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Abstract

Numerical Analysis of the Influence of the Flow Rule on the Bearing Capacity of
Shallow Foundations

Fatemeh Valikhah

Bearing capacity of foundations has a long history in development since early 1900s. It is
common practice that the results for the bearing capacity of foundations have been
determined with an associated flow rule assumptions. However, the angle of dilation in most
soils is usually much lower than their friction angle. In fact, the non-associated flow rule
governs the soil’s actual behavior. The flow rule affects the size of plastic zone beneath
foundations and reduces the bearing capacity obtained often by an associated flow rule
assumption. Having known this fact, the influence of flow rule on the bearing capacity has
been investigated in the current work. Two different approaches were employed to estimate
the bearing capacity of shallow foundations considering the flow rule effect. The first
approach comprises the use of equivalent friction angle derived by Davis (1968) and
Rowe (1969), later introduced by Drescher and Detournay (1993). In the second approach, a
Coulomb type failure mechanism was assumed obeying the characteristics of the stress and
the kinematic approach of the upper-bound limit analysis was employed to estimate the
bearing capacity. In the latter approach, the continuity of the normal stress within and in the
exterior of the shear bands (stress characteristics) was presumed and work equations were
derived based on normal and shear components of stress along velocity discontinuities. The
second approach can be considered as a quite direct application of the non-associativity as
there is no alteration in the yield criterion as in the first approach. Moreover, in contrary to
previous researches (e.g. Michalowski, 1997), the shape of the failure mechanism was not
assumed; instead, it was found by nature. Finally, N, values computed for shallow
foundations on sand, based on either of these two approaches, were compared with
experimental data available in the literature indicating that the non-associated flow rule is a

fact which cannot be disregarded in estimation of the bearing capacity.

Keywords: Bearing Capacity, Shallow Foundations, Sand, Stress Characteristics Method,
Limit Analysis, Plasticity, Flow Rule, Numerical Model.
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¥ Rough and smooth footing-soil interface

* Non-associative rigid-perfect plastic

® Method of stress characteristics

® Kinematic approach of the upper-bound limit analysis



olaiwl 8 50 SYolrs (ol 00l oty 1S gbbdastin g, 5l eolaiwl as i gapls o o (sl g D5 oo oolaiul
Jedos oYL a3y, aues Harr (1966) L Anvar and Ghahramani (1997) g oass ail) o3 4 &¥oles
Cewl ;53 Lls el Chen and Liu (1993) b s Drucker and Prager (1952) cyge¥ge 8 wlal p 5 o>
Sl a5) sl cews 4 i Gl 1 (edt S8 s Sl oo 95 5L atly 18 by 8B b wdlas jo oS
O3S (Sl i (nl p0 S 50 g Cenl 4B S S0 )] (sl (Sled B a8 (Cenl 5LS 0590 (JBI (65 1 (amlins

sl 00 oolaziwl U“"" (5wa 9 (G=> J...l?u ws) 99 &.d.' )‘ )Lv

G fas ¥
ot oy gy by s g5 S iy sl e ol g b il b it o ol sl
Oy sl ea b a Bl Lo (6 )b Ol eeBS sla s, Ell (Byme dr GLUS iy A5 5o adlee Ll
P95 (=% A g3 ) it 50 el 0 03l 2y ()T el B g pol> gy S pstie s iy ye
Jo—ad 10 4l Ll A5 LSl sl bl gou Jad (idu ;o Cules o g ol ool o)Ll el bl ol ;o oals cslasul

sl 00 00l T aliseo

L asd S plonl peize plo bawgi 5 abpbl (ol g9d9e b abal) jo a5 plaiaghy 4 aodlS j5b 4 pgo Jad )0

el oo o)Ll Gy (goleiay sty 9 el 250
Gaidon b adayly 1o paies glassn U sl .l ool aizlo ) S Saleo ;o SCaiadly s,k 0,55 @4 pgus Jad o
o5 a1 Sl a5 55l Syl 5 potlin b Aol 5 el lnscsgs 4ol 5 ot 4 40,5 0ol il
35 il ot 5 DIUCKET (sl ol 3 ST 4l ol Lol Sl bl 15 ol oSty ol
ol Ols seeS 50 Ll 05 5 (oo Sl g, 5 G sloaasin G, alez Sl igu lagig; (o 4

ol 00 <L..>L>)J o.?da.m C;LQQS'

u:’ﬁ) )‘ oolaz_wl Js‘ u"ﬁ) ol 00 w‘d;: Lg).g)L_g 0‘9_: U””M Lg‘)—’ usL_Q.w Q"’ﬁ) 99 ‘SSJ.M 4 P)LP J...a.@ 3o
el 0§ b A a8l Wig) g0 4 093 45 pgs by, g el Jolae el o (5,51 Candds g iS5 sladasuine
St Seilaiaw (g, 5l oolaiul g Jolro puld mhaw SaS™ 40 25 sbddastin by, 5l oolaiwl Jsl Wy 1998 o0

sk 4o YU v o s Solodw g, 9 (it ladascin iy, 5l eolatwl pgo wig) 9 o> Judow YL w>



Ol Jawgs sdel s @ gulis Juad ol (saalal jo sl oo &Sl b uiass 6l g0 g, 45 Sl 53 GLLE L eudiee

2l bwg sod @l alBisle;] slreslo b iogh cnl 50 ooliiwl 5,90 sla ybg, 5l sonel Cass a4 gl pomiy Juad jo

] 00 4.:“)‘ )L)B.o.; 9 Jﬁ‘» u.!lﬁ L) G)Lu IR MLM Q‘)fu*‘"bsf'

=S saslsl gl Slolpion galyl s Ll [ woas &l)] Sles (6T aoms Sl Cdllae sunres 4 piid Jad o

Ll 00 =L._‘>‘.>J) u.....ms)) U”‘ &9..05.0 33



o Lol p (51950 g LiRYR (G — g0 Juad .Y

ol 00l il alizee Dles,8 b g 9505 slo b, 5l (sounie ol )8l lavgs solain sl Jlu jo o o 5L oles

Sl 4 Gl o0 sl agee 311457 sl b oy plowl Szadly (s, S8 @ 6k Bl (lelow Slalllas e
a5 LS 4 Terzaghi (1943) Lwg cldlas ool ol baaws 505 o Ll ReISSNEr (1924) 4 Prandtl (1920)
Sl gal » Sliiod ol Gl oS LT Sl ol 4o e b o Gaie salez 4w bl Ol Bgrme salal 5 0
SilSogsy Jalae Judoni (gl oDl g ki 00157 (1S 4y ol caiians S S 4o g sblad 5 Sadl

Gk ole L LIyl o aid S olxil o giwgsy Y-
i a3 e g Ky S g oty o sl Sl st 51 PANGH s 3 o
5o ol Oladllas jo Kise S 050080 .28 5 Lk 0 59 e 1) S (59.0,5 colatul (S J) (SKlasl - sdins

Ll 0als o0ls UL“"’ V-V USs

L Punch or indentation



3551 G 4 (V=) alal) 511, Sl s Prandtl
P'=c (tan2 (E + 2) ertand _ 1) cotg (\-Y)

4 2

o sl S j0 o (SIS Fl g oty oy p a9 <8 LA 48 59 e |, S Prandtl ssles ;5 Reissner
S Mz 39 g pae 2,8 5l o, le Prandtl . e s ReISSNer wlus b jo cwlul Solss g0 .csls p coles o
Sgaoma b Jobo S5 53 (g SLb 53 s 128 352y uizmen 5 (Sl 1,0 llas)
:o”] Cawd 4 (Y-V) gabal, 5l 1) oS jLid g

P" = qtan? G + g) eTtand (¥-Y)

2

el 5 b B A ol 5 60l oly adal

p =cN; +qN, (*-Y)
N, = (Ng — 1)cote (£-Y)
N, = tan? G + %) emtand O-Y)

= &8ly xbaw o3glls G (sl Terzaghi (1943) aw sams G 4 ooy Reissner o Prandtl wlulias ol
prlSe ity ]y o Sok sl Jolas g ol slenig (KiFun 05380 Sy il 35 poe Sl S0 vt 9o han
51T (o g anle e (BL SVl &0 a0 [ samb 500 ol 5o ol 00 o0ls lis Y-F IS 50 (59 (soloiiun
G Do an T gl 55 5 olass s 090 an TT (sammli 43 (o S oo Jos Szdly 590 4 1T
Oy b cud b alaly g ca 5 L s 55|, S s 5 Terzaghi (Meyerhof, 1951) ses o b8 ' slamio

12,5 Ol 2 e 4 S (g g sk JLAS ((Saa b b pe full dw oo )90

! Radial shear
2 Plane shear



Quic = ¢ N. + gN, + 0.5ByN,, ¢-Y)

N, = (N; — 1)cote v-)
2
N =—% _
a Zcosz(%+%) -1

_ e(o.75n—§)mn¢

a A-Y)

N — tanc[) ( pr _

14 2 “cos2¢ ) 0%

Aiie S ol cad)l ol N g S ogase 055 Y« 252 B by Jlid @ o Saiz € dolas ol o
Lsgs ()] gly (830 Chrogs 35,0 a5 el oads oLl Ky ab 4y o po & TEIZAghT w¥oles jo a5 conl S3 4y p3Y
YE e Bl Sasl slg; 5o Ny ey ylade aw g Ny > g [0) S owlidie SxgS (Gomie S gl L0, 55 &l (g
aile (o (BL el Loy o oS balys i LN g Ne ol o (Bowels, 1996) el oo 5 4l ) a0 FA 4
ool Jlie job 4 09 oo Jolis | smmg 03 N <o o Js (Meyerhof, 1951; Bolton and Lau, 1993)

sl 00 Slgidion cubize Lawgi VAY B YA (o s polie p = 40° I, Bowels (1996) wlasxs

T ;

0 ,/

(_NIQ

1T SS -

Il

Terzaghi and Hansen

<

For Hansen, Meyerhof: a=45+§

Terzaghi: a=¢

Terzaghi (1943) sy co comw «5ls5 o0gllis (53,3 (ylef wYolze Glp SB—o0gllis S s yuil Y=Y S
Meyerhof (1951) !y cwwly cww g Hansen (1970)



solie (y39 g S 20,5 a0 b g Blo S L sla o (sl wglite (x5S sla 03356 258 L Hill (1950)
oa oolaiul o lasliv] Ko 05086 S g 4 laaes plo Jawgs laasy ol 05000 ols sleain, Ny &l o

W

<IN <N

(<) (<l

s o 39 31 bl by CannSelh () 9 shen 51 b CemnSels (1) Hill (1950) Sitma o 3uilco ¥-Y IS

65 oliin SYolae b S b 5 oty LS g le Oy 4 |y (KisenS o501 Meyerhof (1951, 1963)
a5 5 o ol e aalS 1) WSt 5 e (Sl 45 Dol ol b el (8155 Y olee 4y 4

ool 00l ooly (yLid V-V S 10 (59 (goloiniin £l 0,5 S¥slas o415 1) (locad s (59,

a1l polie U (s pfai ool Meyerhof (quie) ol b olys Y- JSo ;0 DB Gee b a5 ol S8 4 p5Y

(Bowels, 1996) o4 oo jasine olis [DIB 25,5 lacas jo ass o oylas Terzaghi lawg oo

039 1 8 s 0 b g b Ol eSS sl A sl aasine by, 5l 5L sl (61 SOKolovskii (1960)
=52 Jemil s Yol sdal s 4 i sle aasin Slpx a5 Cdb 0 1) Cids pl (g9 .0,5 solitul S
Cl o agio (L 5 aity shol (15 gz e KON (1903) L it o 0 et 45) s5lshia
sz sl SOKOIOVSKIT Lags (s, ()los Slwls .ol uaio oy Slxio p (392 00 i ya5 (Glambo 13,5

Lol 413 )3 sl s Slasl sayl; 5l ogaome laae

ador o 5las c8 )5 ol Gras 5 (b lag b Ol G 5 B9y ol ) 6 Sllas (T 5l ey

6LQA_AM uus) )‘ oolﬁ_w‘ L» d_o.c ‘QS )LA-MO-' LngLS' ‘5‘)J)l.i U‘?" R d.s 4\5 Lal’kin (1968) ;.)lJJUa.A d.s 0‘9'\5"

2,5 o il el s

! Logarithmic- spiral



