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FEA — Slope — A Finite Element Analysis of Slopes




MANUALE DI VALIDAZIONE

La validazione del modello FEM viene eseguita in parte ripercorrendo alcune soluzioni
pubblicate da fonti riconosciute e paragonando i risultati ottenuti, in parte mediante
considerazioni basilari riguardo alla teoria geotecnica.

Tra le soluzioni pubblicate:

- pendio omogeneo coesivo-attritivo con falda: vedere T. W. Lambe — R.V. Whitman
(1979): “Soil Mechanics” — Wiley, Example 24.3

- pendio non omogeneo su basamento roccioso rigido: vedere Navfac D.M. 7.01
(1986): “Soil Mechanics”, Tab. 7.1-323

- pendio omogeneo coesivo: vedere Navfac D.M. 7.01 (1986): “Soil Mechanics”, Tab.
7.1-319

- pendio omogeneo incoerente analizzato con algoritmo FEM: vedere Smith-Griffiths
(2004) “Programming the Finite Element Method” — Wiley, Program 6.3

Queste soluzioni sono reperibili e riproducibili nei Files Validazione di FEA Slope.

Tra le soluzioni sulla teoria geotecnica:
- pendio omogeneo, materiale attritivo, con pendenza pari all’angolo di attrito ¢ = 30°
- pendio omogeneo, materiale attritivo, con pendenza pari all’angolo di attrito ¢ = 35°
- pendio omogeneo, materiale attritivo, con pendenza pari all’angolo di attrito ¢ = 40°

In tutti i tre casi il pendio collassa per valori di Fs compresi tra 1.000 e 1.005.




EXAMPLE LAMBE WHITMAN c-¢ SOIL WITH GROUNDWATER

GEOTECHNICAL PARAMETERS

Natural Unit Weight y = 19.64 KN/m3

Submerged Unit Weight vyl = 9.83 KN/m3

Cohesion c = 4.31 KPa

Angle of Internal Friction ¢ = 32 °

Dilatancy d = 0 °

Poisson’s Ratio v = 0.25

Soil Modulus (Young’s Modulus) E = 25.0 MPa

REFERENCE (PUBLISHED) FEA SLOPE
SAFETY FACTOR SAFETY FACTOR

1.27 -1.29 1.26

FEA SLOPE MAX INTERACTIONS 500

FEA SLOPE MAXIMUM ABSOLUTE DEFLECTION 22.4 mm
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» Example 243
Gices, The sape, fxilae surface, flow net, and sirength parsmciers i Fig. E1.3-).
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Find. The saley factor.

Sotation. The Kret siep is w0 find 1he weight of the free body above o fasiurs surface.
This may be done convesiently by brezkiog the {rée body knto & seres of vertical shices 23
sy in the figure mzmﬁdmammmﬂyuamulilﬁ:hﬁﬂﬂnh
compusicd by muliplying 1he woil weight of the soil fmes the width of the shes times the
wverase hisght of the shoe. SHots | And 7 may shmilarly be treated as triangles.  The calos-
thom of To reswulting weight is gives in Table E24.3.

The next step & to delenmane the ressltant of the pone wier presvunds sloog the filure 2,
Figure E24.3-2 illesirates the evaliotion of the pare water force on the bass of one sl
shgs 4, The forces on the several shces i summed vectorzily, giving the mevullant force U,
‘This Fores must set ihrouph the comier of the filure cincle.

The el s5ep s 1o cosstnect & (ofie polgon. This ks done x5 fodlows (refer to Fig. 24.5):

L. Lay off the Ene of actipns of B 2nd 7 =nd G=d their intersoction {point A in Erg.
EXM3-¥.

2 Derermne graphcally the eesudtant @ of B amd L0 0 must act throwsgh point A,

1. Desermins the lme of action of K. The moment of the cohesive siresses about O is
ELurfF where E, & the keapth of the fiure ane. However, the resultant 8, i CLIF where L i
mmdhmummmmmuﬂfmmmm



Exsmgpie 243 (contimud)
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Ch 24 Earth Sfaper with Droined Conditions

Fip, E24.3-+ Foooe equilibram.
wanes] and give po net force. Hesos

EL
f,,‘"-r‘,?-g or _r*-%r
ry 12 10,03 m for this cese-

& Determine the locasion of point A" by the insersection of J and R, The fore 5, the
resubiaai of & and B, mist sc1 throagh 4" {sse Fig. E24.3-%), Assaming ry = £, the line of
action of 5 must make an angls f, with the mdins Guough the intersection of § with the
Exilbare: arc, whers # is given by

.

Thiss 5 mossst pis [AAEEDY 10 2 civele having 8 mdias rsin 4, This is the friction cireld.

5 Eqﬂinimﬂﬂxﬁdhlchdhupﬂmi-ﬂﬁ;mimduﬁ A trisl asd
error procedare is neosmacy 10 find the solotion. Several friction circles are assurped, thas
permitting the pobygen to be closed, For sach assumned circie, fwn safety facror ass obiained

o
e v M
&L
F."'E
The correct sohation is thet givig F, = F_. m—mﬁrﬁ:ﬂﬁuhﬁ;%
rEn g, =384 m J-‘—ZI}": F,=13

%- uﬁ'_u.m L8 = 1150430 = 49593 kN, F,=L09
The correc safey factor saisying staicx s F = 1.7 (e Fig, E243-5).

Thia ia the answer foc the give circle, Now other cintles, mest be analyzed wotl the circle
giving the smalieat Fis found. The circle given actuaily js the critical cinde.

A5 discussed in the texi, the forsgoing sobufion with r = ry gives & lower bound. Fapure
E24 36 shows a trial solution bused on the sssumption that pormal stress aguiest the faflun:
e i§ comcenirated af the teo eods. Then 5 does not pass tngent to the [riction cinde;
rathes it acts aa showi,

361
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Example 24.3 (rontimed

FART ¥ SCIL WITH WATER—MD FLOW OR STEADY FLOW
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Fig. EM3-5 Safcty Fciors.

ar

Fig. E24.3-6 Sohation for upper bound. Assumed §, = 217, F, = 163,
RfF = 3137 M, F, = 49.03/3L.37 = 1.59. Fusther srials give F = L&L. -

which is broken inte n vertical shices. IF the slices are
made so thin that the coordinates &, (which |
the focation of the resultants &, along the segmerts of

the failuse arc) can be taksn as z&ro, then ther are
dn — 2 unknowenms versus 3n equations, or & — 1 extra’

unkrowrs, Breaking the mass up Inio a series of vertical
slices does mot remove ihe of‘statical indeter-
minacy. Herce in order to obtain walues of the safety
factor by using the method of shoes, i s still mecessary

to make assumptions Lo remowe the Sxira wnRknowes,
The walue of safety factor computed thereby will, of
courss, on the rezsonzbleness of the assumplions
that have been mads.

Usually inns are made regarding the foross
that act against the sides of the shiees. 1T the problem i
1o become statically determinate,-exactly & — I assomp-
tions must be made, A dxcusson of the best way in
which to make these assumptions, zod of the echmigues



for solving the resullmg sysiem of simulaneous equs.
wons is beyond the scope of this wxt (see Morpenstern
and Price, 1965 ‘Whitman znd Bailey, 1967} Careful
apalysis shows That there are sevese limitations on ihe
way in: which thess assumptions can be made: the shear
forees on the side of the slices canmot excesd the shear
resistance of the soil, and the side forces £, should fall 22
2 distance above the failure arc between one-third and
gne-hall of the Beight of the glice. Hence, sithough a
wide range of safety famors can be computed based on
the assumptions, there is only a namow range of safery
factors commesponding 1o an  inftuitively reagonable
distribution of siress abong the faiklure erc and within the
faibure mass. For the slope in Example 24.3, this range
is again from 1,50 to 136,

Ukse of & mierhod of shices thar takes fall sccount of side
forces and fully sativfies equilibcinm requires wse of a
computer (== Whitman and Bailey, 1967 Even thes
ikere are considerable complexitics involved in the use
of yuch 2 method. This method can and shod be nsed
for advanced stapes of dope stability stuedics, and &
especially wsefud for the study of noacircular failom
surfaces. For meny problems, however, il b suficiens
o st appromimate methods, which do not fully saikfy
memqumnu.ufslaﬁcumﬂihi:mhlhmtbuﬂ
found to gpive measonably correct answers for mest
probiems. Several such merthods will now be described.

Features. Common fo All Approximate Meihods

1= all of thees methods, the safety factor is defined in
mnrmmmlsahmtm:md'llnl‘l‘ilmm

Mp
P
H[-nmml of shear sirength along faiiare arc (247

Aoment of weight of failore mass

The denominator i the driving moment and may be
evaluzied a5 in Example 243 Mote that the moment
arm for the weight of asy slkee 5 equal ko rsin G
Hence we may wrike

[y
Mp=rF W sin b
=1

wihere r i3 the radius of the faflure are, s the number of
slices, amd WGand 8, are 35 defined in Fiz. 24.101.
Simfarty, the Mlisting moment may be written as!

WA i
un-r£{¢+i,un4;m,=r(a+unizﬂ}

el g=1
where A, ¥s the keogth of the feilure anc cuf by the ith
shice and L = the length of the entire failore are. Thus

* Tiie foliondng derivatsons sssume that & and § are coastant along
e

Eﬂw mqmmgmwtynﬂ-g

Ch. 24 Earth Slopes witk Dramed Conditions k]
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Fig. 2410 Complete system of forces acing on o slice.

Eq. 14.7 becomes
fl+ung 3 N
Fm e e R

S W, sin 8,
Ll

Equation 24.8 is a psrfectly scemeate equation. I the

(243}

&, used In this equation satisfy Ratics, then an sccurate

Table 24.1 Upkoewns and Eqeations for = Shces

Unicnewns Associated with Fores Equilibrium
" D‘.:sdﬂmmrmll‘mcmlhthuul

T,mﬂabu:ofmhsﬁwloh:ﬂmu
terms of N,
lemmnnmlfmﬂmud:imrﬁm
betwesn slices or wedges
#— 1 Anples =, which express the relationshops
betweeen the shear force X, grd ihe normal
force £, on each interface
iz — 1 Unknowns, versaes 2n equetions
Unknowns Associated with Momest Equilibriem
n Coordinates a, locating the resaltant ¥ on
the base of =ach wedge or slice
71 Coordinates b, locating the resultame £, on
- pach interfacs between wedges or sicey
In = | Unkagwns, versas o eqeations
Teoinl Unkoowns
Sa — 2 Unknowns, verses 3n equations
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F‘_ 2412 Foroes considered innnﬁ-rrmhnd of sliees.

value of Fowill result. Moreover, the definition of Fin
Eq. 24.8 is porfectly consisizet with the defimtion of F
in Eqs. 244 and 24.5. However, the approximase
methods discussed below do not uwse values of &) that
satisfy statics, _

If any cxtermal forcss other than grawity 2ci on the
failure mas: (such as the weight of a buddmg opon the
slope}, the moment of these forces ks included in Ay
Pore pressures on the faflere arc do nol contobule 1o
M p,, since their resultant passes through the conter of the
ERE.

FART Iv  300L WITH WATER-—ND FLOW OR STEADY FLOW

=

Orlicary Method of Shices

Ia this method * it is assumed that the forces acting
upon ihe wdes of any slee have sero remelionr fm the
mmmm,{ﬂnmp that sMee. This
situation is depicted in Fig. 24.12. With this sssumption.

B+ U= W cosh,
or

K= ooz, — U, = W cosd, — oA, (24.9)
=y

fl+tand T (W cos 8,
F-' l-l

Combinng Eqi. 24.8 and 249,
!Ir ALY
P (24100
2 W, sin §;

The pee of Eq. 2410 to compute £ a5 dlustrated in
Example 14.4,

Here the assumpion segarding side forces involves
& — | assumplions, while thers are onlve — 2 unknewns.
Hencr the system of slices is overdelermined and in
genemal it 15 nol possible to sanisfy satick Thas the
saiety factor compuated by this method will be in error.
MNumerous cuamples have shown that the safery factor
chtained in this way uswally falls belfow ihe fower bownd
of solutions that satisfy statics. In some problems, F
from this method may be only 10 to 15% below the
range of equally correct answers, bat in other problems
% Ako krowm @ Swedish Circle Method o Fellenie Method.

Cspasdieratsan oF Jhes willvin 1k il wedge S puopoed
Felienius (1536) o o

Example 244

Given, Slope in Example 24,3,
Find, Bafery fsctor by crdimary method of slices.
Sofurion.  Ses Tahle E34.4

Table E24.4
LA W;omin B, W con 8 " Al o R,

Sz M} s 8, M) oo i, (M} (kM m} {m) (&M} ]
] 132 =0m -0.4 L0 132 0 134 0 1.2
Z M6 L] 12 100 BE a 098 o M6
24 191 04 7 0.9 189 14 058 0s 18t
3 6.5 025 196 ner 545 jleEy] 1.62 1452 .3
4 B 042 A st T4 139 1.7 3.8 g
5 BE 058 a2 [ E ] 817 120 1583 7 250
& T4 074 455 o7 452 L& | T4 LT ] M4
6 1.2 082 L1 057 41 [ o7 (1] it
T 3 0LEr 19.4 049 LT o L] e
1809 1276 5.2

i 1ELY

430(1276) + 2512 tan 32°  SRO0 + 15687 21ST
1819

Moge, That ¢ Z W, sin 8, = 2UHIBLH = 16644 kMm should egual the moment in the st colemn of Table
EM.3. The dight difference resulis from spumiding srors.

1.y

= LI7



the srror may be a5 mech as 8090 (eg., see Whilman
and Bailey, 1967L

Despite the crrors, this method & widely wed m
practice becamse of its carly origins, becawse of its
simplicity, and because it errs on the safe side. Hand
calculations are feapble, amd the method has been
programmed for compuiers. [t seems uaforiunate that 2
methad which may involve such lsrge errors should be
0 widely used,, and it is to-be expected that mors accurate
methods will see moreasing use.

Simplified Bishop Method of Silces

In this pewer method® il 5 assumed that the forces
acting ca The sides of any clice have rere resultand in the
cerficel direction. The forces i, are found by comidering
the equilibrium of the forcss shown in Fig 2403 A
value of safely factor mast be used to the shear
forces T, and it is assumed that this safety factor equals
the F defined by Eq. 24.8. Then:

R B, — u; Az, — (I/F]E &=, tan §,

- 24.11
T eos 81 + (tan 4 tan J)fF] e
Combining Eqs. 24.3 and 24,11 gives
T (A + (= u, Az tan SJ[1 /M09
F=1=k (2403

3 wsins,

* The method was St described by Bishoo (1995 the smpified
worion of ke method sas developed farther by Ranke o al, (15%5).

Ch. 24 Eartk Sfopes with Dramed Conditions 365

Fig. 24.13  Posoes comsdered in simplified Beshop method of
slices,

where

Hm-mﬂ.{l + ‘L"F"E'-f) (2613)

Egqeation 24.12 is more cumbersome than Eg. 24.10
from the ordinary methed, and requires a trial and srmor
solation since F appears on both sides of the equation.
However, comvergencs of trials s very rapid. Exzample
24.5 illustrates the tabalar procedure which may be used.
The chart in Fig 2414 can be esed to svalusle the
funciion &,

rExzmple I4.5
Given,  Shope in Example 243,
Find, Safely factor by simplified Bishop method of slioes.
Salution, See Table EI4.5,

Table E24.5
el L) “ (L) ® W & Ll
{1 Ax; eAv,  mAr, W, = wdx (Nund (3 (6 M, W
Shics (m) £k (ki) Ny kM) (113 Feui F=135 F=12 F=135

i 1.37 i% 0 133 83 142 T H 0% 146 145
r 4 o a1 a 4.5 154 1%5 LEF] 1402 %2 o S
24 0.5% 24 0z ] 11.4 133 106 1.05 1.0 131
3 152 b 152 L | Ar7 »3 Lis 1.08 %50 364
4 157 65 a1 T £k ] 443 112 110 |7 0.5
L] 1.2 1 1832 L ] 4.5 8.2 L3 .08 438 ==b
L] 1.34 5B 7.1 &3 377 415 185 102 414 4317
A il 0E o 12 4.5 53 LLE ] 0Les 54 55
7 .58 iz a i3 (EL ] i8.1 05 04z 15,5 157
T 364

1327

For amsiemed Foa= Fao—- |
- 1E1.2
B4
F = . Fa o -
G 1E1G '

A il wiith gssemed F o= 120 wosld gve F = [2%




368 PART T¥ SOIL WiTH WATER—®RD FLOW OF BVEADRY PLOW
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Fig. 24.14  Graph for deienmination of ALISL

The smpliied Bishop method ako makes n —|
asspmpioRs ing unknown forces and  hemce
ovepdetermines (he probicm so thet in gencral the vahses
of ¥, and Fare not exact. Howewr, numerous examples
have shown that this method gives valuss of Fwhich 2l
within the range of equally comerl sodafions as deter-
mined by ececl methods, There are casts whers the
Bishop method gives miskading results} ¢.g., with dep
fixilire circbes when Fis less than unity (see Whitman and
Bailey, 1967). Nooetheless, the Bishop method is
recommended for genersl sesctice. Hand calexbations
are possible, and computer prograEs ars avaikabls.
Oither Methods of Shiees

There ate numerous oftres versions of this method. Ia
cme such method the inclinations 2, of the sde forces arc
assomed (o= Lowe and Karafath, 1960; Sherard eval,
19633, Often 2ll =, are taken equal to the inchination of
ihe slope. This-method abe overdelermines the system
of slices bor pives very gisfaciory answers. o its
present form, this method requites & trial and emmor
graphical solution.

4.6 WEDGE METHOD

1n many problems, the potential or actual failure
surface can be approximated clossly by two o three

straight Toes. This situkiion armes when there are wesk
strata within or beosath the slope and aleo when the
rests Wpon 2 very Strong stratums  Fageres 24.8¢
and 24. 130 Hlustrate steations where the fafure surfaces
are almost exscily composed of straight hnes, Figune
24 B8 shows & siination where wee of straight mes pives 2
very satisfaciory approximation. A general wersion of
the method of shoes can be wsed for sach problems,
However, a salsfactory and wswally very accuraie
cstimate of the safety feclor can be oblmped by the
wedpe merhod.
in this methed, the podenizal faifure mass 5 brokes up
o two or three wedges, as shown in Fig. 24156 The
sheer regstance along the several segments of te fallore
gmﬁqismpmudmur_md'ihta.pp]ﬂhlrmgth
parameters and a safety Tactor F, which 1s the same for all
segments. [n Fig. 24.155 there are three unkrown forees,
(7, KB, and &), the unkpovm inclination s of the force
between e widges, and the unknown safcty factor
Thas there are fve unkoowns but onky four squations of
force equilibraum (Voo for each wedpe), and the svstem
is statically mdetsrminate. In order to makethe system
determinate the valee of = it assumed. Then the safery
factor can -be computed.
The wedpe mevhod ik illustrared in Example-24.6. The
sirenipth of the core of the dam is represemied by & .r
with & = 0. The conditions for which such, streagth



CONCISE OUTPUT FROM PROGRAM FEA SLOPE
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Software Dr. Ing. A. S. Rabuffetti - Milano
PROGRAMMA FEA SLOPE, 2007

ANALIST AGLI ELEMENTI FINITI DEL PENDIO
CRITERIO DI COLLASSO DI COULOMB CON DILATANZA
EFFETTI DI NON LINEARITA’ DI TIPO VISCOPLASTICO

DATA DELL'ANALISI 03-10-2009

NUMERO DI PUNTI = 341

NUMERO DI ELEMENTI FINITI PIANI, A 8 NODI = 100

NUMERO DI STRATI DISTINTI DI TERRENO = 2

ANALISI REGIME RISPOSTA DEI TERRENI: SPINTE T RESISTENZE E

ACCELERAZIONI SISMICHE: a/g H=20 a/g V=20

FATTORI DI SICUREZZA : 1.000 1.050 1.200 1.210 1.220 1.230 1.240 1.250 1.260
NUMERO DI ITERAZIONI : 0017 0021 0094 0109 0131 0157 0301 0408 0500

KK A AR AR A A A A A A A A A A A A A A A A A A A A AR A AR A AR A AR A AR A A KA A A KA A I A A I A A A A A I A A A A A AR A AR A A A A A A A kK

DATI GEOTECNICA

SUOLO GAMMA GAMMA Colore NSpt COES. ATTR. DILAT. YOUNG POISSON
TIPO TOT. EFF.
(KN/m3) (KN/m3) Colpi (KN/m2) (°) (%) (KN/m2)
1 19.64 19.64 Verde 0 4.31 32 0 25000 .25
2 19.64 9.83 Ciano 0 4.31 32 0 25000 .25

KK A AR AR A A A A A A A A A A A A A A A A A A A A AR A AR A AR A AR A A A A A KA A I KA A I A A IR A A A AN A A A A A I AR AR A A A A A A XAk K
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EXAMPLE LAMBE WHITMAN 24.3



EXAMPLE NAVFAC LAYERED SOIL WITH ROCK BASE

GEOTECHNICAL PARAMETERS (SOIL 1)

Natural Unit Weight y = 18.85 KN/m3
Submerged Unit Weight vyl = 9.04 KN/m3
Cohesion c = 0 KPa
Angle of Internal Friction é6 = 25 °
Dilatancy ) = 0 °
Poisson’s Ratio v = 0.3
Soil Modulus (Young’s Modulus) E = 6.0 MPa
(SOIL 2)
Natural Unit Weight ¥ = 14.46 KN/m3
Submerged Unit Weight vyl = 4.65 KN/m3
Cohesion c = 28.74 KPa
Angle of Internal Friction 6 = 0 °
Dilatancy ) = 0 °
Poisson’s Ratio v = 0.5
Soil Modulus (Young’s Modulus) E = 5.75 MPa
(ROCK)
Natural Unit Weight ¥ = 24.0 KN/m3
Submerged Unit Weight 1 = 14.0 KN/m3
Cohesion c = 50 KPa
Angle of Internal Friction 6 = 35 °
Dilatancy d = 0 °
Poisson’s Ratio v = 0.25
Soil Modulus (Young’s Modulus) E = 500 MPa
REFERENCE (PUBLISHED) FEA SLOPE
SAFETY FACTOR SAFETY FACTOR
1.27 1.27
FEA SLOPE MAX INTERACTIONS 1000

FEA SLOPE MAXIMUM ABSOLUTE DEFLECTION 151 mm




ACTIVE PASSIVE
CENTRAL WEDGE |  webees

o v i —

RESULTANT HORIZDNTAL FORCE FOR & wEDQE
SLEDMNE ALDNS abcadw [Pyl (A GEMERAL CASE]

B ?"- RESULTANT HOMZONTAL FORCE FDR & WEDGE
SLADENG ALOWG o 1 g (Pl A GEMERAL CASE)

FIGURE &
Stebllity Analysis of Tramslarional Failure
T.1=323




DEFINITION OF TERMS

Pag = WESULTANT HORIZOWTAL FORCE FOR AN ACTIVE OR CENTRAL WEDGE ALOMG
POTENTIAL SLIDIMG SURFACE o Bc d u.
Pl. w  RESULTANT HORIZDNTAL FORCE FOR & MESHVE WEDGE AL0MG POTENTIA
SLIDING SURFRCE & T g,
TOTAL WEIGHT OF SML AMD WATER W WEDGE ABOVE POTENTLAL SLIDING SURFACE
= RESULT OF NDRMAL AND TANGENTIAL FORCES OW POTENTIAL SLIDWNG SURFACE
COMSIDERNG FRICTION AMGLE OF MATERLAL
Fy = RESULTANT FORCE DUE TO PORE WATER PRESSURE OM POTENTIAL SLI0IME SURFACE
CMCATED AS: [n.ﬂ-.*}
e 2 o

w
L]

Lyt

FRICTION SMGLE OF LAYER AL OMG POTENTIAL SiolakG SURFATE .
COMESION OF LAYER ALDNG POTEMTIAL SLIDIMG SUREACE

:
?
:
:
:
:

13 EXCEFT FOR CENTRAL WEDGE WHERE & |5 DICTATED B STELATIGRA MY
usE ¢=u-+—;—,#=¢—+mammm.
- | ﬂﬁHMﬁﬂFhmmmHMWTﬁmmlﬁl

USING THE EQUATIONS SHOWH BELDW THE SAFETY FACTOR iS5 APPLIED TO SO0
STHEMGTH WALUES [TAN ¢ ANDC).

MOBILIZED STREMGTH PARAMETERS ARE THEREFORE CONSIERED AS $, = Tan~1{ TAR & )
AND % -E- . e

Pox[W-Cul SN2 =Py cosa] Tak[a - g | -fe L cOSa-p sma]
Pgr [Wecal s 8-, cos ] [an |:,|E-+..T_|;[q':.m#r », sin )
™ WHICH THE FOLLOWING EXPANSINS ARE TO BE USED:

Tana- Bt TN a.'.L";‘.t
ltml-[—:—’— b o I-Tak & #

LB FOR EGARLIBRIUN E Py +E P, SUM Py AND Pg PORCES 1 TERMS OF Fy SELECT TRIAL Fy,
CALCULATE I Po &40 IRg. IF :F.;Ipﬂ.m_m Fa AND Pg WS
Fy WITH SUFFICIENT TRIALS TO ESTABLISH THE POINT OF INTERSECTION
(ie., TP = Erg), WHICH 1S THECORRECT SAFETY FACTOR.

TAN (B- gl ¥

a}) DEPENDING 0N STRATIGRAPHY AMD SHL STREMGTH, THE CENTER WEDGE MY ACT
TO WA TAN R UFSET EDUILEBRIUSL.
&l NOTE THAT FOR =0, ABOVE EQUATIONS REDUCE TD+
L . L
T
LA THE SAFETY FACTON FOR SEVERAL POTENTIAL SLIDING SURFACES MAY HAVE TO BE

COMPUTED ™ DRDER TO FIRD THE BihiMUM SAFETY FACTOR FOR THE GIVEM STRATIGRAPHT.

FIGIRE & {(contimued)
Stabllity Analysis of Tramslational Faillure
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FIGURE 7 {(continoed)
Example of Stability Analysis of Translacionsl Fallure
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CONCISE OUTPUT FROM PROGRAM FEA SLOPE

KK A AR A A A A A A A A A A A A A A A A A A A A A AR A AR A AR A AR A A A A A A A A KA A I A AR A A AR A A A A A AR A AR A AR A AR A A A AR A kK

Software Dr. Ing. A. S. Rabuffetti - Milano
PROGRAMMA FEA SLOPE, 2007

ANALISI AGLI ELEMENTI FINITI DEL PENDIO
CRITERIO DI COLLASSO DI COULOMB CON DILATANZA
EFFETTI DI NON LINEARITA’ DI TIPO VISCOPLASTICO

DATA DELL'ANALISI 03-10-2009

NUMERO DI PUNTI = 927

NUMERO DI ELEMENTI FINITI PIANI, A 8 NODI = 280

NUMERO DI STRATI DISTINTI DI TERRENO = 6

ANALISI REGIME RISPOSTA DEI TERRENI: SPINTE T RESISTENZE E
ACCELERAZIONI SISMICHE: a/g H=20 a/g V=20

FATTORI DI SICUREZZA : 1.000 1.050 1.100 1.150 1.200 1.250 1.270
NUMERO DI ITERAZIONI : 0025 0029 0042 0073 0127 0218 1000

AR R A A A A A R A A A A A A A A A A A A A A A AR A A A A A A A A A A AR A A IR A AR AR A AR A AR A A A A AR A A A A Ak Ak Ak Ak vk kv rkkhx k%

DATI GEOTECNICA

SUOLO GAMMA GAMMA Colore NSpt COES. ATTR. DILAT. YOUNG POISSON
TIPO TOT. EFF.
(KN/m3) (KN/m3) Colpi (KN/m2) (°) (%) (KN/m2)

1 18.85 18.85 Arancio 0 0 25 0 6000 .3

2 18.85 9.04 Ciano 0 0 25 0 6000 .3

3 14.46 4.65 Verde 0 28.74 0 0 5750 .49

4 24 14 Viola 0 50 35 0 500000 .25

5 18.85 18.85 Arancio O 20 35 0 6000 .3

[ 18.85 9.04 Ciano 0 20 35 0 6000 .3
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EXAMPLE NAVFAC COHESIVE SOIL

GEOTECHNICAL PARAMETERS

Natural Unit Weight y = 18.07 KN/m3
Submerged Unit Weight vyl = 8.26 KN/m3
Cohesion c = 28.73 KPa
Angle of Internal Friction 6 = 0 °
Dilatancy ) = 0 °
Poisson’s Ratio v = 0.5
Soil Modulus (Young’s Modulus) E = 5.0 MPa
REFERENCE (PUBLISHED) FEA SLOPE
SAFETY FACTOR SAFETY FACTOR
1.21 1.19
FEA SLOPE MAX INTERACTIONS = 1000
FEA SLOPE MAXIMUM ABSOLUTE DEFLECTION = 593 mm
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CONCISE OUTPUT FROM PROGRAM FEA SLOPE

KK A AR AR A A A A A A A A A A A A A A A A A A A A AR A AR A AR A A A A A A A A A A I KA A I A A I A A A A A I A A A A A A AR A AR A A A A A A XAk, K

Software Dr. Ing. A. S. Rabuffetti - Milano
PROGRAMMA FEA SLOPE, 2007

ANALISI AGLI ELEMENTI FINITI DEL PENDIO
CRITERIO DI COLLASSO DI COULOMB CON DILATANZA
EFFETTI DI NON LINEARITA’ DI TIPO VISCOPLASTICO

DATA DELL'ANALISI 03-10-2009

NUMERO DI PUNTI = 725

NUMERO DI ELEMENTI FINITI PIANI, A 8 NODI = 220

NUMERO DI STRATI DISTINTI DI TERRENO = 2

ANALISI REGIME RISPOSTA DEI TERRENI: SPINTE T RESISTENZE E
ACCELERAZIONI SISMICHE: a/g H =0 a/gV =0

FATTORI DI SICUREZZA : 1.000 1.050 1.100 1.150 1.160 1.170 1.180 1.190

NUMERO DI ITERAZIONI

LR R S b S b I S b I S b I S b I S b I S b I S R S S S S e S 2 e S 2E b b S b I S b I S b I Sh b I Sb I S b S b S Sb S b S b S b S b S 4

DATI GEOTECNICA

SUOLO GAMMA GAMMA Colore NSpt  COES. ATTR. DILAT. YOUNG POISSON
TIPO  TOT. EFF.
(KN/m3) (KN/m3) Colpi (KN/m2) (°) () (KN/m2)
1 18.07 8.26 Ciano 0 28.73 0 0 5000 .5
2 18.07 18.07 Verde 0 28.73 0 0 5000 .5

LR R I S b I S I I S b I S b I S b I S b I S R S S S S e S b e Sb 2R S b I S 2b I S b I S b I Sb b I S b I S b S Sb S Sb S b S b S b S b S 4
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EXAMPLE SMITH GRIFFITHS COHESIONLESS SOIL

GEOTECHNICAL PARAMETERS

Unit Weight y = 20.0 KN/m3

Cohesion c = 15 KPa

Angle of Internal Friction 6 = 20 °

Dilatancy ) = 0 °

Poisson’s Ratio v = 0.3

Soil Modulus (Young’s Modulus) E = 100 MPa

REFERENCE (PUBLISHED) FEA SLOPE
SAFETY FACTOR SAFETY FACTOR

1.60 1.60

FEA SLOPE MAX INTERACTIONS = 500

FEA SLOPE MAXIMUM ABSOLUTE DEFLECTION = 40.2 mm

S. G. MAX INTERACTIONS = 500

S. G. MAXIMUM ABSOLUTE DEFLECTION = 37.6 mm




Gravity loads are generated in the manner described in Chapter 5 (5.7) and applied to the
slope in a single increment. A trial strength reduction factor loop gradually weakens the soil
until the algorithm fails to converge. Each entry of this loop implements a different strength
peduction factor SRF. The factored soil strength parameters that go into the elasto-plastic
gnalysis are obtained from,

¢y = arctan(tan ¢ /SRF)
¢ =c/SRF (6.39)

Several {usually increasing) values of the SRF factor are attempted until the algorithm
fuls to converge, at which point SRF is then interpreted as the factor of safety FS. For a
dewifed description of the algorithm, the reader is referred to Griffiths and Lane {1999)

Subroutines new to this program include emb_2d_geom and emb_2d_te. These sub-
routines generate the mesh and boundary conditions for a standard slope cross-section of
the type shown in Figure 6.15, with dimensions and mesh density controiled through the

unita in m and kPa
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Figure 6.15 Mesh and data for Program 6.3 example



input data. The boundary conditions are rollers on the left and rizht vertical boundyg
and full fixity at the base. ) o

Subroutine mocouf computes the Mohr—Coulomb failure function £ from the cyy
rent siress state and the factored shear strength parameters (6.12). Subroutine Tn.t;.;:nu{;
forms the derivatives of the Mohr—-Coulomb potential function ¢ with respect 1o the th
stress invanants and these values are held in dgl, dg2, and dg3. In Programs 6} and
6.2, similar subroutines corresponding to the von Mises criterion could Rave been
but the required expressions were so trivial that they were written directly into the Main
program.

For each material type, six properties must be read in (nprops=6): the friction angle
¢, the cohesion c, the dilation angle yr. the total unit weight . Young's modulus E, ang
Poisson’s ratio v.

Figure 6.15 shows the mesh and data for an analysis of a homogeneous 2:1 slope with
¢ = 20° and ¢ = 15 kN/m". The dilation angle y is set to zero and the unit weight is given

There are 2120 eguations and the skyline starage is 151000

sxf max dizp iters
1.00 0D.1711E-D1 140
1.20 G.1889E-01 17
1.40 40.2113E-01 i3
1.5890 0.2283E-01 &7
1.55 0.2446E-01 244
TEG T

. J7BIE-G1 500 |

Figure 6.16 Results from Program 6.3 example
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Plot of maximum displacement versus Strength Reduction Factor



BS =186

— s am—

Deformed mesh and displacement vectors at failure from Program 6.3

85 y = 20 kN/m”. The elastic parameters are given nominal values of £ = | x 10° kN/m?
and v = 0.3 since they have little influence on the computed factor of safety. The conver-
gence tolerance and iteration ceiling are set to tol=0.0001 and 1imit=500 respec-
tively. Six trial strength reduction factors (nsrf=6) are input, ranging from 1.0 to 1.6.

No etype data is required in this homogeneous example, but if it is required. the user
needs to know that element numbering proceeds in the x-direction, starting at the top-lefi
comer of the mesh.

The output in Figure 6.16 gives the strength reduction factor, the maximum nodal
displacement at convergence. and the number of iterations o achieve convergence. It can
be seen that when srf=1.6. the iteration ceiling of 500 was reached. A plot of these
results in Figure 6,17 shows that the displacements increase rapidly at this fevel of strength
reduction, indicating a factor of safety of about 1.6. Bishop and Morgenstern’s charts
(1960) give a factor of safery of 1.593 for the slope under consideration. Figure 6.18
displays the PostScript files £295.dis and fe95 . vec, which show the deformed mesh
and displacement vectors corresponding to slope failure. The mechanism of failure is clearly
shown 1o be of the “toe” type.



CONCISE OUTPUT FROM PROGRAM FEA SLOPE

KK A AR AR A A A A A A A A A A A A A A A A A A A A AR A AR A AR A A A A A A A A A A I KA A I A A I A A A A A I A A A A A A AR A AR A A A A A A XAk, K

Software Dr. Ing. A. S. Rabuffetti - Milano
PROGRAMMA FEA SLOPE, 2007

ANALISI AGLI ELEMENTI FINITI DEL PENDIO
CRITERIO DI COLLASSO DI COULOMB CON DILATANZA
EFFETTI DI NON LINEARITA’ DI TIPO VISCOPLASTICO

DATA DELL'ANALISI 03-10-2009

NUMERO DI PUNTI = 1141

NUMERO DI ELEMENTI FINITI PIANI, A 8 NODI = 350

NUMERO DI STRATI DISTINTI DI TERRENO = 1

ANALISI REGIME RISPOSTA DEI TERRENI: SPINTE T/E  RESISTENZE T/E
ACCELERAZIONI SISMICHE: a/g H =0 a/gV =0

FATTORI DI SICUREZZA : 1.000 1.200 1.400 1.500 1.550 1.600
NUMERO DI ITERAZIONI : 0010 0017 0033 0067 0244 0500

LR R S b S b I S b I S b I S b I S b I S b I S R S S S S e S 2 e S 2E b b S b I S b I S b I Sh b I Sb I S b S b S Sb S b S b S b S b S 4

DATI GEOTECNICA

SUOLO GAMMA GAMMA Colore NSpt COES. ATTR. DILAT. YOUNG POISSON
TIPO TOT. EFF.
(KN/m3) (KN/m3) Colpi (KN/m2) (°) (%) (KN/m2)
1 20 20 Ciano 0 15 20 0 100000 .3

LR R I b S b I S I I S b I S b I S b I S b S S R S S S S S b e S 2R b b S b I S b I S b I Sh b I Sb b I S b S b S Sb S 2b b b S b S b S 4
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EXAMPLE SOIL COHESIONLESS ¢ = 30°, SLOPE INCLINATION 30°
CONCISE OUTPUT FROM PROGRAM FEA SLOPE

LR R I b S b I S b I S b I S b I S R I S b I S R S S S I e S b e Sb b S b e S b I S b I Sb b I Sb b b Sb b I S b S Sb S Sb S 2b S b S b S b S 4

Software Dr. Ing. A. S. Rabuffetti - Milano
PROGRAMMA FEA SLOPE, 2007

ANALISI AGLI ELEMENTI FINITI DEL PENDIO
CRITERIO DI COLLASSO DI COULOMB CON DILATANZA
EFFETTI DI NON LINEARITA’ DI TIPO VISCOPLASTICO

DATA DELL'ANALISI 03-11-2009

NUMERO DI PUNTI = 351

NUMERO DI ELEMENTI FINITI PIANI, A 8 NODI = 100

NUMERO DI STRATI DISTINTI DI TERRENO = 1

ANALISI REGIME RISPOSTA DEI TERRENI: SPINTE T/E RESISTENZE T/E
ACCELERAZIONI SISMICHE: a/g H=20 a/g V=20

FATTORI DI SICUREZZA : 0.980 0.985 0.990 0.995 1.000

NUMERO DI ITERAZIONI : 0055 0060 0088 0127 1000

LR R I b S b I S I I S b I S b I S b I S b I S R S S S S e S b e Sb 2R b b S b I S b I S b I Sb b I Sb b I S b S b S Sb S b b b S b S b S 4

DATI GEOTECNICA

SUOLO GAMMA GAMMA Colore NSpt COES. ATTR. DILAT. YOUNG POISSON
TIPO TOT. EFF.
(KN/m3) (KN/m3) Colpi (KN/m2) (°) (%) (KN/m2)
1 17 0 Ciano 0 0 30 0 20000 .3

LR R I S b I S b I S b I S b I S I S b I S R S S S S e S dh S 2E b b I S b I S b I S b I Sh b b S b I S b S Sb S Sb S 2b S b S b S b S 4

FEA SLOPE
SAFETY FACTOR

1.000
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EXAMPLE SOIL COHESIONLESS ¢ = 35°, SLOPE INCLINATION 35°
CONCISE OUTPUT FROM PROGRAM FEA SLOPE

LR R I b S b I S b I S b I S b I S R I S b I S R S S S I e S b e Sb b S b e S b I S b I Sb b I Sb b b Sb b I S b S Sb S Sb S 2b S b S b S b S 4

Software Dr. Ing. A. S. Rabuffetti - Milano
PROGRAMMA FEA SLOPE, 2007

ANALISI AGLI ELEMENTI FINITI DEL PENDIO
CRITERIO DI COLLASSO DI COULOMB CON DILATANZA
EFFETTI DI NON LINEARITA’ DI TIPO VISCOPLASTICO

DATA DELL'ANALISI 03-11-2009

NUMERO DI PUNTI = 351

NUMERO DI ELEMENTI FINITI PIANI, A 8 NODI = 100

NUMERO DI STRATI DISTINTI DI TERRENO = 1

ANALISI REGIME RISPOSTA DEI TERRENI: SPINTE T/E RESISTENZE T/E

ACCELERAZIONI SISMICHE: a/g H=20 a/g V=20

FATTORI DI SICUREZZA : 0.975 0.980 0.985 0.990 0.995 1.000 1.005
NUMERO DI ITERAZIONI : 0050 0052 0055 0057 0075 0108 1000

LR R I b S b I S I I S b I S b I S b I S b I S R S S S S e S b e Sb 2R b b S b I S b I S b I Sb b I Sb b I S b S b S Sb S b b b S b S b S 4

DATI GEOTECNICA

SUOLO GAMMA GAMMA Colore NSpt COES. ATTR. DILAT. YOUNG POISSON
TIPO TOT. EFF.
(KN/m3) (KN/m3) Colpi (KN/m2) (°) () (KN/m2)
1 18 0 Ciano 0 0 35 0 30000 .275

LR R I S b I S b I S b I S b I S I S b I S R S S S S e S dh S 2E b b I S b I S b I S b I Sh b b S b I S b S Sb S Sb S 2b S b S b S b S 4

FEA SLOPE
SAFETY FACTOR

1.005
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EXAMPLE SOIL COHESIONLESS ¢ = 40°, SLOPE INCLINATION 40°
CONCISE OUTPUT FROM PROGRAM FEA SLOPE

KK A AR A A A A A A A A A A A A A A A A A A AR A AR A AR A A A A AR A A A A A KA A A KA A I A A I A A A A A I A A A A A AR A AR A A A A A AR A kK

Software Dr. Ing. A. S. Rabuffetti - Milano
PROGRAMMA FEA SLOPE, 2007

ANALIST AGLI ELEMENTI FINITI DEL PENDIO
CRITERIO DI COLLASSO DI COULOMB CON DILATANZA
EFFETTI DI NON LINEARITA’ DI TIPO VISCOPLASTICO

DATA DELL'ANALISI 03-11-2009

NUMERO DI PUNTI = 436

NUMERO DI ELEMENTI FINITI PIANI, A 8 NODI = 125

NUMERO DI STRATI DISTINTI DI TERRENO = 1

ANALISI REGIME RISPOSTA DEI TERRENI: SPINTE T/E  RESISTENZE T/E
ACCELERAZIONI SISMICHE: a/g H =0 a/gV =0

FATTORI DI SICUREZZA : 0.980 0.985 0.990 0.995 1.000 1.005
NUMERO DI ITERAZIONI : 0057 0058 0059 0061 0065 1000

KK A AR AR A A A A A A A A A A A A A A A A A A A A AR A AR A AR A AR A A A A A A A A KA A I A A I A A A A A I A A A A A A AR A AR A A A A A ARk K

DATI GEOTECNICA

SUOLO GAMMA GAMMA Colore NSpt  COES. ATTR. DILAT. YOUNG POISSON
TIPO  TOT. EFF.
(KN/m3) (KN/m3) Colpi (KN/m2) (°) () (KN/m2)
1 20 0 Ciano 0 0 40 0 50000 .24

KK A AR AR A A A A A A A A A A A A A A A A A AR A AR A AR A AR A AR A A A A A A A A KA A I A A I A A A A A I A A A A A A AR A AR A A A A A ARk K

FEA SLOPE
SAFETY FACTOR

1.005
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