frame
1

1
i

|

|
|

1
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The global stresses must be resolved parallel.and.

j perpendicular to the potential slip surfaces

2 2 0o i = ott cos 0 + 2012 sin 0 cos 0 + o22 sin

2 2 0o22 " 011 sin 0 - 2012 sin 6 cos 0 + o22 cos

( A17')
*

2 2o 2 " ~ (011 ~ 022) sino cose + c12(cos 0-sin .0)
,

where 0 = joint angle counterclockwise from the x
global axis. '

f

The-initial stress increments above (ogj) are "

found from the plasticity model presented in Sec-,
,tion A2.- If the matrix material is currently

' elastic, then og4 will simply be the elastic
stress incrementi. If, however, the matrix is

yielding, then ogj will be the stress increments >

corrected for plasticity. The stresses along the '

joint are examined for yield:

| 12| < |o' 2 tan $|+C (A18)2

where $ = joint friction angle, and
i

C = joint cohesion (positive sign).

i

I

i
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,-

i,
,

If Eq. (A18) is'true.-then no corrections to the ;

stresses are necessary because slip is not taking |
'

place.- If Eq. (A18) is false, then slip is oc- J

curing, which requires stress corrections. The {

" excess" shearing stress along the joint is given ;

by

i i- i i ,

.

6012= sign (|o12|*012)-012 (A19)

.

The corrections to the global stresses can be com-
puted as follows by using the reverse stress
transformation

,

i

acti = - 2oo12 cos e sin 0
.

i

ao22 = 26o12 cos e sin 0 ,

24012 = ao 2 (cos 0 - sin 2 0)
,

le i

assuming that A022 " 0011 = 0 (i.e. , no joint di-
lation).

These stress corrections are added into the trial
stresses to be used in the next timestep.

I
i

1~
1

|

I
|'
l

,

1

|

||

_. . _ _. . ._ _ __ - _ _ _ _ - _ _ _ _ _ - _ _ _ _ _ _ _ _ _ - _
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L

i A7. STRAIN-SOFTENING / HARDENING MODEL

L This constitutive model allows the user to repre- ;

sent-arbitrary non-linear' material hardening and
softening behavior based on the variation of the

cohesion, friction, and dilatancy with plastic ;

strain.. The model is based on Mohr-Coulomb
-elasto plasticity with non-associated flow rule' '

as described earlier. The difference, however,
slies in the ability of the cohesion, friction and

dilation to harden or soften after the onset of "

plastic yield. In the previous Mohr-Coulomb plas-
ticity model, the cohesion, friction and dilation
are assumed to remain constant.- here, the user
defines the cohesion, friction and dilation as
piecewise linear functions of the plastic strain.
The code determines the total plastic strain at

,

each time increment and causes the cohesion, fric-
tion and dilation to conform to the user-defined

,

functions.
.

Determination of Plastic Strain Increments b

Consider the Mohr-Coulomb yield surface in stress
space defined by the mean and deviatoric stress
components p and q, where

1

p = 7 (011 + O22) '

:.

| r

1/2

q=h (oit - o22)2 + 40122
.

(A20)
1 _

;

. .
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The Mohr-Coulomb yield surface is given by (Fig.
A-4): '

f = (p q) - (p + q)N$ + 2C(N$)l/2 (A21) i

?

i

1 + sin $ ,

where N$ = 1 - sin $
. >

$ = angle of internal friction, and
'

*

C = cohesion. ;

|

'
P

'
,

,

C

4
q

!
|

|
t

|.
|. -

| Fig. A-4 Mohr-Coulomb Yield Surface in p q Space,
Compression Negative

1

!

|
|

1'

|
-. - _ . _ - _ _ _ _ _ _ _ _ _ _ - _ - _ _ - - _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . -_ -
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L

|' The plastic potential function is given 1,y

i g " (P 9) - (P + q)Nt + 2C(Nt)1/2 (A22)
~

:
1

1 - sin $ -

where N$ = 1 + sin $
, and t = dilation angle.

The plastic strain increments are given in terms
of the plastic potential and a multipliers

P 08,.3ae
11 acii

4

?

08P ..x (A23)Ae
22 8022

08AeP , .x
12 8o12

|-

l
1'

|
~

l
1

>

|

1

1

1

!

, _ _ _ . ____ . _ . _ .
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!

!

Using the chain rule, the above derivations may be f
expanded !

83 83 8p + 83 eq
!.-.

Bogg 8p Dogg Bq Bogt'

i
'

!

8s . 8: 89 + as. 89
(A24).

8022 8P 8022 8 9 8822
,

|

88 8 8 8P + 88 89 |.-. ,

80 12 BP 8912 Sq 8012 I

;

and |

|
8s !

- . (1 - Nt ) !

8P !

83 i

- = - (1 N$ ) ;

8q |

(A25) ;
;
'

8p 1 8p 1 Sp
..; ._g 0

Bott 2 8o22 2 8o12 !

!

8q ('}}"'22) B q. - (811*822) 8q 012
. ; g . ,

8011 49 8022 '9 8012 9 i

;

i

i

|
'

1
,

p

I

:

|

1
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k,
Substitution.of Eqs. (A24 and A25) into Eq. (A23) !

,

yields
|

:

1 (ott - 022) ' fAeP =A ,2 (1 - N$) - (1 + Nt)-

11 4q '

,

i

t

(011 * 022)' !1 (1 - N$) + (1 + N$)4.P =-1 -
'

22 2 sq ;.
,

i
,

812 '
'

4e? =A (1 + N$) ---
,12 q &. .

i

The value of A must next be determined to define
the plastic strain increments. An interactive

itechnique which places the stress state on the
|yield surface (Newton's method) is used to deter-
:aine A. Once A is known, the plastic strain in- i

crements are determined. j
I
,

User-Defined Functions for Cohesion. Friction and !Dilation
a

>

;The user defines the cohesion, friction and dila-
*

tion to be functions of the total plastic strain.
!Once plastic yield begins, the code keeps track of
|| the total plastic strain and determines the cur-
it

!

,

! !

!

| ;

l I

l

i
,

I
,

i

!

t

t

. - -
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I
1

\

rent value of cohesion, friction and dilation i

which corresponds to this strain. In the next !

timestep, these new values are used in the calcu- !
Istion of stress and strain. |

i

The cohesion, friction and dilation are defined as i

piecewise linear segments of a generally non-lin- |
ear function of the total plastic strain. Foc ex- ;
ample, assume the rock mass has a stress strain
curve which softens upon yield and attains some
residual strength: !

I

i
I

t

o i
!

i
i

,

'

.* .P
.

.

I
!

i

.

!

5l

v

k

i

!

,

,

P

_. _ . _ _ . . .__ . _ _ . . . . _ . - . - _ _ _ . . _ _ ., .__._ , _ _ --
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The stress-strain curve is linear to the point of
yields therefore, the strain will be elastic only
(e'). After yield, the total strain will be com-
posed of elastic and plastic parts. This model
requires the user to define the cohesion, friction i

and dilation variance as a function of the plastic i
portion of the total strain. In reality, these :
functions are probably non-linear:

,

|

I,
'

l

l

|c |

!

e' ;

I

\I
:
!,

$

- ,

'
'

.

P
e

:

e

t

|

!
1

|

|

|
1

i

>

-- < - - - - , - - ~
-,,
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l

i
.

However, they may be approximated for use in FLAC
as a set of linear segments

:

!
I

l

,l
! i

!
]

c , j
;

i

i

e' e' |
1

f
;

!

These functions are input to the code via the
,

!

PROF and TAtt2 conmands. For examples
|

model se ;

prep s=11.5e9 b=8.62e9 d=2000 itab=1 etab=2 dtab=3 i

prep frie=40 coh=20e6 di1=10 -

table 1 0,40 .01,30 ;

table 2 0,20e6, .01,7e6 :

table 3 0,10 .01.5

Here, the friction function is Cofined in table 1 !
( the cohesion in table 2, and the dilation in table i

3. Note th,at the initial friction, cohe.sion and i

dilation must be defined (here, to be 40', 20 MPa |
and 10', respectively). The functions each consist ':

L of two linear segments, as shown in the following
| figures:

| i

o
,

L !

|
'

:
4

|
|

^
'

- - , . . - . _ _ _ _ _ _ _ . . ,
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640* 20e

6
30 10e< -

,

$ e ,

0 0.01 0.02 0 0.'01 0'.02

10' !

Ns ..
Y

0 Of01 0502 |
Hardening behavior can be produced by an inctease f

in these parameters with increasing plastic strain. -

This model is experimental in nature and given to l
the user primarily for research purposes. ;
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APPENDIX B j

DETERMINING EQUILIBRIUM CONDITIONS .

WHEN USING FLAC !

!

!

I

When using en explicit code such as FLAC, it is i
important that the user identify when the simula- i

tion has arrived at an equilibrium state. FLAC is
,

,a dynamic code which solves static problems by -

properly damping the response of the structure. .

The final static equilibrium solution for a dy- !

namic problem can be illustrated by the standard ,

problem of damped vibrations of a mass on a spring !

(Fig. B-1). The system response is governed by i

the following linear differential equations

my'' + cy' + ky = 0 ;

where m = mass !

c = damping constant j

k = spring stiffness {
y' = mass velocity ,

s

y'' = mass acceleration [
,

The damping is simulated by the dashpot beneath !
| the weight. If the weight is displaced and re- |
L leased, several forms of motion are possible. If

-

the system is undamped (assuming no frictional on- .

ergy dissipation in the spring), the weight will ;

,

!

:

s

t

. . - , . . . , _ _ ___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ . _ _ - _ _ _ _ _ _ _*



]r >

I

\' |
1;

I FLAC !
l Page B-2 !

i
|-

I

'

s !

% i

% 1
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% !

i

m , Bo# !;.
CI3 i

r, Onhpot

t

!

Fig. B-1 Body subject to Damped Vibrations, |
f

move with harmonic oscillations (Fig. B-2). If the [
mass is damped, three responses are possibles un- ;

der-damped, overdamped, and critically damped. The i
first two cases are illustrated in Figs. B-3 and !
B,4. !

In the case of underdamping (c very small), oscil-
lations will occur, but the motion of the mass
will decay to the static solution of zero after !
some period of time, t. When the value of e is i
large, the response will be overdamped, approach- |

ing the static solution of zero without oscilla- !

tions. The speed with which the static solution t
;

i is approached depends on the magnitude of the ;
' damping constant, c. FLAC automatically deter- i

mines the damping constants used in the simulation
'

.

Iand the response is slightly overdamped to ensure
stable convergence to the solution. t

I

(
'

1
1

.

1

I

|
!

!,

b
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'

e

N i
. ;

i

Fig. B-2 Undamped Oscillations '

,

. ,

i

)
,

f
V i

'

V
'

:

Fig. B-3 Underdamped System (oscillates but i

approaches equilibrium with time) -

,

oy ;

!

h

:

|
t

'

i ;

Fig. B-4 Overdamped System (no oscillations)
;
e

$

i ,

l

|

I

{'
i

,

.

_ _ _ _ _ _ , _ _ _ _ _ _ _ _ _ _ _ . _ _



i

!

l

TLAC i

|Page B 4

|
<

To minimize the time (both model and real) neces- |
sary to arrive at the static solution, the ques- ;

tion arises as to when the model sufficiently con- |

verges to the static equilibrium solution. For :
our purposes it is only necessary that we be rea- ,

sonably "close" to the static equilibrium solu- t

tion. At equilibrium, the following occur. |

(1) The velocities of the grid points
iwill be zero,

(2) The out-of-balance force at each i

grid point will be zero. j
!

(3) The displacements of each grid point ,

;will approach some constant value.
e

'

(4) The stresses in each tone will ap-
proach some constant value. ,

|
Probably the best indicator of equilibrium within i
FLAC is noted in (2), above. At each timestep, ;
the code determines the forces acting on each grid j

point. As an illustration, examine the problem of
a block with an applied edge pressure and fixed i

boundaries (Fig. B-5). Initially (timestep 0), i

| grid point 1 will have a y-direction force equiva- i

lent to the applied pressure acting on one side in
| the negative direction. The out-of balance force :
I will be very large at this time because the of- .

Ifacts of the applied pressure have not propagated
through the mesh (remember, we are working with an ,

explicit code). Eventually, as additional time- '

steps occur, the boundary effects will propagate !

L through the body, and the out of balance force ,

!

i
f

i

b

6

. _ _ _
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| Fig. B 5 A Grid With Edge Pressure

,
,

|
'
i

F

L

l
L

1. ,

,

(
;

!-

. - . __ _ .__ _ _ _ _ _ _ _ _ _ _ . _ . -- . -- --- -



-. . ._. .- _

i

|
'

i

.
j

FLAC
Page B-6

i

l
,

will approach zero at each grid point (Fig. B-6). j

When these out-of-balance forces are sufficiently
small, the static solution has been obtained. j

But what is "sufficiently small"? This depends on
ithe problem. For a problem in which in-situ field

stresses of 30 MPa are applied, an out-of-balance
force of 1 kNewton may be acceptable. In problems |

fwith gravitational stresses (which are small),
smaller out-of-balance force limits of, say, 100- ,

200 Newtons are required. It is a good idea for
'the new user to plot the maximum out-of-balance

force as a function of timestep for each problem
(FLAC gives you this data at the completion of ,

each run); this will allow examination of the -

speed of convergence. It is also advantageous to. !

choose a grid point at which maximum displacement i

is likely to occur (e.g., at the surface of an ex- ,

!cavation) and to plot its displacement as a func-
tion of time step (Fig. B-7). You will see the
changes in successive readings approach zero as
the model approaches an equilibrium position.

;

h

h

!

t
!

t
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maximum
out-of-balance

force

timestep

Fig. B-6 Maximum Out-of-Balance force Will Approach
Zero With Ini:reasing Timestep

displacement v68 pl

-

-

If
timestep

Fig. B-7 Displacement of a Grid Point at an Exca-
| vation Will Approach a Constant Value
j (IfStable)WithincreasingTimestep
|
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| APPENDIX C

!

|

ERROR AND WARNING HESSAGES

!
,

Error Messane Meanina
t

'

Command not recognised The typed command is ;

- type help for list not found in TLAC's
,

command list. Check *

for spelling error. j

i

Bad integer The command requires
an integer. *

!
Bad number The command requires i

a real number. The
number has probably '

been omitted.
:

!

Bad keyword FLAC cannot recognize
the keyword typed in. '

This means either a
spelling error or
that this keyword [
does not apply to the
primary command
given.

,

i

.

>

b

-a-- - - _ _ - -
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|?

Cannot re-define grid The grid cannot be |
st this stage ra defined in the !

Type "nor" to start a middle of a run. Use |new problem. the NEW command to |
;

start new run. {
I
ihad of file Has come to the end {of a call er batch <

f11o.
|

Brror reading input An error has been on-
countered in reading !
a call or batch file. |

Missing parameter number A command requires a
greater number of pa- i
rameters than has i

been entered. The ,

number of the missing
parameter is given.

;

; Memory overflow An excessive number
| of changes have made

,

, to the material types
; for a problem, re-

sulting in a memory
overflow.

|

Too many sones The user has at-
tempted to define a
grid with more zones -

than allowed by ma- i
chine memory. !

|
1

|

| i

'
1
1

|

|

| '

|

- - - - - - - . . - . - . . - . , , - . - - - - - - - . - - _ . - - - . , . --- . _ _ _ _ _ _ _ _ _ _ _ _ -
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;

t

One of the models A material model has !

given above been specified which |
must be specified does not exist. Re- i

check the spelling of i
the model name. j

i

Grid is not yet specified The grid must be spa-
cified using the ;

GRID command before e

issuing any command
which relates to the

,

|
grid.

t

!
Pressure must be applied A pressure has been '

between at least two specified at a single j
grid points on a single gridpoint. ;'

row or column
,

i

Etxo or negative density An attempt has been f
in one or more sones made to timestep be- :

fore assigning a :
density to the zones.

|

Cannot open file A call or batch file i-

does not exist. ;

,
Error accessing file A save file does not i

'l exist or there has ,

been an error during
accessing of the
file. j

!

!

|

4

i

,

. .-- _ _ _ _ _ . ,,%- .--
- -
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i
!

FLAC ,

Fase C+4

i
!
e

Saved state created by a The version number of :

different version of FLAC tha current FLAC pro-
.

gram is not the same !

as that used to cro- !
ate the save file.

:

!
Nesting of caneand files An input data file ;
not allowed cannot be called from j

an input data file. ;
;

i

Missing filename File name for CALL, [
SAVE or RESTORE not i
given. {

;

t

had seametry, impossible A grid has been de- |

to continue formed such that !

(a) the area of a ;

quadrilateral is |
negatives or (b) ene i
member of each pair ;

of triangles does not ;

have an area greater ;
'than 20% of the total;

| quadrilateral area. :
| The first quadrilat- i

l eral zone which has
r

been unacceptably de- |
formed is printed.

iBad 1-j range given The i-j range for a
command falls outside '

the grid. !

,

s

b

,

_ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ __ . __ .-
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|

|

Red contour interval The user has spect- I

find a non sensical I

contour interval us- !
ing the int = switch.

Table out of range A table has been re- ,

quested which does |
not exist.

I
The joint friction angle The joint friction !
cannot be 90 degrees angle has boon in- |

correctly specified ;

for the ubiquitous [
joint model. !

l.
Bad properti,es for Properties have been !
anisotropic model... specified for the f

please check anistropic elastic j
model which do not
meet energy conserva- |
t!.on requirements. ;

!

One or more moduli mot Check to make sure
specified for anisotropic all required proper- !

model ties have been input ,

for the anisotropic i

! model. ;

l

Not enough memory for There is not enough
this model remaining RAM for ;

this material model '

in the present grid. .

;

i

|s
f
1

,_ - .__ _.. - - . .
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i

Cannot plot - wong model An attempt has been
made to plot a grid
model variable for a
model which is not in
use in the current
grid.

Commectivity of null-sens The M command shape
region is bad generator has been

used to force con-
nected excavated re-
gions to a given
shape. This is not
allowed.

Line has aero length Thr. W LDE command
has attempted to cro-
ate a line segment of
sero length

Missing REGIN keyword An attempt has been
made to specify a
structural element,
but the BEGIN keyword
has been left out.

Missing END keyword An attempt has been
made to specify a
structural element,
but the END keyword-
has been left out.



.

'

FLAC
Fese C-7

Properties undefined for The properties of at
at least one element least one structural

element have not been
defined.

Eero length A structural element
has sero length.

( Eistory traces have all The histories have
been reset all been reset. No

histories will be
kept unless new vari-
ables are specified.

Eistory trace # specified A history DWEP,
does not esist WRITE or EEEET com-

mand has requested a
history number which
does not exist.

Error in reading / writing An error has occured,

history filus in reading / writing of!

the history files
upon saving or re-
starting. It is
likely that this data
has been lost in file
creation error.

|
1

|

|

|

|

|

|

. . . . _. . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - -
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i 1
;

,
>

Commet continue re- In attempting to re- !
soning bad seemetry sono the mesh based t

on a GW command, a [
negativa or small !
trea has been encoun- |
tered. Attempt re- '

,

soning with different |

parameters or in a !
different order. I

!
,

Eero or negative redina A sero or negative !
radius has been input |

,

in the GM CIRCLE or ,i

ARC commands. r

!
!

;

Angle must be positive The angle for the GW |
ARC command must be !

positive. ;

i.

i
!

;

i
>

!
!

l

i'

t

i

!

|

|

| i

|
'

,

L

|
|

.. . - . _ _ _ _ - _ _ _ . _ - _- - -_-
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APPENDIX D
Interface Logic

i

h is often desirable in geomechanics to model I

planes within or bounding a solid body upon which i

slip or separation can oocur. Some instances, for j

example,:nelude: |

(1) joint or fault planes in a rock I

massi ;

!

(2) bedding surfacesin a rock mass; j

(3) the Interface between a founda- [
'

tion and the soll' ,

(4) contact p| lane between a bin and |

-

the solid t contains; and

(5) contact of two colliding objects.
'

The FLAC code provides the ability to model inter. -

faces that have behavior characterized by a Mohr-
Coulomb criterion. The interfaces may be assigned ;

cohesion, friction, tensile strength, normal and slear i

stifiness, and .rnay be " glued" to prevent slip or sep- |

aration. Although there is no res;riction on the num- ;

ber of interfaces, it generally is not reasonable to at- i
'

'

tempt to model more than a few interfaces with the
present code. Future releases of the code will allow
automatic generation of interfaces but, at present, ,

the required manual generation can be restrictive if
manyinterfaces are generated.

>

Use of the interface logic requires the following gen-
eral steps.

i
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,

1. Prior to developing the orld, care- :

fully define where the Interfaces -|i

r will lie with respect to excave-
tions, boundades, etc.

!2. Define the initial grid, deform to
!the desired shape using GEN !

and/orINITIAL commands.

3. Null out zones to form the faces
.

of the interface. If the interfeos {lies along a line of horizontal or
!vertical zones, it is only nooss- <

sary to null a constant | or J-line.
if the interfeos is to *ou'* across !

1

zone boundaries, the GEN LINE !

command must be used to form I

the faces of the interface. The :

area between these lines can be :nulled using the MOD NULL '

regal,j oommand.
,

4. If noosssary, use the INmAL !

command to move any gridpoints |
to form the desired faces. ;

5. Move opposing faces together -

(not overlapping usin
orINmAL comm) ands.g the GEN !

:

6. Assign properties to the interface,
including normal and shear stiff-
ness, oohesion, friction and ten-
slie strength, if properties are not
assigned, they are assumed to be ,

*

zero.
.

I

)

_ _ _ _ - _ -. _. _ _ ___ ______ _ _ _ __ . . _ - . _ _ . _ _ . _ _ - - . _ _ . _ _ . . _ . _ . , _ _ .
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7 Check gridpoint masses to make
certain that stiffnesses are res-
sonable and to ensure that the
solution will be numerloally
stable,

8. Ti.mostop the problem to initial
stress equilibrium, making oortain
that force equilibrium is oMained.

9. Roset the x and Pdisplacements
to zero (usually|i, and perform

tion, load applicatio(e.g., excava-
model alterations

n, etc.),

10. Examine slip, displacement along
interfaces.

Each of the above steps is examined in more detail
here.

First, the interface (s) must be generated. Figure D 1
shows a ty>ical interisce and the nomenclature for
describ!ng L.

|

|

|

)

| I

.___.___.m , __-_ - __ . - . _ _ . _ _ . , , . _ . _ ,
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n. p % 6% !% > 34 . 14 '

;

Asiot ) 5. 9
{

, , , , , ,

N
:
: .

i
i

sw se y.a +<.
t

!
2,

IFig. D 1 Interiaos Nomenclature '

The two interacting faces of the Interface are termed 1

>

the ASIDE and the BSIDE. These faces are created !initially by nulling the region between them. The
faces may then be movec into contact by usjng the |. GEN or INITIAL commands to create a joint. This !process is illustrated in Fig. D 2 for the creation of

;

horizontal or diagonalinterfaces.
;

|
,

*The op>osing faces may be left asart, if desired, for !specla purposes, such as model ng impact. !
.

)

9

.. . -
_ _ _ _ _ _ _ _ _ _-
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i

i

I

a b |

initial grid initial grid

::::::::: .;::::::: -- -

*'

---

- - - -.. . . . . . . . . . . .

_

.e.....e ..e.a

.:::.:::m::::::::: := :::: = m : =
====::=:: =. . . : :,. m. . . :. ::. ::: : =. . . - . -- -- --

. .. . .... ::: = ::::::::::::::::::::::::::::::::
m m m ::::::::::: =mm:=:=: ,

::::::::::::::::m: m ::: m : = = #: t

: .:: : .. ::: :::.;;: :::::::::::::::::: i

,!::::: :.:::::::::::: m ::;:::::::=:

create diagonal null hori- |
diagonal zone sontal band .

; . . ...... . 9

. . . . . . . . . . . . . . . . . . .
1

:: .:::::::::::: .- t
::::::::::::o :: 1

: m . = :: ;; .: ,

..:.;. ia.;?"... ::: :::::::::::::::::::: +

... :?::::::: ::::::::::::::::::;

". . . : .'l . : : . . : . ; : : : : ' :::;;; !' :;:::: .:. :'.:'. !

' t' ' '

.

''':: ::: . ::''::' . : : : : : : '. : : :: '. ;: : : :
.

:::::::::::::::::::: .!.

null band with move halves :

: 2501011 command together i

,

l ::::::::::::::::::::
::::::::::::::::::: ;

f::::::::::::::::::::
t....................

::::::;:::: = :::::: j

:a::!x:=:=::::
-

:::>: :::::::::::::: -

= ::::::::: ::::::::::: = :::: = = = ;
::::::::::::::::::::

-

move halves *
.

'
together

,....................
=:=:==== ;

:::::::::::::::::::: .

e
::::::::::::::::::::
: = ::: = = ::: = :
:::::::::::::;;;au-
::::::;;;;*"...:!!: ,

-
:;; ....:: : = =
... m :::::: = :: = t::::::::: = :::::::-

| Fig. D 2 Process for Croation of Horizontal and
| DiagonalInterfaces |

.
\
I

1
!

,

,

*
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tThe properties of the interface must be set I
timestopping. The oohesion (Pa, psi, etc.) prior tofriction |angle (dogrees) and tensile strength (Pa, poi, etc.)

:are self4xplanatory, but setting stlffness values re-
quires addtionai explanation. As stated earlier, the !

;
intertaos can be thought of as a series of normal and
shear springs which connect the two solid surfeoes e

which bound it. The stiffness of the normel and i
shear " springs" determines the normal and shear

!displacement of the opposing faces. Although FLAC
is used to solve static problems, the solution proco-

1

i
dure is dynamic in nature and the stiffnesses need :
to be set property to allow,a numerically stable solu-

ition. '

Ah a general rule, the no{ma(and shear stiffness are
set equal at roughly 10 10 GPa/m. The values

;

may be somewhat larger, depending on the material
type. Once the interface has been formed and aro- iporties assi ned, the stiffness may be checkoc by !evaluating tge values which the code calculates for
the masses of each gridpoint, it is desirable that the i

:masses of the gridpoints which lie on the faces of :
the interface be approximately the same as those !

| surroundng the interface.
!

We examine a typical problem to illustrate the settiry
of the interface properties. Consider a block of roc <
discretizedinto a 10x10 grid i

gr 10,10
me ;

!prop s=14.4e9 b=19.2e9 d=2000
'
,

:
;

i

.

4

|
._ .- - _ - . . _ _ _ _ _ _ _ _



. .. <.. -._ . . - -

"i_.<, ;

1;
'

. .

- ,
.

p, FLAC
4~ ,

Page D 7
'

'

.

<

* create horizontalinterface :
gen line 0,310,6 :

pen line 0,510,6 ..

the gen line command creates multiple regions :
*in this case which are nulled one at a time ;

-3 mod null reg =1,4 ;
| mod null reg =5,5 :

mod null rega7,7 ,

'. ' . mod null reg =10,7'

' move faces together .

Inl y add 2 reg =1,10 i

* declare interface
'

int 1 as from (ks=1e10 coh=0 fric=5(1,6) to (11,9)
1,4) to (11,7)/bs from -

Int 1 knu1e10
*fix be"om and sides of grid +

fix y , =1
fix x =1
fix x l=11

L * apply gravity +

|. set grava9.81
,

*large strain
set erle. -

his ns9=5 ;

his ydis i=5, =11 i

| his xdis i=5 =11
I his unbal

' step to calculate grid point masses
stop 300 - ;
save grav.say
free x i=1
free x i=11 j=9,11
ste1000
save step 1.say i

ret

,

e

,

4 -
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!- Figure D 3 shows the grid as formed with the,

INTERFACE command. Figure D 4 shows the plot, " .
'

of the boundary with displacement vectors as slip'
00 Curs.

O
F

!c:

i

/

/ h' -w -

! ! #
| /

i.
I

i

~i
1

!
,

I.

Fig. D-3 Grid Formed by. INTERFACE Command j

|
:
i
!

!,

1
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The PRINT INTERFACE command is used to obtain '

information on the normal and shear forces and dise
placements across the interface and the interacting
gridpoints and to indicate whether slip has occurred ,

i

.across any element of the interface. The following !printout is the result of PRINT INTERFACE after
2000 timesteps of slip. j

J

f5

'"': $ '.** .

*

y,i.u .. to 6. to 0 4:e 0,e.00= en 8. n = *0i i.ut.eit i.00=eit 0. n= *4: .

S.t ee.*4 ,

i 1 permal ett sheer str . ellp)
3.0138.it mereal lengthun ,

8 4 +9.3918e44 *0.1348e03 yem
3.0138.03

*9.37tg.03 3.390e*043 4 +9.0198604 *1.9438803 yee *
03 +9.3108*03

3.4134.*033 4 *1.Mese64 +4.00tte03 yee 2.0148 04 *0.tL10s-en 3.113s 013 S +6.061S+04 *S.300se03 yes 3.01M=04 +9.810s*04 4.199e*040 $ +4.1918e64 *S.9418e03 yee 3.01M.01 +9.7148*5.86See64 *1.49Me03 yee 3.01M*01 +9.5108.03 4.1998 035 5 +
04 3.1138-016 8 4 1498804 *S.903Se03 yee 3.0148 03 +9.810s.04 3.8138 01 ,~

6 6 *S.4448e64 +4.1428803 yee 3.01M 08 +9.810s.01 4.1000*011 6 +4.16$3804 *S.394Se03 yee 2.0138 04 9.8108 08 4.1008*01 k8 6 *S.489Ee84 +4.1410803 y(e 2.0148*04 +9.610s.9 6 *1.100t*04 *4.2128803 - yes 2.0130 01 =9.6108.08
4.199t*01

01 3.4838 089 1 *S.0lete04 +4.3818603 yes 2.012 04 +9.8108 04 3.1130 01it 1 4.6318e04 +3.9418e03 yes 2.01M*04 *9.5108 01 4.1998*0111 1 0.0005 01 0.0000*01 res 0.0000*04 0.000E*01 4.H06 01
.81de*0
!****

& 3 neraal s,tr sheer ett o!!P1 unit merest lentth 'il 9 +4.6438 04 *S.1248e03 yes * t . 01M *0 4 9.6108 01 3.3908 04le 9 +6.413Be04 *S.104te03 yee *t 013s*01 9.8108 04 3.142 08) 9 *S.0lise64 +4.30See03 yee 3.0135 01
9. 810s.*0 L

01 3.1138*01y l' +4.130se04 +4.1218+03 yes +3.0135 04 9.6108 4.1004 014 4 *l.439te04 4.180s+03 yes *2.0138 ;

*t.0148.03 9.510s*03 4.1998 01 i1 9 ~6.3608804 *S.3008e03 yes 01 9.610s.01 4.1998 016 9 +0.304te04 *1.2415e03 yee *t.0138 01 9.8108 01 3.1838 014 1 4.169ee64 *S.922se03 yee *2.8135 01 9.510s.04 3.8135*01S 1
.S.444s+04 *4.9315e03 yes of.0148 01 9.510t*01 4.1098 01
*

4 1 4.909te64 *S.9308803 yes al.2138 01 9.6108 01 4.1998*04 ,
3 1 9.8848e04 *0.0868e03 yet *2.0138-01 0.8108 03 3.1138 08i 3 5 *1.330se64 ~4.413ae03 yes *2.0138 01 9.8108 0L 3.1135 06; I 4 *4.143s+04 *S.392Se03 yee *1.01M 04

'
9.81053 6 0.0006-01 0.000s=48 yee 0.0000 01 0.000s 98

4.1998 011

03 0.0008-41

.

. I

i

,

o
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r Tension Cutoff r

:
:

The tension cutoff loolc has been changed for the
Mohr-Coulomb and ubiquitous joint models. In the !

>revious versions, the tensile strength was assumed.-

lo be zero, in Version 2.10, the tensile strength can +~

be defined by the user through the PROP command. :

The default is that no tension cutoff is assumed.
Therefore, the user sit specify a tension strength ,

to be activated. ) in ort
er for the tension cutoff logic(positive or zero

,

'

The logic for the Mohr Coulomb model checks for
tensile stresses which exceed the cutoff strength, if
this condition occurs, the stress is cut to zero in that .

zone at that timestep. The code then assumes that i
the material in that zone has failed in tension and 1

can no longer sustain tensile stresses in the direc- 1

tion of the major principal stresses. Thus, for suc-
cessive f'mesteps, no tensile stress will be allowed -

In that zune.
-

For the ubiquitous jolnt model, the stresses perpen-
dicular and parallel to the joints are determined. if
the stress perpendicular to the joint for the zone
overcomes the tension cutoff, it is cut to zero and is 1

unable to sustain tension in that direction after this
time. If the average perpendicular stress component,

: from the triangular subzones which make up a quad-
! rilateral zone is tensile at any time, the joint cohesion .

| Is cut to zero for the zone, and remains zero there-
E after.
|

|

|:'
|
|

r

.,

!'
..
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APPE'NDIX F

l

GROUNDNATER FLOW AND CONSOLIDATION IN FLAC |

1

|

F1. INTRODUCTIONy

FLAC Version 2.2 models the flow of groundwater a

through a permeable. solid, such as soil. The
flow modeling may be done by itself (indepen-
dently of the usual mechanical calculation of *

FLAC), or it may done in parallel with the me- !

chanical modeling, so as to capture the effects i
'

of fluid / solid' interaction. One type of fluid /
solid' interaction is " consolidation," in which

the slow dissipation of pore pressure causes
displacements'to occur in the soll.= This type j

of behavior involves two mechanical effects. j
First, changes in pore pressure cause changes in -

effective stress, which affect the response of
-

the solid--for example, a reduction in effective F

stress may induce plastic yield. Second, the

fluid in a zone reacts'to mechanical volume j

changes by producing pore pressures, since the
fluid is quite stiff. ;

t
| At present, the code only handles fully-satur-

'

|- ated flow, with phreatic surfaces represented
' crudely with a zero-pressure cut-off for pres-

sures that try to become negative. ,

j' The user is strongly encouraged to become famil-
l' lar with the operation of FLAC for simple me- ,

chanical probleme before attempting to solve
probi'ms in which the flow and mechanical of-e
fects are both importent.;,

"

|

,.

L
1

- - ,
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i
After the section defining the input instruc- |tions for the groundwater option, a description ;

IJ' - of the solution scheme in FLAC is given with ||
reference to two examples. These examples 11- 1

o lustrate the use of most of the commands for the jgroundwater option.
.

F2. UNITS OF MEASUREMENT
|-

Several different systems of measurements are in
.

use for flow calculations. In addition, differ- !
'ent terminology is' used by different groups to

refer to similar quantities. FLAC will accept
any consistent set of units because the program
makes.no conversions internally. (FLAC does 'I

have a default fluid bulk modulus of 2e9, which
is the modulus for water in Pascals, but this -

can be cha.iged by the user.) This section is '

offered as a guide to converting betwoon various
sets of units and the correspondir.g quantities

.

In FLAC. i
&

The quantity most prone to cause confusion is

thepermeabplity.(e.g., m,equires this to be in
FLAC r

units of (L T/M) s/kg). This gather

curious unit is obtained because the program de-
',

! fines permeability as k/y ,, whors k is the hy- e

| draulic conductivity and y ,is the< unit weight
I of water (gp,, where g is gravity and p , is '

| fluid density). k has units of velocity (L/T), ;

and g anp),p, have units of acceleration (L/T ]and (M/L respectively. The overall units of ;

I permoability thus become
|

I

1'
.

f

I

|
|

.-

- _ _ _ _ _ _ _ _ _ _ _ . . - . .. .
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!

(L/T)
r

2 3(L/T ] (N/L )
,

These are agi the permeability units normally -

used in soil mechanics. Some typ! cal conver- '
sions between different units are given below.

1 darcy = 9.87m10~8 cm2 !

1 om/sec = 1.02x10-5 on2 (water at 20'C)

1 m/sec = 1.02x10*3 cm2
F

Thus, if SI units are being used, the permeabil-
ity required by FLAC is >

,

k (permeability in om )/1.02x10-32

kFLAC " " +

9.87 m2 s a 1000 kg/m39Pw /

2permeability in on
.-

10.07 -

|

,

Thus, the permeability input to FLAC is ,

2kFLAC "' (Permeability in cm )/10.

P

When modeling a problem in fluid / solid interac-
|

tion with FLAC, other physical constants must be
specified. For an elastic soil, the drained

I

i
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1

bulk and shear moduli, K and 0, are needed. The )
porosity n of the soil is needed, as well as the

{apparent bulk modulus of the pore fluid, Kw. The
maximum value that should be used.for Kw is
2x10 Pas normally, a lower value is used, to j
take account of the presence of trapped air in '

the pore space. The' elastic' constants are re-
lated to the confined compressibility M as fol- '

e
lows:

1/Me=K+ (4/3)G -

For sones below the water table, the density
given for the soil is the saturated density--
i.e.,

,

P = Pa + n p , .

who'e'p, = dry density of solid, and
'

'r

p ,- density of fluid,

1 F3. INPUT COMMANDS

i.

The commands necessary to model groundwater flow |
and consolidation are all implemented by means
of added keywords on commands that are already
in the standard FLAC code. Some duplication +

with the standard FLAC manual occurs here to
make this appendix complete. This section
simply defines the commands. The following sec-
tions demonstrate their use, and give a more de-

| tailed description of their function.

_ _ _
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:

The commands used for groundwater flow are as
follows.

)
|

APPLY keyword-value < range >
j

The available keywords ares
;

'

DISCKARGE
A flux is specified (a !
volume rate per area (with
units of cubic meters per i
square meter-1.e, m/s,
for examp19)) over the
range of 'JRIDPOINTS speci- ,

fied. Ti.is consnand is
used to :specify a constant

,

inflow or outflow over a
,

boundary of the grid.

WELL A volume rate of flow ,

(e.g., cubic meters / sec-
'

ond) is specified for each
EONE in the range. This
consnand can be used to
represent either sources
or, with a negative value,
sinks. (Unit depth is as-

.

sumed.) '
,

!

|'
1'

*

'

. - _ _ _ _ _ - _ _ _ __ ____ - _ - - _ _ _ _ . _ - _ _ - - _ _ _ - - _ _ _ _ _ _
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,

00erIS .The keyword OW reserves memory for
FLAC to run fluid flow problems. This 1

coasmand must be given before the grid i,

is specified. j

1

:

.

L

.

i
>

i

i

t

,

F

4

4

c
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FEI PP < range > s

The keyword PP causes the pore pres- 1

.sure to be fixed at the current value ~)
at gridpoints in'the specified range.
'with this condition on a boundary, 1
flow may occur, but the' amount of flow |
is not specified. '

:
i

6

if

i
i.

I

I
L

| 1

k
|; i

1

t

6

,

,

4
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c

FREE PP <raige>

This is the reverse of the FEE cona-
mand. If the pore pressure is free to
change on a boundary gridpoint, and no
APPLY comunand affects the gridpoint,
no flow occurs from that boundary

,

l

|

|

| I
i |

4

i
!

|
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1

FMPT The following keywords can be used.

FLOW plots flow vectors.
i

HEAD plots contours of head
(will only work if the SBT
comunand has been used to '

define gravity, and the i

water density is speci ,
i

flod).
:

PP pore pressure contours |

i
,

l'

b

.

.

!

r

1 '
,

1
!

L
,

|

|

>

r
.

.
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'
L PROF The following properties can be speci- ,

fled.

!

POROSITY porosity (
:

PERMEABILITY * the isotropic perne- -
-

' . ability i,

r

Kil,K12,K22* components of the
'

..

permeability tensor
:

i

i
L

h

*See Section F2 for units.
,

I

e

I

$

-

,

|

|

|

|

|I
|'
.

?
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|
SBT The following keywords apply'to

. ]
!

groundwater flow modeling.

DATUN-value <x1,x2 yl,y2>

This cosenand can be used
to set up the datum that
FLAC uses for head calcu-
lations for the PICT ERAD ;

comunand. Different values ;

can be specified for dif-
s

forent parts of the grid, I

depending on the values of
x1,x2,y1 and y2. If these i

are omitted, the entire '

grid is assumed. This '

comunand has no effect on I

the calculation, it only
affects plotting and
printing. (The default 1

datum.is the bottom of the i

grid. )

rLoW - ON/0FF f

This keyword turns the
flow calculations on or

i. off.
J

:

[ MECH ON/OFF
( |
| This keyword turns the me-

!
chanical calculations on
or off.

1 i

|

|
1 j.

|
l'
|

|

!

;
\

I

I
1

.
\
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!, , . .

i.

SBT . (continued) #

NOW=value !
The number of groundwater

,

flow steps dono during
'

each step is specified..,

:

HMECH=value '[

'The number of nochanical {
flow steps done during !

each stop is specified. .

!

r

4

't
i

t

V

6

' .

I
'.

,

|p.

|
|

4

*

|
,

'

! :

1 t

,

1

|

1:

|

|
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1

, unTER keyword-value "

!~ BULK . bulk modulus (def ault is i

2e9)

DENSITY water density ;

..

.

TABLE The water table is input )
by the user with the TABLE

'

.

command. This command '
,

tells FLAC which table to ;
iuse. '

!

>

l'

t

>

4

!

T

,

1
1.

1

-. - -



E

I

.\.
*

rLAC<

Page F-14
.-

h

F4. MODELING GROUNDWATER FLOW WITH FLAC
4

Many analyses of' consolidation assume that water
.

is incompressible in comparison with the deform- I
ability of the soil. FLAC, in contrast, assumes r
that fluid has a finite bulk modulus. For many ,

soils, the solid bulk modulus is not very much '

lower than that Pure water has a bulk ;

modulus of 2x10,of water.Pa. Normally, the pore space
in a granular material is not completely filled

f
with water--even a small percentage of trapped
air'can reduce the apparent bulk modulus of the 't

water by an' order of magnitude.

It is'important to be clear about the time scale i

associated with consolidation and mechanical i
loading. The mechanical effects occur almost
instantaneously in the real world--in the order
of milliseconds. However, fluid flow is a long--
term process: the dissipation associated with
consolidation takes place in days, weeks, or
even years. Real time is only accumulated when
the flow option of FLAC is active.

t

y As discussed in Section 3.0 of the FLAC manual, F

FLAC is an explicit code, which means that iti

( takes "timesteps" to solve a problem. Thus, al- '

'

though mechanical effects take place almost in-
stantaneously (e.g., pore pressure are generated
when a load is applied), FLAC takes a finite
(and sometines large) number of steps to solve
the problem. However, there is no true time

'

period associated with these steps; they are
L rrerely an internal mechanism for the code to at-

L tain equilibrium. An alternative way to think
of these mechanical steps.is to imagine that i
each step represents a microsecond or less of

.

k

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



. - - _ .

r* i

!
!

!

!

FLAC
Page F-15 f

'
.

:

!
time, so that even if many steps are taken, al- |

most no time elapses. To model this instantane-'

ous development-of pore pressure, the'connand-
SBT FLOW OFF can be issued prior to the SOLVE 1

command. This prevents flow and,' hence, dis- !

sipation from occurring. (It is equivalent to
setting the timestep to zero.) Once equilibrium
is attained, examination of the pore pressures
would show high concentrations under surface ;

loads. In reality, these pore pressures now be-
gin to dissipate. This can be modeled by turn- e

ing tho' flow on with the command SET FLOW ON and
again using=the SOLVE or STEF command. The
SOLVE command'will model the real dissipation. t

Each timestep represents an increment of real ;

time, ' as FLAC solves the . transient fluid flow ;

problem. The pore pressure concentrations will
decrease, and settlement-will occur under load.

In the previous paragraph, it.was noted that,
initially, many mechar.ical steps had to be

';

taken, although' time was not evolving. When
fluid flow is occurring, mechanical effects are|-

still observed (e.g., as fluid flows away, set- ,
,

L tiement occurs) . FLAC may need to take several :
'mechanical steps each time a fluid flow timestep

occurs, just to bring the system back into me-
chanical equilibrium. (These mechanical steps
are still just an internal device PLAC uses to
maintain equilibrium.) Depending on how fast
the system is changing, the number of mechanical
steps necessary to maintain equilibrium can
change. An indication of the number of mechani-
cal steps required is the "out-of-balance
force". As discussed in Appendix B of the FLAC
manual, equilibrium is indicated by a low value,

,

where " low" means "small relative to other ;

_ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _
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forces in the problem". If too few mechanical ,i
Lv steps are being.taken for each timestep, high 'iu

out-of-balance forces will be observed, and the i

number of mechanical steps should be increased.

'The Sat ledBCB=value conumand is used to specify
the. number of mechanical steps for each flow
timestep, The default for NMECH is 1. Very
late in a problem solution, the reverse may oc . t

cur. Fluid dissipatjon may be so slow that a me-
chanical adjustment is only needed after several.
flow timesteps. In this case, NMECH should be
set to 1, and the command SET NGumvelue can be

;

used, specifying the number of fluid steps be- *

fore a mechanical adjustment is made. The de-
fault for NGW is 1. The following examples
clarify the use of the SET 3BIBCN, SBT NGW and
FLOW keywords. In all cases, the user is as-

,

aumed to have issued the consnand STEP 2, and the
sequence followed by FLAC is given.

1. BedBCN=1, NGuel, FLote=CN (the def ault)

Souvence: 1 mechanical step
1 fluid flow timestep
1 mechanical step
1 fluid flow timestep

2. 3085C5=1, NGN=1, FLOWm0FF

Sequence: 2 mechanical steps
,

.

-- .- _-,
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,

3. 3eEBCII=5,. NGWm1, FLOWm006'

Suavence: 5 mechanical steps.
1 fluid flow timestep
5 mechanical steps*

1 fluid flow timestep

4. DessCael, leGN=5, F14Wm0N

seaueneg 1 nochanical step
5 fluid flow timeatops
1 mechanical step
5 fluid flow timesteps

The following examples illustrate these com-
mands.

F4.1 One-Dimensional Consolidation

The example of one dimensional consolidation is
- given in many textbooks on soil mechanics (e.g.,
Atkinson and Bransby (1978)). A column of sat-
urated soil of height H is impermeable at its
base and free-draining at the top. A stress of i

c is suddenly applied to the top surface. In-o
L_4 stantaneously, the pore pressure in the column

increases. If the water is incompressible, all
of the applied load is carried by the fluid. As
time goes by, the fluid flows out from the top j

!
of the column, and the pressure in the column ;

decreases. Gradually, the load is transferred |

from the fluid to the solid. The theory of con-

| solidation predicts the variation of pore pres-
sure in time and space (1-d space). I

|;
,

<

i

|

.

!

i
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If water is considered incompressible, the aqua-
tion for excess pore pressure, u, as a fur. ..lon
of depth and time t is.(Atkinson and Bransby,

1978):

32u hu
(F-1)c =~y

3:2 8t

k
2with the climensions L /T, the

where cy = M Tw
,

c coefficient of consolidation,

k is the hydraulic conductivity in L/T
units,

M is the confined, drained compressibil-e
ity of the soil, and

7 , is the unit weight of water.

If water is considered to be compressible, with
a bulk modulus of K , Eq. (F-1) still applies,w
but c is nowy

k
'

Mc + (n/K )w
where'n is the porosity, and

kFLAC = k/Y ,, which is the permeability
required by FLAC.

_ _ _ _ _ _ _ __ - - _ _ _ _ _ - _ _ _ _ - _ - - _ _ - _ _ _ - - - _ _ - - _ _ _ _ _ _ _ _ _ _ _ --
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.

obviously, as K,tends to infinity, Eq. (F-2)'
reduces to Eq. (F-1). Equation. (F-2).is a more
9eneral expression of cy,.and is the one that i

applies to one-dimensional consolidation modeled . , .

with FLAC. There are other consequences that ,

follow from the assumption of compressible
waters for example, the instantaneous excess
pore pressure ug is less than the applied
stress, c , in the odometer test--the ratio iso
given'by

,

f
ug K,

(F-3) <-- a

c K, + (n/Mc)o

i

Recall from Section F2 that i

1/Mc=K+ (4/3)G (F-4) i

&

are known from an odometer test, IIf cy and ug/co
the required constants for FLAC can be found by

,

using Eqs. (F-2, F-3 and F-4).

The following sequence of input commands to FLAC
causes it to model the one dimensional consoli-
dation of a 20 m column.

..

|'

'

|
'

..

,
i

l'

t
i

I

4

.

|
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;. config gw

* 1-D consolidation test
grid 1 20 '

model elastic
fix x- * (just allow vertical motion)
fix x y j=1 * (fix the bsse mechanically)
prop d 2000 bulk 5e8 shear 2e8
prop perm =le-10'

water bulk =2e9
* all zone pore-pressures are equal ,

ini pp=le5

* complete drainage at top surface
1* (this will: reduce top-sono pressure) j

ini pp=0.j=21
fix pp j=21 '

* set total stresses to equal applied load
apply pres-le5 $=21 '

ini syy--le5
his pp i=1,j=10 ,

his ydia i=1 j=21
set nmech=25 '

step 500
set nmech 15
step 300
set nmech 10
stop 200
Pr gpp
set nmech=5
step 1000
Pr gpp
step 1000
Pr gpp
set nmech 2
step 1000
Pr gpp
stop 1000
pr gpp

e

, _ _
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The column of 20 sones is 20 meters in height. -

There is no gravity, since we are only inter- ;

ested in the excess pore pressure effect. The |
system is in mechanical equilibrium initially, 1

with the applied surface stress equal to'the !.n- i

tornal total stress of > 10' Pa. Since the pore j
pressure is also, set to the same value, the ini- |
tial effective stress.is zero. The system does
not remain in equilibrium because.the pore pres- |

sure at the top gridpoint is set to zero--water
,

starts flowing upwards and reduces the total !

stress, which causes.the soil to' start compact- )o
ing. FLAC. chooses the fluid timestep as a func-
tion of the properties and geometry. In-this
case, because of the choice of properties, one

'
step corresponds to one second of time. The
complete distribution of pore pressure is
printed out'every 1000 seconds. The t,able below
compares FLAC's.results with the exact solution ,

'of Eq. (F-1), using c from Eq.- (F-2) . . They
pressures are expressed as fractions of the ini-
tial pressure, and are given at two. locations:
the base, and halfway up the column.

,

6

'

TIME P AT BASE P at 10 meters

.Lt19.1. 15AEL I.kM Iuit.9.1 T3rE

1000 0.885 0.885 0.653 0.651
2000 0.642 0.644 0.455 0.457
3000 0.457 0.457 0.323 0.323
4000 0.324 0.324 0.229 0.229 |
5000 0.230 0.230 0.163 0.163

The various commands used in the example are de-
fined in Section F2, above. Some discussion of
those used in this example follows.

L
I~

L
|.

;
.

,
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If a FLAC run is to incorporate' interaction be-
tween groundwater and a deformable porous solid,
then a CONFIG GW comand must be given prior to
the GRID command, as in this example. This al-
locates the memory necessary to hold the extra<

variables. By default, full interaction will be,

assumed when this CONFIG comand is given. How-
ever, the run may subsequently be done with or
without groundwater interaction, as discussed

' below.

The WATER comand is used to specify the appar-
ent bulk modulus and mass density of waters X,
and pw, respectively. The keywords are BULK .and
DENSITY. The density is only used if| gravity is
specified. Under hydrostatic conditions, the
pore pressure gradient will be pwg, where g is
the gravitational acceleration'. Note that the'
density of the ' solid (specified with the PROP

_

comand) is the saturated density.

The SULK parameter of the MATER comand sets the
jbulk modulus of the fluid. It should not be set- '

unrealistically high if "undeformable" fluid is
required; rather, it should be kept at the cor-
rect value, and the bulk nedulus of the solid
reduced. The bulk modulus of water in S.I.
units is . 2x10' Pa. The' bulk modulus may be set

,

'

to zero if the FLOW OFF condition is in effect,

! (see discussion below) but, otherwise, a non-
L- r.oro value is required to compute a finite fluid

,l' timestep, i

!

L In FLAC's input and output, pore pressure is ex-
[ pressed as a true pressure (e.g., in Pascals),

|rather than a head, which is more comonly used !
t-

in soil mechanics. One advantage of this is !
!

'

|[ j
.

L,

i
,
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that disconnected groundwater regions can exist |

without ambiguity in the specification of a ref- !

erence paint for heads. Fore pressure is an on- !

coption to the usual FLAC rule in which scalars )
!are associated with sones. For the groundwater

flow calculation, pressure is assumed to be 10- |
cated at gridpoiats-sono pressures are then de- !

!rived from those * master" values by averaging;
hence, the gridpoint values are more accurate. ;

They may be printed by PRDit WP. tone values i
.

are printed if PRINT PP is given. On plots of !

pressure, however, the grit! point values are al- |
ways used. ,

i

In general, penneability may be given as an on- t

iisotropic tensor, by means of its conponents
kit, k12 and k22, referred to the coordinate j

axes (Note that k12=k21.). Mohr's circle can be !used to convert between these components and the
principal values and their ungles.' The permea- |

bility used by FLAC is defined as follows: ;

|

OP f

vt = (kt3)rLAc - (F-5) .

E*$ |
t

I

where vi is the specific discharge vec' tor (flow }
*

rate per unit ared .
,

.I .

!'g..
|! l' f

h

k

t

I !

,-

L

.

,
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!
1 ?

:

i
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I !
To convert to FLhC's units from the velocity !

-

units of k, used in Eq. (Fall, divide by ti.e |unit weight of water, Twt i

l I
.

hj kj '
i i

kj (F-6) it
FLAC Tw gp,

}j-
r

.i<

FLAC never does this calculation automatically, !
even if the density is given on the WhTan com- !

mand. !
!

If the keyword PERM is ussd on the Phoe command, !

both components (kgg),u,' and (k I22 rucare set i
to the given value, and (k12 rue is set to sero II
(i.e., an isotropic permeability) .

{
Keywords K11, K22, K12 are used to specify the
components of an anisotropic permeability

!
tensor. Note that a high permeability will re- '

sult in a small fluid time-stop. Instead of us- '

ing high-permeability regions, it is of ten pos-
;

sible to specify, instead, a fixed pressure ;
around the boundary of the region using the FIX |
PP and INI PP commands. This allt . s free drain- I

age, j
r

When the INI command is used to specify initial i
and boundary pore pressures, the given values
are installed in the gridpoints covering the ,

,.

prescribed range. Fixed-pressure conditions are
fset by Fixing the pressures at the required I

gridpoints; fluid may flow into and out of the
grid at these points. Boundaries that do not !

,

i

I
,

I
.

|

,

5
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i

have the F1X condition set are impermeable. ;

Note that the FREE command muy be used to revoke f
the FIX condition.

Care must be taken when prescribing initial 1

pressure distributions and boundary pressures !

if gravity exists, then pressure gradients mutt |
be given, via the VAR parameter with the INI )
consnand. ]

1

The commands SBT IBIBCN in the input file specify ;

how many mechanical steps are tt $on for each ;

fluid flow timestop. At the start of the run,

there is a large mechanical imbalance, so NMECH !
iis set to 25 in order for the grid to settle

down mechanically between timesteps. N"(ECH is
then reduced as the disturbing effects become !

less. due to the' reduced changes in pore pres-

sures. In this exanple, larger values of HMECH |
are use,d than are probably necessary in le.ter ;

stages of the problemt if the vslues are too ,

small, inertial ef fects (oscillations or lagging
?response) will be observed in the pressure-time ,

histories. Some experimentation is usually no- ;

cessary to find the most efficient solution. If j
this problem is run, it will be observed that,
near the beginning of the problem, the out-of- !

balance force is about 400 Pa or more; by the j
ond, however, it has reduced to less than 50 Pa. <

If the same problem is run with NMECH=1 initial- f
ly, the unbalanced forces start out at several |
thousand Pascals. In this exanp,le, a "represen-

force would be 10 to 10 (typical zone ttativo a

dipnsion (1 m) multiplied by typical stress,,

L 10 Pa), so a " reasonable" out-of-balance force ;

I would be about 1% of this (i.e., 100 to 1000).
'

;
.

,-

I

L:
|

.
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$

hl'

|'
t

! *

|

!

l
*

[

| ;

-
__- _ _ . _ _ _ _ _ _ _____ _ _ _. _ _ __ _ -.



._

l
' {

, >

|

|.

! FLAC
t Page F-26

i

Several other options att illustrated in this,

{' example are available for fluid flow calcula-
tions, these are:

SET Flow orr eliminates calculation of
dissipation. Pore pres-

.ies change due to me-
N ;ical loading, but no

slow occurs.

SET MECH Orr eliminates the nochanical
calculation, used to solve
a flow problem only.

3ET NGW = netop runs netop groundwater
steps for one mechanical *

stop. This option can be f

used when the solution is
almost at a steady state. !

It is equivalent to being ;

able to reduce NMECH below
1.

WATER BULK =0 & eliminates all fluid ;

SET FLOW orr effects-generation and i
dissipation. -

|

F4.2 &_,7wo-Dimensiopal Example

This example illustrates the use of FLAC to com-
4

pute tha flow field under a sheet pile, which is '

represented as a vertical line of zero-perneabil-
iity zones. Upstream, we have a 10 m heads down-

stream.,.'we have a 5 m head. 1,'o mechanical ef-

fects are modeled, and gravity is ignored. Pres- )
sures on the ground surface are fixed (as this !
boundary is in direct contact with the water), '

and other boundaries are impermeable,
,

i
J

;

,

t

t

- - - - -,



m ;. . - ...

t

f- |

u .

! !
! FLAC

Page F-27 |
i,

I- f
! !

flow undernoeth a sheet pilot no nochanical }*

* effects i

tconfig gw
g 21,10 ,

fae
prop d 2000 s le9 b 2e9 perm-le-14'

* effect of a shoot-pile ... f
prop perneo i=11 $=6,10 i

water bulk =2e9 dens =1000 t

,

fix x y j=1 i

fix x i=1 j
fix x i=22 '

fix pp $=11
* upstream side ------------ !

,

ini pp=le5 i=1,11 j=11 -

* downstream side ---------- T

ini pp=0.5e5 i=12,22 $=11 '
* switch off mechanics ------
set mech =off ,

* solve ...
his pp i 5 j $ f

'stop 1000 .

plot pen b pp !

ret ,

i

'

Plotter output for this data file is shown as
rig. F-1.

.
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iWith gravity and mechanical interaction, things
become more complicated. When the pore pressure [

;at a boundary is specified, this represents only
a fluid conditions no mechanical loading is in- ,

plied. If mechanical loading from a standing i

head of water is desired, the appropriate hPPLY ,

command must also be given. The previous example ;

is repeated, but with gravity and mechanical j

loading added. The following data file produces ,

the stress and pore-pressure distributions shown ,

(in Figure F-2. '
.

flow underneath a sheet pile with mechanical |*
t* interaction
;

config gw
g 21,10 |

;me '

prop d 2500 s le9 b 2e9 pere-le-14
* notes density includes water
* effect of a sheet-pile ... j

prop perm =0 i=11 j=6,10 ;

water dans=1000 )

fix x y j=1
,

fix x i=1 '
fix x i=22
fix pp $=11
* upstream side ------------ ,

ini pp=le$ i=1,11 j=11 |
;apply pres =le$ i=1,11 j=11

* downstream side ----------
!ini pp=0.5e5 i=12,22 $=11

apply pres =0.5e5 i=12,22 j=11 ,

set grav=10 {
i

his pp i 5 $ $

i his yd i 5 j=11
.

|stop 1000
save sheet 1.sav

| ret ,

:

1
1

|

|

|
,
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Onco equilibrium of flow and stress has been ob-
tained, a load can be placed on the ground sur- !

f ace representing a structure, for emanple.- The j
response to this is in two parts. First, an "in- I

stantaneous" adjustment in stresses and pore f
I pressures occurs: for this stage, the flow cal- |

culation is switched off. Second, slow dissipa- f

tion of pore pressure takes places in this
phase, the time scale is 'real." The first stage
is accomplishod by the following data file, j

!
f

Irestore sheet 1.say

hist reset * forget the old histories ;

!hist pp i=5 j=5
hist ydie i=11 $=11 ;
* apply extra mechanical inading contered on ;

* sheet-pile !
apply pres =$e5 i=9,14 j=11 ,

* get to ' instantaneous' mechanical equilibrium ;

* first i

set flow-off !

stop 750 i

save sheet 2.say }
ret |

!

I

The resulting redistribution of pore pressure and I
stress is observed in rigure F-3. j

'
,

.

!

i

i

,t

)

b

F

,

!
!

>

:
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1

i

How, the flow calculation is turned on, and ;

real" time is allowed to elapse. After'esecut- da

ing the following data file, the history of pore )
pressure dissipation shown in Fig. F-4 is pro- :

duced. The field of consolidation displacements j
is illustrated in Fig. F-5. !

!

I
restore sheet 2.say |
hist reset !

ini ad=0 yd=0 i
* future displacements will be w.r.t. this state I

hist yd i 11 j 11 ;

hist pp i $ $ 5 !

set flow =on * rest.oro flow capability |
* allow pp to dissipate

'

;

stop 1000
save sheet 3.say i
ret

i

f
.

;
.

f

:

i

|

'
;

1

9

,

|

i

.
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Figure F-4 shows'some oscillation in the pore
pressure history, indicating that, perhaps, an
insufficient number of mechanical steps were run
(NKECH=1, the default value, in this problem).

A typical out-of-balance force in this problem is
about Se5 Pa, so a small value would be about
So3. When the problem is run, the unbalanced
force starts out at '10' and drops to about 10 i

,

8

over 250 steps. Finally, after 1000 steps, it is !

about 10'. This indicates that, initially, NMECH
!

probably should have been higher,
j

If the star 1000 command is replaced by the so-
,uene.

i

837 NMBCm=10 :
STEP 500 [

; SBT 3GdBCN=5 |
STEP 300

l
SBT ISIBCNe2 '

star 200 ;

i
the pore pressure evolution shown in rig. r-6 is ,

obtained. The curve is much smoother, but the ;

overall shape probably is sufficiently,similar to
rig, r-4 to accept the original results. In this

,

'

prpblem, the unbalanced force drops to los
in about 50 steps, and is less than 10,s than10 after

250 steps.

.

h
r

.

b

!

!
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If the command sequence !
(- :

SST Wes=10 I

318 NSTEP=1 !
: 8, 100 !
'

!

replaces the STEP 1000 command, the problem will [
run much faster, because only one mechanical stop i

is done af ter overy ten fluid flow steps. How- I
'

ever, the resulting pore pressure history (Fig.
F-7) is noticeably different in shape to that in ,i
r!g. F-6, although the curve is smooth. The out- ;

of-balance force in this case is about Se4 after I
25 steps (equivalent to 250 steps in the other )
cases), and remains above 2e4 throughout the 1000
steps. These out-of-balance forces are excessive
for this problem, resulting in an inaccurate rop- ;

resentation of the evolution of pora p'ressure |
with time, f

!
;

!.

'
,

!

|

i
i

l
:
!
;

,

b

,

;

i

i
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i
GRAPH 2C8 ON DOT-MATRIX PRINTERS !

AND THE HP-LA$ERJET |

|

i

:
Many users have requested the ability to send

|FLAC graphics to devices other than HP plotters
and Postscript laser printers. Version 2.2 of-

(|fers the ability to send graphics to dot-natrix
printers, such as Epson, Panasonic, IBM, as well
as the HP Laserjet. The printer drivers we use j
are produced by a third party, so Itasca cannot

i

be responsible for failure to work on specific j
printers. We have only been able to test this ;

feature on a limited number of printers. So far ,

we have successfully used an NEC 890 (emulating
,

an HP Laserjet), a Panasonic 1080, Epson MX-80, '
,

LQ-800 and LX-80 printers, and the HP Paintjet
i

printer. (All printers produce black and white !

|!
output only.)

Also, the plots can only be produced by a post- '

processing operation. A nachine with an 8087, !
80287 or 80387 coprocessor is required for the

,

postprocessing. (Users with a Weitek coproces-
i

sor will have to do the plotting from a machine ;

with one of these chips unless they also have an |80x87 chip.) '

!
,

i
The first step is to install the files you will !
need on your hard disk. First, consult the at- '

p tached list of printers and select the appropri-
ate xxxxx.PRT file for your printer. Then, go to

) the directory from which you will be making
,

| plots, copy the program INSTALL. BAT to your hard '

*
1
| b

,

!

l

.

:

, .
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disk and, with a copy of the PLAC disk in the A

i drive, type INSTALL xxxx, where xxxx is replaced
by the name you selected for your printer. This
program will do the following.

1. Copy the following files to your hard
disk.

" NORMAL.FNT",

| "ITLSLD.FNT",
'DPRINT.EXE",
"INTERP.EXE"
" POP. BAT"

2. Copy the appropriate driver for your
printer under the name DPRINT.PRT.

At this point, your conputer is set up to plot
to the printer you selected. If you ever wish
to change printer, repeat this process for the
new printer. If you wish to use more than one
printer on a regular basis, rename the file
"DPRINT.PRT" to something else, and repeat the
INSTALL process for the other printer. You'may
have as many .PRT flies present as you wish, but

| the plot program will always use the one named
"DPRINT.PRT*.

i To generate the printer plot, follow thoto
| steps.
|

{

1

l'
|
t

|

|

,

1
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i
1

|In F1AC

(1) Use the consnand SBT 784T=PRIsrFER to itell the program you want output for a
,printer rather than the HP plotters or
!PestScript printers.
i
!

(2) Use the consnand SET CUT =faame to spe-
city the file to which you want the

i
output sent. If this file already on- !
ists, it will be overwritten,

j
r(3) Generate ' the plot you desire, using
:PICT PEN ....... '

\(4) If you want more plots, specify a new
jfilename for each one using the SBT
;

00T=fname, as in (2), above.' The pre-
!

viously selected file will then be
!closed and a new one opened. '

. :
(5) When you are finished using FLAC, get.

!out by typing STOP or QUIT.
i

$
'

Out of FLAC ;
'

!
;

Use the Printer Output Program (POP) to generate -

your figure as follows. In the directory where ;
p you. installed your output programs, type POP '

; fname, where fname is the file you. generated in
!

FLAC. The program will then proceed to process '

r

this file to produce the plot you requested. ;

MARNING As part of this process, the files
f" PLOT.TMP" and " PLOT. PLT" are generated and

erased. If you have any other file with one of
tthese names, rename it or it will be destroyed! I

!
>

f

:
!

_ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ . _ - . . -
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Producing plots with this process is slow, espe-
cially if more than one plot is being made. If

you wish to create a batch file to produce sev-
eral plots without your intervention, create a
file similar to " POP.BA7", but with your file-
names as the input to INTERP.

NOTE: The POP program runs the DOS program
GRAPHICS. This program is a part of DOS, and
must be accessible from the directory where you
are producing plots. For some printers, this
program is not necessary, so you may wish tv try
removing it f rom POP and 'see if your printer
works.

Modifyina Printer Outout

The printer drivers we supply are supposed to be
device-independent, so thtt everything appears
the same site regardless cf printer type or
resolution. In reality, we have found that text
size, in particular, varies. The file that TLAC
produces is a standard ASCII file and can be
edited, just 4ike a FLAC data file. This sec-
tion explains the format of this file, so that
you can adjust text size, if you wish. Be care-
ful - It is possible to change the plot com-
pletely by changing one number incorrectly.

Each command consists of a pair of lines, except
that text input takes three lines. The first is

'

a consnand number, and the second is a list of

parameters for the consnand. The consnand numbers
are as follows.

.

i

- - - - . - _ _ _ _ _ . . _ _ _ _ _ _ _ - _
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1 - initialise graphics
2 - text i

3 - tilling (disabled for dot e trix printers) |
4.- draw a line ;

5 - specify character sise [
6 - specify font for text ,

I.

One parameter you may want to change la the text [
size. To do this, find a line with a single 5 :

*

in it, followed by a line with a single real
number. This number is the approximate text i
sino in inches. The particular site consmand you i

are interested in will be the one immediately ,

preceding the text whose sino you want to '

change. It can be adjusted until you are satis-
fled. !

For example, the lines
6

5 |
'.7500s-01

attempt to set up text with a height of 0.75 in- i

ches. Future text in the file will be of this |
site until another pair of lines, such as ;

a

5 |
.70003-01

occurs.
4

i

f

e
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We have also found that some 24-pin dot matrix j; printers, such as the Epson LQ-800, produce
i

plots with the incorrect aspect ratio (i.e., i

,

square zones appear as rectangles). This can be
icorrected by modifying the graphics initializa-
|

tion (the first corunand in your file) as fol-
+

lows: toplace the third parameter (.8412e+01)
{by a smaller number until squares al.poar square.
.

To calculate the new parameters, uee the equa- i
tion i

t

np ew = 1.0 + 7.412 x (Ypa p r/xpapst I
i

where pnew is the new third parameter, and
xpaper'Ypaper are the dimensions of a square
none on your printer.

We hope to improve the pacinter output program in
;the future, so we invite you to send examples of '

output from your printer (please let us know '

which) and any comments on the program. '

!

?

?

P

I

,

D
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l PRINTER DRIVERS AVAILABLE WITI! FLACi

( eee.no,ne.

. eestes3rtstr.*?ftle erseter Wrgrse Teressel owggrsteg cogss_ogree* -

|
*

I an,meeee (s) s.ee reSeWL.ref Go fa ,

| setose. ret see ta o.,
BfteeW.FWT 1M 296 6-9

j

| AWT e m .e ...e a ..WT .O - .,

aWTL.PST TSO Ge e-9
8WTS.Pt?

19e. e.1,
139

a . WT = ..
| aWT95.PDT 240 243 01
,

SWTTee.PWT see See 99
|
,

SWTCTL. Pef Ge Ge e.93
' seTCL. Set 130 Se e.93
I aWTCW.PDT tSe 100 9 93

t.e.e .e-13
ggtseawfCW.rWT

. e ..,am.. ? ,
a#TCTTW.FST 400 See O=93 e t'

amedes We Serteo sessant.pWT 73 73 ee Q
esseE55.FWT 144 144 e-9 ()
89898SCt.79T 72 73 9 93
SeacESCW pWT 144 144 9 13

PF Sertoe Data 9TWL.PWT 73 72 0-1

Data 9TWE.PWT 144 144 S-9

Seten Date Speteee (E) 899 Sees SF999L.FWT 24 72 S=9
SF9988.797 19e 72 9=9
EF9988.PWT 130 394 S-9

ST8T 473 CITeet.FWT GS 72 6-1
CITeam.FWT 96 72 #-9

j CITees.997 136 72 e-9 -

Seether 20f44. Se deeetty Leffee.PDT 900 900 0-1

Teleetter 3 WP ecco TWtet.FWT Ge 79 e-1

79 tee.PWT 9Pe ??' e=9
Tetos.pWT 939 296 9-1
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!!!!!!!!!stst.fsfele- Frit!!r.!!!!!r **t38221 !!!!!a22398 C'I'r ** set

Cat-aste (a) t.e e tses resent.ser es it e-o
Ce-enI sessen.eer $se et e-s

1 eroses.eer ise tes e.e

c ee s aat toevese.per se se e-*

cseae (el mer.,e woest.cor es te e-s >

meP-99 m . pet See 72 ht

Woese.fot 990 294 e.t og
9 U
> ?

o, O -C.It.h eS9e, esee C1?tet.9er se 7e e-t
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L APPENDIX H |

THERMAL-MECKANICAL OPTION

,

t
*

Hl. INTRODUCTION ,

l! '

[
'This option'of FLAC simulates the transient flow
of heat.in materials and the subsequent develop- , . ,

ment of thermally-induced stresses.

This. option has the following specific features.

1. There are three material models I
for the' thermal behavior of the.
notorial -- isotropic, aniso-

1tropic conduction, and a temper-
ature-dependent conductivity
model,

t

2. As in the standard version of t

FLAC,'different zones'may have
different models and properties.

3. Any of the mechanical models may 'be used with any of the thermal
models.

4. Several different thermal bound-
,

|
ary conditions may be pres-

| cribed,
'j
i

t

i
|I
i

'

|

|

a
i
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IA 5.. Heat sources may be inserted i

into the material either as linee

,

3| sources or as volune sources. *

These sources may be made to de-
cay exponentially with time. i,

6. Both explicit and implicit algo-
,

rithms are available. ;

P

H2. THEORETICAL BACKGROUND
. ,
'

H2.1' Basic Ecuation
F

The basic equation of conductive heat transfer
is Fourier's law, which can be written in one
dimension as

BT
,

Qx = - k -- (H-1) '

x 3x

where Qx = flux in the x-direction (W/m'), and

kx = thermal conductivity in the x- -

direction (W/m*C).

L A similar equation can be written for O . Also,y
| for any mass, the change in temperature can be

written as
4

ST Onet
(H-2)- - . '

St CHp

,

f

s

. - . . - - . _ . - . - - - - - - - - . . - - - - _ _ _ _ - . . _ _ . .._ - --
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h

where Qnot.= not heat flow into mass (M), ;>

i
Cp = specific heat (J/kg*C), and

M = mass (kg) .
1

These two equations are the basis of the thermal- (
version of FLAC.

L ,

Equation (H-2) can be written as ;

E

OT 1 30x 30y-
- - . +

Cp 8x By .Bt p .

.

1

Combining this with Eq. (H-1),

,

|
'BT'' B BT -BT 1 0 -

k .

Cp Dx .k* 0x . By By .
+ -- . - - -

I8t . .p

'

1 .'
1 32T 287-'

+k
pCp - k,8x2

-- y 2.Byg
|-

i

if k and k are constant. This is the Diffu-x y
sion Equation.

L
1-

r

,
i

|-
I

_ _ _ _ .-__ _ _ - - _ . _ - - _ _ _ _ _ _ _ _ _ _ _ - - - - _ _ _ - -__ .__m ___ m_ _ _ _ _ - - - - - - _ _ * - - _ . _ _ - - _ _ _ _ . - _ _ _ _ _ _ _ _ _ _ _ _ - -
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I

i'' Temperature changes cause stress changes accord- '

, i

ing to the equation
|:

.

" " I j 3Ka AT (H-3) [AGij i

'lg
" '

where Aoij = change in stress ij, i

.'
813 = Dirac delta function, f

,

K = bulk modulus,
,

a = linear thermal expansion coeffi- I
4

cient, and

AT = temperature change.
g

t

The mechanical changes can also cause tempera-
ture changes as energy is dissipated in the aye- -

tem. This coupling is not modeled in FLAC be-
cause the heat produced is usually negligibicc.

H3. THERMAL-MECHANICAL INSTRUCTIONS '

No new commands are needed to run thermal prob- ;lems. However, new keywords are used on'com-
mands in the standard mechanical code. The uscr
is strongly encouraged to gain familiarity trith
the mechanical logic berore' attempting to model '

coupled problems.

!

..

. ,

e

4

.. - _ _ _ _ _
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List of Thermal Incut Conunands
!

!

| apply keyword valuel value2 < range >. 6

This command la.used to apply thermal
boundary conditions and sources in the

F- ' material. The keywords which can be
usad and the properties associated

!with value1 and value2 are listed be-
low. - .

Keyword

Convection ,

I

i
valuel value2

temperature of convective .;
medium to which heat transfer

'convection occurs coefficient
(M/mf'C)

i,

rium ,

.

i

valuel value2
'

initial strength decay constant .

(watts /m') (s'')
'

t

(
,
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<
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!
4

Array (continued)
;,

Keyword
-f

Radiation
,

valuel value2

;radiative heat temperature of -

transfer coeffi- medium to -

cient (for black which radia- (bodies,, this is tion occurs i
the Stefan-
Boltzmann con- '

atant 5.668x10" I

W/m' K') ?

Source
I

valuel Value2
-

Y

initial strength decay constant
,

(watts /m depth) (s")
.

| '
riux conditions can be applied over
one row or column of gridpointe within '

the body or along a boundary. This
|feature enables the simulation of an ~

internal line source,'as a flux along ,

an internal row or column of grid-
points. The SOURCE command results in I

a volume source of the specified '

strength in each zone of the specified
range.

,

,
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4/ -

apply (continued)
J

The decay constant in the SOURCE and - 1
,

FLUX options is defined by the equa-
,

,

tion _ ,

,

4

- tini)3Scurr " Sini * erPled(tcurr
,

'
-(H-4)

i

wnere Scurr = current strength, ;

;

Sini = initial strength, :

ed = decay constant,
-

-

tcurr = current time, and
'

t ni = initial time (wheni
source was added)

To remove a FLUX or SOURCE condition,
the condition should be applied with

the strength replaced by arop, where
,

Srop " *Sini * exp(cd(tcurr-tinill

i,

!
1' \

P

5

|

|
1.

i'
|
t

( :'
? .-

r
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F~ Fia' T <value> < range >

The temperature is fixed at all points
in < range >. If a <value> 1s.given,
the temperature is fixed at that
value,

r

S.

.o

|

|

I

f

f
1

|
1

|

!
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,

rase T < range >
r

The temperature at points in'< range >
is allowed to change. ;

,

i
L

r

t
i

k

i

t

f

,

!

t
>

1

I

k

)<
r[.

?'

|^
.

|

f

|

j. r
'

,
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Nie ' Temperature

' Temperature histories have been added, i
,

:(

!-

i

Ii

,..

1
P

>

4 4

.

j
|

'1
i

i,:

I

-

i

|
|

.

|

|

|
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Initial keyword = value < range > , ;
'

,

!
1

TEMPERATURE has been added to the list
of. keywords. The teniperature is ini- J
tialized to the given value at all 1

gridpoints and zones in the range spe-
cified. |

,

n

i

T

.

I

!

?
,

.

E

l

l-
1

l'
r

1 ,
\

'

1 .,

b

i
;i
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IWODEL keyword < range >

This command associates a thermal' '

model with an area of the grid. The
,

'models available are as follows. (

TH_ Anisotropic ' i

anisotropic conduction

i
4 .

'TH_ Isotropic
'

2

isotropic conduction *

>

!

TH_ General I

isotropic conduction with thermal con-
ductivity of the form

k (T) =ki+k2 Tn ;

'

TH_ Null
:

zone is null. (Null zones model exca- [
vated material and insulators.) !

!

|-
! .

1 ,',

f

9

.i .

>

| ,
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Plot keyword < switch <=v>...> !

< keyword < switch...>...>

TEMPERATURE has been added to the list ,

of keywords.
i

i

N# '
. , ,

.

>

,

I

i

V

P

P

k

| '
: .

|'
l-
o

-

'i

.. ,
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.i
Print keyword < keyword >

APPLY' Thermal' boundary
'1

'

conditions and i
sources are also

.

.

listed now. |
,.

F d

I The following main grid keywords have '

p also been added. ;
''

'

1

.

Conductivity thermal conductivityL

;>
t

Spec heat specific heat ;<

i

Temperature ,

i i

THEXp linear thermal ex~
pansion coefficient

Xconduct thermal conductivity I

in x-direction j

YConduct thermal conductivity I'
in y-direction !

I
'

CONI parameters for gen-
I CON 2 eral model _*

| N '

'

!

|

|
',E

O

E

{
L

k

' *

. -
- -,
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'

IProp keyword-value < keyword =value...>
< range > ;

Properties can be assigned for models
identified by the MoosL command. The
property keywords and their meanings '

are given below, i

*
Keyword .Descriotion

.

fSpec _ heat specific heat
,

L

t

Thexp coefficient of
'

linear thermal ex-
'pansion

. Tor the isetropic model

Conductivity . thermal conductivity

For tho'anisotsooic model:

XConductivity thermal conductivity <

in x-direction

'

YConductivity thermal conductivity
in y-direction

,

For the General modelt

CON 1 kg

CON 2 k2

N n

,

L

F

.
I



,~< m
4

f., \

!

i r 'L A C
Page H-16
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keyword =valueSBT '
,

,

Emplicit (ON/0FF)

The implicit thermal calculation'

schone is selected with this keyword.
,

.

MMBCE = value

The number of mechanical stpos done at
each step is selected. (The use of
this command is discussed in Section
H4.)

NTIBR = value

The number of thermal steps done at
-each step is selected. (The use of
this command is discussed in Section
H4.)

n' TEDT = value

The thermal timestop is set to value.

NOTE: The program calculates the
thermal timestep automatically for the
explicit solution scheme. This key-
word allows the user to choose a dif-
forent timestep. If the program de-
termines that the chosen step is too
large, it will automatically reduce it
to a suitable value when thermal steps



___

;

i

|
'

|
;

'

l

l
rLAC, '

'Page H-17

SBT ' (continued)
"

are taken. It will not revert to a .)user-selected'value until another SRT
TEDT commend is issued. The program
selects a value which As usually just
1ess than the critical value for nu- |

|merical stability. '

Thermal (ON/Orr)

If ON is ' selected, thermal steps are
don when the SOLVE command 1s issued. jif Orr is selected, thermal steps are *

not done.

b
!

!

:

b

c

|
|

,

I

:
. . . .. . - _ _ _ _ . _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _

j
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Solve ~ < keyword <= value>...>

The SOLVE comunand executes both me-
chanical and thermal'timesteps.
Calculation is performed until some
. limiting condition is reached. The
limiting conditions may be the temper- ,

'

ature increase at a point, the number
of steps, the run time, or the simu-'

lated age. The limits are changed by. |

the optional keywords ~1isted below. '

Age = A problem time (in.
days) j

l
i

Clock - t run time'(in min-
utes)

Implicit implicit calculation
scheme used. This
is the same as using 1

a SET IMPLICIT com-
'

mand prior to the
SOLVE command. t

Noage turns off the pre-
viously requested
test for exceeding
age A-

Step = a timesteps

'
Temp = T total temperature

increase since the
previous mechanical
cycles

;

i

I L

i

k

.

- -
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., ,

,

Solve (continued)
]

,

Def aults for these keywords are
!

T.= 20 degrees
s - 500 timesteps
.t = 5 ndnutes

1

The def ault for the age parameter is
that.the age is not tested until an -)
age has been explicitly requested via- i

an ' age = value' following.a SOLVE ,"
command. -

.,

Note that T depends on the units adop-
s

ted for temperature. Old limits apply .|
when set or on restart, but they are j
reset to defaults when's NSW command

,

is given. A time limit of greater
than 24 hours (1440 minutes) will not
be' accepted. When a SOLVE comand has
been completed, the program will indi- ;

cate which parameter has caused it to '

te rminate . To ensure that it stops
for the correct one, the values of the
others should be set very high.

See Section H4 for information on en-
abling and disabling mechanical and/or
thermal steps.

:

,
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H4. . SOLVING THERMAL-MECHANICAL PROBLEMS.

FLAC has the capability to solve both transient l

and steady-state' thermal and thermo-mechanical
problems. Both implicit and explicit solution ,

methods are available. If FLAC is used to solve !

. thermal problems, the CONFIG command must be
given with the THERMAL keyword before the grid, |

1s spacified. ,

[
The thermal model must be specified for any ,

zones which conduct heat (usually, the entire !n. '' grid). 'If zones are made null mechanically, the
thermal model automatically is made null as
well. Usuelly, this is what is desired, but -

'

there are cases where mechanically null zones
are required to conduct heat-(e.g., if the
thermal' boundary has'to be much'further away ,

than the mechanical boundary) . In this case,

the thermal model can be specified af,3,gg the me-
chanical~ null model has been specified, thus re-
activating the zones thermally. Although the .

zones are active, they will not be shown when
printing or plotting unless they are given a me-
chanical model temporar-ily,

r

The most common way of using FLAC to solve
thermomechanical' problems is to come to initJal
mechanical equilibrium and then take thermal j
steps to a time of interest. Remember that
transient thermal problems involve time (e.g.,

I
the solution may be required after 10 years of
heating). AT this point, the mechanical problem j
has not been solved, although temperatures have I

been calculated. Mechanical steps are then |

taken until equilibrium is reached. This pro- !
~

'

cess is illustrated in Fig. H-1.

i
1

(

A
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I,
'o

1. SETUP
.|

g .-define grid, deform to desired shape< '

. define material models and properties 6

.. define thermal models and properties
,, set boundary conditions -(thermal & mechanical) ;

. set initial conditions (thermal & mechanical)
set any internal conditions, such as heat.

sources
t
?2. STEP TO EQUILIBRATE MECHANICALLY
.

3. PERFORM ANY DESIRED ALTERATIONS such as
'

excavations

4. . STEP TO EQUILIBRATE MECHANICALLY I

REPEAT steps 3 and 4 until " initial" mechanical *

state is reached for thermal analysis.

5. TAKE THERMAL TIMESTEPS until desired time is
'

reached.
,

6. STEP TO EQUILIBRATE MECHANICALLY
,

REPEAT steps 5 and 6 until sufficient time has
been simulated.

REPEAT steps 3 to 6 as necessary.
,

Fig. H-1 General Solution Procedure for
Thermal-Mechanical Analysis

:
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,

The SOLVE or STEP command is used to control
'

both mechknical' and thermal steps. When a
:

thermal problem is started, FLAC automatically
configures itself to run both thernal and no-
chanical steps when a SOLVE or STEP command is
issued.. To prevent one or another from being

b run, as is required to follow'the procedure in
Fig.'H-1, use the commands'

s

SBT TERRM Cet/0FF ;
-

,

f and
_

SET MECM Cet/0FF'

l

An alternative way of using the code is to solve
e

both thernal and mechanical parts together. j

This is generally less efficient and is probably '

unnecessary, unless the user feels it is essen-
tial to accurately incorporate the thermal and .

mechanical loading simultaneously. One case in .

which such a procedure is necessary is probably
when.the WIPP creep law is used (with the creep
version of FLAC). . Because of the strong temper-
ature-dependence of this law, it is necessary to i

have the correct temperature available for each .)
mechanical step.

If the problem being run is such that mechanical I

equilibrium must be maintained at every step, it |i

!may be necessary to do more than one mechanical
step for each thermal step. TLAC, by' default, i

will only do one of each on each cycle. To do |

more than one, the SET NMECB=value command can f
be used. For example, SET MMECH=10 will cause
10 mechanical steps to be done for each thermal-

. - step. There will also be cases in which more i
1

,'

.
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s

than one thermal stop is required for each' me-
:chanical step. For example, if a creep model is ,

being used, the creep (mechanical) timestop may ,3

be greater than the thermal timestep. Rather
than reducing the mechanical timestep, it is ;'

.more efficient to use the SET NTRER=value com , !

mand to increase the number of. thermal' steps run ,

for each mechanical step.
,

'
Another alternative is to use the implicit algo-

,

rithm described below to ensure that the 5

timesteps are' equal. A similar reasoning should
.be applied'to the use of the groundwater flow
logic. 'In this' case, the thermal and ground- [
water ilmgg must be matched even though the
timesteps are different. The appropriate com- i

mands to do this are SET NGW and SET NTHER. The
groundwater timestep is not user-controllable at
prasent, nor is there an. implicit scheme for the ,

groundwater logic. When using both thermal and i

groundwater options, bear in mind that there is '[
no direct coupling between them--1.e., heat
transfer by groundwater movement is not consid-
ered, nor is thermal expansion of the water.

,.

&

'
,

.

'

.

I

!

(
'

:
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I,

Thermal Impl'icit Loaic in FLAC'

- ,

The' usual one-dimensional explicit fin'ite dif- 6

forence scheme can be written
'

I
-

T +1(t) - 2T tt) + T .itt)- T tt)T tt + at)pC'
t i 1iip ..

- . .

k 't (*xj2 !(H-5)
i- 1

| i

| where i is the gridpoint considered, and 1-1 and -)
i+1 are the points to the left and I

right, respectively,
1

|} t is the current time,

At is the timestep, and
1

Ax is the distance between gridpoints. -|

An implicit method can be derived by replacing
the.right-hand side of Eq. (H-5) by the expres-
sion:

11-

- 2T (t + at) + T .itt + at)T +1(t+6t) i ii11-
+'

2 (a )2x
'

.

2T tt) +-T .itt)T .1(t) i i
-

i

ta )2x
i
'

1

'

t

|

!

|-
I -

'

|

|-
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'
,

4

This method, known as the Crark-Nicholson mP*h- [
'. ed, has the advantage that it is stable tot al |

values of At, but has the aisadvantage of being )
implicit. This means that the temperature 1

change at any point depends on the te perature ,

-
f

,
change at other points. (this can be reen by
rewriting the implicit schone as (

~,

;'

,

B P

T 1 + leTg,g - 2(Tg + 16T l + Tg,1 + 161 ,g !
1 i 1ecp

,,,L. 474* ;-
4
' k6t (g g2 ;g

, , .
,

t

!
s

* T (t3 + AT a) .fsince T it + At) k kk
!
.

The implicit method requires that a set of equa- |
tions be solved at'sach timestop for the AT s. ji

i
In matrix notation, the exolicit, method can be ,

written as<> ,

!
B

AI - C I :

t

where C is a coefficient matrix,

I is a vector of the tenperatures, ,

and [

R is a vector of the tenperature i'

change. ,

' !

i

i

|
'

| t

! 3
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| !

|
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l

The inelicit schema can be written as
'
,

|&I=C(I+{g)
= i

i
, I

L which can be rewritten as
|

q ?C> a - C z |

: where we need to solve for R at each timestep.

The matrix
(I 1 C) f

3. .
;

!
!

is diagonally dominant and. sparse, because only .

'
neighboring points contribute non-zero values to
O.

,

e ;

!

This set of equations is thus efficiently solved
by an iterative scheme. For ease of inplementa- :

tion as a sinple extension of the explicit meth- !
od, the Jacobi method is used. For the NxN sys- ]tem g,=g, this can be written for the nth itera-

)tion as ;

1

l
i

>

3
,

|ta+13=b-{i
$ xj tn) g . g,3, , , , yag

*it j, nii n .1. 2, . . . :
1

, ,

!

)

.

.

P

!
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I

t

where sig are the array elements, and
'

bg are the elements of the right-hand- [
side vector, j

i

!.i
that is, !

;

!
I

!u <

sg(* * Il = g bg - E agg ag ") + sg ") !

,

t t
ogg 31

.

r,

i
,

i

!
In our caso, this becomes '

:

|
'a e g

is.ts/sicgt{33g3v3.I tagg . - cg3 at3*8)eavtalafsta + 18 * 8
'Ee s '

a 3.g a

f

(H-6) i

r

I
where C g are elements of the C array. |i

i

!

i
I
:
,

<
.

e
'

! !

l- f

i

'
1

| 1

1
-

| '

|

|
.

[

i

1

|

| r

1

.
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.

This equation shows the analogy between the im- - I

plicit sebeme and the explicit scheme which can |
be written as j

j

N

ATi= E Cg3 73
/
!The amount of calculation required for each

tinestep is approximately n + 1 times that re-
quired for one timestep in the Sxplicit scheme,

,

where n is the number of iterations per time-
3

stop. This extra calculation can be more than j

of fset by the much larger timestop permitted by |
the implicit nothod. Hartyer, the implicit ,

scheme can give poor accuracy because it assumes i
that the temperature change is a linear function |

'

of time in a single timestep, which may not be
I

accurate, especially when temperatures are
changing fast, as they generally do near the be- |
ginning of a run. ,'

Iinput commands -- The command sequence to use
the implicit method is as follows: !

SBT TMDT=value

SCLVE........ IMPLICIT - |
!

)or
|

SBT TMDTeval a

SBT EMPLICIT
I

star / solv 3 |

i
|

|

|

l

|

J

P
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The value of THDT is not restricted by numerical
stability. The extra keyword on the SOLVE com-
send switches to an implicit scheme. It is per- fmissible to change between implicit and explicit
solution methods at any time during a run, using ;

the SBT IMPLICIT ON/0FF commands, i
!

!
Etagg -- The advantage of an implicit method is I

that the timestop is not restricted by numerical f
stability. The disadvantages are that |

1
(1) extra memory is required to use !

this methods i

!

(2) a set of simultaneous equations j
must be solved at each time- ,

steps and |

(3) istger timesteps may introduce ;

inaccuracy. ;

1

These disadvantages must be kept in mind when ,

deciding which method to use. They are dis- |
cussed below.

1

Menerv Reuuirement -- If an attempt is made to |
use the implicit nethod for a problem when the

,

FLAC memory ir almost full (typically when the i

PRINT MEM connand reports at least 954 full), an
error mersage may be generated. The only way to ,

avoid this is to run a smaller problem or use
,

the explicit nothod. ;

i
?

1 ;

1 r

I .

I t

: ;

I

!

f

!
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Solvine a Set of Eaustions -- The set of equa-
tions to be solved at each tinestop is solved i

iteratively. Each iteration of the solution |,

' takes about the same length of time as, a single j

step of the explicit method. The number of j
iterations depends on the tinestep chosen and i

tbo particular problem being solved, but is al- |
ways at least 3. Thus, the implicit scheme only {
offers an advantage over the explicit scheme if 1

the timestep is much larger than that which the j
explicit scheme would use. On the other hand, i

the iterative scheme does introduce some re- j

striction on the.timestep. In general, a time- )
step between 100 and 10,000 times that used by j
the explicit scheme is satisfactory. |

The program displays the iteration counter and a
measure of convergence (the residual) to the r

left of the timestep counter while the implicit !
scheme is running. The user should check that !
the number of iterations being taken is such

;

that the implicit scheme is indeed more effici-
ent than the explicit scheme. If not, switch to ,

the explicit scheme or change the tinestep. |
This counter will also indicate if the method is ;

not converging. If the residual is increasing
with successive iterations, the method is not ,

'
converging, and a smaller tinestep must be used.

i

Inaccuraev Due to Laroe Timesteps -- In the ini-
tial period of a solution, temperatures general- j
ly change much faster than later. In addition,
the implicit scheme uses more iterations when ;

modeling rapid changts. It therefore is appro-
priate to use a smaller timestep or, more like- !

'ly, the explicit method, initially, and then
i

..

>

!

4

,

_ _ _~
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i
I

switch to the implicit method with a large tine-
stop later in the solution. Convergence of the i

solution generally occurs in fewer iterations et j
later timesteps.

|

!

Selectine the Imolicit Method -- From the above !
discussion, it can be soon that the implicit j
method is most efficient when used at late times |
in the solution, and only if the timestop can be !
increased significantly over the one used by the .

explicit schene. !

i
r

H5. EXAMPLE PROBLEN -- A SIMPLIFIED MODEL >

0F A NUCLEAR WASTE REPOSITORY j
!

We wish to deterndne the state of stress around
a room excavation in a nucisar waste repository.
The object of this example is to consider only ,

the thermal ef fects--so gravity is ignored, as
are in-situ stresses. !

The seterial in which the excavation is made is
assumed to be isotropic and linearly elastic.
The thermal conductivity is assumed constant in
all directions.

{
The heat source strength is approximated by the
following equation (Mart et al.,1981):

!

i

t + !Q(t) = 12.4 exp(-3.5x10-9 )

288.0 exp (-7.1x10-10g) + >

10.1 exp(-9.6x10-11 )t
1

k
,

t

9

,

,

1

. - - . . . _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ ._.
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where Q is the thermal output in watts,
and

t is the time in seconds after em-
placenent .

The heat transfer at the tunnel wall is assumed
to be by convection to air at a temperature of
27'C. The initial rock temperature is also
27'C.

For the FLAC simulation, a simple 10x20 square-
soao grid was used. Symmetry conditions were
imposed on the left- and right-hand sides as
well as the top and bottom. This corresponds to
the situation in Fig. H-2.

.

The symmetry conditions are modeled by adiabatic
boundaries (the def ault thermal boundary) . If

the problem really cons /sted of just one excava-
tion, it would have been r.ecessary to put the
outer boundaries further away from the source
and opening. In that case, it would have been
desirable to run the simulation twice --first,
with adiabatic outer boundaries and, then, with
constant temperature outer boundaries. The cor-
rect result would be between these twos only if
the two results were close would the boundaries
be far enough away.

1

., . . _ _ _ ___
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Fig. H-2 Series of Excavations Modeled {
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.

|

|

|
'

|

|

;

i'

,
'|

I I

| ,

I

i

|

\
.

|- |
|

I

1

I

l

- _ _ - _ - _ _ _ _ _ _ _ _ - _ _ - - - - - . - - . . _ . -- - , - . - - - - . - . . . . - - - -- ,-



.- . - . - - . . .- - - -. -.

? LAC
Page N-34

The mechanical bc9ndary conditions for synenetry
are that the top and bottom edges are prevented
from moving in the y-direction, and the left and
right edges cannot move in the x-direction. |

The waste canister is represented by heat
sources in two neighboring sones.

i

The rock mass material properties used for this |

simulation were I
1

density 2200 kg/m3 |
J

shear modulus 2.8x108 Fa -

bulk modulus 4.7x108 Pa ;

,

specific heat 820 J/kg 'C ,

!
thermal 2.1 W/m 'C i

*

conductivity

coefficient 1x10-5 'C/ *

of linear !
thermal i

expansion )
5

The input is given in the following consnand so-
quence.

conhg m i

gr 10,20

modelaslhjpo
mod nuli=1,3 ja8,12
propbu=4.7e9 sh=2.8e9 dans=2200 cond=2.1 spec =820 thexp to 5

!

l

.

I

i

. . . - - . - .. -- . . - , - .
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!
i
>

la y).1 ;

ky)=21 |
k x let :

k x l.11 !
'inihalire rock temperstwo i

iniW.t? i
'

' apply host sowoein mores 5,10;6,10
app towas 6.2 3.5e415,61 10 !

app towas 144.0 7.1010 l.5.6 j.10
app towce 5.05 4.86111.5,6 |=10
* applycorwecue boundary cordtions j

app corwec 2714 4 jet.13 ;

app corwee 2711 1,4| 8 ;

app oorwec 27111,4) 13 |
setclo 180 |
set sie 1500 ;

+est thermaloil
ewe ' without pady, so there should be no outef baianos forces !

R !

Heat Sourcein TwinelWall i

(InibalState) !
saw year 0.sav j
estths 8.6404*thermaltimestepof 24 ,

hours !

' sole thermalporton of pmblem t

est mech off {
set therm on i

sohe ste 385 tom.500clo.180 .

' sole mechancalproblem
est modion
set therm off

|
solve ,

l' 'i
t
i

.

W

h

.

r

|

t

4
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|

!

R !
'

Heat Sowas b TuMelWal(1 Year) !

see yeart.sev |
estthen on i

estmechoff i
sole m .306 j

wtthe n off ,

,

i

estmochon
W8 |

'E .i
Heat Sowas h TunnelWaN(2 Years) ;

we yeart.say :

wtthe n on |
estmechoff
seheses.1005 ;

est therm off i

estmechon ,

sole
E :

Heat SourceinTunnelWan(5 Years }
-

new Year $.eav ,

wt therm on
setmechoff :

f
seheele.1825
set therm off

wmeanon ,

'
aohe
R !

'

Heat Source h TunnelWaN

(10 Years) :

saw Year 10.sev j
;

wtthe n on
est mechoff |
ww m 0

: esttht s off
estmNhon
WW !

i
!

l.

|

'

!

l

4 :. |
.

3

|
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|

I

a i

Heat SNrosin TumelWaN

(20 Years)
save Year 20.esv

est therm on I

setmechofI |
solve el>10950 :
set therm oil
setmoch on
sehe
R t

Heat SourceinTumelWal !

(50 Years)
'

save Year $0.asy

renan

i

The saved states at times representing 1, 2, 5, '

10 and 20 years can be restored to plot results
such as those in rigs, H-3 through H-6.

,

.

,
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f

as an . man ,le, type

restero year 1.saw

We now have the state after one year of simula-
tion and can examine some of the conditions.
Now, issue the command

print temp ,

!

to see the temperatures in the grid. Follow |
,

this by i
,

i

plot tesy bound i

i

or, for a hard copy, type f
,

plot pen tesy red bound |
,

f
Also, iesue the command

}
I

plot stress red bound '

!

to see the stresses developed around the open- '

ing. Recall that we had no initial stress or !
gravity so that the stresses shown are only ?

those induced by the heat source.

I
We can restart from each of the saved states to
see the changes as time progresses. Results at |ages one and five years are shown in rigs. H-3 i

through H-6. The stress concentration's around j
the cavity are evident in Figs. H-4 and H-6. j

I
!

L
,

I
1

|

|
|

|

i

9

D
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hEFERENCE j

t

Hart, It. D., M. Christianson, W. Molaan, and G. [
Hocking. ' Numerical Modeling of Sone Geotechni- |
cal Considerations Associated with Underground !

Isolation of Nuclear Wastes at the Savannah ;!

River. Plant, South Carolina." Subcontract No. i

CNR33f,0 312, National Academy of Sciences, Octo- |

bor 1981. |
t
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APPENDIX 2 i

!

fCREEP MATERIAL MODELS

i,

i
I

II. INTRODUCTION

This option of TLAC can be used to simulate the f
behavior of notorials which exhibit creep--1.e., ,

time-dependent natorial behavior. Three creep !
models have been implemented in FLAC. These -

,

ar.

|
(1) a classical visco-elastic models

(2) a reference creep formulation !
'for nuclear waste isolation'

studies; and
t
'(3) a two-component power law. j
,

The second model is commonly used in thermome- I

chanical analyses associated with studies for !
the underground isolation of nut toar waste in |,

salt, and the third can be used for mining ap- )

plications. A description of these models and :
their implementation is provided in this appen- .

dix. '

I

i

i

?

;
;

I
;

;

! i

,

t

!

1
.

I
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1

!

22. DESCRIPTION OF CRESP CONSTITUTIVE MODELS |
:

12.1 clasalmal visco-Elasticity h
(Kelvin Substance" I

|o
The classical description of Newtonian viscosity f
is that the rate of strain is proportional to [
stress. Stress-strain relationshipe can be de- L

veloped for viscous flow in exactly the same way !
as those developed for the theory of elasticity.

1

The derivation of the equations in three dLaon- t

sions can be found, for example, in Jaeger I

(1969). ;

i

Visco-elastic materials exhibit both viscous and '

elastic behavior. One such material is the !

Kelvin material, which can be represented in one |
dimension by a spring and dashpot in parallel, i

as shown in Fig. 1-1. |
[

k i
I

|

/|,//| .;

s/ .+ . :j# -

/ ;

,p| ,

n
i

.

Fig. 1-1 One-Dimensional Kelvin Model ;
,

N

i
,

e - - , - .- - - - _ . . _ _ - _ - - - .
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.

The stress-strain law for this material can be
written as

(e) (v),

03=513 13 (11)1 +0

(e) (d)
.

where ci3 = 2 Geij + K613 okk *'

(v) .(d)
013 * 29 *ij 613 ,

G = shear modulus,

K = bulk modulus,

q = dynamic viscosity,

(d) 1

ei3 = deviatoric strain - ei3 - ekk 613,

.(d) i

e13 = deviatoric rate = eig - - ekk 613 ,

ei$ = 13 strain component,

(e)
013 = elastic part of stress, and

.

(v)
013 = viscous part of stress.

<

,

i
|

L ;

-- - - .- ._ __ ___- _ _ _ - _ _ _ _ _ _ _
i



. . . . . .. . - -

FLAC,

Page 2-4 !

l

I

|
The seterial properties required for this model |
are the shear and bulk moduli (for the elastic j,

behavior) and the viscosity. !
!

I'

22.2 A Reference Creen Law for Nuclear Waste
Isolation Studies j

l

An onpirical law has been developed (Senaeny, |

1985) to describe the time- and temperature-de- |
pendent creep of natural rock salt. In addition j
to the elastic component, the material is as-
sumed to undergo creep, based on the equation !

!
de

'

. .

-- = - ( ( t - tes) .
dt ,

;

I

-- i . e . , !

$=Ess + *a 5 exP(-5t) (I2)
t
f

where E = creep rate, *

|
dse = steady-state creep rate, |

;

( = a rate parameter, ,,

| e, = an integration constant, and !

| |

1 t = tine. !

i

9

,.

|

,

W
P

6

h

|
. _ . . . . . - - . .~. -
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!

Based on experiments, Senseny observed two re- j

gine s . For steady-state creep rates above a cri- f.
.* I.

tical value eso, e, is a constant ta, and ,.

,

!

( = Bt,,, where B is a constant, j
i

.* I

!Tor steady-state creep rates below t og,
!

. i
'

E .* !ss
e, = t, and ( = 3 t ,, j

.e

. t se - i

'!

Thus, Eq. (I2) can be written as
i

.* "
. . . .

t) Ess IE !t sa + f a88 exp(-Beng ssss
t

8 * '.* .*.. .

exP(-BCss ) E 5E !to , + c B8ss t ss ssa

!
'

!

!

Also, the steady-state strain rate is assumed to
be given by

Ess " AO" eKP(-Q/RT) (I3) ;

,

r

where c = applied stress, :

A, n, Q = parameters of the model, 5

!

,

a

h

e

- - _ - - - - _ - - . - - - - - - . - - . _ _ - - - - _ _ _ - - - - - - - - - - - _ - - - - - - - - -- - v
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R = universal gas constant, and ;

|
7 = temperature (in Kelvin) . |

|
|This formulation of the creep law is known as the ;

RE/ SPEC baseline creep law. ;

|
Another formulation of this law, known as the !

WIPP reference creep law, can be written as j
)

. . .

t=ts+8p (I4) j
where ,

i

.* I-

. .

(A - he ) e, e, k ep

.

8p" .* . .*. .

(A - B (Es/8s l ~~ 8pl 8s Es < 8

i

i-n. t
t, = D(c) exp(-Q/RT) ;

where ;

i

ep = primary creep strain, ;

i

e, = secondary creep strain, |
2

,

t

,

!

|

!
;

1

- _. . . . . _ . . , _ _ ,
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I

l

; e = rate used to calculate the strain-rate
components using

r
|

d -.

8
dg3 = (3/2)1/2 f

-

O ..

I

n, A, B, D, Q = parameters of the model,

R = universal gas constant,

o - devictoric stress, calculated as

d d -.

(3/2)l/2 og3 og3
.

d
where cij = ij-component of deviatoric

stress; and

T = temperature (in Kelvin).

The WIPP and RE/ SPEC formulations are different
expressions of the same law, using slightly dif-
forent notations. The WIPP formulation has been
implemented in FLAC because it is better-suited
for implementation in explicit computer codes be-
cause the effect of temperature and stress his-
tories is automatically built into the formula-
tion. The RE/ SPEC formulation is only valid for
constant stresses and temperatures, although it

I

+ __ _ _m--_._. _ _ _ _ _ . - - - _ _ __
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|

|

|2 can be modified to account for stress and temper-

ature historier. The relationship between the i
'-

notations used in the two laws is given in Table j
'

I-1. 4

,

|
|

Table 2-1 i

I

NOTATION FOR WIPP AND RE/ SPEC FORMULATIONS
!
1
!

WIPP RE/ SPEC Typical |
Notation Notation y,, ig, Valuenn ,

>

4.56 fA st a -

!

127 |a s -

.

D A Pa*A s-1 5.79x10-36
:

4.9n n -

0 Q cal /mo) 1200 t

i

R- R cal /mol K 1,987
,

.

,e .. !

5.39x10-8t 8 -en 3.

;

I

|-
-

.

! !
,

!

l )
, ,

.

t

I
|

!

:
,

b

'
.
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.
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1

|L G 12.3 The Two-Consonant Power Law I

,

b The u rton power law (Norton, 1929) is consnonly
used to model the creep behavior of salt. The

,

- standard form of this law is:
1

-n. '

ter = A o (I5)
,

'

'(3)1/2
!,

whe o o = -- (ad ad )1/2
-

s
,

>2 13 ij ,

.

d = deviatoric part of 0 3, andti 1
lj

) . . . (3)1/2 , _

d /8)tip = ,, ter (U
e ij

i

*Usually, the amount of data available does not
''' justjff af''ng'any more parameters to the creep
' S law. The; are cases, however, where it is jus-

ir rifiaole to u , a law based on multiple creep me-
'" chanisms. PLAC, therefore, includes an option to j

use a two-component law of the form

. . .

ter " El+82 (I6). :

t.,

| .i
|J
|

|

1 ~{-
'

.:

J

| 5

I

I

o
|

|
,

fe' r__ . .,._. __.____.____ _ _ ______ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ . _ _ . _ _ _ _ _ _ _ _ _ _ . _ _ __
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.

where
I

J. \

' i ,,n .
A8 O A 8 **? 1 1.

21= <
_

raf
._

0 0 < ott

. . . .
,

,

i
.

A

1

_n2
'

.
-

Age c502* i#
,

22" |

2* )#0 o>0
.

IWith these two terms, several options, described
belott, are possible.

,

,

'

1. The Default ootion

g ref . g2 *f = 0rg

o is always positive, so this is the one-
'

component law with
.

',01.

ECr * Al O
E

h

t

-
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1

a I
1, .

,

<

,!

]
;.- ., y3ge

r.,. 1-11 i
|

|

.1.

2 .' moth components Active ;]
|

i

|' ' g raf . o jg,

|
1

c2 *f = "large"r

ng _n2 ;.

ter " A1 8 +A28 '

;

3. Different Law for Different stress Reaimas '

'

ci *f = 02r 88 =o* >0r(a)

.|
. n2 [-

A2 8 8<Iref
s

ICr " 01
Al S S>Oref p

. <

h

,

9

|

|

1

|

|

|

|

|

|
,

l '.

, ' ,

1

|

|.
1

'

,

'i
) - , , - - - .
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(b) ciref~< g2**f'

_n2-
_

kg a o < ag.et ;
'

I

i

_n1 ,,,n 2..

ter * A1 0 +A2 0 0 **f < _0 < 02 *##
1

,

"_1 _

2 '##At 0- 0>0
-

1

\'
,

l 'I2 'f > U ##(c) 0 ,

i

NOTE: Do not use this option. It inplies

~

ref and for >

that creep occurs for c < og

b > O r*f,'b'ut not for agraf < g < ogref,2

;

L

t

r

. , '

!

i

!

s-

_ ___m-_m__.__________ _ _ _ . ___ _ ____..___ ____ _ __ ___ ___ _
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I3.t INPUT INSTRUCTIONS

IAll commands have the same ettucture as those in
1: the standard version of PLAC. No new commands i

'
L,, are required, but additional keywords are used
| with existing commands. .The new keywords for !

each command are described below. ,

t

Model ' keyword < range >

Power two-component power law ;

Viscous classical viscosity

Wipp WIPP reference creep formu-
lation *

,

l'

f.

1'

|

|
)
|

r ,

|i

l

1 \
!'

| |

|

| $

|L
'

1.
|

|
1. ,

L l

l

l '-

|1

|
|
|

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . -_- -



{{; 9;f
~

' >

s.-

|'_: FLAC
,

%

Page I.14,
,

L

h

Piet The cosumand Pier EIS quantity Tins will
plot the history as a function of time
rather. than timestep number,. < ,

l'

%

s

,

t ' 9

+ l

1

i

d

'

i

i

'

f

. - . ^"-
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{f,U ,

;',|
'

, ,

Print < keyword > < keyword > .

-!
r

The following keywords have been added !

,

Main Grid Keywords

ACt_ energy Q

A_wipp A
.

B_wipp B
,

!

D_wipp D

r
.. i

E_ dot _ star t,,

gas _c R {

N_wipp n
,

Viscosity 9
e

a_1 At .

,

n_1 ni

a_2 A2 *

|
',

n_2 n2 a

refrol oi
'

rs2 c2**f

i

,

D

__ -__- - _____ _ _ - - - - _ - - -
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,

.i
< i

.

Print: Creep
i
t

prints out information parameters,;in-'' '

'cluding when timestep was changed.- ,j
i

l'
L.

,

4

-{,

p' i

,

!

..

k

-

#

l

P

4

&

'
.}

u

P

W

t

#

?

r
4

|

|
1

1
..

r

>

9
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|

.

f
,

P5 top keyword-value

'IIn addition to the bulk and shear mod -
uli, the creep models require the fol-
lowing properties:

-

-;

Keyword Description 'Model
.

,,i

Act energy activation WIPP ;

energy (Q) ,<

A_wipp. A WIPP

' B.,wipp B WIPP |

[
D_wipp 'D WIPP

-

'

,

.e

E_ dot _ star t WIPPo,
.i

'

gas _c gas constant WIPP

-(R)'

N_wipp n WIPP !

Viscosity dynamic classical ,

viscosity .

2

a_1 Al power

n_1 ni power
|.

(' a_2 A2 power
1 l

, n_2 n2 Power |
1

ref
f ral ag power

ref frs2 og power
| |
'

1

|*

l'.
'

>

,

..

N

4.

..



... _ _ _ _ _ __ _ _ _ _ __

. . ,

l j

s ,
<

,

'kg
,

'; .>,

R. ' , ' F L A'C
Page I-18, ,

|
,

SBT .< keyword =value>,

:,

1 *

L The timestep for tho' creep model is con-
trolled using the following keywords. A
description of the automatic timestep con-
troller appears in Section 14. ;

1

CREEPTIME
Creep time is initialised. 'This )
is useful if creep is to be ;

* started at a time other than
sero (default = 0). '

i

DT = value
|

' ' '
The timestep is set manually to
value. Whenever the timestep
changes, the velocities are,
changed, to accommodate the fact

,

that the FLAC velocities repre- '

sent distance per step (de-
fault =0.0).

3

DT= AUTO The timestep will change auto- !
matica11y, according to the.

value of the maximum unbalanced
force. In this case the follow-
ing keywords can also be used.

I

MAXDT = valuc

The maximum timestep allowed is
set to value (default = le4) .

1

I

|
4

|
i

i m

i

L

e _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -- ___ __ _ ~ . - - - - - ,, , - *--
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|
'

y
s.

' SET (continued)

. MINDT = value
;

The minimum timestep allowed is :

set to value (default = le2). J

,

FOBL = value f

i

The timestep will be increased
if the maximum unbalanced force s

falls below this value (default '

= le4)
,

FOBU = value- *

. .

The timestep will be decreased
if the maximum unbalanced force

'
goes above this value (default = |
1e5) -

i

LMUL = value

i
The timeste;, will be multiplied

;

by value if the unbalanced force e

'

L falls below FoDL. (LMUL shou'd
l- be greater than 1, default -

2.0)
.

UMUL = value

The timestep will be multiplied ''

by value if the unbalanced force r

exceeds FOBU. (UMUL should be |

| 1ess than 1, default = 0.5)
;

|

| '.

1<
1

|
1

,

k

s

,--
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,

:
1

SET (continued)
i,

'

;'
LATENCY = value

'
,

-,
. the minimum number of timesteps 'i

which hiust elapse between time- j'

stop changes (default = 100) .
n
i

!

NOTE: Often, it is most stable '.
to set UMUL=1, so the timestep |

',

'

' can only increase, but never de-
. crease. 'In this case, FOBU can~
be set very high, because it is *

not used.
,

,

.s
+

b

P

)

!

.

>

b

C

k

.

a <

_ . _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - - - - - _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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,

, .

1

- SOLVE < keyword = value> ,

.Two keywords have been added to control when <

timestopping is stopped. These are ,

!

'

i . Age = A problem time
!

| Hoage turns off the previously-
requested test for e.:ceeding age i<

A. 7

i

!The age parameter is not tested until an age
has been explicitly requested via an
" age-value" following a SOLVE conunand, a

. . ,

t

l' ,

L
1'

?
6

!

|

|

l, ''
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I4. SOLVING CREEP PROBLEMS WITH FLAC

I4.1 Inizpduction

.

The major difference between creep and other constitu- |
tive models in FLAC is the concept of problem-tine in

,

the simulation. For creep runs, the problew-tine and
timestep represent real tine, while in the other con-

|

,

stitutive models the timestep is an artificial quan- *

tity, used only as a means of stepping to equilibrium. ;

This also hao an effect on the velocities--velocities
in rLAn are actually measured in units,of distance per
step rather than distance por time. The creep models iintroduce an exception to this rule. Although, inter-

inelly, FLAC continues to calculate distance per step,
when velocities are printed, plotted, or initialized,
or histories are taken, they are calculated as dis- ,

tance/ time, unless the timestep is zero--in which -

case, units'of distance / step are used, as in the stan- (:n dard models. The timestep, and how to control it in I

FLAC, are described below. *

t

24.2 Timestepe in FLAC

-

For time-dependent phenomena such as creep, FLAC al-
lows the user to define a timestep. The default for ;
this timestep is zero, in which case, the program t

treats the material as linearly elastic. This can be ;

used to attain equilibrium before starting a creep j
simulation. The constitutive laws for creep make use
of the timestep in their equatione, so timestep may ,

affect the response. }

-

e e
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Although the user may set the timestep, it is not ar- \
bitrary. If a system is desired.to always be in me-

'

chanical equilibrium. (as in a creep simulation), the
time-dependent stress changes produced by the consti- '|

| '

!' _ tutive law must not be large compared to the strain-
dependent stress changes, otherwise out-of-balance j

forcos will be large, and inertial effects (which are ,

theoretically absent) may affect the solution. The r
', timestop must therefote be chosen small enough'that |

the maximum unbalanced force is smaller than some tol-
erance. FLAC allows the user to set the timestep man-
ually, or allow the program to control it automati-
cally. If the timestep is changed' automatically, it

can be decreased whenever the maximum unbalanced force ;

exceeds some threshold, and increased whenever it goes -

below some other level. Typical out-of-balance force
criteria for the problem being solved can be deter-
mined by observing the out-of-balance force which oc- i

curs near equilibrium in the initial stage of the i

problem when only elastic effects occur (i.e., with i

the timestep sot to zero). It has been found that ,

continuous adjustment of the timestep creates mechani-
cal " noise" in the system, so a difterent scheme has i

been introduced. After a timestep change has oc-
'curred, there is a user-defined " latency period"

(e.g., 100 steps) during which no further adjustments
.are made, allowing the system to settle. Normally,
the timestep will start at a small value, to accom-
modate transients such as excavatioa, and then in-
crease as the simulation proceeds. If a new transient ;

is introduced, it may be desirable to reduce the time-
step manually, and then let it increase again auto-
matically.

I

|
|

|
|. I

1-

|

|

,

- - __ _
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The SET conmand'is used to set the timestop,'and the
3 parameters required to allow it to change outc.v ti-'

cally. The now. keywords are listed in Section'22.
,

For'the WIPP model, the creep rate is temperature-
' dependent. 'This model, therefore, should only be run
kith the thermal option of the code. The code does>

q21 check that the timesteps used for creep and'
thermal' steps are consistent--this. is the user's re-

'

sponsibility. Road Appendix H to find out how to keep
' ,

.
the'timesteps consistent. '

,

14.3 The Out-of-Plane Stress I

,

' When the creep laws are used, the out-of-plane stress !

(c,,) is calculated. Because.the creep laws include
: e,, in.the deviatoric stress calculation used to es-

tablish creep rates,, the CONFIJ E ,D connand must be ,

used, and v: lues of c,, are, significant. This stress
,

component can be initialised with the INITIAL command ;
and adjvats as creep occurs, in the same way as the i
other components.

-

,

t

w
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15. EXAMPLC PROBLEMS ;

15.1 Example 11 Parallel Plate Viacometer --
,

Classical Model
i

. Suppose that a material with viscosity q is. steadily
squeezed between two parallel plates which are moving ;

-at a constant velocity Vo. The two plates have length ,

21 and are a distance 2h apart. The material is pre- ,

vented from slipping at the plates. The approximate 1

- analytical solution, given by Jaeger (1969), is
'

9x "'3V x(h2 . y 1/2h32
o

Vy = V y(y2 - 3h )/2h32
o

2 - 1 )]/2h322cxx " A4V [3 (h2-y) + (xo

2 - 1 )/2h3 [2<cyy = 39V (y2-h2+xo

xy * ~3(V qxy)/h ' |30 o
t
i

~

' The problem is illustrated in rig. I 2.

To solve the problem with FLAC, advantage can be taken
of the symmetry about the x- and f , axes. The top
right quadrant only need be modeled. For compatibil-
.ity with the approximations of the analytical solu- ,

tion, artificial forces have to bo. applied at the
" free" right-hand edge, and small strain logic is
used.

|

t

i

.,

b

P

L
+

1
1

{
1

|
1

L
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' Fig. I-2 Parallel Plate Viscometer'(Jaeger, 1969) [

[
The material properties are:

density 1 kg/m3
.

shear m dulus 5x108 p,

bulk modulus 1.5x109 Pa
.

viscosity 1x1010 kg/ms

,

'

The input is given-in the following command sequence:

>

1

;

I
|

,

, . , _ . . . . _ . . _ , . .
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!

* classical' viscosity - parallel plate test
.

J
,
'

conf s_d
gri 10 5

'

m vis
fix x i 1 ,

fix y j 1 ,
'

fix x y j 6 '

ini yv -le-4 j 6*

app af 4.5e5 i 11 $_1 i

app xf 8.64e5 yf -2.4e5 i 11 j 2 ,

app af 7.56e5 yf -4.8e5 i 11 $ 3 !

app af 5.76e5 yf -7.2e5 1 11 $ 4
app af 3.24e5 yf -9.6e5 i 11 3 5
prop d 1 sh .5e9 bu 1.5e9 visc le10
set dt=1 .

'

his av yv en ey oxy as i 4 j 4
ste 500

.,
;

Figure I-3 is a plot of e , contours. Other variablesx
can be plotted and compared with the analytical solu-
tions.

f

!

(

+
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15.2 Example 2t Parallel Plate Viccometer--WIPP Model

\

'

The same problem can be modeled using the WIPP model, i
s

The following data file contains the commands neces-
sary to run this problem, Note that, for this prob-
lem, it is essential to have the temperatures in the
grid available, because they are used by the WIPP
creep law. In this case, the INI TEM command is used
to input a uniform temperature of 300K.:

* parallel plate test WIPP model
config z th
g 10 5
m wipp

'

title
parallel-plate viscometer with WIPP model 1

fix x i i
fix y $ l' ,

'

fix x y'j 6
ini yv -le-5 j 6 ,

ini tem 300 .

- appl xf 4.5e5 i 11 3 1
appi xf 8.64e5 yf -2.4e5 i 11 j 2 '

appl xf 7.56e5 yf -4.8e5 i 11 j 3
appl xf 5.76e5 yf -7.2e5 1 11 3 4
appl xf 3.24e5 yf -9.6e5 i 11 j 5 ;

prop d 2600 sh 12.4e9 bu 20.7e9
^

prop gas 1.987 act 12e3 ri_wipp 4.9 D_wipp 5.79e-36 ;

prep a_wip'4.56 b_wip 127 e_ dot 5.39e-8
set dt let
wind -1 15 -4 8
ste 900
ret

f
'

i

L

b
L

i
l

1

!
,

I.

-
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I5.3 Example 3: Hole in a Plate-Power Law

The power law in FLAC is used to solve the problem of
a circular hole in a flat plate.. A comparison is made
- with an analytical solution.

.

I5.3.1 Problem Statement - A flat square plate with<

;a small circular hole in the center is illustrated in
Fig. I-4. The plate is subjected to a constant pres- f

sure on all sides, and is under conditions of plane
strain. The creep behavior of the plate material is
defined by a single component power law - i.e.,

!
,

. -n
ter - A 5 (I-5)

fPb
o o o

--* o-

s '|

b * - p*
i

b b; _ |...
.,- -

--* e--

11 ik ilg

P.

Fig. 1-4 Flat Plate with Circular Hole

;

|
|

1
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For this problem, A = 1x10*7 MPa*3 yr*1 and n = 3.'

The elastic properties of the plate are E = 820 MPa
and v = 0.3636

.An analytica1' steady-state solution to this problem
!for a circular plate) has been provided by van
Sambeek- (198 6), and is reproduced below:

1- (a/r)2/n -
UR=-P3 1- (a/b)2/n .

,

1 - ((n-2)/n) (a/r)2/n .
00=-Pb

1 - (a/b)2/n .-

(I-6)
UR + Og

i
0 "

2
2

i
|
,

.n(3)1/2 .(3)1/2 1.

a iug(a) =-A Pb
2 n 1- (a/b)2/n . 'j.

i
i

'I
where O e 00 are radial and tangential stress |R

components, j
!

I

b Pb is the applied boundary stress,

!.o is the out-of-plane stress component,
|

g

;
i

!

1

-

:
,

5

I

f

1

h
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zu,

M

u is the radial. displacement rate,r
:s

a,b are the radius of hole and half-width of
plate, respectively, and

r = radius to point of calcolation.
i.

F I5.3.2 FLAC Solution -- FLAC was used to solve this . !
4 problem with a relatively coarse grid with the plate

,

half-width (b) = 400 times. hole radius ' (a) . '

one quarter of the plate in Fig. I-4 was modeled with
.

FLAC, as shown in Fig. I-5. A pressure of 100 MPa was
,

applied t'o the top and right beundaries, the bottom |
was restrained in the vertical direction, and the left
boundary was restrained in the horizontal direction. '

The last two conditions are required to represent'the,

| symmetry correctly. The initial ~ stresses, correspond-
t' ing to an elastic plate in plane strain without a r

hole, were

Pb = 100 MPaOxx = cyy = O =gg

!

The plate'was allowed to come to elastic equilibrium '

by setting the creep timestep to zero. Then, the
creep timestep was set and allowed to increase auto- i

natically until steady state was reached. The data
,

file for-this problem is given below,

t

i

!

'
i

|

|' ;

. o
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P, a 100 MPa f

r-
N

..

'

P,a 100 MPs .
*~~

,

\ *~~

& M j
v

Fig. I-5 FLAC Representation of a Flat' Plate
i

confzJ .

-

gr 10,50
m pow
gen 0,10,400 400,4001,1 rat 11.1116
gen same same 400,01.0 rat 11.116,11
W x=1 y=0 i=11 j=1 '

' '

W x=0.987608 y=0.156434 i=10j 1
W x=0.951057 y=0.30901719 J.1 :

!W1:=0A91007 y=0.45399 18 j=1
W x=0.809017 y=0.58778517]=1 f

W x=0.707107 y=0.707107 i=6 j 1
W x=0.587785 y=0A0001715J 1
W x=0.453% y=0.891007 i=4 j=1 ' :

W x=0.309017 y=0.951057 l=3|=1 .,

W x=0.156434 y=0.98768812 jet
ini x=0 y=1 i=1 j=1 ,

gena 4
gena 4 ,

gen og

!

|

5

'

t'

!
u

|

|

I~

p

_ . . _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . - - - - , ,



.,
_ __ _ _ _ _ _ _ _ _ _ _ _ _ . .- - _ .-

\

$

'
,

FLAC
W Page-I-34

u.

* Pmportes and stresses M Pascal units (not MPa)
prop aj=id 25 nj 3 bulk =199 shear 3e8 dens =2000
*

a . ;
' boundary andinidelcontigens
- ;

fixXi=1-
fix yl=11- ;

' '

applypress100e6j 61 i'
inisvu.10006syy 100e6su 100e6

]
-

i.s

,' keep some histories

Na unbal
'

N:xwell=11 joi '

'come toelasteequiltrium i
I sie 1000 *

|)~. gav holl.tav
'

J Nareset

[ No n=100

Nsunw-
,

Nmgilit j t '

N:6a syy sull0j 9
i Ns exxI toj 15
'

Ne sxx110J 23
his sxx110J 30

* Set creep parameters - i
* Creep parameters based on elasic outef4mlance forces

* Timestep wil double when fob less than 5e3, unti dt=0.1 :

set dt=1e4 i

set tobl=5e3 lobu=1e8 Imul 2 umul=1 maxdt=1e 1 mindt=0 'I
setdt auto
ste5000i

! say holt.say

set maxdt=1

ste 4000
say hol3.say

i<

'

1

..

.

, , - - , . w w- n -e--w e m N'
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15.3.3 Results -- A relatively course grid, consist-
ing of only 500 sones, was used for this problen (Fig.o

,

I-6). The results for this case are summarized in
Figs. I-7 to I-10. Figure I-7 shows the radial velo-

city (i.e., ug) history of a point on the circumfer- '
"

ence of the hole. It is apparent from this figure
that the velocity starts off significantly higher than
the steady-state solution, but drops rapidly to a
f airly steady value a little (3%) .below the analytical
solution. The initial high value is expected because
the pre-creep state is far from equilibrium. The
stress components obtained-from FLAC are compared with I

the analytical solution in Figs. I-8, I-9 and I-10. !

It is obvious,from these figures'that the FLAC results j

are virtually identical to the analytical solution. ]
I

!

f ./| / j ',
!/ / -

l /
'

,
p __

j-
/

/

'{,<
~l

'
b

"

/ s
, ,'

;

i u___ |
'

,

(a) (b)

Fig. I-6 (a) FLAC Grid; (b) Close-Up View of Grid
Around Hole
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Fig. I-7 Radial Velocity at Borehole Edge vs Time
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FLAC '

,

QUICK REFERENCE COMMAND LIST '

| (includes Optional Modules) --

;

COMMANQ PQSSIBLE KEWyORDS' ;

,

Apply Pressure ;

Xforce, Yforce, SXx,SYy,SXy '

Well, Discharge
[ Convection, Radiation, Flux, Source)* .

t< range, long,short both f rom ... to ...>
:

i

Attach Aside <long> from . . . to . . . /
'

Bside <nong> fiom , . . to . . , ,

i

!

Call filename

i

Confl0 Axi, Gw, P stress !

[ Therm)*

'

Cycle n
.

!

Flx X, Y, P [T]* < Mark > < range > i

Free X, Y, P [T)* eMark> < range > !

' Terms in br6ckets < > are optional; < range > means <l._, ,f
J._>. t

+thermat option only

,

e

,

t

_ _ , - ---
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FLAC
Oulok Refereres -2

,

,

.

COMMAND POSSIBLE KEYWORDS

gen x1,y1 x2,y2 x3,y3 x4,y4
< RAT xrst,yrst> <rarve.

ARC xc,yc xb,yb an0
CIRCLE ac,yc red
LINE xb,yb xe,ye
TABLE n
ADJUST ,

t

Orld loot,jrow

HELP .

t

|

Hla NSTE = n i
Dump, List, Wrlie, Roset i;

!
His any main grid variable, angle, '

,

8601,8302,unbal i

i

Initial Pp, X, Y, SXx, SYy, SXY, XDisp, XVel, |
Wel (TT < Mark > < region > < ADD >
<M UL> j

|' j

INTerfeos See MTERFACE command, Appendix |
'

D for more information, j
,

:

:

,

;

.- _. -_ _ _. . _ - . - _ - . - . - . . . . - ~ ._ . _ . _ _ _ _
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FLAC
Quick Motorerce -3

COMMAND POSSIBLE KEYWORDS*

Mark < range >

l' Model Ardsotropic Elastic, Mohr Coulomb,

Null, Ubiquitous, SS < Region-1,g
< range > [ Viscous, Wlpp, Power)
[thjoo, thJnito, thjeneral)*

New

Plot Boundary, Disp, Grld, Pen 3 Trees,
Water, Velocity, PP, SXx, SYy, SXY,
XDisp, Ydisp, XVel, YVel, state,
Beam, Rf, Cable, MODel, Replon,
EJ. His n SIG1, $102, Hook, Mohr,
Pla6, Tens,Cforce, Apply, Theta,
Num, SZZ, GNum, Mark, Flow, Head,
Table n, Attach Fix, any model
variable < Color,, interval, Max, Zero,
Line, Fill, Noh, Scales >

++oroep optien only

* Color depends on graphics modo and palette
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FLAC
Outok Reference -4

L
.

COMMAND POSSIBLE KEYWGR$

PHnt Apply, Attach, interf ace, Umits, Stste,
Tables, XReaction, YReactbn, Mark, *

,

Mom, STRuc, S!G1, SIG2, Theta, Fix, !

Mark, any main grid variable, any ;

P'0 Petty < range > j
:

i

PROP Buk, Cohesbn, Densky, Ollation, i

Friction, Shear, Tension, Xmod, Ymod, !
NUYx, NUZx, JCohesion, JFr6ction, i

Jangle, JTens, Permeabilty, porosNy, j
ki t, kit, k22 < VAR = xvar yvar>, ;

FTable, Ctable, Dtable <REGlon lj> f

< range > [ creep model properties)" (
;

!

Oult

!

REsNwe filename i

i
;

RETum i
!

SAve filename !
) i

SCline n (xb,yb),(ke,ye) < reset > ;
'

i

1

h

,
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i
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