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analyzed, theoretically by means of a finite element

+ b &

technique. The sglu;{3n=oﬁ}a1ned is"compared with /(
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e;istiug theories as we
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The use of Plane strainiphrameteis”waa ound to

have a great effgct on the theoretical sblts. .
] °

, The problem of a strip footing on denhe‘sand';a

'

A e

/

1 as the experimental results o
R . ; ;

The pomparison is nade'{ tedms of ultimate bearimg

capacity,.kéttleqent, stress distribution and failure -

o

plane beneath ;he footfing. A summary of the comparison
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. experimentally by testing small and large scale models.

Chag}er I
Y. 1ntRODUCTION

L . ¢’
” L 4 . . \J

FOundation problems requite two different types of

'

study; one deals with the ultimate bearing capacity of the-

s0ll under the foundation ahd thq‘second is concerned’wizh

the 1imit of the deformation.

-

Analysis of ultimate bearing capacityileads'cp the determi~

ﬁation of the load under which a fbun&ation wlth giveﬁ di-

3

mensions and debth Eigka 1ndef1nite1y into the soil, J,e. the

Toundatiqg failure in shear associated with plascic flow of
[0il material undetneath the _foundation.

»The study of gbe limiting deformation reveals loading
conditiona that™ cause such deformation of the soil. L)'l‘he .
corresponding total and di!‘ereutia{ settlements of chei
structure should not exceed the limiths of the nllowabl; de-
formation fu{,atability function and aspects of construction;

these are two kndependent foundation stabiliﬁy requirementa

which\wti: be met simultanequsly. . . .
The ultimaté bearing capacity problem may be solved; nume- :

<rically by using for examplef‘he finite element method or

* The main objective of thid‘study is to ‘deduce the ulti-

mate bearing capacity of a strip footing on a dense sand

layet using a finite element analysis. The results are com-
- R

‘pared to those offered by available theoriea.and “the experi—'

mental data of Hanna (1978). ' . ) '

Furthermore a strass strain curve for the'plﬂée strain
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4

value of the ultimate contact pressure or stress,'or load

o =,

i

&ij\ intensity transmitted ty the base-of the footing of the foun-

dation to the goil causging the soil mass to rupture or fail

in shear. 1If the load

~ -

peak load,(Local shear

K

4
tangent. <

~

. _to’the value "qf" ~the

\ changes from the state

@

/ settlement curve does not ;khibit a

fatlure), it is defined as the load

at which the curve passes into a steep and fairly straight

-

-

AR 'If the pressure on a founddtion is steadily increased

[y

sgfl in the vicinity of the foundation

of elastic equilibrium ;o the state of

plasticﬂequilibrium. The change starts at the edge of the.

foundation, gradually s

pieading downwards then outwards on

. each side of the foundation. Eventually, all -the 5011 Between

3 “
o

L]

v the failure surfaces and the grcund level regches the state
., ‘
‘ ‘of plastic .equi and\sgnplete shear fatlure takes place

with the foundation breaktng*1n;;\:;e\33ir“~~\\

< In case of dense aand the strain prior to failure will be\o

e

———

\

g

relatively small and the pressure aettleTent relationship will

- be of the form demonstrated in Fig. 1 . The/ultimate‘bearing ~

capacity is well define
to as general shear fai
case of loose sand, the

tively high and, the bte

d
X

-

~

d and failure of this type is referred
lure(FTig. 2.a ). On the other hand, in

strain prior to failure will be rela-

ssure-settlement relntionlhip will be

3 )
’ . - i . _ '
.. Chapter”2: 2 ‘ T
" ' _REVIEW OF PREVIOUS WORK ON THE ULTIMATE BEARING CAPACITY
’ ‘.v ' ' . ’ ‘ / .
. o~ . -
LS I A
w 2.1 General .
%? \ " The ultimate bearing capacity is defined as the average

—
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Settlement
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FIG.
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. T

3 o

" as shown in Fig. .1 . 1In this case, large settlement, which
: ‘ . - .
vould‘be unacceptable in practice, occurs before plE;tic :

o

13

: equilibrium is fully developed and failure is taken arbitrari-

ly ac a ppin: where the curve becomes relatively steep an

straight; failure of this type is refe{ted to o | . . |
. AN
failure. . > ~://///”/////////&& X : T
- . ' - - “ ) & E
2.2 Mode of Failure - ' :‘ - ‘ .
Y * < 1

l- General shear fallure ) N

This 1s characterized g§)EHE existence of a well

defined failure pattern, which consists of a continuOu5  a !

slip sgrface f;om one‘edge of the'footlng to thekground sut- oo
« N , ¥} . . “ i
face, ‘In stress controlled conditions, under which most .
&

|
|
foundatién operate, failure is sudden andﬂcatastfophic; ' ' [ ‘
. . 1
it takes .place by rotation and tilting as dyown in rig 2a, .
' '\ ' L 9
- 2~ ®Punching shear failure
| This 18 characterized by a failure pattern that is
. not easily observed. As the load increases, the veftical . ‘

} « movement of the footing is accompiz}ed by compresudon of the

| soil immediately underneath Th 0il outside the loaded ' ,;’/

; : | |

i area remains relatively unaffected and there is practically - L

P h - no soil movement on the sides of the footing 'as shown in

) Flg. 2.b . / - : : ~ :
. o a >~ :
» Al ) .Q,""
N
., ¢
o * 3~ Local shear™failure y
: This is transitional mode where the failure

pattern consists of a wedge and dliﬁ surface which starts

- . 4
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.

at tHé'edie of ‘the fobtigg like in -the case of general shear

failure. . There is a tendépth;ohard aoiliﬁulging on the

=

sides of the fooéing as well as compression under it. Thus

the local sheaf fallure retains some characteristics of both
’ N » .

.

general shear and punching modes of fhilurq as ghovn in ﬁig.ng.

Lt

d \

(S

Factors Affecting The ‘Mode Of Failure

The failugg mode depends , generally, on the relatiye

compressibilitynqg the soil for given geometrfcal and loading

!
)

conditions.  ‘ .

' *
.

. o >
Thus, a footing on theisurface of very dense sand will nor-

\

“~ma11y fail in general shear, while the same footing on. the
surface of very loose sand will fail 1n punching hear.

il

However, the soil type alone cannot define the mode of failure.
For example, the foozing on_ve;y dense sand can fail also in
punching shear 1if the footing is placed at greater depth

( Vesic. 1963 ), or 1f it is loaded by a transient, dynamic
load ( Heller, 1964, Selig "and Mc Kee, 1961 and Vesic,

Woodard, 1965 O

1
'

2.4 -Discussion o ' N

-~

"
No mathematical Apprbach has been dérived for
lysis of-such .a failure. - The several methods devel ped 1nwolve
different over slmplifications of soil properties

g N .
An analysis of the condition of ctazlife bearing
1 ]

failure, usually termed.g%ﬁeral sheflar, can be made by assuming
* E . T X

v




*a

®

that the soil behaves like an ideally'plastic material, and

- . .
that failure will occur at a point in a soil mass whert the ¢ .

-

shear stress reaches a limiting value dependent on the normal

. streés ({Coulomb, 1776 ). The cbneept of plastic ‘material was
first developed,by Prandtl (1920): In 1924, ,eisener €xtended
w': the Prandtl ;heorx to include cases invglving beaging areas ]
which ;d}e below thé level of the adjacent material by replqcin;

the maeeriaidlocated above the level of the oearing area with a

. uniform surcharge, and assumed that the surcharge had no‘ hear

strengeh. Tquaghi (1943) exfended the Prandtl-R;isénér.eoiof‘

¢ | tion so that it could be applied to -bearing capacity prob ems'
in foundation engineering. Terzaghi considered bearing materials

) which possessed weight, cohesion.and frit:t::[oK'h He ‘proposed the

following general bearing capacity equation fo shallow, uniform-

oo\ | ’ ;
ly loaded strip footings:
q N cNe * YoNq + iYoNY - - (1)
Nc: Nq and N} are dimensionless bearing capacity factors tﬁgt
‘are -functions soiely of ;he angle of inCernal friction of the
t

) soil. Since Terzaghi first proposed the general bearing capacity

equation, man ttempfts have beeﬂ”ﬁ;de to improve éf. These
attempts focusagd primarily on the influence of the footing
roughness on the values of the ultimate bearing capacity factors,
- as well as the dif?Ef?ﬁt//;sumptions regarding the geometry of .
the failure zones‘ Later studdes aimed at a more rigorous eva-
luatiOn of beating capacity facto: , were 'made by Sokolovski
(1960), Meyerhoff (4955.1963), Bri{nch Hansen (1961,1966,}968),ano
De Beer (1965). ,Howeoet,-the beating capacity_equatione'develop.ed

have the saqe form as that proposed by Teizagoi with different

i
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e ‘- values ‘for the-bearing capacity factors. Fig.§ comﬁhreé‘the'

wvalues of the bearing capacity factors obtained by Terzaghi

-

and the more nfecent investigations. Other extensions of

the original work by Terzaghi have inélyded considerations

c
of the effects of ebéentriéity‘br'iﬁclihétion of loaiﬁ\qn

the bearing capacity of fﬁundﬁéion. .Meyerhoff,(l§53, 1963)f

studied the éffects of eccentricity both theoretically and .
@ , . . .

by peand of.model tests. Brinch Hansen.(1961), presented

equatfons and charts which can be used to SETEulate the bea-

v

ring capaéity of a footipg dcted upon by an inclined and*br
. } '

eccentric loading.. Brinch Hansén(19Q8),extended his previous
work to include the effqpqe of inclination of the footing,

N base and- of ‘the ground surface on_ bearing caphcfty. Meyerhof,
-~ N . hy

LY

(1957)presentéd equatjons and charts to determine the bearing.

»

N capacity of footings on slopes, and proposed equationh which
“ 9. 4

can be used to také into account the effegf of a higﬁ 2ater.
’i | . - table on the bearing capaéity. AppIicatioqg qf tmfdretical
plaQti;ity\ méihodp bq‘prgblems'éf engiueering<intex;sp, and
which i&corporate‘%is&pssioﬁ of thé,behhviour of real soi}

under similaf labof?tory or field conditions, -are limited:

; .« . West and Stuart, (1965),'wi;h greater physical qwareﬁessihave

applied numerical méthods to interferipg surface footings on

! ST sand and have achieved a fair correlation with -experimental

L]
results. " ' -
. Y ow

. Betazentzév. (1965) and ﬁintskovsky. (1965) have also given
. P .

> : ) consideration to the foundation problem, while Gorbunov-
. Passadov, (1965) has 1nve€tigated_thh zone iunediaéel§ beneath

\

a footing under failure ho‘ding.

. (

,-4-,
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wbasic ope;ations: o

"dinate system to.i generatized cooxdinate system.

Chagier 3
- * , '
NONLINEAR ANALYSIS OF STkzssﬁsTﬁAIN RELATION

e &

3.1 General : \ , .

-

- Many problems #mn.soil mechanics are conterned with

stresses and deformations in the soil due to [boundary and

body forces. The theories of elasticity and /[plasticity have
been used to solve ceréaiﬁ ?roblems. Bowever, because of

\ .
computational difficulties,.the number of such solutions is

lihited even for'caseé.in ﬁhich thé striss-éﬁrgin,cha:acteri-

v

stics of the soil are ideal. The-fihité element method com-
LI . s . ’
bined with the availability of high-speed electronic computers

made it feasible-to 'perform the ‘analysis for both linear and

[N

nonlinear stress strain charactagageics.

o A

3.2 The Finite Element Method : o - -

|

The finite element"anélysis'is done by assuming the
. ' . * v
cogcinuum to be divided into elgments. These-elements are

interconnected a£ nodal ﬁointa, arid a stiffness mattix equation
. 3y . “; ' .
relating the forces and the deflections at the nodal points i

is developed. The finite element consists of the followihg-

|

N v
@ .

1~ Development of a Stiffness matrix of an arbitrary
element with respect to a convenient local cobéainate system,

2- Development of a transformation matrix sconstraint

matrix) to transform the stiffness matrix from the %?cal coor=-

3- Generating the final stiffness matrix over the entire_

-

assb-blage; taking into aécount the boundary forces, body

I ! © o -

'

o M\M‘:,wm m’\-ﬁ‘ LA 'gz?g« et

e ,,r

t-,;..n




‘forces and deflqctiops.' ‘ . /
¥ | . N .
4- Solution of the s*iﬁfm of sim;!taneoue equations.

”~ . 3
Three conditions must "be satisfied in the theory of fini;e-

.

~ element analysis in Brder to'devglop the stiffness .matrix

»

‘equation: e ) o .
1~ The deformations of adjacent elements must be com-
patible. - , : o

e 2- The forces acting on thefelement m¢ac be in equi-

¥

librium
- [ ! .
3- The displacements of each element as a result “of

- [3

the applied forces must be consistent with the Physical pro;

. S
perties of the material. 7

3

3.3 Ngnlinear Stress Analysis By Finite Element

In order to perform a nonlinear stress analysis of\k011;
it is necessary to describe ‘the stress strain behavior of the

soil in quantitdtive terms, and to develop techniques for in-

corporating this. behavior in the -analysis. The nonlinear

~ , behavior may be approximated in the finite e¢lement analysis by

-t g ¢ .
assigning adifferant modulus value, to each of the elements

over. which the soil is subdivided for the purpose of analysig.
c - ‘ . .

The modulus ,value assigned to each element is selected on the

basis of the stresses or strains in each element. Because

-

the modulus vélq;s depend on thé stresses and the stresses in }

turn depend on the modulus- values, it is necebsary to make

repeated calculations to insure that the modulus gal%es and

. the stress conbitions correspond for each element in the system.

fai

Two‘techniquesffor approximate itress'analyais are shown in |

rig.4. ' h :
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Y. Fig. 4. a,'reptesents an iterative procedure in which the same
v "bhaﬁ%e in external loading is analyzed‘lepeated;y. At the ead .
of -each iteration, the values of stress gnd strain within eaﬁh
elementjare checked to determine 1f they satisfy the appropriate

nonlinear ‘relation between stress and strain. If the values of

stress and strain do not correspond, a2 new modulus value is- -

selected f;f that‘plemént aﬁd the iteration is.carried throagh.
o S

~

. ' N
of loading 1s analyzed in a series of steps or increments.

In the incremental procedure shown in Fig, 4. b., the chénge

T
-~
LI

‘At the begining of each new increment of lédding, an .appropriate

v

modulus value is sele'cted for %acb element on the basis of the

stress or sttaiﬁs;Valuquinuthat element. Thus, the nonlinear
. , 4

stress-strain relationship is. approximated by ‘a sefies of

-~

% straight lines.

[y

The principal advantage of the incremental procedure is that’

L8

initial stresses may be readily accounted.for. It also has

the advantage that, in the process of analyzing the effgct of |

a given 1oading, stressts and strains are caleuldted for
j .
« \ s
smaller: loads as well. The shortcoming of the incremental

piqffggiglis that it is not possible to simulate a.stress-strain

relationship in which the stress dgcreases beyond‘the peak.

To do 80 would require use of a negative value of modulus, and
Wy » . \ "
this ?ﬁn not be done with the finite element method. The

| accurécy of the incremental pfocedure may be improved 1if each

load increment is analyzled more than once. In this way it 18

Py
possible to improve the degree to vhich the linear increments '
approximate the nonlinear ‘soil behavior.

; N

~~ ‘ : ' \
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- 3.4 Nonlinear Stress-Strain Formulation For Soils

' The stress-strain behavior of,soil depepds on many .
+ A o
factors, including density, water content, structure, partjicle

. ‘

size, drainage conditions, strain conditiona (i.e.” plane strain,.

-

"triaxial), duration of loading, stress history, confining

»

o pressure and shear stress. It may be possible to account for

L]

these factors by selecting soil specimen and iesting conditiops

which simulate the corresponding field conditions.. Even when

_this procedufe is foilowed, it is commonly found that the goil
P ;

behavior over a wide range 1is nonrineag, inelastic, and depen-

dent upon the magnitude of the confining pxessure employed

in the tests. A simpiifiedupractical nonlinear stress~strain

relationship used with finite element, Duncan & Chang (1970)

ig described in the following sections .

3.4.1 Nonlinearity , - ‘ o 5
Kondner (1963) has’shown that the nonlinear stress- strsin
‘ !

curves for both clay and sand may be apptoximated by a hyperJ

, bola with a high degree of accuracy. The hyperbolic equation\ i;
‘[‘- . ? A " ' \ » N X
Y”” . proposed by Kondneq\%s ) . , \ ’ ﬁz; . N !
y ’ > :“‘ ~
N ’ (0 - 0] )x_:z s.a R s K (2) K . v
\ ! ‘! a t* be \\ . . * 5 . ¢ 1
in which 01 and 0y = major and minor principle stresBes;

) ) . oo ~ b v
ea- axial, strain; and a & b= constants| whose¢ values may be . 1

determined experimentsliy. In Eig 5.( ), a 18 the reciprocal B

of the ‘initial tangent modulua .E1 and b\ih the reﬁipracal of

the asylptotic value of scress differenée which the stress- - .

strain curve apptoachen at infinite strain (0:_ay) ylt. . o
1= 0 . ‘

—
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The values of tPe coefficient a and b mpi‘?eadily bevdﬁfetmined

1f the stress-strain data are plotted on transformed axes &s

« °

shown in Fig 5 .(b). wheﬁqeq. 1 is rewritten in the following -

e

€
form €a -

« . B ) . Lot
= e theg o ' (3) ‘
) ) " ' -

¢
" .

it may be,notea that a and b qre‘respectivg}y, the intercept

.

~

. . 3 . ) .
and the slope of the resulting straight line. “ e .
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; ' .The asymptotic value may be related to the compressive
- - .strength by means of a factor Rf as shown by
- (0 ~ 0 YE=RE- (0. -0 )Ju (4)
1 3 . 1 3 . .
in which (01‘ U;)f = the-stress difference.at failhrg;

. i 4 ~
(Cl— 933u the asymptotic walue of stress difference: and Rf
L ‘ ' . . 3

the failure ratio which has a value less than uynity. By \\\,-

. +
'3

expressing the .parameters a and b in terms of the initial

.

N ‘ ;angépt modulug value and the compressive strength Eq.Z )
' ,may be rewritten as o e
o - o ) - , . Eg .
1 3 11 ¢  SaRf - ) .
‘ [.Ei (c -0 ) f] - (5)

.—\ ,

A Thi;\hxggrbolic repres ntation of the stress-strain curves
developed by Kondner has been found to be a convenient and
useful means of ‘representing the dolinearity of soil stress-.

straiq,behavior. »

- L

3.4.2 Stress Dependency

Except.in the case of unconsolidated-undrained tests

-, on saturated soils,” both the tangeut modu&ua value and the

, \ -

compressive strength of séils\ha&e been found to vary with the
M - |

-
-,

\\\\;\;\\;\\\“ studies by anbu (1

ween 1nitial‘tangent mddulqs and confining pressure may .

confining pressure :zgfoyed in the ‘tests. Experimental

3) habe‘ghéwn that the relationship

§e expresse

o
13

- M (o] . n . s \ Y .
~r EL= KP_. (Cy) ' 6y |
. Pa . .

vy, In which Ei = the 1niti«1 tangeut dulus; o;-the ninor

~ -
14

principal streas- .Pa = a:-osphcric pressure expro-sed in
- S
" the same preasure.nnita as Ei and u,;W K 3 a' modulus number

o - - v
o : '

r—— w4 vt Ammm o mee e e e e mm e e
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Axial :Strain / Stress Difference - ¢
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10 = 4psi .
3 | J
*/ Eiz 3321 psi
{
{
(ox- 0*) ult= 30.03 psi
Iy 4
2 o = 10 psi
IA V4 IR

Eiz 6396 psi

1

Axial Strain - eaf(

»

(dx- 03) ult= 63.96 ps{
e
Ei= 19403 psi o
; 03: 40 psi
a,) u1::.%01.q Qi;y/’
e
l/"/‘/ psi
"L Ei= 26184 psi
¢—,f”’ (0 - 0 ) ultz1333.3 psi
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and\g = the exponent determining the rate of variation of
s 3

Ei with o, - Values of K and n can be determined from the

o

results of a series of/tests-by plotting the values of Ei
against o on log - log scales and fitting a straight 11;;7}0

the data as shown in Fig. 6. Should it be assumed that failu-
. f N ’Q
re will occur with no change in the value of oathe relation-

ship between compressive strength and confining pressure may

IS

be expressed conveniently in terms of the 1?hf7Coulomb failu-~
| . .

re criterion as

*

(0.- 0 )¢ _,2c cos & + Zo;sin‘¢ ! - (7) ///////
L | sing ‘ : S

[ . : - /

in which ¢ and ¢ = the Mohr-Coiulpmb strength paggmefﬁ}s.

Eqs. 6 and‘7, in combination with Eq. E/provide a means of

. .
relating stress to strains bz/ggaﬁg of the five“garamete?s

K, n, ¢, ¢, and Rf/

"
// ) . -

. -

////3fffg/ Tangent Modulus Value

o 6;ncan and Chang (1970) have developéd an exp;essicn for the

tanéent modulus which is employed very conveniently in incre-

mental stress analysis. The expression developed by Duncan
‘ .

and Chang was
7 2 « ’
Rf ( 1—sin¢)(02‘305) Kp, o, n (8) :
2c cosd *+ ZUsain ¢ () ) /

P -
\ )
The usefulness of Eq. 8 lies in itsp simplicity with rregard

te EIN ™ S

Et = |1 -

¢

to two factors.

¢

1- The tangent modulus is expressed in t;rus of stresses
only so it may be e-ployéd for analysis of problems. involving

any arbitrary initial stress conditions

-d

n .

)

-

I . . .
e A Y 5 I R TR RIAN i 2 FL P . . <
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hyperbolic equation can be used to describe the noﬁlinear

X’

3.4.4 Tangent Poisson's Ratio ve v

21

2- The parameteip involved in this relationship can con-
veniently be det&rmined from laboratory tests.

It should be poﬁn:ed out that although the streas—strain
L

relationship has been derived on the basis of data obtain d
from tniaxial tests. It may béjghed for plane strain problems

if appropriate plane strain test results are available. .

.S
¢

Kulhawy, Duncan and Seed-(1969) demonstrated that a

relationship between the -axial and radial .etrains during

triaxial shear tests in the form ‘ .

i

er - ftder :
€a * (9)

[

in whiéh er = the radial Strain; €a = the axial strain; f& - °

the value of tangent Poisson's rdtio at zero strain of the

.

initial tangent Poisson's ratio, yi; d= the parameter expres-

H

sing the rate of chande of yi with strain. The values of vi

and d can be determined by plotting the values of €r against K
€a -

er and fitting a stfaight line as shown in fig.‘z. . - \;.
The value of yi was found to vary semilogaritﬂmi_ y 1in the
. e . ! . .

form of “

Yi=G - F log 03 ) ] Ve (10)

- ® L 4

Pa - "

in which G = the value of Yi at one atmosphere; F = the rate >

v

"of change of yi with O, ; and Pacz atmospheric pressure in ™

the same units as o!the v‘gues.of G and'F can be determined . }

from the results of a series of tests by plotting the values

of yi against (o) on a semi-logacale and4fitt1hg°alstraigh:

iy
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line to data as shown in Fig. 8. . )

Kulhawy and Duncan (1972) showed that the resulting expression

*

for the tangent Poisson's ratio is

o

G - F 1080 (—P_;- ) . '
vt = . 5 - . ‘ I (11)
(1 - dea) ' |

in which (0 -0 ) “
. 3 . -

€8 = XPa ©. )0 ' ” (12)

- ‘Rf (0. - 0 )(l-sin ¢) .

. Pa 1 - S 3

"2c¢c cos ¢ + 2¢a;sin¢

as given by Duncan & Chang (1970). It should be noted that

. ET- gv- €a A (13)
2 L]
Poisson's ratio parameters d, G and F ohtqined by this method

were shown to agree with the exberimental results of Whithiam

and Kullawy (1976). -

3.5 Program Used

A finite element program developed by F.H. Kulhawy (1969) using

¢ -

_the nonlinear  stress-strain Formulation for the Soilg descri-

bed previously ﬁés used in this study. The program is composed

of one primcipal program LSBUILD. and six sub-routines (LAYOUT,

: LSSTIF, LSQUAD, LST8, BANSOB and LSRESLl,it calculates- the

'displacements, deformations and stresses in a dam with a homo-

genous or composite section constructed on a rigid or compres-
sible ﬁoundation. The analysis assumes a state of_Planelde-
formation and s;tropic materiais. The' conatructign per léyeQ\
is simulated. 113 \

-

with the stpéas state and are recalculated at each iteration ’

ung modulus and Poisson's coefficient vary

for each layer. '- .

{
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3.5.1 Program Arrangement )

The ﬁrogram LSBUILD control the operations %y calytng

sub-routines when it is necessary.. . -

- LAYOUT -analyses the entry data, calculates the initiai’
°'s;ressea i; the foundation and the initial elastic properties. -
- LSSTIF builds the global stiffriess matrix from the elemén:s
stiffness matrix Calculaﬁéd by LSQUAD. ' It modifies thé globai

.matrix in function of the imposéh boundar&'coﬁditions.

-

- LSQUAD calchates the stiffness matrix of each quadrilateral

eldment for LSSTIF and LSRESL and calculates the .gravity loads -

' P

applied at the nodes. 2 )\ i .

:7{ST8 calculates the stiffnehé matrix of each of the two

. . . L)
“triangles composing the quadrilateral element.

- BANSOL calculates the displacements by Gauss e}limination.

- LSRESL calculétes the deformations and the stresses of eaéh

-

element and recalculates the tangent modulus. and the Poisson's //’

<

coefficient fotr a new iteration‘qr for the next stepfin con-

w

gtriction. " ‘ ( . °

P

o . . .
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- characteristic of the program is used to provide the necessary

luate the parameters K,n,Rf, ¢, Y, d,tc.aﬁd F. /

,H
.
-

) . Chagter 4 .- ' : <

o . RESULTS

A -

4.1 Finite Element Model Descripti&n r
)

. The 2 iqch wide strip footing used is laid on the top

of a 20"x24" layer of dense sand. The finite element mesh con-

tains 258 elements and 296~nodal points as shown in Fié. é.

~

The nodal points all along the .vertical boundéries and. the
béttbﬁ horizontal boundary are constrained from either hori;‘ ‘

3
t

zontal or vertical movements. The rest of the nodal p&f&ts
N N ~

including those at the surface are upconstrained: x
\

There is no Provision in the Program to give increments of

~

loads on the footing since the program is destgned to calculate

1

gtresses and strains in dams. However, the 1ayer.constr4§£ion . f“

load increment. _Throq&tvsix layers with a value of Yy at each

layer equal to the.load increment required divided by the -,

Vs .

volume of the layer. /,
. #

‘Tﬁe-parameters K,n,Rf, ¢ and Yy of the load increment layers are

R [

assigned high values to avéid any fallure occurence. . .

Six increments of load of 10,-20, 30, 32, 34, 36 psi were fe

[}

applied on the footing fespectively. . -

4,2 Evaluation of the Parameters

The results of the triaxial test ieaultd_coadhcted by A. Hanna

B + t

(1978) on sand samples, shown in Appendix 1, were used to eva-

’

‘The stress-strain data'in Table 1 are plotted on transformed

.
» . .
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i .

ax@s for different confining pressures as shown-in Fig. .5.b

, for the purpose of determinig the values of Ei and (U{P.Qa) u.

A straight line is fitted between a stress level $= 0.7 and
8= 0.95 as sug&gst;d by Duncan and Chang (1970).

The v§1ues of K,n,d,d and % vere obtéined as discussed previously
and are shown in Figs. 6,7 and 8. The first computer Tun wa;
madé using Ehese data. The load settlement curve under the-
mid-point of the footing is shown in Fig. 10 (case 1). The

value obtained in '"qu" is higher than the value of 10psi cal-

culated using Terzéghi bearing capacity factors in.Eq. 1, but

“is half the qu value obtained experimentally by Hanrna (Fig. 10 -

{cds; 5) ). The differenée.is‘Jﬁstified by the use of triaxial

test results paramec;:; instead of the plane’ strain test
results which leads to more conservative ultimate bearing ca=
pacity values,

«

i3 Data Modification To Simulate The Plane Strain Condition

Hansen (1) considered the bearing capacity as a plane

‘

strain problem for the°infinite1y long stxip footing cpnsidered

by Prandtl. 1In'a plane strain case the angle ¢ from triaxial
- = . N |

tests'tends to be too low. Hansen suggests that "'

g

¢ plane strain =1.1'¢ triaxial ’ . '(14)

Y

The above relationshfp was héed to calculate the stress diffe-

‘rence (ol- 03) p for the plane strain cohditien from ’
. ) . .

(6 - 0) C (15)

| e B

sind

(o+g) . '
\ o N A

vwhere ¢ = ¢ plane strain for this casé calculated from Eq. 14,

w “

t - ‘ '.i‘

£,
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run are shown in Figs. 11 and 12.

v4.4 Analysis . /////f/
. Y " , . ) .
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A second computer run was made using the same parameters

»

as run no.l and thanging the value of ¢ to ¢p; the cor espondihg

load pettlement curve f{s shown‘in Fig.10 (Case 2).

The ultimate béaring capacity increased considerably he

-

second run but was still lower than the experimental result of
‘ : : ' "
Hanna(Fig. 10-(Case 5)).

A third computer run was made using the modified values of

stress difference (01- 03‘% ana ¢pand a small ‘increase in 9,

was obtafped(Fig. 10 iCase 3)). A series of computer rums were -
made u;ing axial.strains decreased by small increments. At 3
strain decrease of 407, the élgimate bearing capacity agreed
with the experimental value as shown in Fig. 10 (Casg.4).
However, the predicted value of settlement/widih of the
fobting is higher than the experimental value. This can be 4 !:
justified Ey the difference between the strain controlled gon-

dition of the experiménf, and the stress controlled ¢ondition
represented by the increase of load in the program: |
Taéle‘(Z) summarizes the parameters for the 4 -main computer

runs whic¢h are equivalent to c%ses 1, 2,3 and 4 in Fig. 10. .

The values of the parameters Ei, K and n,used in the four;h

3

.
RN "(
N
. L e
' ) o
. "

The load settlement.curvés obtained from both the gxféf

.rimental data and the fiﬂice element analyais are shown in

s

Fig. 10. - -

The use of ¢pon1j'w1th the: triaxial test parameters increased
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&
o= 4 pst| “Eis 6849 psi
Lo
/ (0 -0 ) ultz 50 psi
. 1 3
’// 0 = 53 nal Ei= 12676 psi
/ ‘. ‘! 1
/ - 4 (01— 03) uI':: 102.7%psi
/ Ei= 420927 ps1
/ . (ol— n.fs) Hu1t=28‘9 psi
, g = 40 ps . !
; . .
” - jl/ o = 75 psi I
_— Ei= 54865 psi
—— (0 -0.) ult= 474 pai
1 |
; L.
1 2 3 4 5 6.
" Axial Strain - ¢ - I
b a !

FIG. 11. - TRANSFORMED STRESS-STRAIN CURVE FOR

PLANE STRAIN COND ITION

4

ST




" 400,000 K= 2429.7

n= .7402

! 100,000
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FIG. 12. VARIATIONS OF INITIAL TANGENT HODULUS UITH

i CONFINING PRESSURE FOR THE PLANE QTRAIN CONDITION
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‘ .

"qdﬁ\ti ;n amount of 38i compared to "qu" obtained with the
useg of ¢t. A iSZ increase in "?u% was épyained ;/;Béifyings
the stress-strain curve. The value of the settlement/width
of the footing decrease@ from a 447 using ¢;£o an amount of
177 after modifying the stress-strain curve and using ¢p.
The stresg di:stribution beneath the footing from theqfinite
element and froﬁ Boussinesq\equgtions are shown in Eigs.flb

»

"and 15. - .

In Fig..lh both the finite element results and the theory
agree since the stress-straiﬁ relationship 1s a linear one,
"i.e. thelisoil behaves as an elastic material.

The disagréement shown in Fig. 15 is due to the fact that the

assumption of the soil as an elastic material'used'by Boussinesq

does not hold after a value of 4 q (= 10 psi in bht8<tg35\3-
_,-‘/"” u . '

A general shear failure mode was obtained in this study as ~
shown in Fig. 16. -The\failute occured on one side of the
féoting only. The ﬁ&ane of failure from either the theory or
the finiﬁe element did not reach the surface of the soil due to
the vertical boundary condition. To avoia such buundaiy condi-

tiona a, bigger ratio of B to the distance from the edge of the

footing should be taken.
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o Chapter 5
P CONCLUSION. __

0

" . s’ .
«

The resulta obtained by a fihite_eiement technique rare

eompared with the ex&?ting theories and thqgexperimental test

‘vesults of Hanna. The value of the ultimdte bearing capacity-

- »

agneed with the test reaulcs when using plane strain valuea for

" the soil parameters. The disagrgement in the settlement value -

4

-ig attributed to the difference between the strain controlled

condition of~the,tebt and the stress controlled condition of
. - g

N t N Lo
the finite element. 'The _stress bulbs beneath the footing dis-

agreed with results obtained from Boussinesq theory at higher®

i
°

‘'values than % q,- A general shear failure ‘mode was obtained as

N - _ =

expected. - . . . .
The use of triaxial test result in-a plané strain problem-

will give a low value for the ulgimate hearing capacity i.e. a

v
e . N cy

higher factor of safety and a é;nservafivé‘deqign. When the -

value of ¢pin~used instead of ¢t a 902 a%curAcy ié obtained in
. i é )
the value of q, . .

[8

: The results obtained by finite element suggests that the
method can be applied to mote comylicated problems in soil

mechanics as the two -layered soil problem.

. -
" . :
~
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