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DISTINGT BELEMENT HETHOD

Irivo ductt om ¢ continuam bad! dstoldinnum

| la rock wechanics  we can distinguish 3 cathegones of Vock waas

— CoNTINVLKY Loc,h WASS |, e.q. 30l Saft Yocks or st aad AR SDWE/
Vocks . | _

— EQUINALENT c.oM‘Tmou‘ri iLoctHAs‘ol e.q. i‘oimed vock wrass -t
IS SohwAweh igiu\’ced Mratr 1S Alwrost g seid -

-ébﬁcpk!‘ﬂhﬁuﬂ pock MWASS 1elal wot so wach l’a\'n're,d rc_)d: WAQSS -
spacihg  between ‘(oinks Whas the Saw~e lavder of waagaitude of the
dimen Stonn oF the qeotechnical opefa. .

ln Ahe )ast oaSe,\ we have +o Intvoducenew numerical gwe;f'hcd.s y otheyude |
W we use metheds of continuous Fraamewolk we will get the wrong
answer .

plasfic. For insfance, a funnel excavated ina covd\hlions
20n8 iso‘!royio elasto _plastic wediad 1S exPe;‘_Awe;d o |
/ %i\)e, ose +ta 3 Pl-as‘sic, Yadius. .

K IF vock MAS \—\a,s‘, Dl ASFFem—i' ioiM' sers

' . b\| a&f’c\ng a d'S conr\fug an A?pf"ad.c,h e
can See |same blocks Hat are PINQ tTo

amaves aad Rl dowwn . | | | |
IF 4 cortinuous approach is adepted, we sl see
.:M\q EY P\afm'c vadius aud vt Ane Fal oF Hhese
blocks. [ |

A Rest method 1's fhe CWIT EQuILIRRIOM HETH D [LEH) ;uhich
consists of c.omgw.ﬁn "d-;e,we,\‘ta‘n& of the we/J'q-e/ aad ae,s_\‘%mm%
e Borce thata swpport Systes Should applyy
Ofher syoteans are the biscrere Elewnent Methad (DEH) oad the
Rate - biscrete Elermenr Hethod (Pb%‘r.t)i | .
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bo) ntefaction in 3 e.e-\cl\%c:m‘\‘\nm wnode |
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This ©ould be a ctoocl Mo el | Falc daa.{ S. |
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_ specimen s finded by 3 sulface anto D |
| XS | oA S\\&\n% oathe other.
| The fQ:SP»QArSB will be cha@ctensed by forces

and displacements
This could b2 a %ao& Moée,\fd‘hd(é vock

—>  excavation re,&ix}f\%& (Wnim\ 3nd 5Jtrud~ufa\: f;oiﬂ" oFuieul)

\ { L ) lee MQ&e) e (‘e:.?ou\ge, 40 ana 2xcavation dJ!T‘r\ |
P [\ the ConTINUUK APPRoACH | the Yadial di \acemmr
/
e

wnl) bes WAL XAMAn ot +he cortour awntd
i+ docreases to zeXo \n A Continuons wa-f .

250G DISCONTINUUY MoDEL , sowve. lewrent
\\ N Fal im.uu\ ard we wil See (NE) dlﬁ?\acemems

/lﬁ-‘*'_f o wave less, _
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To derenmine these pardmetess | we use a DIRECT SHEAR TEST:

S

-Pfs\'\\.\ anborimplload N is e‘iﬁ\‘e‘l and We seel a watvaal | displaComent
é 1Li® ﬁrhe, foCk- |S Shﬂ‘\%ou%)ﬁ 1S wnarmaal &\SP\QC&'W\QM* is due To a
mﬂtf&c\‘\ﬂ-’\ along Hhe jolnt B s MniS ) e et the jolat defor mab\\vhf

A Ravhanal &\n?zc)"koﬂ and the notwal shiffness k.

Ouce thenorwial Yodd is applied , we stark 4o aw\ct At theal-Boded T
And  we endluatre dhe sheay d\’s?lace,men’r 3s.

‘L_ ‘ Whem there, \'5 S\;dan , The correspondemt Mear

Farce will Gethe sheye shemcl‘i‘h cr\?m‘!‘\-\e, ‘ou\'t'

under We narnadl siress. |

IF e da wada Tests o«\chf-F-e;cu\ﬂ‘ leue,ls of Aofwa)
SHIESS | we gAY WAIAY palnts W the 2-E, Picime,
and e cansketren 3 ine |

IPrest s gre referred to anartificial joint| — gery pulished ~ | 4his Waes
intersecks the origin aad the aaqle 1S called BASE FRACTION ANGLE @,

I norwnal jornts wvth o eg\n suiFyce's | aredested | resuls greldifFecent

AInd we r_J'e,F\I\e, a nov-l\n e do sha Hmn- \sithe F_,An;r‘ou cﬁ,neuou
This ceitesion requires e, eua\uaﬂon of 3 pafametesrs

- ShC  Anat represents ‘om-k rou.calmebs and i is obtained fram dicect
ob':»exua'ﬁm af —\’he,{o\n'i‘

- IS Ahatis related 4o Schwlds Radadnar am{ \0 gaveral WS
a\m\\df +o uncoafined camPfes..sue, Streagth of m’cacA- rodL

= (P, | Ffom diredt thear test
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[+ means rat the equation of motion is e,o\ue,d_totirh oxplicht approach —
e, Wiiapes are funchion of Hme = and Bow (t we find Forces and
displscements ar fhe inperfaces of ne Blocks. S 1 . .
[~ this appro ack, within o Hmestep  we solve the Hous of wotion
ard comstituhiVe equations ! b‘t aé'aumt'r.% that vedocities and accele arios
are constant withia the Rmestep. _ . | L |
OF course, the Himedhep his ha'be suffs ciewtly smal #hat, during 4 su;gl&
step, distarbances caa't propagate between 0ae | disacete  olemnant

its irnmediate. neidhbouss as Hris would need a lames fime to occlr
The flow chart! of exph'c,ﬁ G\?P-(:}AC}\ Bor DEM 15 the ’Fo“cu;ﬂnﬂ4

4) For cach fimestep , we compure fofces for each block | due bo stresses,
int o bo &\1 forces applied.. _ _ _
\?:,\o cahes and disP\anéA{\tb CAA Jary l'me.aﬂ«{ , while streses aad
SHANS remain constaat N3 Sngle lewnemt, s in the FEDM.

2) Equation of wotion ace in—reﬁgad'&( Yo deterening, aew ualues of veloci
and the & splacements, bas on e a‘wﬂ‘&{ forces .

'5) Difala Yated ace comnputed {ram the yelaci ties

£) By using comstititive eqadﬁms | stresses ace computed From strain
\G:L&S s8 Brat Fatces on the blacks  canbe Computed during subdequent |
Himestep. | | |

s Ais sy, we can Sraddate. the ?ropd'%a&-'iw' of Ahe, Pérmr\oaﬂc;n within de.
Plocky sqsremn - _

\yina 3 pressiee, ow 4he systews, we get
i“\j a\'\{n -rﬁS‘EieueA. _ i _ g |
Frowr ARiS | we compute <rains dnd &is?\ac,e,mmﬁ

of blocks. Timestep 39 So short that fbation

s apied ouly on Hhe Rrst elewemt 3hd] there \s g
Jedocst ou'&st o it. | |
hew , from’ velocity | we Comput. the prossue apelied
Browr e  First eleaemt %rmﬂk [ohtS o e

nek boos) elemneants . |

M e wext Step, we geir fhew velocities

M s WAy | e deL lnue\odﬁ‘ ..?@a.ﬂa’dan ih the elepmenys .
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BLOCKS OR PARTICLES
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2 t’—'-m<\ of’ blacks
A e wethod 5 Q& cdn U2 B4 \:,.i.nd‘:.. of blacks |,
On ong, ‘:hé& WL Can wSE r.ic&id blacks -

in A0 case | displacemarnts in a black assembly
Rite on\\‘. along 5\\'din8 ?\Jn&‘a.

Liged blocks interact by Twe %{-a.aﬁ points g+
“ihe,lx,.uh&c“l‘ of Hhe, cormmon seﬁmew\’(‘.

Date glner Side, alse defywable bladks danbe
used || _ . _
I Hni S| CaSe | intacr block. waaterial defFomiatian
IiS ok “E%i\"a\.\d(’z C.QMP&WA“ to dl‘ﬁf\ci Cearn eants d,\cm\%
dscontinuivies | _
Blacks are diseseri 2ed with Haite clewments and
dhotrerr eeanerd's ankevacs Hagaks o special
nodesS. These nodes are specid) becduSe olong
\/ - Ahe common seamemt Hhere are nodes belongin
¥ao one dISere Q}GW\Q,A# amd nodes l:ﬂ;\ov\ﬂ\d\g Yo
\/ 'h\&- OJH"@V diserere QISM@A-*-] | at ch.u,?\.l He SAwme.
-P.s&aﬂ‘\‘cu\ ~ lone node belengs. Yo 3 ¥l'_h\‘:\"e.s’
eloments aad +he other wade s the same
osition | belougs to other 3 finite [elemnents - node A -
and e Nave difforent fifces and difsP\e\ cememts.
in Haar polnt,

Ha{@ou@f ) IFDH Mog\e,\s_ a\l aQJ .OUEP.LA?PNG* oF Bloacks aad this is useful
s M are NoRMAL SUFPNESS [oF THE T9INT | | | |

€ jont is very vgid, nothing wil happen F & load
s Wedl. | | | ] |
Lm?\«??a. onat uith a Tintre aof il stiffaess |
.e}emex‘ﬁl s il overlap a bitl

s case nodes of different eleaneats are.
e:urufosed froa Hhe g hical poiat ot view -
1. 6. Same coofdingtes — and edch cuple of
Nodes 19 canacred by Springs.

| SERngS mean defolfiability but inovder fe
% | | fj\;“ﬂfo‘iuc;e, aej';:)f;mahm"f we e to allow) one

N7

node Yo go below the aher one that s alow
ovexiapping J‘Ffow;k *’neg%aome/‘frica\ posnt of view .

n—m_ﬂ»-u
tf@w—w'

Wik *‘n’\s'd&?e:o%, We Can Dmulate normg)
wieracition .
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GEOMETRY

GEOMETRY

Geometry generated from a digital elevation
model obtained by laser scanner survey
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GEO-STRUCTURAL SURVEY

STEREOMAP

Analyse them...
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BUILDING A DEM MODEL

Alternatively, we may use statistical parameters (mean
values of the parameters and standard deviation).

GSI = 58

GSI

= 38

%

i

¥

iy

Probabilistic

BUILDING A DEM MODEL
GSI = 58 GSI = 38

.2 1 . 3 . 3 ATES : am
E e R A
c : e ! e
£3 A -
I :
)]

© 2 i o
=3 w Rl .
n ° EE ] L]
SE ” =
9

o - -
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INTERPRETING RESULTS

Deterministic
model

Probabilistic
model

el N
0

EFII & T ors 128

Im ioi

INTERPRETING RESULTS
GSI = 38

Deterministic

%)
=
b
=

o
o

<

o
o
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M;“\HW of \noun’d&l‘q condiions

The wadel wsoally has a sanaler size! with reapeck to the one
of FEM a~d Emi\daf\.‘ conditionn are app‘lied wrth [thie Sawae
Yechnique of FEM .

@ Definiron of wnarenal praperties

G Dehinion of e aitd Q) stress wate

@ Definirion of s¥aqes

- Co;wg-ﬂaﬂw CAlat Yales \owng Mg n DEM

\.wﬁrix?:um&{w of resulks  especially inrefms of displacomeny
JectalS.
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ﬂa&a Connections are able ta resist

AB—}-QN\SQMJ mm?msiov\

.—3‘3\1@3(

= 4orsion

— B&A&ihﬂ | |

apta @ ceftain brearing limit. L | |
Se, bowds have certain Sivain aad reaistirg properties | asuall
described With an elashyc ?efFe.,cA\ plastic| as | oncl the bond 1S
byaken , i+ 13 lost awd pdrticles \nreNach as sepaf@te ones.

W Anis ":.Hu&’riml coneSion is lost laad ir\mc‘}d:\m i&.%\?veﬁf\ ‘o\,‘ WM OO
friction . | . .

Thus, we. ace abe able ke simuate fralc b desl aa b dock]

Mareover, in caw of maore than B oacticles | we can adopt an
nfinibvely | 0aid and resisreat ta\u-e, Asmon onn = V.. NF c,-;;'«\"l'
break- = | gwd e, systews 1S QoinQg 45 becosme. a su {—f&ft\r_}e,
buir by > - eonnected by 8 agid Qe and | withh g dibFecenc
";\\,;FQ, anm efa?hart.. | | —d- 2 | |

Thois susfewn 15 called (clump | sk is a Sugew
partice. oF arbitfary [dhape with nfinitively
<P and Stong TS - Yaaulay coutyers.
Thie. syotrews belhgues (as 3 (S%i_d_ ba&x{ and the
defa bl 2y of Hhe wolel  comes fraan the
connechion wyth athor c\um?s or Parﬁde:a.

TS sugtem | a3 3F can range alotirs shape, can be used
Yo Saulate at A waicte -saal  the real particles distobotion |
far WNSTance in SaAdS, whick Was aa wWhlbemce on Pfo‘:o.(he,s-

3 Pc;r’ﬁ'c,\e dontdet
| K | ~ the inter action behween Paﬁ“\c\eﬁ

Q—’W’—O ot shFfwes | s ;imd\aw;( 13\.1 ouer\qapkﬂg_

Sohear stiffaes 4ad S A remist A««ce, are.

- | s"\m\dg‘he:l \:\{ WNCAA S OF S?T'N\azs and a ‘a\-\é&r)
| C whnich resystaace is!chafactenied l:\{ the
ke - pafamerer Q' - =8

}T—m‘é | | .p:t';mlf"
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PARTICLE CONTACT

- 33

PARTICLE-WALL CONTACT PARTICLE-PARTICLE CONTACT

PARTICLE BOND

Particle bonds are inter-particle
connections able fo resist

U 10 & cartain breakage limit Once brokan, the bond
connection is kost permanently, Particle bonds and related modsls
can be used o model soils, Jglued particles®, particle breakage,
crack formation in beams | la%ice boasn model”) ete. .

CLUMPS

Each clump consists of a set of overlapping
particles with inter-granular contacts
infinitively stiff and strong that act as a rigid
body with a deformable boundary
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~ ewax — &
D =
Emmax ~ Euanin

As Yre mnodel af particle DEX 1S de¥ined in g 2D clOW\am we nave
tTo Mne 3 2D ualme aPPofo?;\"C\r loaﬁ@t{ on 2D ucids

by inerting the relatouship of relative (E‘&l\%‘.’("ti L we can evaluate
Yhe 2D \10\3 vo dex

€5p =1 €an cmax | Dl(%‘m T ezb.’mi-«\

The values @ and €, are respectively the Waximom and
2D i b DSy

+lne, WA lNinues Uoyd fatio +hat e, etalh withn the »Ad xium dnd the

el M un P&‘tc‘,\‘\.\h% oFParftheA. ek ﬂ»e,\.{ are 2D ualues.

Fom 1+ b\‘ ap \ \ %em\aﬂm‘a\m ioro&ﬂ{ —vaidl vat ‘o, we et
e, Po'l'o‘a\ \n .z_ '\j\

MEAASNOAS) c.m&* Tows
€2p 20 - porasity|
N = ——— - 4
20 4 + €apn | P

@ Hic_ro Pafaweﬁ-exs

’ﬁ\eﬂb are 2 pafamekesd tnat cfﬂcuem Hhe \Me,rarhow bebween 2
dFFerevt carticles

— Povvnal S \w\!\eﬁ:}% of the CQV\J(&.(‘T |
— heal  sitRnesy of the lcontact| ko
—  pami c\e fricrion meFﬁc:\'em-l‘_}).

iﬁlhc}% Y, g\ued aad & bcmd S C.(‘E?,d’c&} we Wade 76 ad &

er palam elers.

3 bord nopwmal ifaess| B
> bond chear gnffress &
— bond densile strength B
5 bond sheal Stremgth 2o
= bdnd adids | |
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SIMULATING LAB TESTS

—Global modutas
— | el modulus

.
6:3_ "‘:‘.‘gvo;w i

Nt LOF;

“Range pfva_mé"s% N e, 7
~determinedby '\

Young's modulus [MPa]
g

w0 in situ tests
Eg= 55_&355‘5.'3?!{;"_ ;

L T T 3 e
0.001 i W S [X] 2 :

Global axial strain [%]

MICRO PARAMETERS
To increase strength one may introduce clumps
Clump E e
B |
(it
- e 4l
% 4 — e 3 ¥ ;
A
2+ o1 -
0 + 2 &
Global axial strain [%]
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S%ul\dir\:& A\ PM*\C}IQ} mode)

(&) Gonesation Fpartides and walls

| | | | For ifz\‘a’!&a.ce,‘ 16 the case of exc.&\.!dhm of a senall

.V . . | hameter i'umne) ¢ ‘““213(0\“\4 S f'erPfoducxvli b\f _
inﬁo&md'ﬁg .ﬂrai-r\.f: ._-}AJ ads . | .

s o S Ty _i‘_ - TThea } boundartcm&{ﬁmﬁ are et apt b
ST 450 L‘\_l P!acm} h'mcae,s m-b-‘ seﬂtir\q wall elowments
{INEN™ N EA | || | |
| A wall elewents can 't wove of are moauable so
- ' hat nofmal stress s cept ds constant - the
sl P B velocity of displacem ent of the wall (s contralled .
B O s sl O i This last aproach is enore reslistic | as \t
1 o o o o o o I O reproduces coafining stress. |
12

The mak) 15 qenefall divyded g ifeulac greas in eyder fo 2o\"q Further
o the ex cavation )\{mu\'ﬂ ?\L‘ S e sie of ?Artiidéz dmll reduce the. |

4+otal number of pacticles. - || |
" n 422 is u9ed n damal ared closed Yo the excavation

ladeed  the pr 2 '
:. (@ &emg\eﬁol) - and, ge\ng 1Cun'hex, all diameterd oF?amq\&S‘m
mw\ﬁp\ié‘} by & const 3t and inthe other dreas Hae pumber of partices
wil) be,.smal\aj, othevunse dhe model would be too he"‘”‘f’

@ Definition of rrieo pa@metess of wals and paricles

@ =g of the) Wika stress state | |

() beFiNition of <fages ]

Campukation

@ \r\'\'ex‘ne&aﬂ o
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BUILDING A MODEL

; Ground level 1. Generate particles and
walls + boundary
conditions.

2. Define properties of
particles and walls

3. Set the initial stress

state
4, Define st&fges z
5. Compute

6. Interpret
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CROSS SECTION A
[LF ERE] R
WA A S
& Y = SRR AT
MY DR v RACE, PRI [ Ra)
- == 0 = FCING] VL) O AL
L] —hEAT
8% :
450 :
e ms S
Wy @ s 10 w0 om0 Mo a0 . 09 M0 40w

DEM MODEL
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DEM MODEL SINGLE BLOCK

PECID 3o o W ok, ALY T (BOak ST SEEGE W BATES badm

e WS FERwsdmwzm |

el
b a0 R e ]
* 4 Qlal = § Dl

o

A
(o § Sop 0 SPOD Yoy

DEM MODEL

Job Title: MINIERA ALPET TO (ZONA OVEST) - SEZIONE 102

PFC2D 2.00
| S0 30000 173438 Mon Feb 14 2000

| GE00ES 8.1l
Cea G Faroris, 8) 1012 Toino.

12
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6 ADUANTAGES | — Pq-ssi\;'\\H fo stmalate conmmplete dedgchiments
_ and wern) gontacats .Llu-n‘:\a Comnpatation

A use PQ(‘\'»\Q: enalution oF & \AJ\.,AS\‘\ de_aad Aqf\“ c-f\\“{
for rigaenna [ ="innesca™) - it way wo possible
airh), | B ;s § wark S0 o nuous maedhdalcs.

DISADUANTAG ES — computer demaading
| — whea partcle element &eikod 1y used ,"d- s

Necessary to deheamit & uncmpardme ters
and 8 calibrahon pyrocess s needed

7 DEX <fronaces
— UDEC and BDEC ot wnft wuith Bocks
-3 ?FC :Pd"*;dﬁ, F\ouu CQ&E,

- DEY Solutions (?Mm\t which Works Wik ?arﬂdﬁes and it 1%
aﬁa\iﬁ’«d \n m‘\-r\'\l\a field

— Mercuri Do N

T P_ochq
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'_ﬁ\@, EOM used A e’(?\‘\(};’r AH)\(OM‘)\ +o Q.LJ:II\LL&“C e,.‘\'\'.\e’smlu.t'\om &-’\&’h}“
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.QW(QPT-\Q,{‘& e sto_?._ _ _ . 8 S | | | _

9 INGREBENTS of FoEM
— defurensbli 1Yy of the matefis) | asin FEX

3 Ractuce mode) [has o be implesented becasse it tells whea
a erack s lereated - Wamwiow foan FEHite DEM

= é‘..a“'t&c:i‘ c{t:h?/d‘lm .ae;_d (:;I:v\’rac.:\' :ih’i’efaciﬂr{ow be,c:ﬁu“ae..l oNCe. 4 crack.
has \pem ereated | dhey have fo be chafacterized, as in DEX.

Thus, Stucrare & .FDE'H R c.\hardcifef\&;e;d 3:».-{ :FEH} oEM and
Hhelr interacrion . y L Ed it

\+ rsaables the ECPLA ol } shere elastie behauiout aad P\a:i-.‘t\c |
behauvloar " i\tefact” Hvough 'H'me,qie,_\dia swrfla co | |
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FRACTURE PROCESS

+ In the context of the combined finite-discrete
element method, transition from continua to
discontinua is done through
fracture and fragmentation
process:

* Mode | crack - opening mode:
when the tensile strength
normal to the fracture plane
is exceeded;

» Mode Il crack - sliding mode
the shear strenght
the fracture plane
exceeded.

FRACTURE PROCESS

Combined single and smeared crack model (Munjiza et al., 1999):

- Elastic behaviour up to the strength limit given by a
Mohr-Coulomb criterion with a tension cut off;

+ Gradual decrease of strength due to softening;

+ Fracture is possible along elements sides or within £
elements, depending on the formulation (software). s,
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¢\l dation
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VALIDATION ON LAB TESTS

VALIDATION ON LAB TESTS

Cracked Straight Through Brazilian Disk (CSTBD)
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VALIDATION ON LAB TESTS

Crack propagation
initial slot at 30°

VALIDATION ON LAB TESTS

Young's modulus  E 50 GPa

Poisson's ratio v 025 - - 4

Tensile strength 4 5 MPa

Fracture energy G, 0.05 Nmm

Cohesion c 48 MPa

vy AR,

Friction angle @ 30

Density p 2340 kg/m?

Material properties of the rock cylinder .

Triaxial test

B

[Mahabadi, 2007]
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ETEROGENEITIES (FDEM)

Fracture generated in a model which simulates
a layered material where layers have different
mechanical characteristics.

E =50 GPa

E=25GPa
i (Stefanizzi et al, 2007)

CIRCULAR FAILURE

Ground properties
Elastic properties

Unit weight 19 kN/m?
Young's modulus 50 MPa
Poisson’s ratio 0.4
Definition of the theoretical strength paameters
slope problem Tensile strength 28 kPa
Cohesion 28 kPa
‘—.im m Friction angle 30°
Dilation angle o
-
20m

;

[Piovano et al., 2011]
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CIRCULAR FAILURE

LEM analysis
F,=1.77

CIRCULAR FAILURE

FEM [t’_
1 Phase2, Rocscience 2010

6-noded triangular mesh
L
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CIRCULAR FAILURE

FDEM simulation is performed in

two stages:

stage 1 - initial stress condition
stage 2 - fracture propagation and F

stage 1 - initial stress condition|

To initialize the state of stress in the
slope prior to triggering instability, three
different methods were adopted:

1. No excavation, simply gravity-
turn on.

2. Erosion by removing 4 layers of 5
m thickness.

3. Erosion by removing 10 layers of _r

2 m thickness.

CIRCULAR FAILURE

stage 1 - initial stress condition

— Total kinetic energy of the system is monitored in (0,0)

e ——

-
i fm -
. 12 jas
e — |
r

s GO o

=1 e ] T-—
fom a -y G
sm !.-_,-- 11 - ]
e - - G
g " ] ﬁ_ #
ot Complete equilibrium in all
- analyses reached after:
- = 2x 108 cycles Method 1

l : " 4.5 x10° cycles Method 2 (2X)
E - | W N S - .
L b

- -.;“ 12'x 108 cycles. Method 3 (6X)
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CIRCULAR FAILURE
stage 2 - fracture propagation and F,

h=4m

CIRCULAR FAILURE

stage 2 - fracture propagation and F,

h=1m h=05m

Shear Stregth Reduction m_ethod ey P

16
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Ex (TQ.P_Q\?JU,QMNE-WO. N 'ASIS\')\)
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Comparison among LEM, FEM and FDEM
The numerical simulations are strongly mesh dependent.
324
LEM
A& FEM-SSR
@ FEM/DEM
2.8
B LEM | FEM/SSR FEM/DEM
'2 4 m element size 3.00
w 24—
s - 2 m element size 220
8 o 177 | 177
3 2 i 1 m element size 1.90
u- 3 * - -z "
p a-” " 0.5 m element size 1.80
1.6 4
T
] 2
h [m]
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Pilot site PRIN 2009

17
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Laboratory scale
Three point bending test on Single End Notched Beam (SENB)
Determination of fracture energy (G;)

Laboratory scale

Uniaxial compression tests (UCS)

Ul cotrmmiion ilnergfl

L]
LR

O, P

Axiial stress [MPa]

¥

imental 1
vs FDEM "“

19
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Example problem

Infinite strip loading on a fine graded soil:
long term settlements (elastic)

« Results of simulation: initial condition (geostatic) — vertical stress

Example problem

Infinite strip loading on a fine graded soil:
long term settlements (elastic)

Only the increase in vertical stress with respect to the initial condition is given
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Example problem

Infinite strip loading on a fine graded soil:
long term settlements (elastic)

+  Results of simulation: increase of vertical stress for g= 360 kPa

Example problem

Infinite strip loading on a fine graded soil:
long term settlements (elastic)

« Results of simulation: vertical displacements g = 54 kPa
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Example problem

Infinite strip loading on a fine graded soil:
long term settlements (elastic)

»  Results i _glatgomn: vertical displacements g = 360 kPa

Example problem

Infinite strip loading on a fine graded soil:
long term settlements (elastic)

« Results of simulation: load — vertical displacements curve

Settlements infinite strip elastic simulations
(he/e=10, b/a = =)

600 Very small difference between the
00 » analytical solution and the
> simulations —

&

4

s

Numerical simulations, infinite strip:

distributed load q {kPa)
w
8

g canter I;' =1,781
40 M o Analytical, b/a= 10:
100 e Cariter I.F = ].,77
/ {naiytical)
o
o 01 02 03 0.4

settlement (m)
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Example problem

Infinite strip loading on a fine graded soil

*  Undrained analysis of bearing capacity

The load was increased in
steps until no convergence
was found.

It is assumed that the no
b o i ettt e e s convergence condition is
Carmirgesne may ot T kv subsiriad o ey et by 2

ek i i i equal to failure of the
B N ] 1 -

s foundation

il e b i v g o e 7T

Example problem

Infinite strip loading on a fine graded soil

+  Undrained analysis of bearing capacity: numerical results

Yielded elements

q=>54kPa
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Example problem

Infinite strip loading on a fine graded soil

+ TUndrained analysis of bearing capacity: numerical results

Load — settlement curve » Reference solution

Settlements beam in undrained conditions

400 elastoplastic simulation The analytical reference solution for this
T 150 | » o problem is Brinch Hansen bearing
% I/ e capacity expression:
o 200 f Qtim
‘,'g 250
o 200 | Qi = (7+2) 8, + 6,,= 293 kPa
£ 150 ;
o - e
= 100 . . .
3 s t In the simulation the vertical
? displacements ‘explode’ when q > 300 kPa
0
10 o A0 20 30 -40

settlement (m)

Example problem

Infinite strip loading on a fine graded soil

«  Undrained analysis of bearing capacity: numerical results

I__,oa_d 7 settlement curve

Settlements beam in undrained conditions Notwisthanding being

| actie Simulat an elasto
t : ;
b i perfectly plastic model the predicted
E 350 Qs settlements are non linear
~ r
= . :
7 250 (linear until q = 180 kPa)
= 200
g 150 oot Settlement for g = 144 kPa
3
2 oo End of linear displacements §=003m
b (8= 0,07 for the ‘fully drained’ case)
o 50
4]

0 02 -04 06 -08 1
settlement(m)
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