Advanced 2D Slope
Stability Analysis by LEM
with SSAP software
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DEFINITION

The Limit Equilibrium Method (LEM) is a well known
computational methodology for evaluating Factor of
Safety (FOS) and stability degree of natural (or
reinforced) slopes (Duncan, 1996, Krahn 2003).
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SSAP PROGRAM

The Slope Stability Analysis Program (SSAP version 4.2.1,
2013), is the first full freeware application for LEM
Implementing a series of characteristics usually available

today only in commercial software.
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‘ SLOPESTABILITY ANALYSIS PROGRAM
release 4.2.0 (c) (1991-2012) \'EI{IFICA GLOBALE DIAGRAMMI FORZE GENERA / VEDI MAPPA Fs LOCALE
Build No. 5845
Orenzo VEI{IFICA SINGOLA VEDI GRAFICI SUPERFICT
| i@cnr.
tps, w.lo)

MONITOR VERIFICA

Norgtem i 195 o
PARJ\M ETRI

GESTIONE ACQUIFERI

VEDI MODELLD

ENERA REFORT VERIFICA

G
GENERA FILES DXF
1.440 - 1.521
ESPORTA SUPERACT
CAMBIA PAR. GEOTECNIC

ESCI dal PROGRAMMA EDITA FILES
MAKEHLES 3.2

Premi ESC per Terminare - Premi INVIO/ENTER per stop tempora neo File SSAP2010.INI
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SUGGERIMENTI cffettuata una venfica di stabilita & po 'b'leg crare orto (file di t )c\on tutti i risultati
eanche un e di file DKF i grafici e esportare un file con le d at dII suprf
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HISTORY

SSAP has been developed during 21 years (1991-2012).
All computational procedures have been developed
starting from published paper on LEM and from original
developments by the author.

File Parametri Verifiche Tools Batch mode Help Free Heap: 15,235,968

SSAP 2010 (rel. 4.0, 2010)

About. .SSAP 2003 SSAP 2010
SLOPE STARELITY ARALYSES
release 4.0.5 () (1991-2011)
SSAP 2083 b:':‘ﬁ:"'mm"
Slope Stablllty Analysis Program et i il

Versione 32 bit (2084)

(C) Dr Geol. Lorenzo Borselli
CHR-IRPI, Firenze, IT

email: borselli@irpi.cnr.it
WEB http://ssap.firenze.net
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ALT-K = Exit

SSAP 2003

SUGGERIMENTL: La verfics ota comendo.., S premi INVIO [ ENTER fal ino step tampanneo pat weders | skt parnsd
Sa peami ESC o rmn VG @ PUDE VRIGIIINE SCCASENAMANE | MGLRLS.
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HISTORY

Current SSAP release (4.2.1, 2013) contains many
new tools and original algorithms in order to obtain
more reliable FOS values and using a more general

approach to LEM with respect to the past.
554020 o220 e

‘ SLOPE STABILITY ANALYSIS PROGRAM
release 4.2.0 (c) (1991-2012) VERIFI(A GLOBALE | DIAGRAMMIFORZE |
Build No. 5845
orenzo Bo | VERIFICA SINGOLA | VEDI GRAFICI SUPERFICE S S AP 20 10
|
tHps lorenzo- i.eu
| MONITOR VERIFICA | 4 2 2012
= ol (rel. 4.2, )

)
| PARAMETRI |

GESTIONE ACQUIFERI

VEDI MODELLO
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GENERA FILES DXF
1.440 - 1.521
ESPORTA SUPERFCT
CAMEIA PAR. GEOTECNICT

Premi ESC per Terminare - Premi INVIO/ENTER per stop temporaneo

ESCI dal PROGRAMMA

UGGERIMENTI effettuata una verfica di stabilita & po b'leg crare porto (file di t ) con tutti i risultati
e anche una serie di file DKF i grafici e esport n file con le d at d lla suprf
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SSAP WEB PAGE

www.ssap.eu is the official web page of SSAP 2010,
version 4.2.1. A translation of the software and the

manual in English and Spanish languages is in progress.
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SSAP2010

(SZOPE STABILITY ANALYSIS PROGRAM)
T
?;:2:2;;’ Software Internmente Freeware

Novira!

COMQ BUE Thomn 11.27 guwnsie TNy - papsswss cow
CORIQ ALOTUIR Tiwmss 7421 Gunmaio I N - pupenme s
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LOMDAZONE DS OPOLOGE DELLS POMCAN S e we paf10

S
O
I
N
S
®)
L
®)
N
c
Q
S
O
=
=
g
™
o
)
o+
=

SSAP SOFTWARE FOR ADVANCED LEM ANALYSIS L. Borselli HRS




GRAPHICAL INTERFACE

SSAP Interface with MAIN and OPTIONS windows.

SUGGERIMENTL: effettuata una verifica di stabilta e possibile generare un rapporto (fife di testo) con tut] B
€ anche una serie di file DXF con i grafici e esportare un file con le coordnate della superficie artica.
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GRAPHICAL INTERFACE

Internal distribution of forces and pressures in SSAP
4.2.1 - 2013 (graphic rendering by integrated GNUPLOT
4.0, www.gnuplot.info).
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GRAPHICAL INTERFACE

Groundwater and fluid pressure module.
@ GESTIONE ACQUIFERI -— -

ACQUIFERI DISATTIVABILI CARATTERISTICHE FLUIDO
Acquifero Strato 1 Gamma fluido (kN/m*3) 981
Acquifero Strato 2
Acquifero Strato 3 Coefficiente A 0

Coefficiente it 0.00080000

Uo minima (kPa)  0.01 = |

GESTIOME PIEZOMETRICHE |

Esclusione sovraccarichi pendii sommersi

Esclusione sovraccarico fino alla Progressiva (m) 120.00 : I

A

Prirna di modificare i valori pre-impostati dal prograrmma
ricordarsi che & necessaric leggere con attenzicne il
manuale tecnice del pregrarmmma. Un utilizze impropric
di queste procedure pud portare a importanti

effetti sui risultati delle verifiche!!,
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GRAPHICAL INTERFACE

Window with additional random surface generation

parameters.

LUNGHEZZA MEDIA (m) SEGMENTI DELLE SUPERFICI DI SCIVOLAMENTQ | 480

:
[}

[o=]
(=]

NUMERO MASSIMO SUPERFICI DA GEMERARE

a0 | [BEEo B
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FOS CALCULATION

SSAP uses only rigorous LEM methods* in FOS
calculation. FOS coded in a computational
framework derived by Zhu et al. (2005), but
generalized to any LEM method in a new generalized
algorithm and computational strategy:

* Rigorous Janbu (1973)

*  Spencer (1967) * LEM rigorous
. Sarma | (1973) methods are able to

= ensure, atthe same
« Morgenstern & Price (1965) time. forces and

« Correia (1988) momentum equilibrium
e Sarma ll (1979)
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FOS CALCULATION

Real 3D to 2D A unit wide (1 m) strip is

LEM (limit equilibrium method) verified in 2D LEM. It represents
representation a potentially unstable mass

where the FOS will be computed

The slope and potential | flar W Vo de T R)

{ ___———sliding surface is
o, represented as a 2-D

section during

//www.lorenzo-borselli.eu
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REINFORCEMENTS

In SSAP we can include different types of reinforcements
integrating their effects in FOS calculation.

Bolts/nails
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REINFORCEMENTS

In SSAP we can include different types of reinforcements
integrating their effects in FOS calculation.

Geogrids
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REINFORCEMENTS

In SSAP we can include different types of reinforcements
integrating their effects in FOS calculation.

Piles row stabilising an active landslide

"1" -
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SLIDING SURFACES GENERATION

Monte Carlo methods are used to generate possible
sliding surfaces.

Surface generation engine RANDOM SEARCH

/

/
Convex/Concave
P 7 full random
’ composite surface

SUPERFICIE RANDOM
Formata da segmenti
rettiline1 di lunghezza data
Forma COMPOSITA
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X (Siegel et al., 1981)
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SLIDING SURFACES GENERATION

Monte Carlo methods are used to generate possible
sliding surfaces.

Convex RANDOM SEARCH

/

/

/
¢ Only Concave
/ full random surface

7/
7/
”~
-~
-~ - SUPERFICIE RANDOM
Forma caratterizzata da

forzata convessita rivolta
s verso il bassa (CHEN, 1992)

>

X (Chen, 1992)

SSAP SOFTWARE FOR ADVANCED LEM ANALYSIS L. Borselli
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SLIDING SURFACES GENERATION

Hybrid method (expert system + Montecarlo).

SNIFF-RANDOM SEARCH 2.0

I
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(Borselli, 2012)
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STRATIGRAPHY

Stratigraphic complexities are managed up to a
maximum of 20 strata.

A~

Y

sup. 1
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FLUIDS

Groundwater and fluid pressure are managed: e.g.
aquicludes in pressure and perched groundwater.

A

Zona di dissipazione
pressione dei fluidi Tetto acquifero

confinato (in pressione)
|
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3 Acquicludo
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FLUIDS

Groundwater and fluid pressure are managed: e.g.
aquicludes in pressure and perched groundwater.

A Acquifero
temporaneo

Tavola d'acqua
d (zona satura)
Y

concidente con
superficie 1

topografica

£ infiltra zimlf_! -
f

Acquicludo
temporaneo
(zona insatura)
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ROCK MASS STRENGTH

Rock mass strength criteria by Hoek et al. (2002) and
Hoek (2007) and GSI method are used by SSAP as
alternative to Mohr-Coqumb strength criteria.

If— Controlled by major structure

\ 1
?_forzo " it ! \ Candidate failure
angenziale ) surface

500 m
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Rock bridges el
' S A
Sforzo normale W gty : )
; L
> Minor structure i ~ Rock mass failure

Y ;AL? ] Stt:p-path CDntroIIe?( Ea_.r C|l-ninc_n- structure
. i t i i
(Borselli, 2012) e e Toc PEE
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ROCK MASS STRENGTH

STRUCTURE TYPICAL PROBLEMS

Complex failure along a
circular or near circular
failure surface involving
sliding on faults and
other structural features
as well as failure of
intact materials,

1. Intact rock

/ 2. Single discontinuity
(Sliding along a single discontinuity set)

3. Two discontinuities
(Structurally controlled failure) Circular failure along
a spoon-shaped surface
through sail or heavily
Jjointed rock masses.

—_ N B

4, Few joint sets

(Combinations of failures) Sail or heavily jointed

rock slopes.
5. Closely jointed rock mass
(Circular failure)

Planar or wedge sliding

fr0n | on one structural fea-

i ture or along the line

S T it of intersaction of two

Circular R et

failure surface

Toppling of columns
separated from the rock
mass by steeply dip-
ping structural features
which are parallel or
nearly parallel to the
- \shpe&u.

(Sonmez and Ulusay, 1999)

S
O
D
)
S
®)
L
®)
N
c
Q
S
O
=
=
g
™
o
)
o+
=

Sliding, rolling, falling
and bouncing of loose
rocks and boulders on
the slope.

(Hoek, 2007, modified)
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GRAPHICAL OUTPUT

Graphic rendering includes the automatic generation of
DXF files (Autocad compatible).

SSAP 413 2012 - Sope Sty Anayss Program.

WNm3  Um3 MEa
700 18 ] 0 0 0
20 2300 B0 200 800 e
20 M0 N0 400 900 o

SSAP SOFTWARE FOR ADVANCED LEM ANALYSIS L. Borselli
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GRAPHICAL OUTPUT

SNIFF RANDOM SEARCH 2.0 application on an earthfill
above and with horizontal weak layer (example from
Fredlund 1977).

2 1000 0 0 1884 1884 0 ] 0 0
3 2000 2873 0 1884 1884 0 0 0 0

deg kPa Pa  KNIm3 KNm3 (A=
SSAP 4.2.0 (2012) - Slope Stability Analysis Program 1 200 2873 0 1884 1884 0 0 0 0
E:.:..‘t\\ur»:' by Dr.Geol. L Borselli - www lorenzo-borselli ou

>

Campione Superfici-N- 10000
Lunghezza media segmenti (m): 1.0
Range X inizio generazione : 0.0- 16.0
Range X lermine generazione : 200~ 537
Livello Y minimo considerato : 0.5

([ ) N ) S S 1|

SSAP SOFTWARE FOR ADVANCED LEM ANALYSIS L. Borselli
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GRAPHICAL OUTPUT

Internal distribution of forces and pressure, distribution
of local FOS, local distribution of RHO index (numerical
reliability of general FOS numerical solution).

]
o ——
—
—
S
|
Przssioni nautrs = coeff. m - =i i O
100 Pressiond neptn o0 k1] 0.5 1400 Forzs interconeio 1400
o0 4045 I \I
12001 1200
80 {04 C
70 {033 1000 1000
& 60 103 £ s} so £ q)
= 50 {025 o+ = = S
Z 4 loa z 500} 600 % O
30 101 400+ 400
[e—
20 101 . . 5
10 oo 200t 200
0 7 = 3 = ;
30 40 30 60 X (m) 70 80 o0 ICE G3C 40 30 60 X (m) 70 30 G0 ICE
121e: - 10/11/1218:30 .
Ux) (1Pa) m— E(x)(/m) = ;
& (;l-l-_(if-  — TEif-&-:\' =
60 Svp. Minimo Fs , Thrust line | local F§ 10 1 Fattors Rho = pressions normale N' su sup. min. FS 350 g
554 300 \
50 \
250
434 L |
= a0 E 7 w00 F Q
= 41 = T 01 =
= 354 2 = 150 = _I_J
304
100 'l_J
25
204 50 c
15 1 1 0.0 = =
20 40 X?En 80 100 I‘E 130 40 50 60 X (m) 70 80 o0 1 E
112 - 10/11/1218:30
Zup. T fipg m— holx) =
P Sy Min, £§ —— N =

izt lins «
local F8
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NUMERICAL STABILITY

RHO index computation, its distribution and analysis
for the solution’s reliability.

Fs
Fsp, (x)

RHO(x) =
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NUMERICAL STABILITY

. . 1400 Forze interconcio : : 1400 <}
RHO Index CompUtatK)n 1200k ] 1200 e
1 1 1 1 1000 1 1000 G)
and its distribution. . - I
= 800} {800 £ i
_f 800} { 600 _E 8
400} { 400 ]
200} 200 8
%% 40 30 80 70 30 50 Tof -
X (m)
10/11/1219:30 P — 9
TExf- Him) — O
. . Fattore ll?_h{:- 2 prassi;{ma m::arma.}a N = sp. min. F8 . 350 E
300 ;
250 g
= 200 F \
T 01 ) ] N
= 150 = O O
(@3
100 -+
+
30 -
0.0 : " - " - -
50 a0 50 0 % 10 20 50 Tod
10/11/12 19:30

ghu_gx::- [ ——
WikPa)
SSAP2010 (versione 4.1 3 2012) - DISTRIBUZIONE FORZE = PRESSIONI
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NUMERICAL STABILITY

Space (A, Fsy) exploration for best FOS searching for
a given sliding surface (Borselli, 2012).

Flat areas No solution
(false best solutions) | (Death Valley)

not
min Fs  min Fs

, not

1
1
1
1
1
1
1
v
V4 -

,20 min Fs 48
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NUMERICAL STABILITY

Three different algorithms allow to explore initialization
values for the computation of final FOS. The most
accurate method uses global optimization by differential
evolution (Storne and Price, 1997).

Fs,.. =1.332
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EXAMPLES: CARRARA DISTRICT

Application in Carrara district (ltaly): slope with residual
waste of marble (stratum 1), rockery wall in big block of
marble (strata 3, 4). Rock mass of good quality
(stratum 2) on marble.

SSAP‘lJ(?OlZ)-SMTo.MMmwaam
Bware ! r Geol 2orseill - www loren s el el
SSAPTDXF gensrator rel 10 4 (2012

# Parametri Geotecnici degh sirati #
" oh \a

ey Pa \Wa YRl rUn 1Py
1 3800 1000 0 2100 2200 0 0 0 ]
0 0 0 2400 2500 10000 5000 0
0 0 2350 2400 10000 2000
0 2350 2400 10000 2000
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EXAMPLES: CARRARA DISTRICT

Critical sliding surfaces in scenario with saturated base of
the slope (in violet, 10 most critical surfaces with the
lowest FOS value).

-£36SAP 4.1.3(2012) - Slope Stabilty Analysis Program

# Paramelrl Geolecnid degli strafl #

1 300 100 0 2100 2200 0 0 0
2 0 0 0 2400 2500 10000 5000

3 0 0 0 2350 2400 10000 2000

- 0 0 0 2350 2400 10000 2000 10.00

Fs minimo : 0.797

Range Fs: 0.797 0855

Differenza % Range Fs: 68

Coefficente Sismico orizzontale - Kh: 0.000

Campione Superfic - N 1501
Lunghezza madia segmentl (m): 2.0
Range X inizio generazione : 100- 550
Range X termine generazions : 15.0- 59.0
Livelio Y minimo considerato - 0.0

SSAP SOFTWARE FOR ADVANCED LEM ANALYSIS L. Borselli
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EXAMPLES: CARRARA DISTRICT

Critical sliding surface in scenario with saturated

base of the slope.

SSAP 4.1.3 (2012 -SI?eStabity‘ Analysis Program
Software by Fo:»)u L Borsells - www lorenzo-borselli eu

SSAPIDXF generator rel. 1.0.4 {2012

1
.
3
<

.0
4 !""

—
20N
5.00 |
2 O
<
& 00
S
8 O
v
1 OO
$00
8 00
Y —
2 00
-
nn
00
A

\u

phi
deg
38.00
0

0

0

# Parametn Geotecnici degh strati #

Ka
10.00
0

0

0

Gamm GammSat g

2 KNm3  NVm3 MPa

0 2100 2200 0 0
0 2400 2500 10000 50.00
0 2350 2400 10000 2000
0 2350 2400 10000 2000

Fs: 0797

Coefficiente Sismico Orizzontale Kh: 0.000
Coefficiente Sismico Critico (Fs=1) -  0.00000
Ea (kN/m) Forza destabilizzante di testa : 0.00
Eb (kN/m) Forza stabilizzante alla base - 0.00

SSAP SOFTWARE FOR ADVANCED LEM ANALYSIS

mi 3

0 0
10.00 0
10.00 050
10.00 050

L. Borselli
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EXAMPLES: CARRARA DISTRICT

2D color map with distribution of average local FOS
obtained by local stress distribution (Borselli, 2012).

MAFPFA FS LOCALE (Funzione ancora spenmentale in SSAF 4.2)
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EXAMPLES: COLIMA VOLCANO

Flank Collapse and new Relative Instability Analysis
Technique was applied to Colima volcano using SSAP
Software (Borselli et al., 2011).
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EXAMPLES: COLIMA VOLCANO

* Generic shape random search of minimum FS sliding
surface by Monte Carlo method.

 Multiples 2D LEM analysis of volcano’s slope profiles
distributed every 30° of azimuth and passing from
the edifice top.

* Rock mass strength criterion (Hoek et al., 2002; Hoek,
2007).

* Fluid pressure function (overpressure and dissipation
fields inside volcanic edifice) (Borselli et al., 2011).
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EXAMPLES: COLIMA VOLCANO

330° 0 30°

- 300" o g 60
#— \ | /

il \ 7
: ~

120°

Volcan de Fuego (Colima, MX)

Dome and conduct

Hydrotermal
alterated body

Stratovolcano

SA000 FAED0 S0 SMEN) GEDED AEED SMMN0  SNEM SN TR

main bod
1 180"
3400 4
S

elevation (m a.s.l.)
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4] 1000 2000 3000 4000
Local relative X coordinate( m)

(Borselli et al., 2011)
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EXAMPLES: COLIMA VOLCANO

-
-

B
/’R
\

\
\
\

\
90° Multiple sections of
volcanic structure,
\gach 30° clockwise

. Single section
. analysis
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EXAMPLES: COLIMA VOLCANO

Fluid pressure (kPa)
20000
19000
18000
17000
16000
15000
14000
13000
12000
11000
10000
9000
8000
7000
6000
5000
4000

B 3000
2000
1000

elevation (m a.s.l.)
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EXAMPLES COLIMA VOLCANO
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EXAMPLES: COLIMA VOLCANO

The most unstable flank is the W-SW (between 270°
and 210°).
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EXAMPLES: COLIMA VOLCANO

Relative stability index:
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EXAMPLES: COLIMA VOLCANO

"

=]
©

The most potentially unstable
- flank: Azimuth 270°-210°

o
- -
.
.

Ris - relatwve stabilty indax (ad mansonal)
-
-

S
O
D
)
S
®)
L
®)
N
c
Q
S
O
=
=
g
™
o
)
o+
=

(Borselli and Sarocchi, 2012)
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SSAP2010 HIGHLIGHTS

* Freeware software tool with large diffusion and use in
Italy for professionals, students, researchers, and
private and public companies.

« 21 years of development based on 100% original
coding, testing, and continuous interaction with final
users with the aims of software improvement.

 Many original algorithms (e.g. sniff random search
2.0, and 2D map of local average FOS).

* Numerical stability control and its reliability analysis;
groundwater and fluid pressure management module;
reinforcement structures etc.
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SSAP2010 HIGHLIGHTS

* Technical documentation on-line (still in Italian) and
many real examples of application in natural and
reinforced slopes.

 Many application in Italy and some in México in
cases with high stratigraphic, geomechanics and
hydraulic complexities.

* Free download from the WEB: www.ssap.eu.

* Full freeware user’s license for any type of
applications.
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