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© FINITE-ELEMENT ANALYSIS®OF A STRIP FOOTING ON
| " TWO LAYERS OF SAND * - | .

Bi11 V. Stathacopulos

In this investﬁgétibn the cases of strip~footing on @ dense sand layer
. overlying a loose sand deposit and a dense sand 1ayer overlying a compact
‘sand deposifFWere analyzed theoretically using the finite-vs:]emenfl
technique. The‘pukpose of -this study was to simulaté the ‘conditions of

the test reported by Hanna, 1978, and to conduct the_foWTowing studies.

1. To compare the theoretical values of the/yItimate beah?ng capacity
ob}ained from this analysis with the experimental values .reported
by Hanna ( 7 -), and the empirical formu}ée probosed'by Myslivec

(19).

2. To predici the upper layer defbrmatioﬁ'qnder the footing, and to%
' s / T , v
compare it with the experimental ones reported by Hanna ("7 ).

3. To predict the fai]ure planes of the layers and _compare the resu]ts

with the theorét1ca1 ones proposed by Meyerhof and Hanna ( 14 )

- ]

a. To plot the pressure bulbs below the strip footing using average J i

pressures taken from 4 elements directly belok the footing and

‘ discuss the resu1ts.‘A156 to compare the soil stress distribution

from the finite-element analysis under the footing with the

proposed formulae by Boussinesq and the 2:1 stress distribution.
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5. ]o study the behav1or of the sand dur1ng two dimensional compress1on oo

by plotting the e1ast1c modu]us EY and shear modulus (G) versus

« \ / ,‘ '\ '
vertical stress., oo "y . . o

i .
o L

1 - . [3

- 6. To p]ot e]ast1c modu]us versus the var1at1on of depth of 5011 and
. -shear modulus in stressed cond1t1ons and .to compare the curves 0

C oL obté1ned w1th the one plotted without any stress app11ed to the 5011

7. To obta1n the hor1zonta1 € and vert1ca1 strain €y with depth under

the f00t1ng for an*app11ed stress.

8. To check the validity of the proposed hyperbolic equation, for the
"non 11hear re]at1onsh1p between axial and rad1a1 stra1ns during

tr1ax1a1 shear tests proposed by Kondnex and Zelasko (JO ).
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’ ' of yi with strain y
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Volumetric strain
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. " CHAPTER I
INTRODUCTION

1.1 General"’

In foyndation,engjneering two independent aspects must be considered;

1. The uftimate bearing capacity of the soi1 and

2. The limit of the soil deformation.

The ultimate bearing capacity is the point at which a foﬁndation
will fail. Thus, structures can be constructed on.a.given soil in such
a way that the loadsvof the structures #mposed on the soil will not
exceed the a]lowablelbearfng capacity of that soil. bsua11y a safety

factor of 3 is recommended, Thus’

s

qu]t

D1 =3

1

The Timit of the sofl deformation determines the load which will .
~cause such deformation of the soil."Thué, the total and differentiai
Jsettlemepts of the structure shoﬁ]d not exceed the limits of the. |

- - | allowable deformation for the stabjlity of the §§ructure.‘These
' '.requ%rements must be satisfied simultaneo&é]y.
| \ fhe.u1timate‘bearing capacity can be solved py two different .‘ S

approachesf

1. Analytically, by methods such as the theory of plasticity and

finite elemenf techniques, or-

~ -

I - f/
* .
.
,
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2. Experimentally, by conducting modé] and full-scale tests.

'Ana1ytical and experimgbtél studies pertaining to the bearing
capacity of fouridations resting on homogeneous soils are extensive

and well documented.

In homogéneous sand deposits the u]tim&te:bearing capacity of
a strip footing on sand is a function of the angle‘of 1ntern;1 friction
of the sand as well as fhé footing width in such a case, the mosf
widely accebped formula for shallow foqndations‘giving‘the'thimate

(%]

bearing capacity was developed by Terzaghi using the plasticity.theory

1

proposgq by .Prandtl (1920), and for continuous footings on sand is

expressed as: °
91t = qu+¥YBNY , (1)

- When a_footing is placed on stratifieﬁ débosits; and,the thickness

ey

o

~0f " the toé stratum is insufficient to fully enclose the ruptufe zone,
‘then the strength of the lower stratun of the soil will influence the
Vu1timate bearipg capacify of this paft1¢u1ar.soi1.‘lt would be expected
that.the capacipy of,the seil would inc}ease if thé upper soil were
stronger and would decrease if it were weaker. In the'casé‘of Tayered
soil with different. shear strength p;operties, the soils do not'obey -
the Mohr-Coulomb failure criterion and do nbt\fai] simu]t;heously along
a gjven failure surface, so it.is,diffiCult to‘obtain.exéct theoritical
solutions dhe td the fac? that a suitable stress-strain‘relaﬁiqnship of'

"the soil must be found. Therefore, an ekperimenta1 study of such problems

‘would be appropriate

+




o

1.2 Purpose and scope of this werk ‘ ' -

The main objectives of the present work are:

1. To review and- d1scuss the existing bear1ng capacity theories //
suggested by various 1nvestlgators for footings sungcted to ax1a1
vertical loads and supported on a subsoi\ having two Tayers of éand
where the upper layer is the stronger.

2. To conduct a theor1t1cal study of the above mentioned case using the
finite element technique. The exper1menta1 results reported by

Hanna (1979) were used for the purpose of comparison. . S

, - ' !
. % . 1
To achieve the above objectives, a computer program using non-linear

finjté element %na]ysis was used. And the triaxial teﬁt results (Hanna,
1978) were analyzed .using the non-linear parabolic re1at10nshipfﬁroposed.

by Duncan, 1970.

“1.2.1 Thickness of the upper layer

The values of the upper ]ayer thickness used in this investigation are

listed below

H=0.58

H=1.5p" |
=258 |

Weamand o,
W = 5.08 / |

% ' o ' . & ‘ . ' ,'J
‘It should be ment%oned that for upper’layer thicknesses greater than

T s




5B the lower layer has no effect on the ultimate bearing capacity and
the qgs%gn may‘be bésed on the beafing‘capacity of the- upper layer of
the soil. Where the upper layer can thgoret{ca11y accommodate. a
;ciassica1 fé%]ure-for uniférm(soil.'ft was assumed that the thickﬁess
of the Tower layer would be such as to simulate the condition of a
- deep hdmogeneousAthick layer. And the soil below the footing base shou]dl
have a minimum thickness of 6B for sand,'fo avoid any boundary effect

from the bottom of the experimental box (Meyerhof, 1955). . ////

" [
" 1.2.2 Shape and size of footing o ////

The analysis was conducted on a surface strip footing having dimensions

of width (B) of two inches resting at the center line of the testing
. ' : : , 8
box (24"x8"x20")

1.3 ,Oggaﬁization of the dissertation

Chaptgr 2 is a brief literature review of previous work on this/subjegt.
A brief description of the equipment, materials, test set-up/and ‘

proéedures used in experimental work is given in Chapter 3. In Chapter 3

an analysis of the triaxial test data and the non-linear stress-strain

-

properties of thé sand will be diécussed.1Chapter 5-will analyse and

'dispuss the finite element results. Finally, in deé;er 6, Eonc]usidns
will be drawn from the present study and rgcomyendations for future work

on this subject given. //~

ottty WA . . . - , . . -
v . 5 , ST ———
. , - /
/ . .
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CHAPTER 2
1 -
REVIEW OF THE PREVIOUS WORK OF TWO LAYERED SOILS . \
, L

2.1 .General': _ =

Numerous solutions have been propdsed to estimate the bearing capacity

, of footings,gn strong 1ayers 0ver1y1ng weak layers. The first proposel'
/ was *made b:;' Tay]or (1948)

J/ ) - - The basis of Tay1or s solution is that the weak layers such as clays,

-are, h1gh1y compress1b1e soils. He assumed that the load d1str1but1on was
P ‘ % 1 to the Tower 1ayer and cons1dered only its bearing capac1ty Thei T
/ < /prob1em is cons rth1ve1y handled. He recognlzed that- this approach was
/ ‘ ' // not theoret1ca11y accuhate, but he indicated that often is was

/ //‘ satisfactory{ v ; | | |
/ //' v Buttoh (f2 ) *asjthe first. to ana]yze footings on 1ayehed soils of
. different cdhesion bui with‘zero anghe of internal friction. With an

/ . -

/- . angle of internall Frﬁction = Oo'the curved sector of a d of Fig.2.1

#Jtton actually used a eircu1ar segment c a d e

",
:i . . ~ -

// ' becomes circular.

. A with the center aPove and to the right of po1nt b. The solution was

obta1ned by f1 d ng the minimum value of pressure ratio.

P R

ggere=q = applied foqtihg contact pressure across the width B, and .

c he¢ cohesion of the soil stratum immedidtelylgndErlying




Reddy and Srinivasan (1967) extended the But{tbn solution to
-/ o anisotropic soils defined by a coefficient of anisotropy of the soil

immediately underlying the footing as

'q
K = al- o
e . where 9 = vertical shear strength‘
q3 = horizéntal shear strength e
A value of K<I indicates over con;ol‘idation;\ K=1= is'otr'opi , and
:[ N - .
i K>1 = normally consolidated. Charts from Reddy and Srinivasan are °
shown for three K va]ue‘gs/of 0.8, 1.0 and 1.2 in Fig.2.2c. The values o

“for K =1.0 are identical to those of Button (1953). The bearing
capacity for fayered soit for coﬁdit{ons Fig.2.2 is given by
Ut = ,clNg:(1+ s, + d(':) + qu
_where: B = width of footing
L.= Tength of footing -

Nq= 1.0 for 6=0° B

D= deb‘th of base of footing below ground surface
s(': =.0.2B/L 'sﬁape facto}

d: = 0.40/B for DS B
4L = 0.4 tan"'o/g  for 0> B

b IR e A =
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;

Desai and Reese ( 5) epplied the. finite element technique for

footings on 1ayereg clay,with nonhomogeqéity and non-linear stress-

\

Yamaguchi (19635 cohsidered the 1ayered systems with sand under-

“strain behavior.

lain by c]ay He emp\oyed the same approach as Tay]or {1948).
and suggested a pract1ca1 formu1a L
‘ L | .
Based qn the expehimenta1 resu]t% of model loading tests of
footfngs on a subsoil 'having two layers, Myslivec (19 ) proposed

empirical formulae to calculate thefovera11 bearing capacity. The

fo]low1ng cases were: cons1dered

1. Dense sand over 1od§e sand (¢t =/42°30', ¢b'= 35035').

- 2. Loose sand ovehﬁaenee sand‘(cbt = 35035', ¢b = 42030')

. Lo
Clay layers ‘were also c%nsidéred in Myslivec's analysis. In general,

if the bearing capacity of the upper layer was greater than that of

i . .-
the lower one, the lower layer had an effect only when H<B. A higher

: | . N
bearing capacity. of the upper layer came into effect only when H>0.28B,

then increased 1inear1y %1th increasing H up to H=8B and.then after

remained conéfant If the bearing capacity of the upper layer was
smaller than that of the 1ower 1ayer, the bearing capac1ty decreased‘

linearly with increasing H. up. to 'H>0.78, then the 1ower 1ayer had no

E 1nf1uence A summary of the formulae is shown in Fig.2.3

-

)
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Yves Lebeque ( 11) after experimentation suggested a simple

" formula which gives - the bearjng caéacity of a layered sand overlying

-

’

clay as:
N qu . ‘ /,
where: dy is found from the cohesion of clay which is Jf
Gy = C(2 +7) : /
K 1s a function of the angle of 1n£erna1 friction of the.

send and-its relative thickness S/B.
d
Figs.2.4a and 2.4b give q/ci.o as a function of Tayer thickness g%er

width of foindation.

@

where: § = depth of upper‘layer
B = width of footing * -

C = cohesion of the clay

Several Taboratory mode] studies were attempted by d1fferent
researchers (Yuan 1957 Narahari and Amars1ngh 1964; Brown and Meyerhof

1969 and Rao and Sondhi 1970) {o aid in under;tand1ng 'the layer effect

L

on bearing capacity.
Purushothamaraj and Rao (20 ) investigated the bem?ing capac1ty

«
of strip footings 17 two layered cohes1ve~fr1ct1on so11s from which
work, solutions’ have been obtained by the use of Drucker and- PrOQer S

(1952) second theorem (kinematic cons1derat1on). The Nc values obtained

)




(for ¢ 2 0 cond1t1on) are shown in the Table 1, together with Button's
values and Brown anq Meyerhof's experimental values. Also in Fig:2.5

the assumed failure mechanism for two layered ‘case is given by Purusho-
thamaraj and Ras. .= - <;' .

+

Table 1. Comparison of N_ values for ¢ « O condition

>4 . ;;-:5; ' C2/C1

ey “4 Type of : i
dfb>~-analysis 0.20 0.40 0.80 1.00 1.20 1.60 2.00
I 2.25 3.05 4.10 4.90 5.45 6.40 7.30
0.25 II 1.90 2.85 %.70 5.52 6.30 7.70 7.70
III 1.34 2.34 430 5.14 5.44 5.82 .5.94
I 3.40  4.20 4,70 4.9 5.00 5.70 5.70
0.50 I 2.55 3.45 4.95 5.52 5.70 5.70 5.70
111 1.73  2.80 4.60 5.14 5.15 .5.41  5.47
I 4.30 4.75° 4.85 4.90 5.00  5.00 5.00
0.75. II 3.20 4.15 5.52 5.52 5.52 5.52 5.52
1II 2.20 3.20 4.93 5.14 - 5.14 5.14 S5.1l4

Note: I. Limit analysis'approach (extrapolated values for ¢ =
. condition); II. Button's (1953) limit equilibrium method -
L - and III. Brown and Meyerhof's (1969) experimental values, L H

For the compar1son va]ues of N were obtained by extrapo]at1on.

N values obtained by this method are somewhat higher than Button's

values and Brown and Meyerhof's values for cz/c]< and for c2/c]>1.
. The present approéch compares well with Brown and Meyerhof's'%xperimental .
values. Table 2 shows a comparison of bear1ng capac1ty va1ues over

homogeneous 5011 conditions. o T

.
N

4 o LM o T
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Table 2 Comparison of bearing capacity values over .
homogeneous soil condition .

¢ = 1¢° oe20° T baa " = 40° .
a/b  cyle; @ Q@ - Qo U
0.20 7.0« 9.7 33,2 39.4 64,4 82.0 269.0 . 312.6
0.50 :
2.00 11.5 9.7 47.0 39.4  102.6 82.0 366.9 312.6ﬂf
+ 0.20 8.4 9.7 35.0 39.4 68.3 82.0" 273.0  312.6
0.75 : _ .
' 2.00 9.7 9.7 - 43.7 © 39.4  97.0 82.0 362.0 312.6
0.20 9.7 9.7 " 39.4 39,4 77.4  82.0 290.5 312.6
1.50 o T _ <

" : 2.00 9.7 9.7 39.4 . 39.4 32.0 82.0 329.3 312.6

Note: Q = bearing capacity calculated from charts for layered case: Q' = bearing
capacity considering homogeneous case (c2 = cl).
o X

Meyerhof ( 16.) proposed a theory fér the ultimate bearing .u
capacify of a footing punching throﬁgh a thin sand layer, 1nto a-thick
c]ay bed. The theory was developed by consxder1ng the failure as an

rffv 1nverted up11ft problem. Thus at the u1t1mate load a sand mass hav1ng
an approx[mately.;runcated pyramidal shape is pushed ynto the ¢lay so
that, in the case of genefai shear failure, the friction angle ¢ and
undrained cohes1on C of the clay mob111zed in the combined fa11zre
zones . (See F1g 2.6). The approx1mate u]t1mate bearing capac1ty is

H

given by:

H
@
Y
i

i

&

¥

b

1
B

A

3

9y = CN+2P, sind/BiD o (1)

5.14

where: N

<
i

unit weight of sand ,

N - ~ B
§ o
i : . . -

O




al

,respect1ve1y. (Fig.2.10) T .

.
N -11-
’ ] - /
&
LY
. - PR ¢ ;
Pb«f 0.5vH (1+ZD/H)KpAccs8 . . (2) ‘
where: Kp = coefficient of passive earth ptesSufe .
. Q
§ =¢/2 to /4 : . g
In practice it is convenient ‘to use a coefficient KS $0 that d
K tang = Kptgna o - N \ﬁ?)ﬁl \
substituting qu. 2 and 3 into 1 .
© L ay =N, #YH2(1 + 2D/H)K tane/B +¥D - (4) :
’ 2 5. e v
with a maximum of: S ’ -
i ' ’ ' . & - ) '
‘ q; =9 =7, BNY[ZHDNq ‘ '/ o V(S)

v

The punch1ng shear coeffic1ent K were given by Meyerhof in Fig. 2 7

-and F1g.2.8 F1g 2. 9 gives typical results of theqq ‘of model foot1ng

tests on dense sand over1y1ng c1ay

LA
©Q

-Meyerhof and Hanna { 7 ) have developed a punch1ng theory for

1ayered soils. They found that the punch1ng shear parameter 1ncreases

3] ma1n1y with the bearing capac1ty ratio q2/q] of the 1ayers where 9 azd_

g, are the ultimate bear1ng capacit1es of strip footing under vertical

load on the surfaces of homogeneous thick beds of upper and Idwer soil,

]

\.
Ai“

. _‘
o . f et LT }
v . ? ' .




X

‘construction of the box used for testing.
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CHAPTER 3

EXPERIMENTAL DATA AND TEST PROCEDWRE

e
LIPS < -

3.1 General ! ) . .

. \ - ‘ .
In foundation prob1emsi¢u11 scale field testsAwou1d-belthe ideal | .

“method to obtain data, but,‘they are very costly and very difficult

in practice, and in turn this restricts the field tests' scope. As
an‘a1ternative to full scale field tests, carefully conducted model
tests can proQide useful qualitative and some quantitati&e data

which coh1¢ be later supplemented with some field tests. The-fo1]oking
is a brief‘discession of a teet proce&ure for a strip footing model

resting on 1éyered soi1,4a§ reported by Hanna, (‘7 ) - é' P

3.2 The.model footing

Fig.3. 1 shows a mode1 strip footing made from machined a1uminﬁm sections.

To s1mulate the rough base of an actual footing, a. f1ne gra1n sand paper

.

was cemented unde;gihe base

3.3 Model text box ‘

[ 4

.
3
i
i
i

The bas1c concept in construct1ng a test box is rigidity so as to
avoid any additional strain on the samp]e due to buckling of the
sides of the box. Thick rigld glasg was used for the sides sg the
moverient of the soil i the ‘longi tudinal direction, due ég the .

applied stress, could be prevented. Fig.3.2 shows the-detaii

N i - R A,
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3.4 Test set-up

| A triaxial compﬁggsion machine is analyzed in\this investigation.
The work calls for vertical application of stress.
To maintain a vertical direction during the footing‘tést, a
'1o§d1ng ram passing thrpugh a 1ubricatea bé11 bearing guide wés

k¢

used. From the above test arrangement, the settigment of the soil of

A)

load was recorded incrementa11y(5nd, by plotting stress versus

settlement, the ultimate bearing capacity of the¥soil was found.

e e WS o

3.5 Soil properties and placing technigue

1
!

The soil paramete?s used in the finite element abaiysis,are from the -
sand described be]ow;’ ‘. 1

The sand consisted of quartz and feldspar. Grain size distribution
is shown in Fig:3.3, and had a uniformity coefficient e%gal to 2.26‘
y - B

where: G = 2.64 specific g;avity

~ void ratios and porosities < e “;&,~\;\\
rnax = 1.010 - - emin = 0.395

Mg = 0-502 \ N, = 0.283
< 4

Effective size.= 0.38mm

v -

Angles of internal friction

» Dense sand 4 = 47.7° ' o
Compact saf ¢b = 40.5°, dnd_A

Loose.sand ¢p = 35.58° | .

- X ’ . * .
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Dense packing was achieved by raining the sand from ajhéighﬁ‘Q?

-

36 inches for each 3-inch layer by means of a metallic sieve; compact

‘packing was achieved by raining.the sand from a height of 6 inches

for each one inch layer through a fuhnel.with an end sieve;.and loosé o é
packing was -obtained by pduring the sand slowly from one inch height B ;
fpr each one-inch layeg, using the same funnel (See Fig.3.4). ‘

o

-
. P
YR
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CHAPTER 4

"r
’

‘TYPitAL EXPERIMENTAL TEST DATA AND STRESS-STRAIN PROPERTIES 7

I
“

.

41 - Experimentel data

F1u 4 ] shows a foot1ng in two layers of sand. As will be shown

_in thE'follow1ng d1scuss1on, the ratio of H/B was var1ed to perm1t

T study of the’ effect o¥ethe th1ckness of the upper layer on the.

ult1mate.bear1ng capac1ty of the 5011
The test results for d1fferent combinations of sand fo)]ow ‘At
th1s stage of the test ‘the deformat1on of the 1nterface between the .
two layers was a1so traced on the glass face of the footing box.
- Tab1e‘4.1a is a summary of the exger1mental gtogram.

“ o7 “ 4 -

. ~Table 4.1a ‘
Group Type of %ooting Description L Results - oo
. No. . ' . : ] . Table No.-
A, " | strip - | b. sama T s
* . . + ¢ v g °
. strip L. Sand ¢ .
: B g :
. » L U
- o B : . %0 (g o
) strip. N C. Sand . g , 3
. 7 ] ]
¢ . v [+ +] - E
a 3
B strip o :D. Sand/L.Sand Co 4.3 - :
¢ . 5. 0 .
5|8
. Lo |3
C Strip ' ° D. Sand/C.Sand g .3 44
. f . - o |
]
o |ao
\ ‘ v =
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4.2 The ultimate bearing capacity

-

The ultimate bearing capacity is usually determined ,from load-
settlement curves s1m11ar in shape to a stress-strain curve. The
mode of fa11ure on two 1ayered soil genera]]y depends on the
following factors: |
1. Size and‘shaﬁe of‘footiﬁg

2. Composition of .the supporting coils

3. Character, rate and frequency of the loading

+

Shear strength of upper and lower layers

(3]

Locat1on of the weaker 1ayer and

(=2

. F1na11y on the upper layer th1ckness below the foot1ng base.

. ' 1 ,
Under stress-controlled conditions, footing failure is sudden

and catastrophic, and in strain controlled conditions, a visible -
decrease of load necessary to produce footing movement aftervaJ

failure may be observed. For practical point of view usually

critical settlement is taken as.the criterion for failure.

$

4.3 Typical experimental results

In thts section typica1 experimental‘results of  loading tests on
foot1ng are'111ustrated by 10ad-sett1ement curves.

Based on observations of footlng tests, the f0110w1ng are
sunmarized.“For footings\in a strong layer overlying a weak layer

under vertical loads, the load settlement curves ‘were- found to- possess

Id




B
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a
. -

a’'peak value at higher H/B ratios where the mode of failure was

/ .
general shear.- The degree of curvature of the load settlement curves
decreased wjth a decrease of the H/B ratio, while the mode of

failure changed to local shear failure.

(/F"

Table 4.2
Grqup A “y

" Test results: Footings in homogeneous soils

/.

~

£

Type of |Type of | Test Footing Depth D ‘| Ultimate Load |Settlement
Footing |[Soil No. Footing Width B | q {psi) at Failure -
P > . u
: : (s/B)Z
| A | s
. Y ' { '
Strip  |D. Sand 1 0.0. |, ~ 34.32 ‘\9.0
b = 47.7 / .
' E‘;’f\)r . . N : ! - -
Strip L. Sand 7 0.0 2.60 30.0
I T | .
Strip C. Sand 13 0.0 11.15 " 14..’{ | :
' ‘ s 1 ‘ ‘ l\ l:
b = 42.4 . ’ ',&
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Tpé% results: Strip footing
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Table 4.3
Group B

"

in dense sand* overlying loose sand**

i
; Sefigs Test 'H Ultimate ' Settlement Footing
No. No. Load'q At Failure Location
(psi) ¢ (S/B) %
1 17 0.25 2,93 - 30.0
18 0.5 3.69 28.0
19 1.0 5.32 26.0
.20 2.0 10.55 | . 24,5
21 3.0 " 17.54 21.5 §
22 4.5 .33.61 17.0 E
23 5.0 . 34.50 16.0. v
* ¢, = 47.7° *h.gy = 34.0°

A

 Table 4.4

Group C

Test resylts: Strip footing on dense sand*, overlying compact sand**

Test H h ' | Ultimate Load Settlement at
No. . B B q (psi)- Failure (S/B)Z
l - .
36 0.5 0.5 16.12 14.0
37 C1.0° 1.0 22.6; 13.0
38 1.5 1.5, 30,48 © 12.0

30 2.0 2.0 33.95 11.5
-
T % = 47.7° *% O = 42.4°
¢l = 47.7 ¢2 42.4 .
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CHAPTER 5

THE FINITE ELEMENT ANALYSIS

5.1 General

-

Before the' development of electronic computers, it was not Feasible

to perform ana]jses of stresses in soil masses‘fdr other than

assumed linear elastic soil behavigr. Now, however, duﬁltthhé.'

availability qf high-speed compu%ers an& powerful numeriCaﬁ o

analytical techniques such as the finite element methpd, it is possible

to approximafe non-linear inelastic soil behavior in stress’aha1ysés.‘
In thisfmethod, the soil mass is assumed to consisé of’a finite

number of discrete elements interconnected at a finite number of nodal

points. The properties of the elements are adjusted so that the |

| assémblage of elements behaves in the same manner as the original

oy o

continuum.

5.2 Geometry of the continuum

. . | ‘ '
Hrennikoff ( 8 ), McHenry ( 15 ), and McCormick ( 12 ) have discussed

the use of finite-e]ement analysis, using a lattice analogy to represent

" .the continuum.

Clough ( 4 ) and Wilson (24 ) have done extensive work with the

finite element technique.

The analysis in finite element theory (in this investigation) is

done by assuming the continuum to be divided intolelements.
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These elements are interconnected st nodai~points, and a gtiffness
“matrix equation relating the forces and the deflections at the nodal
points is developed. Three conditions must be satisfied in the theory
of finite-element analysis inforder to develop the stiffneég mat&ix

equation:

1. The deformatioﬁs of adjacent e]ement§ must be compatible
2. The forces acting en the element must be in equ1]1br1um, and
3. The displacements of each element as a resuli of the app11ed

forqgs must be consnstent.w1th the physical properties of the

material.

5.3 Steps in the finite-eﬁement analysis

The finite-element-analysis consists of the fo]]owipg basic operations:

|
1. Development-of a 2¥qffness hatrix of an arbitrary element with
respect to a convén1ent local coordxnate system.
2. Deve]opme&k of a transformation matrix (qonstraint matrix) to ‘ .
traﬁsfdrm the stiffness matrix from the lpcal coordinate system to
a generalized qoordin;te system.

3. Generation of the final stiffness matrix for the entire assemblage,

incorporating‘fhe boundary forces, body‘forces and deflections.
4. Solution of the system of §1mu1taneous eqdations, which can be
represented by a block tridiagonal matrix equation. A recursive

method has been employed in this work to solve the simu1ltaneous

equations. -

e
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5.4 Data giVen to be used in the finite-element analysis

The following data are given bj Hanna (1978). ' "

7

1. Loose silica sand

= 35.5° (Angle of internal friction)

&

=

= 43.8% (Porosity) ;
e =0.779 (Void ratio) | |
Y = 92.641b§/ft3 (Unit‘weighi of sand)

[2]

= 2.64 (Specific gravity) - -

o _ G . 2.4 oo 3
here: .= yirgY, = To7y X 62:43 = 92,64 Tos/ft’

_ . n__..438

© = Ton = T-0.43 - 0779

2.. Compact silica sand

¢ =40.5°

n = 40.4%
e =0.677

'y L 98.3 1bs/ft3
G = 2764 " : , o

, 3f’ Dense si]ica sand
¢ =47.7° R ~
n =36.9% . . B
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e=0.584 . ' 4
=104 bs/ft> o ;

&

Other data‘for this sand are:

-

€nax = 1.01 - Cpin = 0.395

n

max 50.2% Moin = 28.3% -

and (o] - 03) versus axial strain curves for loose, compact and

dense sand with gq are given in Appendix I.

5.5 Finite-element analysis

The computer program used herein was developed by Kulhawy et al
"9 ). This analysis employs. non-linear, stress-dependent; stresﬁ-»
strain re]ationships for the tangent modulus and thé tangent Poisson's
ratio of ﬁhe enbankment soils. The tangent modulus variatioﬁ is
expressed by the hypgrboljc relationship proposed'by Kondner and
Zelasko ( 10.).I The tangent Poisson's ratio varfat%on’is developed -

’ in a simjlar manner and.is based upon a hyperbolic equation.

The program is composed of one principal program LSBUILD and

six sub- rout1nes (LAYOUT, LSSTIF LSQUAD, LST8 BANSOL and LSRESL).’

ol T A

See Appeﬁdix I1 for user guide.to the program - o ]

R

* The main characteristic in deve]op1ng this program was the use

i e L

o
g A AP A e SF

of non-linear analysis of stress-strain of the triaxial test data (
utilizing Kondner“s (10 ) theory, and alsp a simplified practical
non-l1near stress strain relationship used by Duncan and Chang ( 6

¥

in f1n1te ‘element analysis.
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5.6 Non linear stress analysis - (‘
' > .

- In order to perform non linear stress analysis in soils it is.
necessary to be able to describe the stress-strain behavior of soil
in quantitative terms, and to develop techniques for incorporating
this behavior in the analyses.

A simplified, practical n%g.linear stress-strain relationship
which is convenient to use with the finite element method of analy-
'sis is described herein. The parameters which describe this rela-
fiqnihip are ¢, K, n, Rf, G, F, d. One parameter invo]ve& in this

relationship is ¢ which is the Mohr-Coulomb strength parameter.
The remaining parameters involQed in the propoéed relationship can
be evaluated usiﬁg the triax{al stress-strain cufves of the same
test used to deterfiine the value of ..

’ |
5.6.1. Non linearity and stress-dependency

~

Kodner and Zelasko 1962) have shown that the non linear stress-

strain curves of both clay and sand may be approx1mated by hyperbolae..
’

" The hyperbolic gquation proposed by Kodner was:

S5

) = £
3 a+be

S~

where: O, and 03 = the major and minor principal stresses

£

n

The axial strain, and

a and b = constants whose values may be determ1ned exper1menta1y.

‘The‘physical meaning of the constants a and b can be seen in Flg 5.1a .

LS
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By blotting stress-strain data (in the form shoin &bove) it is easy

to determine the values of the parameters a-and b. The fol}owing
page§ show the detail procedure how the barametefs are found. It may
be noted (in Figsc 5.3a to 5.3c) that ‘data diverge somewhat from
Tinear relationship at both low and high values of strain, ﬁnd%cqtiqg
that the stress-strain curve for the test is not precisely hyperﬁo]ic

in shape.

1. Convert the angle of internal friction ¢ from triaxial to plane-

strain using Fig. 5.1b_

See tables 5.1.a to 5.1.f. for different values of $.

2. Convert given data from triaxial to plane-strain. (See Tables
5.1.a, 5.1.b etc...). - ‘
Example: Take, for examplé, Table 5.1.f for (é] - 63)t = 28.5psi.

. , * | ' a .
This value is read from the stress-strain .curyveg from a st¥ndard

' QriaxiaI\test, in the same curve the value of €4 % 4.0 15 also read.

- T ) ‘ /
, (0 - 05) ~(28.5).
% = 5, ¥ 5,)" 0+ 38.5) = 0-3876
. 1 ]

‘ ¢t arcsin(0.5876) = 35.99

3

for ¢, '=35.99° goto Fig.5.1 and find 4, = 38.0°

o

*", then si‘n¢p = 0.6156

A SRt s o b e B




(oq - 03)
Lo \9pm 93y o
% but sing, = 15;-;755T§- B CEVS -;10ps1 | ’ \

. oy -10) - Co L
therefore 0.6156 = 151—17157 , : solving we get (o])p = 42.03
] 4

e

v

which gives us (0] -’03)p = 32.03 | et/(0] - a3)p 0.001249

The remaining values are found in gimilar manner.

-

3. . Transform the stress-strain curve for, yhe‘giveh sand. In Figs.5.2a
to 5.2 the barémeterS“Ei and (o, - ;3)u1t are found. To find the
above mentioped parametgbs,Fig.S.z of axial sérain/stress difference
(ea/(oi’- a,) 1s.p]ottgd'for ea;h type of sand. A straight line is
fitted throﬁgh the points, g&ﬁ the slope of this Tine (b) and the

f ’ * lower intercept of the line at zero axial straig is found. Then

} -

E, = 113 and (0] : 03)uit"= 1/b values are found. These anear on

every graph for each case of dy (See Figs.5.2b and 5.2c).

Qs S
- .
.- . e . a “~

r} .

. - .
2 0
s - .
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- where: Ei = initial tangent modulus

'Fig. 5.4 are as.#61lows: o

3.

5.6.2. Stress-dependency

Except 1nfhe case of unconsolidated undrained'saturated soils,
both the tangent mndu]us and the cnmpreésine strenght of §oils.have | ,
been found to vary witn the conf{ning bressure employed in test.’
Experimental studies by Jambu (1968) have shown that the relation-
ship‘bétweén 1nit1a1Atangenf modulus and confining pressure may

be expressed as:

Ei » K Pa ( o)

os = minor principal stress
Pa = étmospheric pressure'
K = a modulus number
n = the exponent determining the rate of varfation of Ef with ay.

/

. To find K, n a graph was plotted using Ei versus confining pressure

(03) A straight 1ine was fitted through the po1nts K‘is read from

,the 1ower intercept1on of th1s line at one psi and n is the slope-of

the line. See Fig. 5.4 for values of K and n. Ihe values obtained frOm'

.

For dense sand:

k.=2429 . - Log qo 000 - Log 6,000 _ o 543
n= 0.5431 Log N
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For compact sanda

! -

T . ’ ) . ( ‘
K=T450 - 10g 10,000 - Log ;000 _0.5776 and” ‘-
n = 0.5776 Log 25 - Log 4.5 o \\ky

’

For loose sand:

/

K=700 . log 9,000 - Log2,000 _ 4 53

. n'= .
: n ='0.653 LOg 40 - Log 4 .

. - b
TheJasymptotic value may be related to the com-
pressive stréngth‘by means of a factor Rf as shown by} -
. , " .

(191 793)¢= Re Coy =gl

[}

.Therefore:

t

For dense sand: -

‘ ‘Rf'= 1 (using Fig.52a and Table S.Ia) ‘
. ‘ ) . . \ ’ , N i.
’ Fer compact sand: :
Ay . s
Example given
l ’ ' /
i e e g =00 -
| %17 %uit "¢ o

~N

. _For loose sand: o -

Re = 0.905
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5.6.3. Procedures-for qgn]inear stress analyses.

Non]inéa%, st;ess-dependeﬁt'stress-strain behaQior
may be approximaied,in fjnite analyses by assigning dif-
ferent modulus values to each gf,thé elements into whiéh
the.soil is subdivided for purposes of analysis-as shown
in Fig. 5.$c The modulus value assigned to each element
is selected on the basis of the stresses or strains tn‘
each element. 'Because the modulus va]ue§ depénd on the
'stresses ‘and the strgsses'in‘turn depend on'the modu]us
‘valugg,’it is necessary to méké‘repeated analysis to in-
sure that the modulus values énq tpe stress conditions cor-

r

respond for each element in the system. -
Two techniques for approkimaté nonlinear stress ana-

lysis are shown in Fié.s.&g, c .

, ' : , L ¢

In the present investigation the iterative pro-
.cedure is used, shown an the left-hand side of Fig. 5.3,

in this method the same change in external loading is’

- ) -

analyzed repeatedly. After eacﬁ'ana1ysis, the values

of stress and st;ain within each element are examined to
determine if they satisfy the appropriate nonfiqear re-

.1at10nshjp between stress and str;in. ‘if the values of

stress ;nd strain do not correspohd, a new value of mo-

dulus is selected for that element :for the next analysis.

i
i




The princﬁpa1 advantage 3f the iterqtiié\ﬁrocedurejis

the fact that itrts possible, by means of this Drocedure,'

~

to represent stress-strain relat1onsh1ps in which the
stress decreases with increasing stra1n after reaching a

peak value. The shogk coming of the jterative procedureu

is that it is very difficult to take into account nonzero

initial stresses, o - \\\

~

5.6.4, Tangent modulus values

P

1f. the value of the minor principal stress is constant,

the tangent modulus, Et may be expressed as-

E . 3(0]‘03)‘
-t TTee

a
!

»

It should be pointed out that the stress- stra1n rela-

2]

tionship described has been derived on the basis of data
obtained from standard triaxial tests in whlch the °
intermediate prihcipa] stress is equal to the minqr prin-
cipal stress, because 1h most practieal cases only tri-

axi§1,te§t data are available, However, this same rela=

tionship - may be used for plane strain problems 124gh1ch

the intermediate principal stress is not equal to the

minor principal stress, if appropriete planecstrain test

-

results are available.
o/

-
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5.6.5 Tangent Poisson's ratio

Values of- Poisson's ratio for dense sand generally increase with the

stress level on primary loading, as would be expected f6r dense sand which

dilates (expands) under large shéar stresses.

Values of Poisson's ratio for loose sand vary somewhat less with
stress level. This phenohenon was observed from test resy]ts. It is evident
from the above discussion that it is not possible to characterize the

behavior of th;\séﬁd’acCuratgly by a.single value of Poisson's ratio.

Moreover, because the sand dilates under the action of shear stresses, the

#

most appropriate stress-strain relationship would reflect the influence of
shear stresses on volume changes. Kulhawy, Duncan and Seed ("9 )

demonstrated that hyperbolic équatibn can be used to describe the “non-

“linear reThtionship between the axial and radial strains during tridxial
) Lo \ . o
shear tests in the form of: ‘ : '

€, ' ' ,
S =f4+de, - -
€, // .
) .. Where: €. = the radial strain
‘ €4 = axial strain

~ f = the'value of tangent Poisson's ratio at zero strain or .

the initial, tangent Poisson's ratio, }i; ‘%

d = the parameter éxﬁres;ing the rate of change of Y; with %
§tra1n.‘ _J ?%
e i

[EPRTRTR
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The values of Y4 and d can be determined by plotting the values of

‘ Er/ea against € and.fitting a straight 1ine.as shown in Fig.5.5.

The value of Y4 is the intercept of this Tine with zero radial strain
(c,.) and d is the slope of this line.

B .‘ /.
7. Find the parameters G and F (Poisson's ratio paraqgters)
The value of Y; was found to vary semilogarithmically in the form
of: .
3
Y; = G - Flog ~—Pa

where: G = the value of Y5 at one atmosphere;

.

F = the rate of change of Y withKGS; and
Pa = atmospheric pressure in the same units as 0q
The values of G and F can be determined from the results of a series

. . (S g .
of triaxial tests by plotting the values of Y; against ga - gn a semi-

. 1ogsca1é and fitting a éfraight Tine the obtained data is shown in Fig:S.E.

The examp1e g1ven 1s for dense sand. After a stra1ght line is f1tted

through the points a vertical Tine from (g,/Pa) =1 .0 is drawn until it

"

‘s

intercepts the line for-dense sand, then a horizontal line is drawn

and the value of 6 is read froﬁ’thq vertical scale. (See also Fig.5.6).
. | )

/4 »

It should be noted that:

where: e = Av/v
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The G and F values to be used in this study,.were taken from Duncan and

'Chang ( 6 ) for the loose sand and, for tﬁe compact saqd, interpolated

due to the lack of sufficient experimental data.

Table 5.6
Obtained values of stress-strain parameters

for the finite element analysis

° - >
. Values Employed in Analyses
PARAMETERS - E —
’ . |DENSE SAND ~ COMPACT SAND LOOSE SAND
Unit weight, vy, in pounds, | 104 . 98.3 92.64
er cubic foot _ .o
riction angle, ¢, {n 0° T 4r7 . ab.; 35.5
odulus number, K 2429, 1450. . 700 )
‘Modulus exponent, n 1 0.543 - 0.577 .o 0.653
ailure ratio, R, K 1.0 ‘ 0.901 0.905
'oisson's tatio parameters | ,
¢ \ . 0.4010 - 0.485 0.431
F ©0.1140 0.103 0.087
\ d , 13.8 . 4.28 2;5
i ~
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5.7 Finite element co;rgutér results and analysisg
, EU S - - L
The finite element program used in this analysis was devsalq:ed by Kulhzwy,

F.H. , and Dpuncah,, J.M., (9). This program calculates the stresses and
streins in a Dam section under its own weidit, for this reasan the in-
cremental application of the.lcad on the;A footing had to Be similated as

o

layers of soil with very high c.iansity. .
" The finite element model (Mesh) is "shown in F1g.5 lc The mesh is
j 4" w:Lde and 20" l'u.gh The strip footing 2" wide by 6" ‘high rests on the N o
. surifaoe of the l‘ayered sand. The entire mesh containsg 120 elements and 14
nodal points, from 1 to 108 elements with from 1 to 130 nodal points cons
_tute thé layered sand, and from 109 to 120 elements with 123 to 148 nodal
pomts simulates the footing. "It can be seen from Fig. 5.1c that all the
nodal points, almg the vertical boundaries and’ along the bottom ho:élzontal " hd
boundary of the layered sand are fl)ed, while the rest are unrestramed.
Lo To simulate applied stnesses, the six layers of the foot:l.ng ag given,
a valwe of y at eath J.teratlcn. equal tyo the stress increment requlxed and axe
divided by t-he volue of the. layer Bs an example, if a stress 1ncrement - . .
of e (l) Psi is requlred on the first J.teratlon, then P w111 be equal to |
2.0 Psi, and, in effeet, the applied load will be (1 x 144) (2) = 288 ibs -
 linéar foot, on 144. Ibs/ft2 - linear foot. | R
,’ The load increments are chosen in such a manner that.the oonputer

will search at least 5 _Jayea:os. This is equal to 10 iterations (2 iterations

per layer are used for accuracy) before.the ultimate capacity of the soil

-

is reached. - , e, .

| b
. Q ‘
b 48 o i s e . 7
- . B ) -
\ R R l )
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.tdbles §.7a and 5.7b give the results of the-finite-

e1eﬁeht analysis from the differgnt layer combihationqwused:

&

Table 5.7a
. \
"Group A’
¢ .
Finite element results: Strip:footing in Dense sand*
. ’
overlying Loose sand**
~ )
i?g::i Test | W |Ultimate Settlement Footing
per | No. B Load q at Failure Location
Layer (psi) -(S/8)% :
] L W
2 1 o 4.7 [ 1.2
2 |15’ 6.81 7.0 g
. [ =l
‘3 . 2.5 . ) . 1’7..6 7;.0 w‘ 8
. ! w L
4 3.5 26.5 8.0- - =i
. \ . ) o
5 5.0 - 33.. o 1.5 3
ot ’ PR of
& ‘ 4/”‘- .
A T s
- ‘\ »
I: '
K . y 4
! ,
»

.
i
4
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Table 5.7b
~ Group B' \
Finite element results: Strip footing in Dense sand*

overlying Compact sand*

) Itera- S
tions Test H Ultimate Settlement Footing
per No. . B Load a, “at Failure Location °
Layer . e
| #(pm) (S/B)%
2 6 |o0.5 140 11.62) é
.7 {15, 26.0 : 9.5 g
\ : ' =
8 | 2.5 33.5 7¢0 "
. 9 | 3.5 33.5 7.0 &
s o a
10 | 5.0, 34.5 8.0 o
J& )
= 50.5
\ - - S -
1
.J\
- 4
g £
. >

PN
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5.8 Discussion of the finite element obtained rééuits.

Figs.5.7 and 5.8 are p]ote of pressure versus settlement/width’
of footing, and Figs.5.9 and 5.10 show the ultimate bearing capacity

G, versus the ratio H/B for surface strip footing on dense sand

overlying loose sand, and dense sand overlying compact sand respectively.

For comparison, the experimental test results of Hanna ( 7 ) are also
.plotted in these Figs. It-is necessary to discuss briefly here how the
finite-element obtained results for settlement\were plotted. As an _
~example the case ef H/B = 3.5 for dense/tompact sand will be explained.’
\ From the computer out-put Tor‘dense/compact sand with H/B = 3.5 we get:

q(]) ‘ 'settlement(z)
(psi) - ) (inch) '
g = - - 0.0170
19.39 ‘ - 0.0662
25.34 - 0.1428
37.98 - 0.2821

" 37.98 - 0.2931

o, 37.98 - 0.3048

(1) The q is taken;as the average value of elements 101, 102, 103 and
™ 104 (See Fig.5.1c)
(2) The settlement is that of the node number 124.

This combination of sand layers fajls at 33.5 psi (See Table 5.7b).
It is interesting to observe in the finite-element obtained results that

beyond 37.9 psi there is practlca11y no settlement. It can also be seen




i —— -

’
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L)

that inspite the continuing incrementa1(app1icatidh LU

of stress én fhe‘soil no stress increase was recorded

on the fin%te-eIements 101, 102, 103 and 104 above 37.9 =
psi. This suggests'that the soil reached the peak value
of strain and aftet that the stress decreases or remaj%s
constant (according to the iterative procéduﬁé% . The
stagnation of the settlement va]Je can a];o'be attributed

to the same fact (no more stress increaée).

In real Tife situation additional settlement of the
sand can Be observe& only if much higher stresses will
be applied on the soil and th sand partic]es begin to
crusﬁ. But before this begins in 5 footing when the cri-

tical value of‘gtress is reached, the f&bting will develop

. differential settlement and simply colapseé.sideways in a

clearly defined failure plane. ‘
s :

Fig.5.11 shoiws the 1oc51 angle of shearing resistance (failure

> "‘ L} N
plane) for a strip footing resting on. a strong layer of sand overlying

a weak layer of sand. Fig.5.12 shows the layer settlement under a strip

footing in dense sand overl}ing loose sand. The experimental resul%s in
this Fig. were taken from a time exposu?e picture (Hanna 1978) and were
plotted along with the analytical resulits fﬁ?j;omparison.

Fig.5;13 shows the pressure isobars below a strip footing. Fig.5.13
cannot be compared with Boussinesa because qQUSSinesq's results are only

| .
for one layer soil (homogeneous soil). P

3
« ) S
' o
‘ .

;
3
i
S
%
4
3
;
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It is interesting to note in Fig.5.13 that the pressure bulb is

interrupted at the in;erface of the two different‘sbi]s and continues

-to'fOrh a different bulb with lower values than the upper layer. Also,

in the lower layer there is a region of low pressure (0.24) independent

of the other pressure regions.

Fig.5.14 shows the behavior of the sand during two dimensional
compression and how élastip modulus (E) and shear modulus (G) vary

with applied stress. This is expected because .the value of E is given by:

£=-2 | and the value ;? é by © - | G = 2($ )" xy
\ u V\\\\\ : VI Yyy

€

N i
. . . ) ‘
- Fig.5.15 shows the variation of elastic modulus '(E) and shear

S

-modulus (G) with depth.

Finally, Fig.5.16 shows the average horizontal strain (eh) and

. vertical strain (e ) and how they differ with depth.

\ . . 4 \ -

5.9 ‘Homogeneous Soils . o ) ~

3

In homogeneous soils the stresses in a soil mass due to footing

- pressure can be computed using several proposed methods the most widely
, = j

used is the 2:1 and Boussinesq's methodﬁ%&gr the 2:1 method the applied

pﬁessure on the soil is assumed to, be d%é%ﬁibqted in aslope of 2:1

- .
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The change in pressure Aq at a depth z beneath the footing s given
by: . (See Fig. 5.17)

_ . . v \ .l
o METFOLF D o ()

where: V = total load applied to foundation member.
B, L = footing dimensions

. 1 3 . .
z = depth from footing base to elevation in soil, where

increase in stress is desired. -
; . ;
%,Q / . .

For a-dépth z = 4.5 in, V=18 Tbs, B = Z"an\d L = 1" we get using

formula la.

ot ) o
| = 18 - /
Aq = (2 + 4.5)(1 + 4.5) — 0.363

/

therefore: Aq = 0.363‘theory'
/ ~4q =0.08 Bouss%nesq(])
Aq = 0.474 finite-element

3 .

(1) Boussinesq values are for point load and are .taken from Bowles (1}

han e 1Y

\

The immediate settlement for homogeneous soils such\as non-
saturafed\c1ays and silts, sands and gravels both sat@rated and
unsaturated can be computed from the following equation:
‘\
. 1- 3 - ,
S1=qB Es Iw | .

whefe: S = settlement ' -




m R ) \‘461-

g = intensity of cdntact pﬁessure \

B = least lateral dimension of footing
/ Iw = influehce factdr,ﬁhich\QFpends on shape of footing énd
- its rigidity. P
E ,u= e]aggic properties of soil‘ '

. \
As an example for a soil with ES = 7,000 psi, u = 0.25, q = 37.98 psi,

Iw = 5.06 and B = 2" (a1l the above values were taken from Bow]es‘1977).

Using the above formula the settlement can be computed as:

4 2 v - |
S, = 37.98(2) 152828 (5.06) = 0.0514 1

. S1 = 0.0514 from theory, and
** S, =0.2821 from finite-element -

** In Fig.5.10 it was showh that for dense/compact sail in H/B >2 the
soi1'behaﬁed as hdmogeneous. If we take the settlement results obtained
- from the finite-element analysis for H/B = 3.5 in same sand these results

are for homogeneouéasoil and,can be compared with the above mentibped ‘
, ‘ N ) '
formula. So we havg}jor q=37.98 Sy = 0.2821 - : g

-

For 1ower‘stresses say q = 11.5 psi we get:

) ‘ ‘ ' .Sy = 0.01558  and

) S2 = 0.0170

b .
It can be seen that only for low stresses the settlement.(ST)'from the
" theoretical formula agrees with the settlement (52) results obtained

) using the finite-element method. -




present work, are summarized as follows.

the bearing capacitj of the soil, but ‘the .present analytical .investigation

CHAPTER 6

CONCLUSION AND RECOMMENDATIONS

6.1 Strong layer overlyfng weak layer

The important conclusions drawn from the analysis of previous

- theories and gxperimental results, plus the investigation of the

!

It can be seen from Figs. 5.9 and 5.10 that the obtained -

results, from finite element analysis, compare very well with the

experimental resu]ts(reported by Hanna (7) (within 5%). Thus the

punching theory propoéed by Hanna is considered to be an acceptab]e\ |
~ﬁ001 in eva]uating.t”e beari‘g capacity of layere& soils.

Tﬁe eﬁpirical fo%mulae prqposed by My§1ivec do not;égree with
the bresent investigétion. Myslivec has prop?seﬁ that when the upper

layer thickness H i# equal B then the,lower layer has not effect on

1
as well as Hanna's experimental work have shown that this is not true.

(see Figs' 2.3, 5.9 and 5.10).

.The large discrepancy of the séttlement values obtained from the

experimental values reported by Hanna, as it can be seen in Fig.5.7
and 5.B, to that of the finite-elemént method, is attribﬁted to the
. |

strain cogfroI]ed conditions of the test and the finite-element which

is stress controlled.

~
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In hdmogeneous case the theoretical §¢tt1ehent formula gives
very low values for stresses near the.ultfmate bearing capacity of
the soil. By comparing the obtained results of the finite~element
ang}ysis with thé reported results of other researchers (Duncan

- and Chang, 6, Chiyyarath and Reese, 3, using tests, it is concluded
that the finite-element obtained results are ctese to what hight

' be expected in a real case.

The distribution of\the local ang1 of shear1ng resistance on
" the fa1lure plane found in finite-element ana]ys1s compares well w1th
the theoretical failure plane proposed by Meyerhof and Hanna (44)
for tho Tayered $oil. | | |
The pressure bulb obtained from this inveét{gation th two \ayefed
soil cannot be compargd because there i§ not similar study in existence.
But in the homogeneous case tﬁe change of pressure obtained using 2:1
forﬁu]a gives'rq]atively close values to-thezoﬁe f;qu using the finite-
element analysis, while values obtained by the §oqs§inesq method are
very 1oy'in comparison with both the 2:] and finife-eiement method. |

The elastic modulus (E) and shear modulus (G) increase with

increasing.stress. Also the elastic and shear modu1ﬁses vary with depth

(See Fig.5.15) and increase with applied stress but the increa¥e is non- %
) 3

linear. §,
The vertical strain (61) and horizontal sstrain (53) have a o~ :

discontinuity at the interface of the two differeﬂt soil. In'hqmogeneous
soils ghere is ‘always a smooth transition of the strain intensfty

through out the soil.




wr

. \
The consistency of the obtained resuits in this investigation
suggests that the proposed by Kondner and Zelasko (10) hyperbolic

stress-strain relation in sands is a valid assumption.

An&]yses of the results .abtained by previous researchers using
theory and tests, plus the results of the present 1ﬁvg§tigation
, ’ revealed that the factors that determiﬁe the ultimate Bearing capacity
J of a strip footing in a strong layer over[ying a weak layer- are the

. L4

fo]]owing: <
J . N R , N
1. The shear strength of the upper and lTower layers.

2. The relative strength of the upper and lower layers.
! 3. ~Thickness of the upper layer below footing base (H).
- 4. Depth of the footing in théiupper layer, D. | ‘
' '(Iﬁ'thfs investigation D e‘o) ( o .
5 Shape of footing '
6. Compressibilities of component layers

7. Water table = . ' y

r o .
. ’ . S .

6.2 Recommendations

\

b .
T results obtained by the finite element method suggests

A
H
A
4
3
!
!

that the method can be applied in other cbmbinations of [ayered
soil such as clay-sand and silts-sand, and the Tower layer can
o also be Rock= More than two layered soils can alsg be investigated

o

using the same méthod with predicting good results.

RT se o g o s oo - . ~
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6.3 Limitations of the finite element method

-

o, ,
The following are the limitations of this method:

1.
2.

or else should be found using tests.

Cannot predict accurately settlements.
A computerlig rédufred to perform the calculations. It
r_n!ust als?‘ be note‘ hereh that the User of this progralm requi-
res a high fieid,length (15778 or in that order) and a high
time limit (71000). '
The parameters to be used in this method must be available

\

The value of the incremental stress which is aph]ied on the

5011 through the footing must be chosen accordingly.

« END
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