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1 FLAC/Slope

1.1 Introduction

1.1.1 Overview

FLAC/Sope is a mini-version of FLAC that is designed specifically to perform factor-of-safety
calculations for slope-stability analysis. This version is operated entirely from FLAC’s graphical
interface (the GIIC) which provides for rapid creation of models for soil and/or rock slopes and
solution of their stability condition.

FLAC/Sope provides an alternative to traditional “limit equilibrium” programs to determine factor
of safety. Limit equilibrium codes use an approximate scheme — typically based on the method
of slices— in which a number of assumptions are made (e.g., the location and angle of interslice
forces). Several assumed failure surfaces are tested, and the one giving the lowest factor of safety
ischosen. Equilibriumisonly satisfied on an idealized set of surfaces.

In contrast, FLAC/Sope providesafull solution of the coupled stress/displacement, equilibrium and
constitutive equations. Given a set of properties, the system is determined to be stable or unstable.
By automatically performing a series of simulations while changing the strength properties (“shear
strength reduction technique” — see Section 1.5), the factor of safety can be found corresponding
to the point of stability, and the critical failure (slip) surface can be located.

FLAC/Sope does take longer to determine a factor of safety than a limit equilibrium program.
However, with the advancement of computer processing speeds (e.g., 1 GHz and faster chips),
solutions can now be obtained in areasonable time. This makes FLAC/Sope apractical alternative
to alimit equilibrium program, and provides advantages over alimit equilibrium solution (e.g., see
Dawson and Roth, 1999, and Cala and Flisiak, 2001):

1. Any faillure mode develops naturally; there is no need to specify a range of
trial surfaces in advance.

2. No artificial parameters (e.g., functionsfor inter-slice force angles) need to be
given as input.

3. Multiplefailure surfaces (or complex internal yielding) evolve naturally, if the
conditions give rise to them.

4. Structural interaction (e.g., rock bolt, soil nail or geogrid) is modeled realisti-
cally asfully coupled deforming elements, not ssmply as equivalent forces.

5. The solution consists of mechanisms that are feasible kinematically. (Note
that the limit equilibrium method only considers forces, not kinematics.)

FLAC Version 4.0
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1.1.2 Guideto the FLAC/Slope Manual

This volume is a user’s guide to FLAC/Sope. The following sections in the introduction, Sec-
tions 1.1.3 through 1.1.5, discussthe various features available in FLAC/Sope, outline the analysis
procedure, and provide information on how to receive user support if you have any questions about
the operation of FLAC/Sope. Also, in Section 1.1.6, we describe the concept of mini-versions of
FLAC and our plans for future mini-versions.

Section 1.2 describes the step-by-step procedure to install and start up FLAC/Sope, and provides a
tutorial (in Section 1.2.2) to help you become familiar with its operation. We recommend that you
run thistutorial first to obtain an overall understanding of the operation of FLAC/Sope.

The components of FLAC/Sope are described separately in Section 1.3. This section should be
consulted for detailed descriptions on the procedures of operating FLAC/Sope.

Several slope stability examples are provided in Section 1.4. These include comparisons to limit
analysis and limit-equilibrium solutions.

FLAC/Sope uses the procedure known as the “ strength reduction technique” to calculate a factor
of safety. The basis of this procedure and its implementation in FLAC/Sope are described in
Section 1.5.

1.1.3 Summary of Features

FLAC/Sope can be applied to a wide variety of conditions to evaluate the stability of slopes and
embankments. Each condition is defined in a separate graphical tool.

1. Thecreation of theslopeboundary geometry allowsfor rapid generation of linear, nonlin-
ear and benched slopes and embankments. The Bound tool provides separate generation
modes for both simple slope shapes and more complicated non-linear slope surfaces. A
bitmap or DXF image can also be imported as a background image to assist boundary
creation.

2. Multiple layers of materials can be defined in the model at arbitrary orientations and
non-uniform thicknesses. Layersare defined simply by clicking and dragging the mouse
to locate layer boundaries in the Layerstool.

3. Materials and properties can be specified manually or from a database in the Material
tool. At present, al materials obey the Mohr-Coulomb yield model, and heterogeneous
properties can be assigned. Material properties are entered viamateria dialog boxesthat
can be edited and cloned to create multiple materials rapidly.

4. With the Interface tool, a planar or non-planar interface, representing a joint, fault or
weak plane, can be positioned at an arbitrary location and orientation in the model. The
interface strength properties are entered in a properties dialog; the properties can be
specified to vary during the factor-of-safety calculation, or remain constant.

FLAC Version 4.0
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5. An Apply tool isused to apply surface loading to the model in the form of either an areal
pressure (surface load) or a point load.

6. A water tablecanbelocated at an arbitrary location by using the Water tool; thewater table
defines the phreatic surface and pore pressure distribution for incorporation of effective
stresses and the assignment of wet and dry densities in the factor-of-safety calculation.

7. Structural reinforcement, such as soil nails, rock bolts or geotextiles, can be installed
at any location within the model using the Reinforce tool. Structural properties can be
assigned individually for different elements, or groups of elements, through a properties
dialog.

Please be aware that FLAC/Sope is limited to slope configurations with sub-horizontal layering
and no more than one interface. For analyses which involve multiple (and intersecting) interfaces
and sub-vertical layering or weak planes, full FLAC should be used.

1.1.4 Analysis Procedure

FLAC/Sopeis specifically designed to perform multiple analyses and parametric studies for slope-
stability projects. The structure of the program allows different models in a project to be easily
created, stored and accessed for direct comparison of model results.

A FLAC/Sope analysis project is divided into four stages. The modeling-stage tool bars for each
stage are shown and described below.

Models Sage

Models | puild| soive | Piot]

U | & - ¥
Mew|Load| Clone|Save|RBename| Delete

Each model in a project is named and listed in a tabbed bar in the Models stage. This
allows easy access to any model and resultsin a project. New models can be added to
the tabbed bar or deleted from it at any time in the project study. Models can also be
restored (loaded) from previous projects and added to the current project. Note that the
slope boundary is also defined for each model at this stage.
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Build Stage

Models Build | soive| Piot]

<1 | 8| HE

Bound | Layers| Material]  Interface

b

Anply

o]

Reinforce

=
Water

For a specific model, the slope conditions are defined in the Build stage. This includes:
changes to the slope geometry, addition of layers, specification of materials and weak
plane (interface), application of surface loading, positioning of awater table and instal-
lation of reinforcement. The conditions can be added, deleted and modified at any time
during this stage.

Solve Sage

Models | Builg Save | piot]

L] H (B 3| C
Coarse Medium(Fine| Speciall SolveFoS

Inthe Solve stage, thefactor-of-safety iscalculated. Theresolution of the numerical mesh
is selected first (coarse, medium, fine or user-specified), and then the factor-of-safety
calculation is performed. Different strength parameters can be selected for inclusion in
the strength reduction approach to calculate the safety factor. By default, the material
cohesion and friction angle are used.

Plot Stage

models | Build | Sowve Plot]

= = @ =| L)L
E__nad Setup| Print]  Items| List f | &f

After the solution is complete, several output selections are available in the Plot stage
for displaying the failure surface and recording the results. Model results are available
for subsequent access and comparison to other modelsin the project.

All models created within aproject, along with their solutions can be saved, the project files can be
easily restored and results viewed at alater time.
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1.1.5 User Support

We believe that the support that Itasca provides to code users is a mgjor reason for the popularity
of our software. We encourage you to contact us when you have a modeling question. We pro-
vide atimely response via telephone, electronic mail or fax. Genera assistance in installation of
FLAC/Sope on your computer, plus answers to questions concerning capabilities of the various
features of the code, are provided free of charge. Technical assistance for specific user-defined
problems can be purchased on an as-needed basis.

We can provide support in a more timely manner if you include an example FLAC/Sope model
that illustrates your question. This can easily be done by including the project save file (i.e., the
file with the extension “*.PSL") as an email attachment with your question. See Section 1.3.2 for
adescription of the “*.PSL” file.

If you have a question, or desire technical support, please contact us at:
Itasca Consulting Group, Inc.
Thresher Square East

708 South Third Street, Suite 310
Minneapolis, Minnesota 55415 USA

Phone:  (+1) 612-371-4711

Fax: (+1) 612.371.4717
Email:  software@itascacg.com
Web: www.itascacg.com

We aso have a worldwide network of code agents who provide local technical support. Details
may be obtained from Itasca.

1.1.6 FLAC Mini-Versions

The basis for FLAC/Sope is FLAC, Itasca’s numerical modeling code for advanced geotechnical
analysisof soil, rock and structural supportintwo dimensions. FLAC/Sopeactually runsFLAC, and
the GIIC limits access to only specific features in FLAC used for the slope stability calculations.
That is why we call FLAC/Sope a mini-version of FLAC. We plan to develop several different
mini-versions of FLAC for avariety of different geo-engineering applications.

When you install FLAC/Sope, the full version of FLAC is also installed. If you wish, you may
start-up FLAC and evaluate its operation and features. See the installation and start-up instructions
given below in Section 1.2.1. The solve facility is turned off in this evaluation version. If you
decide to upgrade to the full FLAC, it is only necessary to upgrade your hardware lock to operate
FLAC aswell as FLAC/Sope. Then, the full power of FLAC will also be available to you.

FLAC Version 4.0
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1.2 Getting Started

1.2.1 Installation and Start-Up Procedures

System Requirements — To install and operate FLAC/Sope be sure that your computer meets the
following minimum requirements:

1. Atleast 35 MB of hard disk space must be available to install FLAC/Sope. We recom-
mend that a minimum of 100 MB disk space be available to save model project files.

2. For efficient operation of FLAC/Sope, your computer should have at least 128 MB RAM.

3. The speed of calculation is directly related to the clockspeed of your computer. We rec-
ommend acomputer with at least a1l GHz CPU for practical applications of FLAC/Sope.

4. FLAC/Sopeisa 32-bit software product. Any Intel-based computer capable of running
Windows 95 or later is suitable for operation of the code.

By default, plots from FLAC/Sope are sent directly to the Windows native printer. Plots can also
be directed to the Windows clipboard, or files encoded in PostScript, Enhanced Metéfile format,
and severa bitmap formats (PCX, BMP or JPEG). Instructions on creating plots are provided in
Section 1.3.11.

I nstallation Procedure — FLAC/Sope isinstalled in Windows from the Itasca CD-ROM using
standard Windows procedures. Insert the Itasca CD in the appropriate drive. The installation
procedure will begin automatically, if the “autorun” feature on the drive is enabled. If not, enter
“[cd drive]:\start.exe” on the command line to begin the installation process. The installation
program will guide you through the installation. Make your selections in the dialogs that follow.
Please note that the installation program can install all of Itasca’s software products. You must
click on the FLAC box in the Select Components dialog in order to install FLAC/Sope on your
computer (note that selecting the FLAC box is the correct choice for both FLAC and FLAC/Sope
installations).*

By default, theelectronic FLAC/S opemanual will be copied toyour computer during theinstallation
of FLAC/Sope. (After FLAC has been selected in the Select Components dialog, the option not
to install the manual can be set by using the Change button.) To use the electronic manual, click
on the FLAC Sope Manual icon in the “Itasca Codes’ group on the “ Start” menu. All electronic
volumes of the FLAC manual (including the FLAC/Sope manual) are PDF files that require the
Adobe Acrobat Reader(R) in order to be viewed. Users who do not have the Reader may install it
from the Itasca CD.

The full version of FLAC will also be installed when FLAC/Sope isinstalled. You may start-up
full FLAC and operate the code in GIIC mode to evaluate the features in the full version. Please
note that the solvefacility isturned off in the evaluation version. If you decide to upgradeto thefull
FLAC, itisonly necessary to upgrade your hardware lock to operate FLAC as well as FLAC/Sope.
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The FLAC/Sope package can be uninstalled via the Add/Remove Programs icon in the Windows
Control Panel.

A default directory structure will be created when using the install program. The root directory
is “\ITASCA”; the sub-directories and their contents are summarized in Table 1.1 and described
below.

Table 1.1 Contentsof Itasca directoriesfor FLAC/Slope

Directory Sub-directory Section Files

FLAC
EXE executable codes

FLAC_SLOPE project files for examples in manual

GUI Graphical User Interface — JAVA classfiles
JRE JAVA runtime environment
MANUALS FLAC FLAC electronic manual
SYSTEM hardware key drivers, FLAC.CFG
UTILITY README files, UPDATE.EXE

e The"\FLAC" directory containsthefilesrelated to the operation of FLAC/Sope. There
are three sub-directories. “FLAC\EXE” contains the executable code that is loaded to
run FLAC/Sope; “FLAC\FLAC_SLOPE” contains the example files described in this
manual; and “FLAC\GUI” contains files used in the operation of the GIIC.

e The “\JRE" directory contains the JAVA(TM) Runtime Environment (standard edition
1.2.2) that is used for operating the GIIC.

e The “\MANUALS\FLAC" directory contains the complete FLAC manual, which in-
cludes the FLAC/Sope manual.

e The"\SYSTEM?” directory contains the files related to the hardware lock.

e The “UPDATE.EXE” file located in the “\UTILITY” directory is used to upgrade the
hardware key if the full version of FLAC is purchased.

The first time you load FLAC/Sope you will be asked to specify a customer title. This title will
appear on all hardcopy output plots generated by FLAC/Sope. The title information is written to
afile named “FLAC.CFG,” which islocated in “ITASCA\SYSTEM.” If you wish to rename the
customer title at alater time, delete “FLAC.CFG” and restart FLAC/Sope.

Finally, be sure to connect the FLAC/Sope hardware key to your LPT1 port before beginning
operation of the code.
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Start-Up — The default installation procedure creates an “Itasca Codes’ group with icons for
FLAC/Sope and FLAC. To load FLAC/Sope, simply click on the FLAC/Sopeicon. The code will
start-up and you will see the main window as shown in Figure 1.1.

The code name and current version number are printed in the title bar at the top of the window,
and amain menu bar is positioned just below the title bar. The main menu contains Fiie, SHow,
Toors, View and Herr menus. Beneath the main menu bar is the Modeling Stage tool bar
containing modeling-stage tabs for each of the stages: ["o>¢t<], [Bure2] [Sorve[and [ProT], When you click
on amodeling-stage tab, a set of tools becomes available: these tools are used to create and run the
slope-stability model. Separate sets of tools are provided for the models stage, the build stage, the
solve stage and the plot stage (as discussed previously in Section 1.1.4).

FLAC/SLOPE 4.0 - Itasca Consulting Group, Inc O] x| h

File Show Tools Yiew Help
Delete

[ a&lf|cleles] L8 AL Fal

Models | Build| soive | Piot]
=

Tlews Clone

3
Load

Eenare

Save

Model Options E

"System of Units

SI: meter-kilogram-second =l

User Interface Options
[ Include Structural Elements?
[ Include water table?
[ Include aninterface?

[ Monstandard gravity?

Special Model Options
’]—gxisymmemc mode|?

Open old Project

Cancel | Help |

Figurel.l TheFLAC/Slope main window

Beneath the Modeling Stage tool bar is the model-view pane.* The model-view pane shows a
graphical view of the model.

If you are a user of full FLAC, you will also have access to a Console pane and Record pane. The
Console pane shows text output and echos the FLAC commands that are created when operating
FLAC/Sope. This pane also allows command-line input (at the bottom of the pane). The Record
pane contains alist of all the FLAC commands, which can be exported to a data file for input into
full FLAC. The Console and Record panes are activated fromthe Suow/Resources menu item.
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Directly above the model-view pane is a View tool bar. You can use the View tools to manipulate
the model-view pane (e.g., trandate or rotate the view, increase or decrease the size of the view,
turn on and off the model axes). The View tools are also available in the view menu.

Whenever you start anew project, aModel Optionsdialog will appear, asshowninFigure 1.1. You
have the option to include different features, such as an interface (weak plane), a water table or
reinforcement, in the model and specify the system of units for your project with this dialog.

Themenusandtoolsaredescribedindetail in Section 1.3. Anoverview of the FLAC/S opeoperation
isprovided inthe HeLr menu. Thismenu also contains alist of Frequently Asked Questions about
FLAC/Sope and an index to all GIIC Help files.

1.2.2 A Simple Tutorial

This section presents asimpletutorial to help you begin using FLAC/Soperight away. By working
through thisexample, you will learn therecommended procedureto (1) defineaproject that includes
different models, (2) build the slope conditions into each model, (3) calculate the factor of safety
for each model, and (4) view the results.

The exampleisasimple slopein alayered soil. Figure 1.2 illustrates the conditions of the slope.
The purpose of the project is to evaluate the effect of the water table on the stability of the slope.
The project consists of two models: one model with awater table and onewithout. I1nthefollowing
sections we discuss the four stages in the solution procedure for this problem.

If you have not done so already, start up FLAC/Sope following the instructions in Section 1.2.1.
You will seethe main FLAC/Sope window as shown in Figure 1.1. You can now begin the tutorial.

Upper Soil | Lower Soil
dry density 1500 kg/m3 | 1800 kg/m3
wet density 1800 kg/m3 | 2100 kg/m3
cohesion 5,000 kPa 10,000 kPa
friction angle 20° 25°
tensile strength 0 0

—f upper soil

Sm}‘
5m ) T ~
10m lower soil
8m
4mi i
v

Bedrock
Figurel.2 Conditions of the simple slope
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Defining the Project — We begin the project by checking the [ftctuee warer 5] hox jn the Model
Optionsdialog. The water table tool will be made available for our analysis. We also select the S:
meter-kilogram-second system of units. Press[*"] to include these optionsin the project analysis.

We now click on FiLe/save ProuecT As ... to specify aproject title, a working directory for
the project and a project save file. The Project Save dialog opens, as shown in Figure 1.3, and we
enter the project title and project save file names. The working directory location for the project is
selected inthisdialog. Inorder to changeto a specific directory, we press[*linthisdialog. An Open
dialog appears to alow us to change to the working directory of our choice. We specify a project
savefile name of “SLOPE” and note that the extension “.PSL” is assigned automatically —i.e., the
file“SLOPE.PSL” is created in our working directory. We click [°*] to accept these selections.

1 Project Save
Title
|Tutoria||
Location: CAFLAC_testiprojects\FLAC_SLOPERUt (*.psl)
Filename: |Slope.psl ﬂ
Ok ‘ Cancel ‘ Help ‘

Figurel.3 Project Savedialog

We next click on the tool and enter the Models stage to specify a name for the first model
in our project. We click on and use the default model name Model 1 that appears in the New
Model dialog. There will be two models in our project: Model 1 which does not contain a water
table, and Model 2 which does. Wewill create Model 2 after we have completed the factor-of -saf ety
calculationfor Model 1. (Notethat, alternatively, we can create both model sfirst before performing
the calculation.)

There are several types of model boundaries available to assist usin our model generation. For this
tutorial, we select the boundary button.

When we press[°f]in the New Model dialog, an Edit slope parameters dial og opens and we enter the
dimensions for our model boundary, as shown in Figure 1.4. Note that we click on to
reversethe model layout to match that shownin Figure 1.2. Weclick [°*to view the slope boundary
that we have created. We can either edit the boundary further or accept it. We press [°*] to accept
the boundary for Model 1. The layout for the Model 1 slopeis shown in Figure 1.5%. A tabisalso
created with the model name (Model 1) at the bottom of the view. Also, note that an icon is shown
in the upper-left corner of the model view indicating the direction and magnitude of the gravity
vector. The project save file name, title and model name are listed in the legend to the model view.
Additional information will be added as we build the model.

We have increased the font size of the text in the model view. We click onthe FiLe/PreEFERENCE
SeTTINGs ... Menuitem and change the font size to 16 in the Preference settings dialog.
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i Edit slope parameters
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Figurel.4 Edit Slope Parametersdialog
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Building the Model — We click on the[*****] tool tab to enter the Build stage and begin adding the
slope conditions and materials to Model 1. We first define the two soil layersin the model. By
clicking on the[t*#*¢] button we open the Layerstool. (See Figure 1.6.) A green horizontal linewith
square handles at each end is shown when we click on the mouse inside the slope boundary; thisline
defines the boundary between two layers. We locate thisline at the level y =9 m by right-clicking
on one of the end handles and entering 9.0 in the Enter vertical level dialog. We press[°‘] in the
dialog and then [°* in the Layerstool to create this boundary between the two layers. Theresult is
shownin Figure 1.7.

[ FLAC/SLOPE 4.0 - Itasca Consulting Group. Inc
Show  Wiew

et = QlE[E[c]el-] [CE Lk FER| ©[&|alt]4]<|-[e]

Layer Mode
* AddiMove
© Delee
« Edit

Layer boundaties

10 botn) . : Q

[ 1|

Figure1l.6 Layerstool

{ FLAC/SLOPE 4.0 - Itasca Consulting Group, Inc

File Show Tools View Help
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Apply]
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Bound
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Figurel.7 Two layers created by the Layers tool
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There are two materialsin the slope. These materials are created and assigned to the layers using
the[™=*"*t] tool. After entering thistool, we first click on the [£*=*"¢] button which opens the Define
Material dialog. We create the two materials, upper soil and lower soil, and assign the densities
and strength properties using this dialog. (Note that after one material is created, it can be cloned
using the[©:2*¢] button, and then the properties can be modified to create the second material.) The
properties assigned for the upper soil material are shown in Figure 1.8. (A Class, or classification
name, is not specified; thisis useful if materials are stored in a database — see Section 1.3.5.)

Define Material
Class|

Name|uppersui|
Mass-Density

[kim3[1500.0

" Porosity |

e Ll |y

& et

1sitd [kgimall 2000
Flastic Properies
Gohesian [Pa]|5000.0

Tension [Pa]|D.D
Angles: (Degrees)

Frictian ang|e|20.n

Dilation angle|0.0

0K ‘ Cancel | Help ‘

Figure1.8 Propertiesinput in the Define Material dialog for upper soil

After the materials are created, they are assigned to the two layers. We highlight the material in
the List pane and then click on the model view inside the layer we wish to assign the material. The
material will be assigned to this layer, and the name of the material will be shown at the position
that we click on the mouse inside this layer. The result after both materials are assigned is shown
in Figure 1.9. We press[°*] to accept these materialsin Model 1.
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" FLAC/SLOPE 4.0 - Itasca Consulting Group, Inc
Show  View

FRlelicle]] L b Fa) s[alaft[i]]-[e]
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Edit

Create Edit
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Figurel.9 Materials assigned to the two layersin the[™ "] tool

Calculating a Factor of Safety — We are now ready to calculate the factor of safety. We click on
the[*°"*] tool tab to enter the factor-of-safety calculation stage. When we enter this stage, we must
first select a numerical mesh for our analysis. We choose a “coarse-grid” model by pressing the
button, and the grid used for the FLAC solution appearsin the model view. See Figure 1.10.

i FLAC/SLOPE 4.0 - ltasca Consulting Group. Inc
File Show Tools Yiew Help

adels | Build Sote | Prot]

[ HH ®| ¢
(Coarse dedium|Fine| Special| SoleFoS

al=| [= alolE(clels:] LB Al FEa] o)t =[]y

A

.
LT
.

Maodel 1

Figure1.10 Coarse-grid for Model 1

We now press the button to begin the calculation. A Factor of Safety parameters dialog
opens (Figure 1.11), we accept the default solution parameters, and press[*]. FLAC/Sope begins
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the calculation mode, and a Model cycling dialog provides a status of the solution process. When
the calculation is complete, the calculated factor of safety is printed; in this case the valueis 1.68.

* Factor of Safety parameters
Included in FOS calculations?

[+ Cohesion
[ Tension cutoff

[ Interface friction & cohesion
[ Use associated plastic flow rle

(0]34 | Cancel | Help |

Figure1.11 Factor of Safety parametersdialog

Viewing the Results — We now click on the tool tab to view the results. An[*] button is
shown, corresponding to the solution conditions (coarse grid, friction angle and cohesion included
in the calculation). When we click on this button, we view the failure plot for this model, as shown

in Figure 1.12.

[+ FLAC/SLOPE 4.0 - Itasca Consulting Group, Inc
File Show Tools Wiew Help

Madels | Buig | sone Plot|

= o =
Load| Setup|Pri kemg| List| | fo
B

QS |CE o] B AL FE@ =[R[QU ] 4]+[&]

Madel 1

Figure1.12 Failureplot for coarse-grid Model 1

Thisplot showsthefailure surface that devel opsfor these model conditions (delineated by the shear
strain-rate contours and velocity vectors). The value for factor of safety is also printed in the plot

legend.
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Performing Multiple Analyses — We wish to compare this result to the case with a water table.
We click on the[":*] tool tab to create the second model. We will start with Model 1 conditions by
clicking onthe[£°*<] button. An Input dialog will appear again, but thistime the default model name
isModel 2. We accept this name by pressing [*. A Model 2 tab is now shown at the bottom of the
view. All the model conditions from Model 1 have been copied into Model 2. The only remaining
condition to add is the water table. We go to the stage and click on the [*"¢*] button. A blue
horizontal line with square handles is shown in the Water tool. We position this line to match the
location of the water table as shown in Figure 1.2. The line can either be re-positioned by |eft-
clicking the mouse on the line and dragging the line to the water-tabl e location, or by right-clicking
the mouse on the line, which opens a dialog to specify coordinates of the water table. We define
the water table by four points at coordinates. (0,10), (15,8), (30,3) and (40,3). Theresult is shown
in Figure 1.13.

1F=' FLAC/SLOPE 4.0 - Itasca Consulting Group, Inc

Show  Wiew

= alyE[clel] L AlE] [ER] =[R2 1[4 ]<[~[¢]%
[v Use watertable?
hode

& pAdd/move points

" Delete points

water density [kofm3]

O

10 El:ﬁh'} o : Edit nurmerically
Ok | Cancel | Help |

|
Figure1.13 Positioning water tablein the Water tool

We are now ready to solve Model 2, so we go to the Solve stage, select the coarse-grid model and
press the[2-v¢ *os] button. We follow the same procedure as before to determine the factor of safety.
A factor of 1.53 is shown when the calculation stops. We now go to the Plot stage to produce the
failure plot for this model. The result is shown in Figure 1.14. Note that the water table is added
to this plot by opening a Failure plot items dialog viathe [L=**] button. The resultsfor Model 2 can
easily be compared to those for Model 1 by clicking on the model-name tabs at the bottom of the
model view.
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| FLAC/SLOPE 4.0 - Itasca Consulting Group. Inc
File Show Tools View Help
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Figure1.14 Failureplot for coarse-grid Model 2

Making Hardcopy Plots — Several different printer formats are available to create plots from
FLAC/Sope. Weclick on the[5:™*] button in the[*-°"] tool bar to open a Print setup dialog, as shown

in Figure 1.15.

i Print zetup
Output formats Appearance Orientation
Wiindowes Bitrap  Grayscale o)
" Printer ~ PCH & Color o

v ?
' Enhanced Metafile | " Windows BMP ol Sl reapiat

Faper Lavout
" Cliphboard " JPEG o
Yectormaps AutoCAD DHF .
5 16 Colar

Postscript
256 Calor r
Destination
Cifott | 4
% File t\ProjectleLAC_SLOF’E\tuﬂmodeQ.emel
Ok Cancel

Figure1.15 Print setup dialog

For example, we have two choices if we wish to create a plot in an enhanced metafile format for
insertion into a Microsoft Word document:

(1) We can click on the[Eiee> merarice] radio button. We select the name of the file and the
directory in which to save the file by using the[™*¢] radio button. Asshowninthefigure,

we save the failure plot to a file named “MODEL2.EMF.” We press [°*] to save these
printer settings. Then, we press[2*'"]in the["-°"] tool to send the plot to thisfile.
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(2) Alternatively, we can copy the plot to the clipboard, by clicking the[c-***>***] button. We
press [°¢] to save this setting. Then, press in the tool to send the plot to the
clipboard and finally paste the plot directly into the Word document.

The plot isshown in Figure 1.16. Note that hardcopy plots are formatted slightly differently from
the screen plots.

JOB TITLE : Tutorial (*10°M)

L 2.750

FLAC/SLOPE (Version 4.00)

LEGEND L 2.250

4-Feb-02 8:11
L 1750

Factor of Safety 1.53

Shear Strain Rate Contours L 1.250
2.50E-07
5.00E-07
7.50E-07
1.00E-06
1.25E-06

L 0.750

Contour interval= 2.50E-07
(zero contour omitted)
Boundary plot

|

0 1E 1 o0

L 0.250

Water Table
Velocity vectors

Max Vector = 4.193E-06
e v v v v v 0 |
0 1E-5

| -0.750

[ -1.250

Itasca Consulting Group, Inc.

Minneapolis, Minnesota USA T T T T T T T T T T T T T T T
0.250 0.750 1.250 1.750 2.250 2750 3.250 3.750
(*10°M)

Figure1.16 Hardcopy plot for Model 2 result

Thiscompletesthe simpletutorial. We recommend that you try additional variations on this project
to help increase your understanding. For example, if you wish to evaluate the effect of zoning on
the calcul ated safety factor, return to the Solve stage for Model 1 and click on the[®>™"] button. This
will create a finer mesh than the coarse mesh model. After solving for the factor of safety, a new
plot button will be added in the Plot tool bar for Model 1. You can then compare this result for a
medium mesh directly with the coarse mesh result by clicking on the plot buttons. See Section 1.3
for more information on the components of FLAC/S ope and recommended procedures to perform
slope-stability calculations.
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1.3 Detailson Using FLAC/Slope

FLAC/Sope is designed to perform a series of analyses for a slope-stability project. A parametric
study involving several model simulations can easily be set up, executed, and the results viewed.
Each model simulation involves four modeling stages. Models, Build, Solve, and Plot. Severa
tools are associated with each stage to assist with the model analysis. Each of thetoolsis described
in the following sections.

1.3.1 Selecting Model Options

When you first begin a FLAC/Sope analysis, you will see a Model Options dialog box, as shown
in Figure 1.17. The Model Options dialog will appear every time you start FLAC/Sope or begin a
new project. The dialog allows different conditions and optional facilities to be set for the project.

Model Options
Systern of Units

|51: meter-kilogram-second =]
User Interface Options

[ Include Structural Elements?

[ Include water table?

[ Include an interface?

[ Monstandard gravity?

Special Model Options

[ Asisymrmetric model?

Open ald Project |

Cancel ‘ Help ‘

Figure1.17 Model Optionsdialog

You can select the system of units for your analysis from this dialog. Parametersin the model will
then belabel ed with the corresponding units, and predefined val ues, such asgravitational magnitude
and material propertiesinthematerial database, will be converted to the selected system. A selection
for system of units must be done at the beginning of the analysis.

When the [fetvee Strvctura Euements? ] [Tnciuooe water Tasie?] gp [Inciuve av interrace? | hoy js checked, the corre-
sponding tool is added to the[**'**] tool bar. See Section 1.3.6 for adescription of the interface tool,
Section 1.3.7 for a description of the water table tool, and Section 1.3.9 for a description of the
structural elements tool.

By default, the standard value for gravitational acceleration isused in the analysis. A gravity icon
will appear in the model view (when the model is created) with a gravitational vector pointing
downward and magnitude corresponding to the selected system of units. If you check the box
[ronsTannarn sravitv? ] you will be able to assign a gravitational acceleration magnitude and direction
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of your choosing from a Gravity tool in the tool bar. Note that pseudo-static horizontal
accelerations can be applied by using non-vertical gravity.

By default, a two-dimensional plane strain analysis is performed. Alternatively, by clicking the
[Axxsvmmerric wovel? | hox, you can perform an axisymmetric analysis. In this mode, cylindrical coor-
dinates are used; x = 0 is the axis of symmetry, the positive x-direction corresponds to the radial
coordinate, the y-direction to the axial coordinate and the out-of-plane direction (the z-direction) to
the circumferential coordinate. This geometry mode may be applied, for example, to cylindrical-
shaped mounds or circular open pits.

After you have selected which Model Optionsyou wish to apply during your analysis, you can save
these preferences so that these selections are active each time you start FLAC/Sope. Also, you can
save your preferences for the look-and-feel of FLAC/Sope on start-up. You can select the size of
the Model-view pane and the layout for the modeling stage tool bar and the view tool bar. Open
the siow menu in the main menu to change the look-and-feel of the FLAC/Sope pane and tool
bars. Once you are satisfied, click FiLe/save Prererences inthe main menu. The FLAC/Sope
start-up preferencesare stored inthefile* STARTUP2.GPF,” located inthe“I TASCA\FLAC\GUI”
directory.

1.3.2 Setting Up the Slope Project

When beginning a project, first select the FiLe/Save ProJecT As ... menuitem in order to set
up aproject savefile. ThisopensaProject Savedialog asshownin Figure 1.18. Thetitleand project
save-file name selected for the project will be printed in the plot legend for each plot created in the
project. The project save file will have the extension “*.PSL.” This file contains the project record
and also allows access to al the model save states (saved as “*.SAV” files) and factor-of-safety
calculation save states (saved as “*.FSV” files) for each model analysis in the project. Note that
you can click on[*]in this dialog to select a directory in which to save the project and model-state
savefiles.

 Project Save
Title
|'I'utoria||
Location: CAFLAC_testiprojectsiFLAC_SLOPERUt (*.psl)
Filename: |Slope.psl ﬂ
Ok ‘ Cancel ‘ Help ‘

Figure1.18 Project Savedialog

You can stop working on aproject at any stage, saveit (by pressingthe FrLe/Save ProuyecT menu
item) and re-open it at alater time simply by opening the project file(fromtheFiLe/0rPeEn PrROUECT
menu item); the entire project and associated model save and cal culation savefileswill beaccessible
as before.
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1.3.3 Creating a Slope Model

After you have set up the project save file, you can enter the Models stage of the analysis. In this
stage, click on the button to begin a new model analysis and assign a name to the model (the
default nameis Model 1). Model naming isdonein the New Model dialog as shown in Figure 1.19.
Note that you can also select the type of slope boundary to create for this model: asimple, linear
boundary or more complex boundaries, such as bench slope, dam embankment or nonlinear slope
shapes. Advanced slope building is discussed in Section 1.3.12.

i New Model

Model Mame|Model 1
Bench-2| Dam| General

il
Ok Cancel

Simple  Bench-1
Figure1.19 New Model dialog

If you select the [£**"¢] boundary and then press[°*], an Edit slope parameters dialog will open for
you to input the dimensions for the simple slope model. This dialog is shown in Figure 1.20. A
diagram is included in this dialog to guide you in the selection of geometry parameters. If you
press[***v] after inputting the parameters, the dialog will remain open and the slope boundary will
be plotted. You can then make alterations to the boundary and view the results directly.

When selecting the dimensions for =™, [“77] and [**<*7], it is important that these dimensions are
large enough such that artificial boundaries (i.e., left, right and bottom boundaries) do not influence
the development of thefailure surface. If thefinal calculated slip surfaceisfound to intersect any of
these boundaries, then the model should be rerun with alarger dimension so that the surface does
not intersect the boundary.

i Edit slope parameters
Geometry Diagram

Rise [rlf10.0

" Slope

& Run [m]f20.0

|- Slope (deg)
Depth [rmlf+.0

Left i1 0.0
Right [ 0.0

LowerLeftx [mlj0.0

LowerLefty [m]|0.0

|—Left ——Run ———Right—|

[« Mirror layout (Reverse leftright)

QK ‘ Cancel ‘ Apply ‘ Help |

Figure1.20 Edit Slope Parametersdialog
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When you press [°1], the dialog will close and the outline of the slope model will be drawn in a
boundary view as shown in Figure 1.21. The boundary can be edited further in this view, either by
dragging the mouse to move the boundaries or by pressing the button to open the Edit slope
parameters dialog again.

1;:1-' FLAC/SLOPE 4.0 - Itasca Consulting Group. Inc

Show  View

2] FalEHcl@l-] LB AL Fal o@l)ft][+]<]=[e]Y
1

10 ot ; Edit
Ok | Cancel Help |

|

|Muuse wview controls off

Figure1.21 Boundary view

Once you are satisfied, press[®*]. The model boundary will now be drawn in the model view, as
shown in Figure 1.22. Note that atab with the model name will appear at the bottom of the model
view when amodel is created.
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Figure1.22 Mode view

Several options are available once the model boundary is created. The model name can be changed
with the [2=**"¢] button. The model can also be removed from the project with the [2::] button

Individual models can be saved at this stage by pressing the[s**<] button. A Save Asdialog will open
and you can select adirectory in which to save the model. The model file will automatically have
the extension “.SLP” You can then load this model into another project, if desired, by pressing the
button; the loaded model will be automatically added to the model list for that project.

You can aso make a copy of amodel by using the[-*¢] button. Thiswill copy all information on
the model into a new model; the Input dialog will open to assign a model name.

You can ater a model boundary using the button in the tool bar. This will open the
Edit dope parameters dialog and allow changes to the boundary. However, this should be used
with caution. For example, boundaries in a model should not be changed after layers, interfaces
and/or a water table have been defined. These items will become invalid if the edge positions of
the boundary are changed.
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1.3.4 Adding Layers

If the dlope-stability analysisinvolves layered materials, layer boundaries should be defined first in
the model. Thisisaccomplished by clicking on the[t*¢**] button in the [®*'**] tool bar. The Layers
tool will then open. To add layer boundaries in amodel, click the mouse on a position within the
model closeto thelocation of the boundary between two layers. A green horizonta linewith square
handles at each end will appear. Figure 1.23 shows a model with two layer-boundary lines visible
in the Layerstool.

[ FLAC/SLOPE 4.0 - Itasca Consulting Group, Inc

Layer Mode

& AddiMove
" Delete
 Edit

Layer boundaries

10 Both) & Q
,Tl Cancel | Help ‘

|

|Mnuse views contrals off

Figure1.23 Slope model with two layer-boundary linesin the Layerstool

Each line corresponds to atable of pointsthat definesthe location of the layer boundary. When the
radio button is pressed, lines can be added or moved within the model. To movealine, click
and hold the left mouse button over one of the square handles and drag the mouse in the vertical
direction. The line will move up or down.

The shape of the boundary line can be modified by adding more handle points along the line, and
then dragging these pointsto different positions. Click on the[£7] radio button to add points along
the line. To select a line to edit, click on the line number in the Layer boundaries list and the
selected line will turn white. For example, in Figure 1.24 the upper-layer boundary (boundary 1)
has been edited by adding two points which are then dragged to new positions.

Handle points can be located at specific x- and y-coordinate positions by right-clicking the mouse
over the handle. A Table dialog will open to enter the coordinates. The line tables can also be
edited by clicking on the £ vrericaiiv] pytton, This opens an Edit Table points dialog in which the
x-and y-coordinatesfor all of the table pointsfor the line arelisted. Points can be input and edited
in thisdiaog.
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WARNING: Thelayers must be sub-horizontal; sub-vertical layers cannot be modeled. The bound-
ary lines must run continuously from the left model boundary to the right. The lines can extend
beyond the boundary; upon tool execution, the lines will terminate at the boundary. Be careful to
not make the layers too thin, because a bad zoning geometry may result when the model zoning is
performed in the Solve stage. FLAC should be used to model more complex layering involving, for
example, sub-vertical and/or pinched-out layers.

F:' FLAC/SLOPE 4.0 - Itasca Consulting Group. Inc
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Figure1.24 The upper layer-boundary lineis edited to include two points

1.3.5 Assigning Materials and Properties

After adl layer boundaries have been defined in the model, materials can be assigned to each layer.
This assignment is a two-step process. First, the material is created and its associated properties
are prescribed. Then, the material isassigned to a specific layer. Material creation and assignment
are both done within the Material tool which is opened by pressing the[®*7¢**-] button.

Materials are created by clicking on the button to open the Define Material dialog. The
dialogisshownin Figure 1.25. A material isdefined by its classification and name — for example,
classification: embankment soil, and name: silty sand. The classification is useful if you choose to
create a database to store common materials to use on different projects. The database is accessed
via the button located at the bottom-right corner of the Material tool. The database is
described later in this section.

The mass density and materia strength properties are assigned for each material. Note that the
corresponding units for each property are shown in the dialog, depending on the system of units
selected in the Model Optionsdialog. Mass density is specified in [mass/volume] units. Thisvalue
timesthe gravitational magnitudeisequal to theunit weight of the material ([weight/volume] units).
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If the water table tool is not active, only the “dry” (or “moist”) mass density is assigned. Thisis
the density of the material above the water table in situ. If the water table tool is active, then either
a porosity or a“wet” (or “saturated”) mass density must also be assigned. The relation between
“wet” and “dry” mass densitiesis defined in FLAC/Sope by the formula

pWET _ )DRY 4 (1.1)

where pWET is the wet density, pPRY isthe dry density, n is the porosity, and p,, is the density of
water. When the water table is assigned to the model, all zones with centroids located below the
water table are assumed to be fully saturated and will automatically be assigned the value for wet
density for the factor-of-safety calculation.

Materia failure is defined by the Mohr Coulomb plasticity model in terms of the cohesion and
internal angle of friction. A tensile strength and dilation angle may also be specified for thematerial.
If associated plasticflow isspecified for theanalysis, thedilation anglewill beautomatically adjusted
to match the friction angle. (See Section 1.3.10.2.)

The elastic properties have an insignificant effect on the factor-of-safety cal culation, and therefore,
these properties are not required as input. By default, the bulk modulus and shear modulus of all
materials in the model (assuming Sl units) are set to 100 MPa and 30 MPa, respectively.

Define Material
Class|embankment soil

Name|silt5r sand
Mass-Density

[kg/ma]f1500.0

" Porosity |

@ et Densiti (kofma3i|1800.0

Lelb Lv Jo]r

Plastic Froperties

Cohesion [Palj5000.0
Tension [F'a]|D.D
Angles: (Degrees)

Friction ang|e|2lil.lil

Dilation angle|IZI.D

(0] ‘ Cancel | Help |

Figure1.25 Define Material dialog

If the material button is pressed, a Material list dialog will open as shown in Figure 1.26.
The database is divided into groups, designated by classification names, and shown in acollapsible
tree structure. The database can be used to store sets of common materials and their properties for
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use on different projects. By default, a database of soil and rock materials is provided, as shown
in the Database listed in the figure. Materials are selected from this list by double-clicking on a
material name; the material will then be added to the Selection list. After choosing the materials
for aproject, press[°] to send these materials to the List shown in the Material tool.

: Material list
Selection Edit Databasel

Rock: siltstone
<}:| Add

Sail-Sand: unifarm - coarse

_ 4 Materials
+-__| Soil-Gravel
=l _4 Soil-Sand
# Soil-3and: uniform - fine
L Soil-5and: uniform - coarse
# Soil-Sand: well-graded
+-__| Soil-5ilt
- | Soil-Clay
-4 Rock
# Rock sandstone
#® Rock: siltstone
# Rock: limestone
# Rock shale
® Rock marble
# Rock: granite
#® Rock basalt
# Rock quartzite

Create

Clane
Copy-=Database Append Rernove
Delete Load Save

(0]54 | Cancel | Help |

Figure1.26 Material List dialog

You can edit the properties in the database by pressing the tab, which will switch from the
database pane to an edit pane, as shown in Figure 1.27. Press[2*t"] to apply the edited properties
to the material. You can also create new materials with the button, and clone and delete
materialsin the list with the other buttons in the Material list dialog. You can store the altered or
new materials back in the database by pressing the button.

Thebuttons beneath the Databaselist (shown in Figure 1.26) alow you to storethisaltered database
as a new database file. By pressing [£*'£], a Save As dialog opens, and you can save your database
with the extension “*.GMT.” You can then load this database in a different project by pressing the
button when working in this project.
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: Material list
Selection Edit | Database |
Rock: siltstone Clasg|sail-Sand

Soil-Zand: uniform - coarse

Name|unif0rm - Coarse
Mass-Density

kyim3][1600.0 i‘
S| =
r =
Flastic Properties

Cohesion [Pa][0.0 —

Tension [Pa]|D.D =

Angles: (Degrees)

Friction ang|e|34.0 —

Dilation ang|e|D.D —

Create

Clone

Copy-=Database

Delete Q&va

Qs | cancel | Help |

Figure1.27 Material List dialog in Edit pane

1.3.6 Adding a Weak Plane (I nterface)

A weak plane or interface can be added to the slope model by clicking on the button in
the tool bar. This opens the Interface tool, as shown in Figure 1.28. Thetool contains ablue
horizontal line with square handles at each end. Theline correspondsto atable of pointsthat define
the location of the interface. The line can be positioned in the model in the following manner.
By clicking on and dragging the square handles, the ends of the line can be moved up and down
in the model. By clicking on points along the line, new handles can be added, and these handles
can be moved to distort the line as needed to fit the interface location. Handle points can also be
right-clicked with the mouse to open a Table dialog to input x- and y-coordinates for the points.
The interface-line table can also be edited by clicking on the[2'™ vrericav] hytton, which opens an
Edit Table pointsdialog. The x- and y-coordinates for all of the table points for the line are listed,;
points can be input and edited in thisdialog. Figure 1.29 showstheinterface line repositioned with
two handle points added along the line.

WARNING: Please note that only one interface can be included in the model. Also, the interface
must be oriented such that it intersects the left and right boundaries of the model. Sub-vertical
interfaces cannot be modeled in FLAC/Sope. FLAC should be used if it is necessary to model
multiple or sub-vertical interfaces.
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Figure 1.28 Interface tool
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Figure1.29 Interfacelinerepositioned
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After the interface is located in the model, interface properties should be prescribed. Thisis done
by pressing the[Z°7=*™ ©17] hutton to open the Interface property list dialog. The dialogisshownin
Figure 1.30. The interface is defined by a classification and name — e.g., classification: bedding
plane and name: smooth. The interface properties are then prescribed to thisinterface material and
applied by pressing [2*-"]. Several interface materials can be created at onetimein thisdialog. The
highlighted material will be applied to theinterface when[°*|is pressed. The interface material and
properties are listed in the Propertieslist in the Interface tool.

i Interface property list
Selection Properies

wwa gk plane: smoath Class }we ak plane

Name|5m00th
Cohesian [Palo.0
Dilation angle [deg]|0.0

Friction angle [deg][10.0
Tensile Bond Strength [Fa)|0.0

Create

Clone

Reset ‘
Delete —

O ‘ Cancel | Help |

Figure 1.30 Interface Property list dialog

The behavior of the interface is defined by the Coulomb dlip criterion which limits the shear force,
Fsmax, aong the interface by the relation

where ¢ = cohesion (in stress units) along the interface, L = effective contact length, ¢ = friction
angle of the interface surface, and F,, isthe normal force acting on the interface.

In addition, the interface may dilate at the onset of dip. Dilation isgoverned in the Coulomb model
by a specified dilation angle, .

If atensile bond strength is specified for the interface, the interface acts as if it is glued while the
tensile normal stress acting on the interface is below the bond strength. If the tensile normal stress
exceeds the bond strength, the bond breaks and separation and slip can occur.

The elastic shear and normal stiffnesses associated with the interface behavior do not affect the
solution for the factor of safety. Therefore, default values are assigned automatically to optimize
the solution convergence. (See Section 4.4.1 in the Theory and Background volume of the full
FLAC manual for more information on the rationale for selection of stiffness values.)
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1.3.7 Locating a Water Table

A water table can be added to the slope model by clicking on the[2*7¢*] button in the [*****] tool bar.
This opens the Water table tool, as shown in Figure 1.31. The tool contains a blue horizontal line
with square handles at each end. The line corresponds to a table of points that define the location
of the water table (piezometric surface). The line can be positioned in the model in the following
manner. By clicking on and dragging the square handles, the ends of the line can be moved up
and down in the model. By clicking on points along the line, new handles can be added, and these
handles can be moved to distort the line as needed to fit the water table location. Handle points
can aso be right-clicked with the mouse to open a Table dialog to input x- and y-coordinates for
the points. The table can also be edited by clicking on the [E “rereaii] hytton, which opens an
Edit Table points dialog. The x- and y-coordinates for all of the table points for the water-table
line are listed; points can be input and edited in thisdialog. Figure 1.32 shows the water-table line
repositioned with two handle points added along the line.
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Figure1.31 Water table tool

The water table can be turned on and off in the model by clicking on the box. The
water density is assigned automatically with a value corresponding to the selected system of units.
The density value can be set manually in the ["7® *vs17v] hox,

Whenthewater tableisactive, failureinthefactor-of-saf ety cal culationiscontrolled by the effective-
stress state of the model. The value for water density is used in the calculation of the pore-pressure
distribution which is then applied to determine the effective stresses in al zones below the water
table.
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The location of the water table is also used to determine if dry or wet density is used to compute
material weight. |If the water table is located so that it intersects the slope surface, such as the
case shown in Figure 1.32, then the weight of the water is automatically included as a mechanical
pressure acting on free surfaces below the water table.
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Figure 1.32 Water Table repositioned with two handle points added

When we press [°*] to accept this location in the Water table tool, the surface water pressure is
depicted in the model view by a pressure bar acting along the slope boundary. See Figure 1.33.
Whenweclick onthe[**-**]tool tab to enter the Solve stage, the surface water pressureisshowninthe
model view by arrowslocated at gridpointsalong the slope surface. Thearrow lengths correspond to
applied mechanical forcesthat are derived from the value for the water pressure times the boundary
length associated with each gridpoint. Figure 1.34 showsarrows corresponding to the surface water
pressure applied in Figure 1.33.
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Figure 1.33 Water pressure acting along slope surface shown in model view
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Figure 1.34 Applied forces corresponding to the surface water pressure ap-

pliedin Figure 1.33
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1.3.8 Applying Surface Loads

Point loads and areal pressures can be applied along a slope surface by clicking on the[£°*-Y] button
inthe[*****] tool bar. Thisopensthe Apply tool, asshownin Figure 1.35. Variousforms of loads can
then be applied to the slope surface; the types of loads are listed in acollapsible tree structurein the
B.C. types pane in thistool. To apply a specific load, click on the name in the tree and then click
and drag the mouse over the portion of the boundary you wish to apply the load. For example, in

Figure 1.35 apressure is applied at the top of the slope along the region designated by the pressure
bar.

1;:}-' FLAC/SLOPE 4.0 - Itasca Consulting Group, Inc

Show  View

8 o] s
Project: tut].ps

% QUS| Cl@lee] LB AL FHR| | R[4 |]2[¢]d

Applied List

Mouse Mode

& Add € Edit © Remove

B.C. types

_1 Keywords
=l 4 Stress
® o
* sy
* oy
# nstress

eSEUE
#- ] Force

Assion

Reset

10 ‘:'n:l ) .
0K Cancel | Help |

|

|pressure. Mechanical pressure applied to houndary. [Fa]

Figure1.35 Apply tool

When you release the mouse button, an button becomes active. By clicking on this button,
an Apply value dialog opens. A constant value or a linearly varying value can be applied for the
boundary load. In Figure 1.36 a constant pressure of 10,000 is applied in the dialog. By pressing
the value is added to the Applied List. Several loads can be added in this manner.
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Figure 1.36 Apply value dialog in the Apply tool

If it is necessary to make a change to the applied value, highlight the apply type to be edited in
the Applied List and click on the[™] button. For example, if we wish to vary the pressure in the
x-direction, we highlight the pressure, click on and make the change in the Apply value dial og.
Figure 1.37 showsthe dialog. The sign conventions and formulafor applying aspatial variationin
load are described below.

1 Apply value
Yalue

pressure(l0000.0 EI

Y Variation
v “ariation
w5000

0.0

oK | Cancel | Help |
Figure 1.37 Editing the applied value in the Apply value dialog

=
=

The sense of the applied stress or force can be checked by entering the Solve stage after pressing
to leave the Apply tool. The applied loading condition will be depicted on the model view in this
stage by arrows with lengths corresponding to applied forces acting at gridpoints along the model
boundary. The applied forces are derived from the value for stress (or pressure) times the boundary
segment length associated with each gridpoint. For example, Figure 1.38 illustrates the applied
forces that correspond to the applied pressure variation prescribed in Figure 1.37.
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Figure 1.38 Applied forces corresponding to the applied pressure in Fig-
urel.37

The applied loading types are divided into two categories, stress and force. Directional stresses
sxx (xx-component of stress), syy (yy-component of stress) and sxy (xy-component of stress)
can be specified as boundary loads. Also, the stress component applied in the normal direction
to the boundary and the stress component applied in the shear direction can be specified with the
nstress- and sstress-type names. The sign convention for the direct stress components, sxx,
syy and nstress, is that positive values indicate tension. The sign convention for shear stress
components, sxy and sstress, isillustrated by Figure 2.34 in the User’s Guide volume of the full
FLAC manual. The sign convention for pressure isthat a positive pressure acts normal to, and in
adirection toward, the surface of abody (i.e., push towards the free surface).

The spatial variation in an applied pressure or stress value is defined by the following formula. For
apressure or stress applied along a boundary within therange x = x® to x(© and y = y® to y(©,
then the applied pressure V is

_ e A
V=Vt oot o oW

(1.3)

where (x),y®)) is the coordinate of the starting point, (x(©),y(®)) is the coordinate of the ending
point, V) is the starting value of the pressure or stress entered under Value in the Apply value
dialog, and v, and v, are the variation values entered under X-Y Variation in the dialog.

Directional forces, xforce and yforce can also be applied to represent a point (i.e., line) load on
the boundary. A positive x- or y-force actsin the positive x- or y-direction.
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1.3.9 Installing Structural Reinforcement

Structural element logicisprovided in FLAC/Sopeto simulate the effect of reinforcement inaslope
or embankment. The FLAC cable element is used to represent this reinforcement in FLAC/Sope.
See Section 1.3 inthe Structural Elementsvolume of the full FLAC manual for a detailed descrip-
tion of the cable element logic.

Reinforcement is installed in a dope by clicking on the[2s**°*<¢] button in the tool bar. This
opens the Reinforcement tool, as shown in Figure 1.39. Cable elements are installed in a slope by
first checking the radio button, and then pressing the mouse button at one endpoint of the
cable, dragging the mouse to the other endpoint, and then releasing the button. A yellow line with
sguare white handleswill be drawn, as shownin Figure 1.39. Any number of cablescan beinstalled
within the slope in this manner.

The end nodes of the cable can be positioned more precisely by right-clicking on the handles. This
opens a Coordinate dialog to enter x- and y-coordinates of the end node. End nodes can also be
relocated by checking the[™*= “>=] radio button. Then, pressand drag the end node with the mouse.
Cables can be deleted from the slope by checking the [*=:¢'¢| radio button. You can then click the
mouse over the cable(s) you wish to delete.
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Figure 1.39 Reinforcement tool

After the reinforcement isinstalled in the slope, the next step isto assign material propertiesto the
reinforcement. Thisisdone by checking the[**°***"** ] radio button. Properties are assigned to cable
elements in FLAC/Sope via a property identification number. This number will appear over each
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cable when the[**rs* =5 | button is pressed. By default, all cables are given the property number C1.
See Figure 1.40.
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Figure 1.40 Property identification number for reinforcement

By clicking the mouse over the property number, a Cable Element Properties dialog will open, as
shown in Figure 1.41. Properties are then assigned to a specific property number.

Cable Element Properties
Froperty list: Froperies

cr | ki
Type (30}

" Geosynthetic sheet

& Spaced reinforcements (holtg
Z-Spacing [mifi 0 f‘

Element Material

Young's Modulus
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* Input [Paim] 2‘
Tensile Yield Strength [M] —
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Grout Material

Bond Strenath [MNim] —
P Bond Friction Angle [deq] —

Ok | Cancel | Help |

Figure 1.41 Cable Element Propertiesdialog
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Two types of reinforcement can be simulated: a continuous [¢eesy"TeTic sieeT] or g [Sraces rernrorcenent]
If spaced reinforcement is selected (e.g., to simulate soil nails), the spacing in the out-of-plane
direction is also specified. The spacing parameter is used to automatically scale properties and
parametersto account for the effect of the distribution of the cables over aregularly spaced pattern.
(See Section 1.6.4inthe Structur al Elementsvolumeof thefull FLAC manual for moreinformation
on the ssimulation of spaced reinforcement.) Please note that the actual properties of the cables are
entered in the Cable Element Properties dialog, not scaled properties.

You can input a Young's modulus for the reinforcement, or you can choose to alow the modulus
to be computed automatically to optimize the calculation process. It is recommended that, if the
modulus of the reinforcement is two orders of magnitude or more greater than the elastic stiffness
of the slope material, the computed value for modulus be selected. If the reinforcement modulusis
more than two orders of magnitude greater than the slope material stiffness, the calculated factor
of safety will be essentially the same for the input modulus as for the computed modulus, but the
solution convergence will be very slow.

In addition to the Young's modulus, the tensile yield strength and cross-sectional area of the rein-
forcement must be input. For a geosynthetic sheet, the area is equal to the thickness of the sheet
times a unit depth in the out-of-plane direction.

The properties describing the shear interaction at the reinforcement/slope material interface are
input under the Grout Material heading in the dialog. These properties are prescribed in terms of a
cohesive or bond strength and abond friction angle. Thefollowing relation isused to determinethe
maximum bond shear force, F"“*, that can develop along the interface per length, L, of the cable

max
FS

L

= Spond + 0. X 1@N(Sfriction) X perimeter (1.4)

where  Spona bond strength or cohesion;
/

o} = mean effective confining stress normal to the element;
Striction = bond friction angle; and
perimeter = perimeter of the element (based on input area).

See Section 1.3.1.2 in the Structural Elements volume of the full FLAC manual for more infor-
mation on the shear behavior.

The elastic shear stiffness at the interface does not affect the calculation of the factor of safety.
Therefore, it is computed automatically to optimize the solution convergence. (See Section 4.4.1
in the Theory and Background volume of the full FLAC manual for more information on the
rationale for selection of stiffness values.)

Thereinforcement propertiesareassignedto aproperty number; inFigure1.41thisisC1. Additional
property numbers can be created by pressing the[***] button in the Cable Element Properties dialog.
A new property number, C2, will be added to the Property List, and adifferent set of properties can
be prescribed for that number. Several property sets can be created in this manner. The property
number that is highlighted in the Property List will be assigned to the active cable when [**] is
pressed.
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Different segmentsalong acable can al so be assigned different property numbers— e.g., to simulate
bonded and unbonded portions of a grouted bolt. Figure 1.42 shows a bolt composed of two
segments. Thisiscreated in the[*”> *°"] mode by creating one segment and then clicking the mouse
over one existing end node to start the second segment. The second segment will automatically be
connected to the first. After checking [P*°*=**s] we can then assign properties for the unbonded
segment to C'1, and the bonded segment to C2. We change the | eft portion of the bolt in Figure 1.42
to C2 by highlighting C2 in the Cable Element Properties dialog.
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Figure 1.42 Creating a grouted and ungrouted bolt

Once we are satisfied with all the reinforcement conditions and properties we have specified, we
click [°*] to accept this reinforcement in the model. The reinforcement will then be drawn in the
model view.

Axial forces are calculated in the cables during the factor-of-safety calculation. These values can
be added to the output plots; see Section 1.3.11. Please note that the sign convention for axial forces
in cablesisthat forces are negative in tension. Also, note that cablesin FLAC/Sope cannot sustain
aload in compression.
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1.3.10 Solving for a Factor of Safety

The calculation for the factor of safety is done in the Solve stage, which is accessed from the
button. Therearethreestepsinthe Solvestage: grid generation, factor-of-saf ety parameter selection
and factor-of-safety solution.

1.3.10.1 Grid Generation

When the Solve stage is entered, a numerical mesh must first be created. Four zoning choices are
available: coarse, medium, fine and user-selected (special). These can be selected by pressing the
different buttons shownin the Solvetool. For example, by pressing thel[£°*¢] button, a“ coarse-grid”
model is created, as shown in Figure 1.43. If the[=>"*"] button is pressed, a“medium-grid” model
appears as shown in Figure 1.44. Thefineness of zoning affects the accuracy of the factor-of-safety
calculation; the finer the zoning, the better the accuracy of the solution.

The coarse-grid model is recommended for preliminary analyses. The solution for this model is
quite rapid; on a 1 GHz computer, a solution time is typically only afew seconds. A project with
several models can easily be run to provide a quick estimate for the effect of different conditions
on the factor of safety.

A medium-grid model is recommended for more comprehensive studies. The results for this type
of zoning arefound to bein good agreement with limit analyses and limit-equilibrium model results
(e.g., see Sections 1.4.1 and 1.4.2). A medium-grid model takes longer to calculate the factor of
safety; on a1 GHz computer the solution typically requires afew minutes to complete.

A fine-grid model is recommended as a check on analyses made with the medium-grid model. The
factor-of-safety calculation with the fine-grid model should agree very closely with that from the
medium-grid model. However, because this type grid takes longer to calculate a safety factor, it
usually is not warranted to use fine-grid models for comprehensive studies.

For cases in which there are fairly irregular surfaces in the model (e.g., irregular slope surface,
material boundary layers or interface) it may be necessary to use a finer grid model. If a “bad
geometry” message appears during the grid generation, it will not be possible to perform a safety-
factor calculation with the current model. In this case, a finer-grid model should be applied. If
thereis still a“bad-geometry” problem when using afine-grid model, then the user-defined
zoning tool should betried. Thistool provides more control over the zoning parameters. If thereis
still aproblem with grid generation, then it will be necessary to return to the Build stage and adjust
the irregular surface.

Each time one of the zoning buttons is pressed, a set of FLAC commands, corresponding to the
model created in the Build tool, is executed to create the model for the factor-of-safety calculation.
The state of the model is also saved at this stage, with a file extension of “*.SAV.” The name of
the savefile is defined by the project and model names and type of zoning. For example, when the
coarse model is created for the tutorial example in Section 1.2.2, amodel savefileis created with
the name “slope_Model _1_Coarse.sav.”
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1.3.10.2 Factor-of-Safety Parameters

After the grid generation is complete, the safety factor can be calculated. The calculation is per-
formed by pressing the button. The factor-of-safety calculation is based on the strength
reduction technique, as described in Section 1.5. By default, the material strength parameters,
cohesion and friction angle are reduced in accordance with Egs. (1.1) and (1.2). When is
pressed, a Factor of Safety parameters dialog opens, with [Frictiov aiste] gnd [coreston] hoxes checked,
as shown in Figure 1.45. By pressing [, the calculation will commence.

It isalso possible to include other strength parametersin the safety factor calculation. By checking
the[Tersov cvrorr | hutton, thematerial tensilestrength can bereducedin asimilar fashiontothe material
cohesion and friction angle. If aweak plane isincluded in the model, the[frrerrace Frictron & coneston]
button should be checked to include these interface strength properties in the strength reduction
solution. If thesebuttonsare not checked, the corresponding assigned propertieswill not be changed
during the safety factor calculation.

: Factor of Safety parameters

Included in FOS calculations?

[+ Cohesion
[ Tension cutoff

[ Interface friction & cohesion
[ Use associated plastic flow rule

K | Cancel | Help |

Figure 1.45 Factor of Safety parameters dialog

Associated or non-associated plastic flow can also be specified for the factor-of-safety calculation
via the [Vse #ssectaten puastic Frov ruce] check box. The material plastic flow rule quantifies the effect
of shear dilatancy that occurs in a material at the onset of failure. This is generally expressed
by the relation between the friction angle of the Mohr-Coulomb material model and the dilation
angle; the dilation angle is related to the ratio of plastic volume strain to plastic shear strain. For
associated plastic flow, the dilation angle is equal to thefriction angle. [f [Use #ssociaten puastic Fron rute]
and are checked, then dilation angle will be set equal to the friction angle during the
safety factor calculation; otherwise, it will be held constant at its assigned value.
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1.3.10.3 Factor-of-Safety Solution

When Is pressed in the Factor of Safety parameters dialog, the factor-of-safety calculation
begins. A series of simulations will be made as described in Section 1.5, and the status of the
calculation will be reported in a Model cycling dialog, as shown in Figure 1.46. This dialog
displays the percentage of steps completed for an individual simulation stage, the total number of
stages that have been performed thusfar in the series, the operation currently being performed, and
the bracketing values of the factor of safety; the bracket range will continuously decrease until the
final value is determined. When the calculation is complete, the final value is reported.

Model cycling...
Infarmation
Steps Stages Operation Bracket
10% 3 Bracketing .. [1.00 - 2.00]
| Stop

Figure1.46 Model cycling dialog

After thefirst lower-bound val ue has been found in the series, therun can beinterrupted, by pressing
the button. An estimate for factor of safety will be reported based on the current bracketing
limits, but thiswill be less accurate than if the operation had been allowed to complete.

At the completion of the calculation, a factor-of-safety save file is automatically created with the
extension “*.FSV.” This file corresponds to the last non-equilibrium state of the model, at which
the calculation stopped. The results of this file can then be used to plot variables, such as shear
strain contours and velocity vectors, that identify the critical failure surface in the model — see
Section 1.3.11. This save fileisidentified by the project name, model name, type of zoning and
factor-of -saf ety parameters that were selected for the ssmulation. For example, the factor-of-safety
savefilefor Model 1inthetutorial examplein Section 1.6 isnamed “slope_Model _1_Coarse fc.fsv.”
The “fc” descriptor identifies that friction angle and cohesion are included in the calculation. The
following code names are used as descriptors for the factor-of-safety parameters:

e f =friction angle
e C=cohesion

t = tensile strength

i = interface friction and cohesion

a= associated plastic flow rule
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1.3.11 Producing Output

The results of the factor-of-safety calculation are viewed in the Plot tool which is accessed by
pressing the button. When a calculation is complete, afailure-plot button is added to the
tool bar with a name corresponding to the type of zoning and factor-of-safety parameters selected
for the calculation. For example, in Figure 1.47, the button contains a single square, indicating a
coarse grid model, and the descriptors f ¢, indicating that friction angle and cohesion wereincluded
in the calculation. Note that the name can be changed by right-clicking the mouse over the button.
Be careful to keep the name short, however, because the entire text is included on the button.

F" FLAC/SLOPE 4.0 - Itasca Consulting Group. Inc

File Show Tools Yiew Help

Models} Bu\ld} Salve F‘IUﬂ

Model 1 |

Figure1.47 Failure plot for coarse grid model with friction angle and cohe-
sion included in the factor-of-safety calculation

The failure plot displayed in this tool contains, by default, afilled contour plot of shear strain-rate
contours and velocity vectors. These parameters indicate the extent of the failure region at the
last non-equilibrium state, and show a well-defined failure surface, as illustrated in Figure 1.47.
Different parameters can be displayed in the failure plot. By pressing the[Z™"] button, a Plot items
dialog opens as shown in Figure 1.48.

The shear strain-rate contours are derived from strain-rate values calculated in FLAC at zone cen-
troids. (See Section 1.3 in the Theory and Background volume of the full FLAC manual for a
description of the strain-rate calculation in a FLAC analysis.) The contours for shear strain-rate
terminate at zone centroids; they do not extend to model boundaries. An extrapolation function
is available to extend the contours to the boundaries. The function uses two different procedures:
a smple linear averaging and a bilinear least-squares fit. (The extrapolation procedure is de-
scribed in “EXTRAPFIS’ in Section 3 in the FISH volume of the full FLAC manual) The three
contouring approaches can be accessed by clicking on [Zere cevrrors (exacr) | [Grivroint Livers extearoLation]
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or [Srroront srivesr extraroation] in the pull-down menu of the Plot items dialog. In most instances,
[srrororn Linear exraroraion] provides the clearest representation of the failure surface.

In addition, the range of the contouring can be controlled; thisisuseful to define acommon contour
level if several model results are compared.

Other optional plotsthat can beincluded on the plot are the mesh elements, the water-tablelineand
the applied conditions. Plasticity indicators can be included; these identify the type of failure —
e.g., shear or tensile failure, and whether the stress state in the zoneis currently at the yield surface
(“at yield”) or has been at the yield surface but currently is below the yield surface (“at yield in
past”).

Plot items
Contouring Line items

" Off {show materials)

& Shear strain rate v Applied conditions

[ Range v Welocity vectars

:‘ [~ Plasticity indicators

|Gridp0intIineare>drapolati0n ﬂ

Model items Reinforcements
" Mane [ Elernents

& Boundary [ Agial force
" Mesh :‘

(0174 | Cancel | Help |

Figure 1.48 Failureplot itemsdialog

If structural elements are included in the model, the location of the reinforcement, and the axial
force that develops at the last non-equilibrium state, can also be included in the failure plot. The
maximum value of the axial force can be set so that values from different models are scaled to a
specific value. For example, in the example given in Section 1.4.4, the maximum axial force is
set to 100,000 N so that the results from two different cases can easily be compared, as shown in
Figures 1.75 and 1.76.

Results from other projects can be included in the Plot tool by loading the selected “*.FSV” file
with the[:**] tool. A failure-plot button will be added to the[*-°"] toolbar for the loaded model. The
list of failure plots can be edited and failure plots removed from the toolbar by pressing the
button to open a FoS Plots dialog.

A hardcopy printout of the failure plot can be created in the Print setup dialog, which is opened
by pressing the button. The dialog is shown in Figure 1.49. This dialog controls the type
and format of graphics hardcopy output. The output types include: Windows printer, Windows
clipboard, Windows enhanced metafile, Windowsbitmap, PCX, JPEG, Postscript and AutoCad data
exchangeformat (DXF). Thedefault setting isaWindowscolor printer. The appearance, orientation
and settings of the plot and the destination and name of the plot file can also be controlled in this
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dialog. Press[°] when you have completed your selections. To create the plot, press in the
tool and the plot will be sent to the selected hardcopy type.

i Print setup
CQutput farmats

Appearance

Windows Bitrnap © Grayscale
" Printer C PCH & Color
v ion?
& Enhanced Metaile || Windows BMP Gl ey Gesimit
Faper
" Cliphoard " JPEG .
Yectormaps AutaCAD DF ~
16 Caolor
T~ Postscript
™ 256 Color f&
Destination
sl | J
&+ File thrDjEElS\FLAC_SLOF’EumeDElE\Q Emf@
Ok Cancel

Orientation
oy
~

Layout

Figure1.49 Print setup dialog

1.3.12 Bui

Iding More Complex Slopes

Several tools are available to facilitate the creation of different types of Slope models. Thetoolsare
accessed when a new model is defined in the New Model dialog, as shown in Figure 1.50. These
tools define common slope shapes which can be used as a starting point for creation of similarly
shaped models. Three general boundary shapes are given: bench slope, dam or embankment, and
genera, nonlinear slope. The procedures for creating slopes for these three types are described

bel ow.

i Hew Model
Model Marne[Model 1
imple  Bench-1| Bench-2] Dam| General
0]4 | Cancel |

Figure1.50 New Model dialog
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1.3.12.1 Building a Benched Sope

Two boundary tools are provided to generate bench slopes; these create slopes with one or two
benches. If more than two benches are required, then the boundary tool should be used.
When the button is pressed in the New Model dialog, an Edit benched slope parameters
dialog opens for a single bench slope, as shown in Figure 1.51. The dimensions for the bench
are defined in the diagram included in this dialog. For example, using the dimensions shown in
Figure 1.51, a bench boundary is produced as illustrated in Figure 1.52. A two-bench slope is

produced in a similar fashion when the [*****-2] button is pressed.

{ Edit benched slope parameters
Parameters

Rige-1[mll10
* Slope-1 [deg]|s0

" Run-1 ’7
Rise-2[m][10

* Slope-2 [deg]|s0

Diagram

5

' Run-2 ‘

Depth [m]f10

Left [mj10

mogemls
Right [m]|20
LowerLeftximfn0
Lowetlety [m]jo.o

[ Mirror layout (Reverse leftrighty

{7

Ht

=

| Slope]
N

Loft | Runl [Middle

Ok ‘ Cancel ‘ Apply | Help |

[Bun? | Right

Figure 1.51 Edit benched slope parameters dialog

[ FLAC/SLOPE 4.0 - ltasca Consulting Group, Inc

File Show Tools Miew Help

Wodels Build | saive] Piot]

=

Layars

2

|

Bound

Material

o

Intarface

b

Apply

o] e e E@@H‘Q“ LEAL FEal o@@t]<]]e]s

T

+110 bathy

Model 1 [ Model 2

Figure1.52 Single bench slope boundary

FLAC Version 4.0




FLAC/Slope

1.3.12.2 Building a Dam Embankment

1-49

An earth dam or an embankment boundary is created using the[2*"] button in the New Model dialog.
This opens the Edit dam/embankment slope parameters dialog, as shown in Figure 1.53. The
dimensions for the dam are defined in the diagram included in this dialog. For example, using the
dimensions shown in Figure 1.53, adam boundary is produced asillustrated in Figure 1.54.

! Edit dam/embankment slope parameters

Parameters

Rise [m]12.0
" Slopel

% Runl [m]j24.0

e

& Run2 [m]|36.0

Drop [mlf1 2.0
" Slopez

Depth [mij10.0
Left [m]jt 0.0
Middle [m]l4.0
Right [rml[20.0
Lowerlefts [m](0.0
Lowerlefty [m](0.0

Diagrar
| 1
! Drop
Rise
,\r' Stope] N1
o ‘ . lope 2
4

Left | Runl |M|d.dle |R-m2 | migne

Cancel | Apply | Help |

Figure 1.53 Edit dam/embankment slope parameters dialog

 FLAC/SLOPE 4.0 - Itasca Consulting Group, Inc

File Show Tools View Help

Models Build | sotve Plot]

B 8| o

Bound [ Layers| Material|  Interface:

B

Apply

ct: tut psl

&

8o @l Fale=clel-] R LE el <&t ]«

Model 1| Model 2

Figure1.54 Dam boundary
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1.3.12.3 Building a Nonlinear-Shaped Model

A nonlinear slope boundary can be created using the button in the New Model dialog.
This opens the Edit block parameters dialog as shown in Figure 1.55. The left, right and bottom
dimensions of the boundary are entered in this dialog. When [°*] is pressed, a General boundary
tool opens showing the left, right and bottom boundariesin green and the slope boundary in yellow.
The shape of the yellow line can be modified by adding handle points along the line, and then
dragging the pointsto different locations. Alternatively, handle points can be located at specific x-
and y-coordinate positions by right-clicking the mouse over the handle. A Table dialog will open
to enter the coordinates.

The slope line corresponds to a table of points that define the slope surface. The line table can
be edited by clicking on the button in the General boundary tool; this opens an Edit
Table points dialog in which the x- and y-coordinates for all the slope points are listed. Points can
be input and edited in this dialog.

Figure 1.56 showsthe General boundary tool with anonlinear slope defined by seven handle points.
Figure 1.57 illustrates the final slope boundary.

A digital bitmap or DXF background image can be imported onto the model view from the pop-up
Plot menu. This menu is opened by right-clicking the mouse over the model view. Click on the
ImaGcEs/B1iTMAP OF IMAGES/DXF menu item to import a bitmap or DXF file. The general slope
boundary can then be adjusted to fit this image.

i Edit block parameters
FParameters Ciagram

Wiidth [mif1 40
Height1 (][40 |

Height 1 |
J— Tﬂ

Heightz [rml[120
} Widih |

LoweerLetftsx [mlo.0
(0] 24 | Cancel ‘ Apply ‘ Help ‘

Lowerlefty [rn](0.0)
Figure 1.55 Edit block parameters dialog
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-;ﬂT FLAC/SLOPE 4.0 - Itasca Consulting Group. Inc

Show  View
2| @l Fals|=cleles]| FELE FEe] o e«
i 13 Mode

&+ Addimove points

" Delete points

Edit numetically

Ok | Cancel | Help |

I [
Figure1.56 General boundary tool

:;:!‘ FLAC/SLOPE 4.0 - Itasca Consulting Group. Inc
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Figure 1.57 Nonlinear slope boundary
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1.4 Stability Analysis Examples

Several examples are presented to validate and demonstrate the application of FLAC/Sope for
slope-stability analysis. The project file for each example (identified by the extension “.PSL") is
provided in the “FLAC\FLAC_SLOPE” directory. Usethe F1Le/0preEn PrRoJECT ... mMenuitem
to re-create the example and perform the slope stability analysis.

141 Homogeneous Embankment at Failure

Thisexample compares FLAC/Sopeto alimit analysis solution given by Chen (1975). The problem
setting is a homogeneous embankment of height H = 10 m, slope angle 8 = 45°, unit weight y
= 20 kN/mq, cohesion ¢ = 12.38 kPa and friction angle ¢ = 20 °. A gravitational acceleration of
10.0 m/sec? is also specified. For these parameters, Chen calculates a factor of safety of exactly
1.0. This example problem is also presented in the publication by Dawson et a. (1999), which
compares and validates the FLAC solution for several variations of the homogeneous embankment
conditions.

Weenter theembankment conditionsinthe FLAC/Sopemodel inthe Build stage. Figure1.58 shows
aplot of the slope geometry and the properties listed in the Define Material dialog of the Material
tool. Notethat the limit-analysis solution by Chen assumesthe material behavior correspondsto the
Mohr-Coulomb yield criterion with an associated flow rule (dilation angle ¢ = ¢). Also, thetensile
strength of the material is set to a high value to prevent use of the tension cut-off, for comparison
to the Chen solution. The project save file for this exampleis“CHEN.PSL.”

ﬁ... — — R — ) ==

Show  Wiew

B FQE| @] L AL FER] o|R[=] t] 4[]
18

List

Define Material

Class
Name|sm|
Mass-Density

Ika/m3][2000.0 =

37 |
5 =
Flastic Properies

Cahesion [Pa]’12380.0— —
Tension [F‘a]’1.UE1EI— —
Angles: (Degrees) ! I ot
Friction angle’?ﬂ.ﬂ— —

Dilation angle'QD.D— = oI | e | AL ‘

‘ pe— | Hel |

Satal

taterial Groups
Edit

Create Edit

Clone Delets

a0 Datahase

Figure 1.58 Material propertiesfor homogeneous embankment example
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We use the Medium grid mode in the Solve stage; the resulting grid is shown in Figure 1.59.
We perform the factor-of-safety calculation and calculate a factor of 1.01. The failure surface is
indicated in Figure 1.60. Note that for a Coarse mesh, the calculated factor of safety is 1.03.

We also investigate the effect of assuming an associated flow behavior. If non-associated flow is
selected (with ¢ = 0) in the SOLVE FOSdial og, the calcul ated factor of safety is1.00 for the coarse

grid and 0.98 for the medium grid.

[ FLAC/SLOPE 4.0 - Itasca Consulting Group, Inc

File Show Tools VYiew Help

Wodels| Build ot | piot]

Oy = ’&| ¢

5 ediumn Fine| Speciall SoveFoS

[% QU |Cleeo| B A Y
16
14

12

/&t [+[<[=[C]>

" Mogel1 |

Figure 1.59 Medium-grid zoning for homogeneous embankment example
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" FLAC/SLOPE 4.0 - Itasca Consulting Group. Inc

File Show Toals View Help
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Figure1.60 Failure surface calculated for homogeneous embankment
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1.4.2 Comparison to Fredlund and Krahn (1977) Study

Fredlund and Krahn (1977) report a comparison of severa different limit-equilibrium methods for
the solution of a slope stability example involving different combinations of slope material and
piezometric conditions. The conditions are shown in Figure 1.61. Four of the cases analyzed by
Fredlund and Krahn (1977) are re-analyzed with FLAC/Sope. The descriptions of these cases are:

Case 1: Simple2:1dope, 40ft high, ¢’ = 20°, ¢’ =600 psf, no weak layer, no bedrock
Case 2. Same as Case 1 with thin weak layer (¢’ = 10°, ¢’ = 0) and bedrock

Case 5: Same as Case 1 with piezometric line

Case 6. Same as Case 2 with piezometric line

The four cases are created in FLAC/Sope as four separate models. The project save file for this
example is “COMPARE.PSL.” Figure 1.62 shows the model for the Case 6 conditions. Note that
theweak layer isrepresented by aninterfacein themodel. The Mediumgrid for thismodel isshown
in Figure 1.63.

Soil Weak Layer

dry density  3.727 slugs/ft3
wet density  3.727 slugs/ft3

cohesion 600 psf 0
friction 20° 10°
60
Soil
40 ~-~___
20 Weak layer
*
Bedrock 16.5 ft
0 20 40 60 80 100 120 140 160

Figure1.61 Slope stability example (from Fredlund and Krahn, 1977)
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Figure 1.62 FLAC/Slope geometry for Case 6
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Figure 1.63 FLAC/Slopegridfor Case 6
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The result for the factor-of-safety calculation for Case 6 isillustrated in Figure 1.64. The
FLAC/Sope resultsfor al four cases are summarized in Table 1.2. The FLAC/Sope resultsarein
good agreement with the results from the limit-equilibrium calculations.

JOB TITLE : Comparison Study (10%2)

FLAC/SLOPE (Version 4.00)

LEGEND - 1.000

22-Jan-02 12:55

Factor of Safety 1.29 L 0.600

Shear Strain Rate Contours
1.00E-06
2.00E-06
3.00E-06
4.00E-06
5.00E-06

L 0.200

Contour interval= 1.00E-06
(zero contour omitted)
Boundary plot
S N |
0 5E 1

| -0.200

Velocity vectors

Max Vector = 8.239E-05
Lo i)
0 2E -4

[ -0.600

T T T T T T T T T
0.200 0.600 1.000 1.400 1.800
(10%2)

Figure 1.64 Factor-of-safety results for Case 6

Table 1.2 Results from Fredlund and Krahn (1977) study compared

to FLAC/Slope
Case  Simplified Spencer’'s Janbu’'s Morgenstern-
Bishop Method Rigorous Price FLAC/Sope
Method Method Method
1 2.08 2.07 2.01 2.08 2.00
2 1.38 1.37 143 1.38 1.35
5 1.83 1.83 1.78 1.83 1.79
6 1.25 1.25 1.30 1.25 1.29
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1.4.3 Sopewith a Thin, Weak Layer

A clay slope contains athin layer of weaker material, which is located within the slope as shown
in Figure 1.65. The cohesion of the weak plane (¢; = 10,000 Pa) is 20% of the cohesion of the clay
(c =50,000 Pa). The strength of the weak plane is varied, while the strength of the clay is kept
constant, to evaluate the effect of the weak plane on the resulting failure surface and the calculated
factor of safety. This example is taken from the slope-stability study presented by Griffiths and
Lane, 1999.

Clay |Weak Layer

density 2000 kg/m?3 | 2000 kg/m3
cohesion 50,000 Pa | 10,000 Pa
friction angle 0° 0°
tensile strength 0 0

i€ 20 >ie 20 >

4
SIS

Figure 1.65 Clay sopecontainingathin weak layer (from Griffithsand Lane,
1999)

Thethin layer is created in the FLAC/Sope model by adjusting two layer boundaries to match the
locations denoted in Figure 1.65. The layer boundaries are positioned in the Layerstool by locating
the handle points along the boundaries at the specified x- and y-coordinate positions, as shown
in Figure 1.66. The resulting model is shown in Figure 1.67. A fine-grid model is necessary to
represent the thin layer — see Figure 1.68. Three cases are analyzed: ¢;/c = 0.2, 0.6 and 1.0. The
project save file for thisexampleis“THIN.PSL.”
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Figure1.66 Weak layer boundaries created in the Layers tool
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Figure1.67 FLAC/Slope model of slopewith a thin weak layer
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1F=-' FLAC/SLOPE 4.0 - Itasca Consulting Group, Inc

File Show Tools View Help
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LB [E &

Coarse|Medium E\né Special

>
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Figure1.68 Fine-grid model for slope with thin weak layer

The failure plots for the three cases are shown in Figures 1.69 through 1.71. The shear-strain
contour plotsin the threefiguresillustrate the different failure surfaces that devel op as the strength
of the weak plane is changed. In Figure 1.69, the failure surface indicates localized slip along the
weak plane, whilein Figure 1.71, acircular failure surface devel ops in the homogeneous material.
Figure 1.70 shows a combination of both weak plane failure and circular-dlip failure. All of these
results compare directly to those reported in the study by Griffiths and Lane (1999).

The safety factorscal culated by FLAC/Sopefor thesethree cases a so correspond to those presented
by Griffiths and Lane (1999). The factor isfound to drop significantly as the strength of the weak
plane is reduced. The case of ¢;/c = 0.6 is shown by Griffith and Lane to be the strength ratio at
which there is atransition from the weak-plane failure mode to the circular failure mode.
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JOB TITLE : Slope with weak layer (10°)

FLAC/SLOPE (Version 4.00)

LEGEND

L 3500

5-Feb-02 11:58

Factor of Safety 0.61 L 2.500

Shear Strain Rate Contours
2.00E-07
4.00E-07
6.00E-07
8.00E-07
1.00E-06 . t

L 1.500

Contour interval= 2.00E-07 B
(zero contour omitted)
Boundary plot
| A | r
0 2E1
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(101)

Figure1.69 Failureplotfor ¢; /¢ =0.2

JOB TITLE : Slope with weak layer (10°)

FLAC/SLOPE (Version 4.00)

L 4.000

LEGEND

5-Feb-02 12:16

| 3.000

Factor of Safety 1.38

Shear Strain Rate Contours
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Figure1.70 Failureplotfor ¢; /¢ =0.6
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(10°)

FLAC/SLOPE (Version 4.00)

LEGEND

5-Feb-02 12:40

Factor of Safety 1.46
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Figure1.71 Failureplotfor ¢;/c¢=1.0
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1.4.4 Sope with Geogrid Reinforcement

Inthisexample, two layersof geogrid areused to stabilizeaslope. Theslopeconditionsand material
properties for this model are shown in Figure 1.72. The project savefileis“GEOGRID.PSL.”

Sandy Clay | Silty Clay

density 1800 kg/m3 | 1800 kg/m3
cohesion 10,000 Pa 10,000 Pa
friction angle 20° 25°
tensile strength 0 0
15
Sandy Clay Geoarid
tensile yield 10,000 kN
10 N bond cohesion 1000 N/m
bond friction angle 30°
A/Geogrid thickness 5 mm
5 AN
Silty Clay
O T T T T T T
5 10 15 20 25 30

Figure1.72 Slope with geogrid reinforcement

The slope is unstable without the geogrid reinforcement. The results for the unsupported case are
shown in Figure 1.73. The factor of safety is calculated to be 0.96.
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JOB TITLE : Geogrid Reinforcement (*1071)

FLAC/SLOPE (Version 4.00)

L 2.000
LEGEND

22-Jan-02 9:43

L 1.500
Factor of Safety 0.96

Shear Strain Rate Contours
-2.50E-06
2.50E-06
5.00E-06
7.50E-06
1.00E-05

L 1.000

| 0.500
Contour interval= 2.50E-06
(zero contour omitted)
Boundary plot
T S R |
0 1E 1 L 0.000

Cable plot

Velocity vectors

Max Vector = 4.489E-05
I ——| [-0.500
0 1E-4

T T T T T T T T T T T
0.250 0.750 1.250 1.750 2250 2.750
(101)

Figure 1.73 Factor-of-safety results for unsupported slope

The properties selected for the geogrid reinforcement are assigned in the Cable Element Properties
dialog as shown in Figure 1.74.

Property list: rPropertie
i
rType (300

@ Geosynthetic sheet

" Spaced reinfarcements (bl

Z-Epacing (1.0 :I

Element Material

Young's Modulus

@ Compute {optimize far mesh)

1 rput [P j

Tensila Yield Strength [N]1000000.0
Area [m2[0.0050

KIIET3

[ Grout Material
Bond Strength [Mim][1000.0 i‘
Mew Bond Friction Angle [deg]|30.0 g
ok |[[Caneel ]| e |

Figure 1.74 Geogrid properties specified in Cable Element Properties dialog

The factor-of-safety calculation is run for this support in Model 2. The results are shown in
Figure 1.75. The safety factor is now increased to 1.08.
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The effect of the bonding resistance provided at the geogrid/soil interface can be seen when we
increase the bond cohesion to 10,000 N/m. For this case, (Model 3) the calculated factor of safety
isnow 1.25 as shown in Figure 1.76.

JOB TITLE : Geogrid Reinforcement (10°)

FLAC/SLOPE (Version 4.00)

L 2.000

LEGEND

22-Jan-02 10:15

| 1.500
Factor of Safety 1.08

Shear Strain Rate Contours
-5.00E-06
5.00E-06
1.00E-05
1.50E-05
2.00E-05
2.50E-05
3.00E-05
3.50E-05

L 1.000

| 0.500

Contour interval= 5.00E-06
(zero contour omitted) L 0.000
[ Axial Force on
Structure  Max. Value
#1 (Cable) -6.249E+04
#2 (Cable) -4.921E+04
Boundary plot
L
0 1E 1

| -0.500

T T T T T T T T T T T
0.250 0.750 1.250 1.750 2.250 2750
(10°)

Figure1.75 Factor-of-safety results for geogrid support with bond cohesion
= 1000 N/m
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JOB TITLE : Geogrid Reinforcement (*1071)

FLAC/SLOPE (Version 4.00)

L 2.000
LEGEND

22-Jan-02 10:38

L 1.500
Factor of Safety 1.25

Shear Strain Rate Contours
1.00E-07
2.00E-07
3.00E-07
4.00E-07
5.00E-07

L 1.000

| 0.500
Contour interval= 1.00E-07
(zero contour omitted)

[ Axial Force on

Structure  Max. Value
#1 (Cable) -8.797E+04 L 0.000
#2 (Cable) -3.975E+04
Boundary plot

L
0 1E 1
| -0.500
Cable plot

Velocity vectors

T T T T T T T T
0.250 0.750 1.250 1.750 2250 2.750
(101)

Figure 1.76 Factor-of-safety results for geogrid support with bond cohesion
= 10,000 N/m
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1.45 Rock Slope with Benches

Thisexampleisaslope excavated in highly weathered granitic rock. The slope containsthree 15m
high benches with two 8 m wide berms. The bench faces are inclined at 75° to the horizontal, and
the top of the slopeis cut at 45° from the top of the third bench to the ground surface. Figure 1.77
illustrates the geometry of the slope. This example is taken from Hoek and Bray (1981).

critical center for @ = 45° tension
{ [crack
//

a

R hva

| T

A7 sm
/// 1

Figure1.77 Failure surface solution from Bishop’s method for a rock slope
[Hoek and Bray (1981)]

The rock massis classified as a Hoek-Brown material with strength parameters of

m = 013

s = 0.00001

o, = 150MPa

o" = /s o, =047 MPa

Thetensile strength is estimated to be 0.012 MPa. In order to derive the Mohr-Coulomb properties
from the Hoek-Brown parameters, a tangent to the curved Hoek-Brown failure envelope is drawn
at anormal stress level estimated from the slope geometry. Mohr-Coulomb properties for friction
angle and cohesive strength are then estimated to be (see “HOEK.FIS’ in Section 3 in the FISH

volume of the full FLAC manual):

45°
0.14 MPa
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The mass density of the dry rock mass is 2500 kg/m?, and the mass density of the saturated rock
massis 2800 kg/m3. The phreatic surface islocated as shown in Figure 1.77, and the mass density
of water is 1000 kg/m?.

Hoek and Bray (1981) present alimit-equilibrium solution for this problem derived from Bishop’s
simplified method of dlices (Bishop, 1955). Based upon the above parameters, Hoek and Bray
report that the Bishop method produces alocation for the circular failure surface and tension crack,
as shown in Figure 1.77, and a factor of safety of 1.423.

The FLAC/Sopemodel iscreated using thel<-=***] boundary tool in the New Model dialog to specify
the coordinates of bench locations along the slope face. The model also contains a water table at
the position shown in Figure 1.77. The project save file for this exampleis“BENCH.PSL”

Figure1.78displaysthefailureplot for thismodel. Thecalculated factor of safety is1.32. Theshear-
strain contour plot closely resemblesthefailure surface produced from the Bishop sol ution, although
the failure surface extends farther up the slope in the FLAC/Sope results. The FLAC/Sope results
indicate that tensile failure continues up the slope as aresult of tensile softening (asidentified from
aplot of plasticity indicators). This progressive failure cannot be identified in a limit-equilibrium
solution.

JOB TITLE : Benched Slope (10°M)

FLAC/SLOPE (Version 4.00)

L 8.000
LEGEND

4-Feb-02 21:13
| 6.000

Factor of Safety 1.32

Shear Strain Rate Contours L 4.000

5.00E-06
1.00E-05
1.50E-05
2.00E-05
2.50E-05

| 2.000

Contour interval= 5.00E-06
(zero contour omitted)
Boundary plot

[T

0 2E 1

| 0.000

Water Table [2o%

| -4.000

T T T T T T T T T T T T T
-0.300 -0.100 0.100 0.300 0.500 0.700 0.900
(10%2)

Figure 1.78 Failureplot for rock slope with benches
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1.4.6 Slope Failure dueto Surcharge Loads in Weightless Material

Consider along slope at angle 6 to the horizontal in uniform, weightless, Mohr-Coulomb material,
and assume that there is a linear failure surface due to a uniform surcharge pressure, P, acting on
alength, L, at an angle of « to the horizontal, as shown in Figure 1.79. At yield,

F, = F,tan¢ + ¢D (1.5)

where F; and F,, are the shear and normal forces, respectively, acting on the dlip surface, ¢ isthe
friction angle and ¢ is the cohesion.

P
RA222222222

Figure 1.79 Slope with surchargeload

The total force acting on the dlip surfaceis F = P L, and this is resolved into two components,
F, = Fcosa and F; = F sina. Substituting in Eq. (1.5),

PL(Siha —cosatang) = cD (1.6)
Noting that H = Wtan6 and H = (L + W) tan«, we obtain

B Ltan6
" tanf cosa — Sina

(1.7)
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Substituting in Eqg. (1.6),

. ctané
~ (Sha — cosa tan¢)(tand cosa — Sinw)

(1.8

Differentiating Eqg. (1.8), and equating to zero, we obtain an expression for « = «,,, that minimizes
the applied pressure, P:

tand + tan
tan 2e, = —o -+ P 1.9
m =1 _tanftang (1.9)

Noting that tan(a + b) = (tana + tanb) /(1 — tana tan b), one solution of Eq. (1.9) istherefore:

oy = % (1.10)

For given values of 6 and ¢, the “critical” value of « isfound from Eqg. (1.10), and then substituted
into Eg. (1.8) to obtain the failure load.

This approach assumes that diding on a single surface is the most critical mechanism. This is
expected to bethe casefor 6 = 90° (avertical ope), but for lower slope angles, thereislikely to be
amore complicated mechanism — for example, sliding on two planes — that gives alower factor
of safety. Thus, the solution derived above should only be used for nearly vertical slopes. In the
case of & = 90°, Eq. (1.8) degeneratesto

C
Po =13 111
%~ (sna — cosa tan ¢) cosa (11D

For example, for ¢ = 30°, we obtain «,,, = 60° and Pyg = 3.46¢.

Thisexampleisrunin FLAC/Sope for the case of a20 m high vertical slope with a surcharge load
of 100,000 Pa applied at the top of the slope over a length of 10 m. The cohesion of the slope
material is 100,000 Paand thefriction angleis 30°. (Thetensile strength is set to a high value, and
gravitational acceleration is set to zero, in order to correspond to the above solution.) The project
save file for thisexampleis“ SURF.PSL.”

The result for this case is shown in Figure 1.80; the calculated factor of safety is 3.46, which
matches the solution obtained above. Note that the friction angle is excluded from the factor-
of-safety calculation because we wish to determine the collapse load, which is proportional to
the cohesion, ¢ (see EQ. (1.8)), which is varied in the safety factor calculation to obtain collapse.
The friction angle is held constant, for Eq. (1.8) to apply in this case. The failure mode is fairly
well-defined in Figure 1.80, by the shear strain contours and velocity vectors, to be approximately
60°.
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JOB TITLE : Surcharge Load

(10°)

FLAC/SLOPE (Version 4.00)

L 2.000
7

LEGEND

28-Jan-02 14:34

L 1.600

Factor of Safety 3.46

Shear Strain Rate Contours
1.00E-06
2.00E-06
3.00E-06
4.00E-06
5.00E-06
6.00E-06
7.00E-06

L 1.200

| 0.800

Contour interval= 1.00E-06
(zero contour omitted)
Boundary plot

S S

0 5E 0

| 0.400

Net Applied Forces
Max Vector = 6.617E+04 - 0.000
Levvvvivnn bl
0 2E 5
Itasca Consulting Group, Inc.
Minneapolis, Minnesota USA

T T T T T T T T T T T
0.000 0.400 0.800 1.200 1.600 2,000
(101

Figure 1.80 Factor-of-safety result for slope with surcharge load

For aslopewith weight, the solution may be expected to lie partway between the weightless solution
(derived above) and the zero-surcharge solution, which may involve a slip surface that intersects
the toe of the slope. As the surcharge increases (in proportion to the weight of the sliding mass),

the critical dlip surface can be expected to migrate from the toe of the slope to partway up the slope
face.

Note that the solution above is of the Limit Equilibrium type. Therefore, there is no assurance that
it bounds the true solution.

FLAC Version 4.0



1-72

1.5 Strength Reduction Technique

The “strength reduction technique” istypically applied in factor-of-safety calculations by progres-
sively reducing the shear strength of the material to bring the slopeto astate of limiting equilibrium.
The safety factor F is defined according to the equations:

. 1
il = e (1.12)
prial — arctan(Ltanqb) (1.13)
- Ftrial :

A series of simulations are made using trial values of the factor 7% to reduce the cohesion ¢ and
friction angle ¢ until slope failure occurs. In FLAC/Sope, a bracketing approach isused similar to
that proposed by Dawson, Roth and Drescher (1999). The procedure in FLAC/Sopeisasfollows.
First the code finds a “representative number of steps’ (denoted by N,), which characterizes the
response time of the system. N, isfound by setting the cohesion to a large value, making a large
change to the internal stresses, and finding how many steps are necessary for the system to return
to equilibrium. Then for a given factor of safety, F, N, steps are executed. If the unbalanced
force ratio* is less than 10~3, then the system is in equilibrium. If the unbalanced force ratio is
greater than 1023, then another N, steps are executed, exiting the loop if the forceratio isless than
10~3. The mean value of force ratio, averaged over the current span of N, steps, is compared with
the mean force ratio over the previous N, steps. If the difference is less than 10%, the system is
deemed to be in non-equilibrium, and the loop is exited with the new non-equilibrium F. If the
above-mentioned difference is greater than 10%, blocks of N, steps are continued until either (1)
the difference is less than 10%, (2) 6 such blocks have been executed or (3) the force ratio isless
than 103, Thejustification for case (1) isthat the mean force ratio is converging to a steady value
that is greater than that corresponding to equilibrium; the system must therefore be in continuous
motion.

The unbalanced forceisthe net force acting on aFLAC gridpoint. Theratio of thisforceto the mean
absolute value of force exerted by each surrounding zone is the unbalanced force ratio. Consult
note 4 in Section 3.8 in the User’s Guide volume of the full FLAC manual for more information.
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