Description

Slope stability
modelling using Phi-
C reduction

For LUSAS version: 19.0
For software product(s): | Any Plus version
With product option(s): Nonlinear

Description
This worked example considers the stability of a slope subject to gravity loading and a
load applied to its top surface. The problem is modelled and analysed in 2D.
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The modelling units used are kN, m, t, s, C throughout.
Objectives
The required output from the analysis consists of:

O Safety factors for each loadcase considered.
U Displacement results plots for each loadcase considered.
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Modelling

Slope stability modelling using Phi-C reduction

Keywords

2D, Inplane, Soil, Geotechnical, Phi-C reduction, (Geostatic) step, Nonlinear,
Analysis branch, Safety factors, Displacements.

Associated Files

O slope_stability_modelling_2d.vbs carries out the modelling of the 2D
example.

Phi-C Reduction analysis and analysis branches

Phi-c reduction analysis is used to assess soil stability and safety factors for soil that is
represented by Mohr-Coulomb or Hoek-Brown material models.

Once it is defined, a ‘Phi-c reduction’ attribute can be assigned to relevant features in a
model for a specified analysis allowing the safety of a slope to be evaluated.
Assignment is made to a particular loadcase or analysis stage that defines the applicable
loading, boundary conditions and activation status.

By its very nature a Phi-c reduction analysis will always lead to failure, so it is best
used in an analysis ‘branch’ where it can be used to study safety factors independent of
the main solution. Analysis branches allow the running of one or more sub-analyses
during the solution of a main analysis to investigate the state of the model at a particular
loadcase.

Running LUSAS Modeller

For details of how to run LUSAS Modeller, see the heading Running LUSAS Modeller
in the Introduction to LUSAS Worked Examples document.

Note. This example is written assuming a new LUSAS Modeller session has been
started. If continuing from an existing Modeller session select the menu command
File>New to start a new model file. Modeller will prompt for any unsaved data and
display the New Model dialog.

Creating a 2D model

e Enter a File name of Slope stability modelling in 2D

e Use the default User-defined working folder.




Modelling

e Ensure an Analysis type of Structural is set.

e Select an Analysis Category of 2D Inplane

e Set Model units of KN,m,t,s,C

e Leave the Timescale units as Days

e Select a Startup template of None.

e Ensure the Layout grid is set as None

o Enter a Title of Slope stability modelling in 2D
e Click the OK button.

Note. Save the model regularly as the example progresses. Use the Undo button to
/ correct any mistakes made since the last save was done.

Defining the Geometry
The soil is modelled as a single surface in the XY plane.
|Geso$fz?e/ > J Enter the coordinates shown in the table to define the 2D X Y
By Coords... cross-section of the slope. 0.0 0.0
0 2
3
12 6.5
15 6.5
18 6.5
18 0




Slope stability modelling using Phi-C reduction

| Attributes
Mesh >
Surface...
| Attributes
Material >
Geotechnical >
Modified Mohr-
Coulomb

Defining and Assigning Mesh Attributes

e Select Plane strain, Triangle elements with Quadratic interpolation order (TPN6
elements).

e Select Irregular mesh, and specify an Element size of 0.5
o Enter the attribute name as TPN6 0.5m and click OK

e Select the Surface representing the soil, and from the &Treeview, drag and drop
the TPN6 0.5m mesh onto the model.

Geometric attributes

No geometric attributes are required.

Material Properties

A plastic material using Modified Mohr-Coulomb with “no cut-off” is required

o With the Elastic tab selected enter a Young’s modulus 2600, Poisson’s ratio 0.3 and
Mass density of 1.63 (Note that this is entered in t/m?)

Isotropic @

Plastic [Tl Creep ] Damage [shrinkage [ viscous [[]Two phase  [C]Ko Initialisation
Elastic | plastic

D Dynamic properties Value
Young's modulus 2600
Poisson’s ratio 03

[ Mass densty i3

[ Thermal expansion

e Select the Plastic tab, and ensure that the Modified Mohr Coulomb Type is set to
No cut-off.

e Enter a Friction angle of 20, a Dilation angle of 20 and a Cohesion value of 5.




| Attributes

Support...

Modelling

Isotropic @
Plastic [T creep [ Damage [[]shrinkage [ viscous [F]Twophase  [|Ko Initialisation
Plastic

[Modified Mohr-Coulomb - Value
Friction angle 20
Type No cut-off + | | Dilation angle 20 N
Cohesion 5
Hardening
[7] Cohesion Tensian Compression
Hfective - Hiective Hiective
plastic strain SLLEIIE plastic strain Stress ‘ plastic strain o
1] : [ 1]

e Enter a material name of MMC no cut-off and click OK.
e With the whole model selected, drag and drop the material attribute MMC no-cut-
off onto the selected features, assigning it to Surfaces in Analysis 1.

Supports

Two support conditions are required; one for the lines at the sides of the model, and one
for the line at the bottom of the model.

e Leaving all other degrees of freedom Free, set the Translation in X to be Fixed.
Enter a support name of Fixed in X then press Apply to define another support.

e Set the Translation in Y to be Fixed, change the name to be Fixed in XY, and click
OK.

e Select the lines on the left and right-hand side of the model and drag and drop the
support Fixed in X onto the selection, assigning it to Lines for Analysis 1.

e Select the line at the bottom of the model and drag and drop the support Fixed in
XY onto the selection, assigning it to Lines for Analysis 1.
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Defining a Phi-c Reduction attribute

A Phi-c reduction attribute will be created in readiness for assignment to the model for
a particular loadcase in an analysis branch.




| Attributes

Phi-c Reduction...

| Attributes

Loading...

Slope stability modelling using Phi-C reduction

e Enter a starting value for safety factor | PhicReduction B2
of 1.1 o
Starting value for safety factor 1.1
e Specify the Minimum change in safety | | iamn nnberot sepetc s %
factor to be 0.01
e Set the Maximum number of steps to e [PhL 1 e
use to be 25.

e Enter a name of Phi-c1 and click OK

[ OK H Cancel H Apply || Help |

Structural Loading

Gravity loading is required to be assigned to the whole model and a global distributed
load is to be defined and assigned to a line on the top surface.

Gravity

The effects of the self-weight of the soil can be applied as a property of an analysis or a
loadcase. In this example, gravity will be assigned to individual loadcases where stated.

Defining surface loading (to crest)

e On the structural loading dialog select Global distributed and click Next. Select
Per unit length and enter a loading value of -30 in the Y direction.

e Enter a loading name of Surface loading and click Finish.

Surface loading will be assigned to loadcases in yet to be defined analysis branches.

Modelling methodology

A three stage modelling approach will be taken involving:

1. Setting up the initial conditions for a parent loadcase for two analysis
branches

2. Adding an Analysis branch (and loadcase) to investigate the factor of safety
from gravity loading only.

3. Adding another Analysis branch (and loadcase) to investigate the factor of
safety from gravity loading and a top crest load.




Modelling

Step1: Setting up a parent loadcase

Supports are already assigned to the parent loadcase, Loadcase 1. Material has already
been assigned to the Analysis. Gravity loading and a nonlinear control are also

required.

Assigning gravity

o Inthe (X Treeview right-click on Loadcase 1 and select Gravity

Adding a nonlinear control

Phi-c reduction analysis requires a nonlinear control to be set on the parent loadcase.

o In the = Treeview right-click on Loadcase 1 and from the from the Controls menu
item select the Nonlinear & Transient option.

MNonlinear & Transient

Incrementation
| Nonlinear

Starting load factor 0.1

Max change in load factor | 0.0

Max total load factor 1.0
Adjust load based on convergence

Iterations per increment -

/| Displacement reset

Time domain
Consolidation

0.0
100.0E6

Automatic ime stepping

Common to all

Max time steps or increments

Incrementation Manual hd

i}

Solution strategy
Same as previous loadcase
Max number of iterations

Residual force norm

Incremental displacement norm

Advanced...

Incremental LUSAS file output
Same as previous loadcase
Cutput file
Plot file
Restart file
Max number of saved restarts
Log file

History file

Save a restart at the end of this c

ontrol

[ OK ] | Cancel |

Help

¢ Inthe Nonlinear & Transient dialog select the Nonlinear option in the top-left hand
corner and set the Incrementation type to be Manual.

e Ensure that Displacement reset is selected. Once solved, the calculated stresses in
the soil will be applied to the initial undeformed model. No other settings are

required for this example.

e Click OK.
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Note. Most geotechnical problems begin from a geostatic state. This represents the
initial stress distribution where the undisturbed soil or rock body remains in equilibrium
with the prescribed boundary conditions and geostatic loads, including self-weight, or
overburden, producing zero deformations. This stress state is then used as the initial
stress field in a subsequent static or coupled pore fluid diffusion/stress analysis.

A % Nonlinear and Transient entry will be added to the () Treeview. Double-clicking
on this entry will allow any future changes to be made to the control properties.

Analysis branches

Analysis branches allow the running of one or more sub-analyses during the solution of
a main analysis to investigate the state of the model at a particular loadcase. Analysis
branches can be added to the G Treeview for any loadcase in that treeview that has (or
inherits) a nonlinear or transient control.

For this example, two analysis branches are required — one to assess safety factors for
gravity only loading, and one to assess factors for gravity and surface loading.

Step 2: Adding an analysis branch for the ‘gravity only’
assessment

e In the @ Treeview right-click on the Loadcase 1 and from the New menu item
select the Branch option.

e Set the Branch type to Phi-c Reduction, enter an analysis name of Branch 1
gravity only and click OK.

Assign the Phi-C reduction attribute

Note. A Phi-c reduction analysis always leads to failure, so it can be termed an
analysis “dead-end”. As a result a Phi-c reduction attribute should generally be assigned
to an analysis branch (and not to a main analysis entry) so that if a model contains
multiple analyses the Phi-c reduction analysis will not prevent those other analyses from
being solved.

e Select the whole model (press the Ctrl + A keys together), and from the &
Treeview drag and drop the Phi-c reduction attribute Phi-c1 onto the selected
features, assigning it to Surfaces for analysis Branch 1 gravity only and Loadcase
2, and click OK.

Assigning gravity




Modelling

o Inthe = Treeview right-click on Loadcase 2 and select Gravity

Adding a Nonlinear Control
Phi-c reduction analysis requires a nonlinear control to be set on the loadcase to which
it has been assigned.

o In the ‘B Treeview right-click on Loadcase 2 and select the Nonlinear &
Transient option from the Controls menu.

¢ Inthe Nonlinear & Transient dialog select the Nonlinear option in the top-left hand
corner and set the Incrementation type to be Manual. No other settings are required

for this example. Click OK.

The Analysese @ Treeview should look like this:

Analyses - 0 X

La\,-'ers |G|'-:|ups |&;"-.tt|'ibutes |$Utilities |Rep-:||‘ts |@Analy5es |

=-4= slope_stability_modelling_in_2d. mdl
—a Structural analyses

3= Analysis 1
423 Material
b LIMMC no cut-off
=4 1:Loadcase 1

— a Supports

- 1iFixed in X

- 2:Fixed in XY

£ Gravity
& Nonlinear and Transient
"= Branch 1 gravity only (Phi-c Reduction)
: 2:Loadcase 2
-3 Phi-c Reduction
b 1:Phic1
-y Norlinear and Transient
(- % Monlinear analysis options
----- W Morlinear analysis options
----- 'ﬁ Model properties

Step 3: Adding an analysis branch for the ‘gravity and top
load’ assessment

o In the "2 Treeview right-click on the Loadcase 1 and from the New menu item
select the Branch option.

e Set the Branch type to Phi-c Reduction, enter an analysis name of Branch 2
gravity and surface load and click OK. An analysis entry will be added to the G
Treeview along with Loadcase 3.




Slope stability modelling using Phi-C reduction

Note. Analysis branch names are sorted alphabetically. Each analysis branch is an
independent sub-analysis, and not reliant on results from other branches. If more than
one analysis branch is defined for a parent loadcase, all occur simultaneously, not
sequentially.

Assigning surface loading

o Select the left-most line on the crest of the model and from the &% Treeview drag
and drop the loading attribute Surface loading onto the selected line, assigning it to
Lines for analysis Branch 2 gravity and surface load and Loadcase 3, and click
OK.

VINANAL
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Assign the Phi-C reduction attribute

e Select the whole model (press the Ctrl + A keys together), and from the &
Treeview drag and drop the Phi-c reduction attribute Phi-c1 onto the selected
features, assigning it to Surfaces for analysis Branch 2 gravity and surface load
and Loadcase 3, and click OK.

Assigning gravity

o Inthe ! Treeview right-click on Loadcase 3 and select Gravity

Adding a Nonlinear Control

As stated previously, Phi-c reduction analysis requires a nonlinear control to be set on
the loadcase to which it has been applied.

o In the 2 Treeview right-click on Loadcase 3 and select the Nonlinear &
Transient option from the Controls menu.
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Modelling

In the Nonlinear & Transient dialog select the Nonlinear option in the top-left hand

corner and set the Incrementation type to be Manual. No other settings are required
for this example. Click OK.

A% Nonlinear and Transient entry will be added to the (5 Treeview.
The G Treeview should look like this:

Analyses * o x
Layers |Gr-:|ups |&i'-.ttributes |$Uti|ities |Rep-:|rts |®Analyses |
=29 slope_stability_modelling_in_2d.mdl

Ela Structural analyses
%= Analysis 1

Ea Material

foeen 1IMMC no cut-off

I_:_I{a 1:Loadcase 1
£1£3 Supports

b LFixed in X
b Fixed in XY
=-=3 Loading
B Gravity
W Nonlinear and Transient
=== Branch 1 gravity only (Phi-c Reduction)
=) 2:Loadcase 2
Ba Loading

- {} Gravity

=1-23 Phi-c Reduction

W Nonlinear and Transient
43 Nonlinear analysis options
== Branch 2 gravity and surface load (Phi-c Reduction)
-4 3:Loadcase 3

- i Loading

e 1:5urface loading (x 1.0)
: - {}; Gravity
: 45 Phi-c Reduction
W Nonlinear and Transient
43 Nonlinear analysis options
----- ® Morlinear analysis options
----- 4 Model properties

Nonlinear controls - Use Manual or Automatic?
Essentially:

U Defining ‘Manual’ incrementation requires the total loading within the loadcase
for which the nonlinear control has been specified, to be defined.

U Defining ‘Automatic’ incrementation requires only the extra loading within the
loadcase to be defined, because other loading that was specified in a previous
loadcase with Manual incrementation will be inherited.

11
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The following flow chart can be used to decide if Manual or Automatic incrementation
controls need to be defined for a nonlinear loadcase. Use total loads in each nonlinear
step.

Is there nonlinear behaviourother
than staged construction?

Did the last loadcase with Manual

controls have all your permanent loads

in it?

Are you adding loads of known
magnitude, which stay in place?
ie. Permanent, not transient?

Do you wantto use combinations later,
rather than specify total loads now?

Have you met, or do you expectto meet
convergence problems?

Use Automatic increm entation, Use Manual incrementation, Use Manual incrementation,
assigning only additional loads assigning all loads to this assigning only any “new * load
since the last Manual loadcase loadcase (“total load") and using combinations later

Flow chart to determine whether to use Manual or Automatic nonlinear loadcase control.

Running the Analysis

;l Open the Solve Now dialog, ensure Analysis 1 is selected and press OK to solve.
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5 Solve Now

=T

Main analysis
Analysis branches

Branch 1 gravity only
i..[@]Branch 2 gravity and surface load

Save options
Save model

Save model with a different name

@ Do not save (The model file is up to date)

Any valid existing results files will be loaded, even if not re-solved above

Solver options
@) Fastest available

Frontal Solver {slower with more error diagnostics)

First loadcase only

[ Ok ] | Cancel | ‘ Help

A LUSAS Datafile will be created from the model information. The LUSAS Solver

uses this datafile to perform the analysis.

If the analysis is successful...

Analysis loadcase results are added to the (2 Treeview.

In addition, solution files will be created in the Associated Model Data\Earth dam

folder.

U slope_stability_modelling_2d.dat this data file contains details of

model data and assigned attributes.

U slope_stability_modelling_2d.out this output file contains details of
model data, assigned attributes and selected statistics of the analysis.

U slope_stability_modelling_2d.mys this is the LUSAS results file from
the analysis which is loaded automatically into the (X Treeview to allow results

to be viewed.

If the analysis fails...

If the analysis fails, information relating to the nature of the error encountered is written
to the output files in addition to the text output window. Any errors listed in the text
output window should be corrected in LUSAS Modeller before saving the model and

re-running the analysis.
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[New...

| File

| Script

| Run Script...

Rebuilding the Model

If errors are listed that for some reason cannot be corrected, a file is provided to re-
create the model information correctly, allowing a subsequent analysis to be run
successfully.

O slope_stability_modelling_2d.vbs carries out the modelling of the
example.

Ql Start a new model file. If an existing model is open, Modeller will prompt for
unsaved data to be saved before opening the new file.

e Enter the file name as slope_stability_modelling_2d

e To recreate the model, select the file slope_stability_modelling_2d.vbs located in
the \<LUSAS Installation Folder>\Examples\Modeller directory.

;l Run the analysis to generate the results.

Viewing the Results

Following a successful solve, analysis loadcase results for each nonlinear analysis
increment are present in the @ Treeview.

Viewing safety factors

From an initial inspection of the increments in the @ Treeview it can be seen that from
using the default nonlinear control settings:

U The safety factor for the gravity-only assessment is 1.565

U The safety factor for the gravity and surface loading assessment is 1.245

Viewing results

e In the [& Treeview turn-off the display of the Mesh and Geometry and Attributes
layers.

Gravity loading only

o Inthe ™ Treeview, set active Loadcase 2 (found inside Analysis branch 1). The
last load increment for this loadcase will be set active.
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Viewing the Results

e Right-click in a blank region of the view window and add the Contours. Then, on
the contour properties dialog, select entity Displacement and component RSLT and
click OK.

o In the [=" Treeview drag and drop the Deformed mesh layer to follow the Contours
layer.

Analysis: Branch 1 gravity only

Loadcase: 2:Loadcase 2, 10:Increment 10 SF=1 565
Results file: slope_stability_modelling_in_2d~Branch 1 gravity only. mys
Entity: Displacement
Component: RSLT (Units: m)

0.0
0.132666
0265332

0.397998
0.530664
0.66333

Maximum 1.19399 at node 712
Minimum 0.0 at node 1

Gravity and surface loading

o Inthe'X Treeview, set active Loadcase 3 (inside Analysis branch 2). The last load
increment for this loadcase will be set active.

Analysis: Branch 2 gravity and surface load
Loadcase: 3:Loadcase 3, 6:Increment 6 SF=1.245
Results file: slope_stability_modelling_in_2d~Branch 2 gravity and surface load.mys
Entity: Displacement
Component: RSLT (Units: m)
0.0
1.16469
2.32938
3.49407
4.65877
5.82346
6.98815
8.15284

. 931753

Maximum 10.4822 at node 842
Minimum 0.0 at node 1

S
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Displacement results for other load increments can be investigated by setting each
increment active in turn.

Note. When viewing results the default deformed mesh factor of 6mm at screen size
can generally be used, but if viewing a displacement reset loadcase it should be set to 1

15
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Slope stability modelling using Phi-C reduction

to avoid a misleading mesh pattern that is caused by infinitesmal displacements being
magnified by the default mesh factor.

This completes the example.

Slope stability modelling using Phi-c reduction can be carried out in 3D in a similar
manner to that done in 2D provided an analysis category of 3D is set either when
creating a new model initially, or when converting a 2D model into a 3D model.

If the latter is done note that all assignments made for the 2D model that are no longer

valid will be marked with an invalid data @symbol, and these will need to be un-
assigned as necessary and replaced with assignments that are suitable for the 3D model.

A 3D model that was generated from the 2D worked example model for comparison
purposes is shown below. Its associated Analyses (X treeview is shown for reference.

Analyses v O X

‘Lay‘els |Gr-:ups ‘&:tmbu...‘@Analyﬁes‘;ﬁbutmtles | Reports |

=423 slope_modeling_3d.md|
-3 Structural analyses
o= Analysis 1
D Material
-4 1ilosdease 1
B--a Supports
- 1iFixed in &
e 2iFixed in 2
e BiFixed in KYZ
=423 Loading
I Graviey
Wy Nonlinear and Transient
w7 1iIncrement 1
-7 2:Displacement Resst Step - Inc 1
[=-%= Branch 3x18 patch loading (Phi-c Reduction)
=B 2ilosdease 2
=29 Loading
e 20G0L 30kNME x 1.0)
=3 {} aravity
=3 Phi-c Reduction
1:Phi-c1
w7 2:Increment 2
" 3:Displacement Reset Step - Inc 2
-1 4idncrement 4 SF=1.100
-~ Sincrement 5 SF=1.241
-~ B eiIncrement 6 SF=1.243
'& Nonlinear analysis options
% Model properties

3D modelling of slope 3D model treeview (with results)
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Discussion

Once solved, it can be seen that for an equivalent loading arrangement (assigning a
surface load over the full width of the surfaces at the top of the slope in the 3D model,
as opposed to assigning a line load on one line of the model in the 2D model) virtually
the same results and Phi-C safety factor is obtained.

Analysis: Branch 2 gravity and surface load

Loadcase: 3:Loadcase 3, 6:lncrement 6 SF=1.245

Results file: slope_stability_modelling_in_2d~Branch 2 gravity and surface load.mys

Entity: Displacement
Component: RSLT (Units: m)

0.0
1.16469
2.32038

9.31753

Maximum 10.4822 at node 842
Minimum 0.0 at node 1

1 -
S
S e mmwA AR

2D model results (SF = 1.245)

Analysis: Branch 3x18 patch loading
Loadcase: 2:Loadcase 2, B:Increment 6 SF=1.243

Results file: slope_modelling_3d~Branch 3x18 patch loading.mys
Entity: Displacemént

Gomponent: RSLT (Units: m)

0.0
0.921518
1.84304

2.76455
3.68607
4.60759
5.52911

6.45062

. 737214

Maximum 8 29366 at nede 308
Minimum 0.0 at node 1

3D model results (SF = 1.243)

In summary, for some soil modelling situations 2D modelling may be used in place of
3D modelling and will give similar results appreciably faster than carrying out an
equivalent 3D analysis.
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