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ABSTRACT

: { _
The introduction of rational criteria for founda- -.

- tidn design is a relatively recent development in engineering

practice, although the interest in anélysis.of ultimate loads
of foundation can be traced back in literature mofé:than 100
years._fModern résearéh on this'problem started with Prandtl
and subsequeﬁtly aevelqped by others but Tergaghi's (1943)

work has made a lasting impact on this subject.

As is,well khown, every fouﬂdation problém hecessi-_
tates two quite different’stﬁdies; cne conceiniﬁg the ultimété
bearing capacity of the soil under the foundation, the other'
concerhing the limif‘df deforﬁation.

There exists quite a number of theories.in the
litérature to deterﬁine thg‘beéring capacity and séﬁtiement of

foundation. In case of foundation on sand the settlement rather

- than bearing capacity criteria usually exert the design cbnt:ol.

The magnitude of settlement in Sand;as predicted by available.

method varies cohsiderably. The individual methods are not

4

consistent in being eiﬁher above or below average for varying

soil condition and foundation geometry.

-

’

The present research is undertaken to review the

understandiﬂg of the problem of bearing capacity and settlement

N

using the sand box which is one of the largest in-house testing



facilities known to date. ' e .

Tests were carried out|with footings 30 cm in dia-
meter on the surface of sand,-depostted by free.falling_device‘

in 'the sand box 2 by 2 by.lslmetre long. One of the most

important features of the tests was|the filling of the box at
any unifotm‘density;‘ This was accomplished by sand handling
equipment consisting of'a sand elevator and arspreader. By

adjusting the horizontal speed of the spreader, rotation of

'tne drum and height of fall of the Land,“various densities

could be achieved.

In all the tests, the parameters monitored are:

total settlement at the surface, séttlements at depths, of
15, 30, 45 and 60 cm below the footing, radial deformation at

a depth of 30 cm at three different diameters of 22, 56 and

90 cm, movement of the surface of sand around the footing, at

varlous stress levels

With all the known parameters‘and the soil proper-

ties, the bearing oapaoity and settlement are compared with the -

two well known bearlng capacity equation, one propoSea by
N

' rerzaghi (1943) ‘and the other by Meyerhof (1951) and Brlnch

Hansen {1970) and a settlement calculatlon method proposed by

Schmertmann (1970) Some dlfferences between the measured

and calculated values were notlced and modifications - 1

regarding the N —value in the bearlng capacity equation and
|
TN
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- iii -

“‘Iz, the vertical straln lnfluence factor 1n settlement calcula-

tlon have been suggested. Moreover,a correction factor lnvolv—
ing the:stress 1evel in relation to the ultlmatejbearlng

capacity is introduced in the equation proposed by Schmertmannﬂ

. >
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INTRODUCTION, ..
— ' _n V ¢ | .
1.1 ‘Genéral o , : C e

The de51gn of a foundatlon for a structure is governedﬂi’:

by two maln condltlons- a) that the soil must be safe against

fallure by shear whlch may cause plastlc flow below the struﬁy

ture, b) that the structure must be safe agalnst exce551ve

T ™

'settlement or movement d " t0 consolidation of the soil under

the foundation.
Ausafe'desigh‘is'one which satisfies both of the
. J ) X
conditions stated above If d, represents the ultlmate bear—n
1ng capacmty of .the 5011 q, the allowable bearlng capaCLty,_

qg the load causmng the limit déformatlon, and S the factor

of safety, the allowable bearlng capac1ty should be the lowest -

_of the two limits:

. g
u
2 ¢ ¥
: | - N : ‘_ S
Another. aspect of design is the cost of the founda-
tion. To minimize cost, the design should be optimummwith_afhrwa

reasonable amount of safety. To satisfy all these conditiohs,
the geotechnlcal engineer must have first hand experience of

M e ———— e e ———

the different types of soil and their behaviour undaf load.

“““For a foundation over sand, the settlemenE%é?;teria,

rather thanlthe bearing capacity, usually governs the design



s . . . ]
» ) . - . oo \ .

whea”the least width'of the foundaticﬁ exceeds about 1 m.

So a rellable method of settlement predlctlon, whlch takes -
'1nto account the soil: propertles amithau:deformatlon behav1od;j\\a
is useful in predlctlng the allowable bearlng capacity of a.

partlcular 5011.

1.2 Problem Statement
‘ M

. The present practidé‘in designing foundation on saﬁd
is to determlne the allowable bearlng capac1ty in relation‘to
the depth and w1dth of the foundatlon and then use the value

_ . t .
in the appropriate formula for determining the settlement.

.
The magnitude of the settlement of a foundation

in sand if calculated by ‘the’ dlfferent available methods varies
con51derably Furthermore none of- these methods are consmstent
in being ‘either above or below average for varying soil condl-
.tlons and foundatlon geometry. ?herefore,no method - is wholly
reliable in predicting settlements which in turn depend on the
*judgementlof the engineer. The variability‘in pfediction is

@

dué to thelmahy factors affecting settlement and to the lack of

-

uﬁderstanding of their influence.

The present work was undertaken to review the under-
[ : .o

standing of the problem of bearing capacity and settlement in .
granular soils. It appears that most of the existing theories

are either based on or verified by small scale laboratory tests

- N\
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- with footings as small as 2 cm in width. 'Of course, tests have .

.

~ been made with footings 20 to 25 cm in diameter on granﬁlar
“soils, but these took place in containers whose diameter or

‘lagetal diﬁgnsions and’ depths were .small compared to the

diameter of the footing. The effects of the lateral dimension

' l
-or depth are not very well recorded. The following table

' lists some tests performéd by various researchers since 1961.

- " TABLE

DIAMETER/WIDTH OF FOOTING TESTED.
"IN THE PAST

RESEARCHER . YEAR . | DIAMETER/WIDTH

LT . ) in' em .
Jumikis, A.R. 1961 5, 7.5, 10, 12.5, 15
Hansen, B. 1961 - 3 to 15
Eggested, A -’ 1963 : i 20
Vesic, A.S. . 1963 - 5 to 20
Feda, J. 1963 2.9, 4.8, 8.0
' De Beer 1965 9, 15
Qamaguchi, H. ' B 1976 . 2, 3, 4
Brinch Hansen, J 1977 10, 15, 20, 25°

{on Pin model)

Pfeifle, Tom W, 1979 ' 5

-

Pt
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It is now possible to carry out tests on a reasonably
large'sda;e.in the facilities of the Department of Civil

Engineering at the University of Ottawa. The sand Box,_z by 2
by 15 meterx long and equipped with a spreading device capablq |

w

of depositihg sand in layers at wide ranges of relative densi-

‘ties, was used to test footings of 30 cm in diameter.

Known soil properties, and various parameters monitored
) ‘ - . e

‘during the tests are used to check some of the more widely used

bR

theo:ies;and suggest some improvements in the method of eva}ua-
tion of ultimate bearing capacity and_settlement of circular

footings on sand.

1.3 Objective and Scope of Study

" The objectfbe of the present study ihcludes a survey
of literature on ﬁhe settlemént characteristics of sand ghder
verﬁical.load bearing capacity of sand, verification of the
-existing methods of evaluatlng settlement and bearlng capacity
with the known parameters avallable from the tests- improvement
on the existing methods; make recommendatlon for future programs.

1
'
/s

¥

+  The extent of the testing program was limited to seven
tests of a 30 cm diameter rigid footing located at the surface

of Sand at relative densmtles of 96, 80 and 63 percent. These

\w. densities were choosen for the test as 1t is extremely difficult

" to spread the sand at more than three dlfferent densmtles with

-
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the current facilities available, In all the tests the“follow-.

ing parameters were monitored:

- a) Total'load

" b)

c)
d)

e)

\

Total settlement

Settlements at depths 15 cm, 30 cm, 40 cm

"and 60 cm »

*

Radial displacements at three different radii

‘at depth of 30 cm below the footing

Movement at the surface around the footing,

L3

[T
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CHAPTER 2 . ' .
- - ) . J
REVIEW OF LITERATURE

2.1. Bearing Capacity

2. l 1 Deflnltlon

When a load is applled on the soil through a footlng,
the 5011 deforms both vertlcally and horlzontally For small -
_loéds, the magnltude of which depends on the type of soil, the

9
soil behaves elastically, that is,the deformatlon is propor- ]

tional to the load. Local yielding occurs with a furtherﬁ
increase of the load and the size of the resulting plastic
- zone starts 1ncrea51ng as well The defdrmatioh is no longer

Tu
proportlonal and increases rapldly with a slight 1ncrease of

loadv The load at which general fallure occurs may be called

- the ultimate bearing capacity of the footing.

It has been observed that beariﬁg-capaciéy.failure
occurs as a result of shear failure of the soil. Three
principal modes of she&r faiiurefqnder a foundation have
been déscribed in the 1iteratu;e: gene;al shear failure;

local shear failure and.punching shear failure.

General shear failure is characterized by a well
defined failure load accompanied by a well defined failure
pattern consisting of a continuous slip surface from one

édge of the footing to the ground surface (Figure 2.1).
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At stféés—controlled-conditibns, under which most foun&ahidns

. _ operate, ‘failure %jfsuddeq’and catastrdphic. At strain-
- ‘_ ., i U - . 5

-~ o hd . . . ' .
controlled conditions, a visible decrease of ‘load is noticed.

A tendency of the adjacent .soil to bulge is another characte}—.

. istic of this type of failure. o
t
. B ) | ‘.

. .  Punching shear failure normally occurs in 'loose soil‘
and is ggnerglly characterized by.the comﬁression of the soil
immediately beneath the footing.' 'The footing bénetrates coﬁj

‘L'Eingously and is made ﬁoséibie by vertical shear around the
perimeter of the fboting._ The soil ocutside thé loaded area
remains unaffected'ﬁy the. loading and deformation of the

. footing. The resistance to penetration lncreases continuously
’ ' - - ' e

with the increase of footing pgnétratiog:
Local shear failure is characterized by a ﬁailufe
pattern which retains both general shedr and punching shear
- failure characteristics. The failure pattern consists of
wedge and slip surfaces, which géart at the edges of the.
. footing as in‘thé case of general shear failure. There is.a
visible tendency of the soil to bulge around the footing.
pon l_The slip surfaceé end somewhere in the soil mass and only

appear at the surface after considerable vertical displace-

ment of the footing (up to 50% of footing diameter, Vesic 1973).

The failure mode depends primarily on the compress-

ibility of the soil, relative ‘depth of the footing and over-

o
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burden pressure around the footing.: Figufe 2. l”shows the
LL
fallure mode of footlng in sand in relatlon to~the relatlve

e

density . and relative depth ~ Generally '

if the soil is practlcally 1ncbmpressmble and has a flnlte

shear strength it will fail in a general shear mode. On

the other hand, 1f the soil is compre351ble it w111 fall in.

a punching- shear mode. It is 1mportant to understand that .
' - . the failure mode is not only governed by the soil type: An

incompressible soil maytfaillin‘a punching sheay mode if the

foot%ng is located at great depth or the incomp-essible layer

is, ugderlain by soft compressible layer. °
It is apparent from the preceding discussion that

.. : o
the failure of a loaded footing is well defined in the case

of -general shear fallure,where the peak/ultlmate load is
R/
reached simultaneocusly wath,the appe\\ance of the sllp line
v \r -
at the ground surface and'is followed by the collapse of the

Ay

foundatlon. The failure load is not very well defined for

the other twd modes pf failure. In both cases, the locad rises

g . ‘1

continuously with the penetration of the footing.. Even in the
case of general shear failure, a continuous rise of load is
~ apparent,which may be attributed to the surcharge effect that

develops once the footing has penetrated to con51derable depth.
i %
. When the failure load is not defined it is very

difficult to choose the ultimate load from the test results.

The methods available in the literature are not very versatile
Y ]

. * /
[]

M=
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but can be applied With caution. Vesic (1963) defines Ehe
R Ny

ultimate load as the point where the sloper of the load settle-

" ment curve first reaches zero or .a steady minimum value.

'christiaensl(see De Beer 1967) defines the ulétfate load at
_ ‘ _ . . . .
the point of break of the load settlement curve in a log/log
P oﬁ, Brinch Hansen (1963) proposed two methods fo find the-

ulfrimate load. One - kpowh as' 90% criteria defines the ulti- -

- mat bearing capacity as the load at which fhe  settlement is

twice\the settlement at 90% of the ultimate capacity. The

Vi

other known as the 80% criteria requires the plot of ¥ .

against A (A = gavement}(P = load) and defines the ultimate

bearing cap§¢itymas'phe load that gives four times the
movement of the footing as_QBtained for 80% of the load.’
However, all these criteria reguire, that the load test be

carried to a very 1arge disél@cement, preferably of the order

of 50 percent of the foundation size (Vesic 1975).

‘
U Ffom”the practical point of view,ié may be prefer—

able to establish some other criteria‘to determine the uitimate

bearing capacity of a foundation corresponding to a critical

settlement. The magnitude of critiqal settlement may vary,

aepending oﬁ soil properties, overburdenrpressure or dégth

of foundation and the size of the footing. Skempton (1951)

indicated that for saturated clay, these ‘settlement values

may be from 3 to 7 percent of the width of the foundation

for surface footing and may go as high as 15% for deep

. . &J\.
1

1
‘e
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foundations. For" footlngs on sand,somewhat hlgher crltlcal
settlement values are obtained. These values lie between

®

5 and 15 percent for surface footiﬁgs and as high as 25 per-,

1Y

cent for deep foundations (De Beer and Ve51c 1958; Ve51c,

1963a; pe Beer, 1967). De Beer (1967) noted that the crltlcal

settlement values increase W1th,the size of the footﬁpg.

Vesic (1975} suggested that unless a clearly de- *

" fined ultimate load can be observed earlier, it is advisable

to carry load tests on footings on loose and compressible

" soils to settlements equal to at least 25 percent of the

‘ ' ]
footing width. If the peak lcad cannot be determined with

certainty, it is reasonable to adopt a limit value for critical
settlement, su¢h as 10 percent of the width of the footing

as suggested by .Vesic (1975). However, these values cah be ’

=3

4 ‘ 7 . .
between 10 and 20 percent as. suggested by various investiga-
. £ . \ ’ P

¢ : . : T
tions depending on the factors mentioned earlier.

2.1.2 General

The problem of bearing capacity is an age-old problem.
It has been recognized for centuries that the bearing capacity
of dlfferent solls varies and a numbe egfing capacity .

theories have been developed (Table 2. l) nge of these

L
theories are based on theoretical considerations and some ‘on
. !

empirical correlations. They agree well in some cases éﬁ the

-

field,but disagree in may cases also. The review is made here
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1] %
‘in'relation to the shallow or: surfaée footing on sand tb enabie“\
a proper ana1y31s of the tesgiresults from the footlng test
~on sand in sand box.‘ To sxmulate the testsuln the sand box,

only the circular footiﬁg with vertical loading with the

surrounding ground horizontal has been considered.

In the ﬁiddlé’of the 19th century attempts were made
to  obtain thééretically the bearing caéécity of soil, based

on Coloumb's earth pressure theory. ‘TheSe theories were only

approximate.

Terzaghi (1943) presented a method of.calculating

@ = ONg QN b TR N s 2.1
; where q, = Ultimate Bearing Capacity (-
| C = Cohesion
: | _ B = Width of foundation
‘ g = QOverburden pressure
Y = Uﬁit weight of the soi;
N, N, N = .Bearing capacity factors, which are functions

. ‘ | of angle of internal friction (¢) of the soil.
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Meyerhof (1951), us;ng Terzaghi's concept, presents
extensxve numerlcal results for shallow and deep foundatlons
- A\

by assumlng failure mechanlsms for the footlng and by present-

‘ing.results in the form of bearlng capac1ty factors, (N}.’

The method presented by Terzaghi is still beinéj
used with modifications suggested by different autbors;at
‘various occasions. ‘The reason- for. using the simple method
(super-position method) is largely due to the mathematical

| dlfflcuftles encountered when the conventlonal limit equili-
brium method is,used. The influence of the welght of a soil
on the plastlc equlllbrlum of a footing can be solved by
formulatlngchffenanlalequatlons and integrating them elther :
numericallx or graphically for 1nd1v1dual problems. The
general.bearlng capac1ty problem can best be solved in two
stages The first stage assumes the soml to be“welghtless
. <L and glves the flrst parti of the bearlng capac1ty relation -
| CNC + qu in a closed fo expression. This is basically
the extensionlof analftical work by Prandtl (1920) and
Reissner (1924). The second stage takes into account the
weight of the material and gives the second:part of the- ?
bearing capaeity IENr relation.

2

2.1.3. Computation of Bearing Capacity

The first comprehensive theoretical investigatiens

of bearing capacity of a foundation were based on the Rankine's"
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. earth pressﬁre thebfy. Although this analysis is much too

approximate for practical use, it illustraﬁég\fn a, simple
way the factors that must be considered in{ a more accurate
analysis. The main asshmptfpn_in this theory is that the

failure surfaces are plane (Fig. 2.2).

The béaring capacity can be obtained by computing
activé earth pressure for the Rankine active wedge - I and
the passive .earth'pressure for the Rankine pressure wedge - IIX

which can be represented by. the following equation ™

q, = CONg + aN_ ¥ IZ N mmmmmmmmmmmmmme “m2.2

u 2
AU _ 3/2 /2y
where Nc = 2 (N¢ + N¢ } 2.2a
N = N,° —ree—c—mcmme— o mmmmmmmmmem e 2.2b -
q $ ,
5/2 1/2
= 172 .32 - 0,2 e 2.
N, 1/2 (N, Ny -2.2¢c
! _ 1L + 8in ¢ __ e
N, T 2.2d
i ¢ = angle of internal friction

* For sand when C = 0 the equation reddces to

The above so(ution grossly underestimates the actual

bearing capacity mainlykaue to the simplified assumptions. The

actual failure zone is gégpded by curves, contrary to the assumed

failure zone bounded by straight line. Another reason is that
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I Ac‘tive Rankine Zone

IIl. Passive Rankine Zone

A

. B
FIGURE 2.2 RANKINE FAILURE PLANES
l |
Al— ‘ B ____E
45+0/2 45-0/2
I Il 111

I - Active Rankine Zone

11 =« Prandtl Zone

IIl. Passive Rankine Zone

FIGURE 2.3 FAILURE ZONES. PRANDTL
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the sheat stress which must act _upon the interface betwgeﬁ the

two Rankine zones is neglected.

_Sphwédler (seequhwab} 1976) was probably the first
to a;sume"a curved failure surface in the calculation of bear-
ing capacity where a log-spirélJwifﬁ“éffaiqﬂk‘exﬁension was used.

»

Prandtl (1920, 1921) analyzed the bearing capacity
of a rigid-plastic, incompressible and welghtless Coulombian -
material. His solution, based on failure patterns, consisted

in considering of three zones (TFig. 2.3). .The Zone I and

. Zone »LII are the Rankine's active and passive zones respec-

tively., Zone II i$ Prandtl's zone. The shape of the curve
CD depends on the angle of internal friction, ove‘rden {
pressure and the weight of the material. For a material with

[N

¢ = 0, the curve becomes a part of a circle.

B d

Among the other early solutions, a graphical solu-
tion using a cylindrical slip surface was proposed by Fellenius

(1929).

"
:
b

For weightless soil (xr = 0) Prandtl (1921) and

Reissner (1924) have found that

where NC and Nq are dimensionless bearing capacity factors

defined by
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Ttang 2 My s
‘ Nq = e tan (4 + 2) 2.4a
NC = (N - 1) Cot, ¢ —===——cemcrmnnem————= Z—=w=2,4b

where Nr is a dimensionless bearing capacity factor which can -
be evaluated by the analytical expression o

I |
Fr = 2(Nq + 1) tan ¢ =—=——mmmmm—mm—m 2.5@

For all intermediate soil cbnditions,whére cohesion,
angle of internal friction,and overburden are present, the

equations 2.4 and 2.5 can be combined into

q, = ON ¥ aN, + 1/2 rB N, —=====-- —mmmmmm=2.6

s
I

-

known as Buisman - Terzaghi equation (Buisman, 1940; Terzaghi}

1943).

In deriving the above expression Terzaghi assumed
that i) the infinitely long footing having a rough base rests
on a semi-infinite homogeneous ideal soil mass which possesses

both cohesion and friction; ii) the wedge below the footing makes



w . st : : . i o . AR

LR e e : ‘ S AN

-19 - R

. Co _ . . . o .

an angle ofL¢ with the horizontal, iii) the failure surface
is a gombination of logarithmic spiral and a plahe section,
iv)‘the‘overbhrden can be‘replaced' equivalent éurcharge\

load without shearing strength.

‘ The shear resistance of the overburden was first

considered.by Meyerhof (195l); fhe failure pattern consisted -
of three'zones z an elastic central wedge dirxectly Belbw

the fouﬁdatiop, a. radial shear zone at thg_miéale.énd a mixed
shear zone ét the end ‘(Fig. Zuﬁ)."‘rhe size of the pl;stic
zone varies with the depth 6f‘the foundation and the‘rSughness,

4

of the foundation base.

Meyerhof used the same equation as Terzaghi's in
calculaﬁiné the ultimate bearing capacity. Hﬁowever, the !
general‘bearing capacity factors Nc, Nq and Nr used by Meyerhof

 depend on depth, shape and roughness of the foundation base -
as well as on the angle 6f internal friction of the soil and

can be defined by thé-following expressions

‘ . 2 Btandg

| B (1 + Sind) e S T

‘ Nc - [C0t¢ 1 - Siné Sin (2n+¢) 1} 2.7
{L + Sing¢) e2 tam¢ 2.8

q = ST Siné Sin (2n+¢)



[ - Elastic Zone
II -~ Radial Shear Zgne

IIle Mixed Shear Zone

FIGURE 24 FAILURE PATTERN FOR SHALLOW
- FOUNDATIONS, MEYERHOF
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N = (sin (X + %) - 0.5 tan (T + &) --c209.

H
[vs)

|
where 8 is the angle subtended at the edge of the footing by

the radial shear zone (Fig. 2.4} and n is the aﬁgle of thé ' l

-

' plane shear zone. Pp is the passive earth pressure on the

1

surface BC which can be calculated from the equilibrium,

BCDG. Then

o
.
i
|
I
!
1
|
I
I
I
I
|
|
}
|
|
|
1
1
|
|
|
1
[
|
!
{
1

N

=

o

>

Pl’ Ll, Wg, L2 and L3 are expla}ned in Figure 2.4. :

Meyerhof (I1963) pfdposéd another equation to calcu-
late the ultimate bearing capacity of a strip footing:

_ VRS E |
9, = N4, + quéq + 5 BN d —em e 2.11

where dc’ dq and dr are empirical depth factors which take
into account the embedment of the foundation. These are given

by the following expressions

. D/B  —mmmmemmmmmmm e 2.12

d == 1'4-().2'./1%Cb

a = d_=1 (¢

It
o
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d . = a = + . Y > 107 ) e ——— R |
oy ¢ ='L1+0.1 /N D/B (¢ 10°) 2,14

Ay - \ l

“The bearlng capacxty factors N and Nq are given

by the equatlons 2.7 & 2.8 and N by the follow1ng equatlon

q

3 N, = 1.5 (Nq - 1) tan ¢-——~f—w—-r ------- —_——————- 2.15

' Brinch Hansen (1970) proposed and iat&.extended x ‘theo.:"'y
which takes into accoﬁﬁt the shape, depth, roughness of_tie'
base of foundatlon, surcharge, and 1ncllnat10n of the load.
This theory gives better test Vs computed bearing capacities,

than other available theories. According to the ﬂkxny)thetﬂxl~

. <
mate bearing capacity can be computed from the following
expression
= S i + - s d
Ty CNg Sdctoa by + Ny Sodate9¢Pg
+ 1/2 TBN Srdrlrgrbb ------ 2.16
i
where S = Shapeﬂﬁactors to account for the shape of the
foundation in developing a failure surface.
d = Depth factors to account for the embedment
depth.
i = Inclination factors to allow for both hori-

zontal and vertical foundation loads.
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g = Effective surcharge pressure.
g = Ground factor. R -?_. ::;:: ‘
b = Base_gaétor."

-
»

The'bearing capaeity faetors'are_EOmputed‘as o

Nq = tan2 (45 + ¢/2) e®p (mrtang) L—~:~~;—{——-€--- 2.17
Nc = (Nq - 1) cotg "'""———---—ff——f--"—fj-—'—-—t"':‘— 2.18
-‘ -N.'I: = 1.5 (Nq - .].)~ tang fh——_-'—.———..—“f“—f-—_—-t‘f--'-'_— r.2. 19

The - factors s, d i, q, g, and b are canblned fmm Brmch
Hansen (1970), De. Beer (1970) and Ve51c (1973) and presented
1n appendlx 1. iu R : o 'ﬂ_-‘ :

Other than the methods of computatlon of bearlng

capac1ty dlscussed ln detall above, there have been numerous

‘theories in recent years by- varlous researchers. Promlnent
'among them are Bﬂia(1962), Hu (1964), Chen and Dav1dson (1973)

All thelr theorles make various assumptlons regardlng the-

formatlon of the wedge and in partlcular1jm angle between the

gbase of the footlng and the 51des of the wedge and the shape

of the fallure surfaces.-
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2.2_.\Settlement

‘2.?.1 éeneral.

o

'} ) ALl ) structures ultlmately transfer thelr 1oad to

. the 501l through ‘the foundatlon whlch may settle for reasons -

l 'such.azyéhe,effect of addltlonal loadlng of the soml"by the )
o struot : lowerlng of the ground Water level, and. dlverse forms
of ground surface sinking. In the followrng d1scussron, segtle-:

v
ment produced by addltlonal 1oad1ng of the‘apb501l wxll be

\.Feda (1978) has tabuleted the avallable methods of
calculatlng’the settlement in.four dlstlnct groups (Figure 2 5)
The flrst group 1ncludes mathematlcally exact solutlons based 'ﬁﬂ
on the theory of elast1c1ty As the constitutive equatlons do -
;oo not- usually corre@pond to real foundatlon soils, the results L

obtalned re at con51derable varlance w1th reality. Moreover,mn.“
as the seiected mathematloal model makes it 1mposslble to
I‘predlctiune varlatlons of the settlement it is malnly_employedr‘

in calculatlons of 1mmed1ate settlement;

The second group offmethods, widely used for settle—
‘§ ment calculations for ﬂoundatlons on flne gralned 5011 makes
use of’ the elastlc theory for stress calculatlons- the stress—

straln relatlons are derlved from experlments.- Sblutlon obtalned

)
by thlS group of methods consrsts o several components such as

1mmed1ate settlement primary cons_lldatlon, secondary
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".l‘ . Homogeneous
o ‘rLinear ‘
Theory of
: Elast1c1ty

\\\(Dlrect Method)
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_ i
Isotroplc

Non—homogeneous

Non—llnear

Enéineering Methods
(Indirect mephods)

Empirical Methods

Stress-path

-State Boundary surface
Oedometric Compression
Skempton - Bjerrum Method

‘Loading Tests
Dynamic Penetration

-~

Static Penetration
Pregsuremeter

—FPinite Element Method

Numerical mephodé

FIGURE 2.5 REVIEW OF

L Method of Finite Differences

METHODS FOR CALCULATING SETTLEMENT
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consolidation and the settlement c5used~by-the‘plastic pushihg

of the subsoil from beneath the“foundation to the sides. -,

,The tHird‘group contains empirical or semiempirical
methods. These methods are used to extrapolate the results df
(?ioad tests or other mechanlcal tests for the actual foundatlon

specially on cohes1onless_50113.

N : _ j

‘ | | | L
. The fourth group consists of numerical methods,whichJ

can- handle the\real non—linear stress-strain relation. fﬂe
' accuracy of the solution from the mathematlcal standpomnt is
‘ llmlted only by the capacity of the computer. The numerlcal

methods ‘do not represent any 1ndependent group of methods;

‘ mmimr, they are- Uxﬂs whlch can be used in the solution by

means of many methods ‘ e ' -"t. >

It is rateresting to c¢ompare the merhods of calcola—
. tion of settlement for the f undation‘resting on cohesive and
cohesionless soil. Wlth cohesive 5011 the approach is fairly
standard based on laboratory tests requlrlng goad representa—
tive soil .samples. For that purpose with the help of 1mproved
site investigation techniques, 1t is possible to extract un-

disturbed samples from the cohesive soil deposit;

With the granula¥ soils the situtation is different

o el ———— e -

There lS a basic difficulty in’ obtalnlng an undlsturbed sample
apart from the gquestion whether the sample ls‘representatlve.

Since the compressibility ‘characteristics cannot be readily f}¥
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be assessed. ' The two main types of field tests use

‘mon dynémlc penetratlon test is the Standard Penetrat"

s

obtalned ‘from the laboratory tests, methods of settlement

-

calculatlon have been developed based on lnSLtuftests
from which the relative density and’ compreseibili y can

s E;B are
small scale plate loeding tests end‘penetration éests.

The penetration test-cduld be dynamic or static dependi

upon the method of settlement calculatlon. The most c

Test (S P T ),which is mostly ‘used in North and Sout-
America and the United Kingdom} The-staticﬁ;enetreleten
test-based on Dutch ConefTest has been used exten
in Eurocpe ;Ld in recent yeaféitn'the U.S.A. and
The ptessuremeter is also becoming increasingly popUlar:to

determine the insitu properties of the grannular soils.

~

I 2.2.2 Methods of Settlement.CalculatiOn

Terzaghi and Peck (1948) first prepos the follow-

ing relationship based on the plate loading tes

where ‘GB_ = Settlement of the footing
B = Width of the footlng
SA = Observed settlement for l ft. square

plate loaded to the same intensity
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The validity of this relationship: was investigated by

Bjerrum'and Eggested (1963). Their study of case\records

' 1nd1cated that there! can be appreciable ‘-scatter in the

correlatlon between settlement and width of the loaded
area. | _ ) _

T Terzaghl and Pegk (1948) were the flrst to propose
a correlation between S P T blow count and the allowable
bearing pressure by the Figure 2.6. The curves in Flgure

2.6 can be approxrmated by the expre551on

3q 2 : ' : o
L a 2B
GB - N [B + 1] ' . 2.21

N

where qq Allowable pressure'obtéined from the.
- Fidga{ye 2.6
‘N = S.P.T. Blow count

LS

This correlation was subsequently corrected for the

i

locatlon of water table and the embedment of the foundatlon

-and was expressed as

: 3q : T2 '
_ - a 2B |
g = | v Ca w [B + 1} : ) 2.22
where Co = 1 for D, - > 2B ¢
Cw = 2 for Dw o= 0
Cd' = 1 for D/B =0
Cd = 0.75 for D/B = 1.
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X N = As measured for sand :
! .Nc = 15 +.0.5 (N - 15) for very flne or 51lty sand
. »l below water table .
Terzaghi and Peck stated that theirhcofrelation did
‘-not take 1nto account the geologlc orlgln and environment of
¥ the sand dep051t‘§%d were therefore necessarlly a consérvatlve
basis of design. 1
:F%—~”‘" ) | Subsequently modifioations'and inprovenents Qerel
t Tsugéeeted‘on the .Terzaghi : Peckloriginal.correlation bf
Gibbs and Holtz (1957), Alpan (1964}, Meyerhof (1965), Peck
and Bazaraa (1969 and Peck (1974) Most of the modlflcatlons
 were on the Standard Penetratlon Test values and on the -
"correctLon factor for_ground water and embedment of footing.
" Gibbs and Holtz (1957) were the first to put forwerd
Q;ih' . tnewmajor nodification.of't;e Terzaghi and Peck method. From

laboratory investigations thdy demonstrated the influence of
overbutden pressure on the penetration resistance,wnich was
subsequently-conﬁitmed by Mansur and Kaufman (1968), Philcox
(i962), Zolkov and Wiseman (1965) from tield work. -
Other methods, as euggeeted by .De Beer and Mertens
(1957) , Meyerhof (1965), DFAppolonia (1970), Schmertmann (1970)
and Parry (1971) ,reflected a different appreoach to the problem-
of caloulating_éettlement-' In ‘those, the compteseibility or

" equivalent elastic modulus is calculated for sand. The
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approach by D! Appolonla et al (1970) and Parry (1971) are the ob-

v1ous modlflcatlons of the classic elastlc equatlon. These

ﬁ
two methods are based on the dlrect correlatlon with Standard.
Penetratlon Test results. The remaining methods .by

De Beer and Marfin, Meyerhgf and Schmertmann used the Dutch
. . i

basis of obtaining modulus of elasti-

alues.

e

o o '  D'Appolonia 970) proposg@ the followiﬂg correlation
A . to calculate the settlement L - .

N

@ -

§= qa.B.-—5 TOM

where g Applied load

B = Width of footing

I = Influence factor
. I
M = -———E2 o B
1l-u

- &

Poisson's ratio u for sand is taken as 0.25 the‘correlations are

t
i

540 4+ 13.5N for a preloaded-sand'én Kg/cm2

E = 216 + 10.6N for a normally loaded sand in Kg/cm2

The influence factor I takes into account the footing dimen-

sions and the depth of the sand layer. s
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_j"' Parry (1971) put forward almost the same type of

correlatlon as suggested by D'Appolonla with some modlflcatlon
1n the lnfluence factor and in the. values of E based 6n the Lo

S P T value. This.was expressed as follows

= 9B 0 0 el
S M Cd C, S - 2.24
M = E
(L - n%)
where W = 0.25
E = 508 Kg/cm2
N = Average value at depth %
Cd =
C =
W
- . il
Ct = Takes into account the depth of ¢gmpressible

layer - 1'

In generél,D'Appolonia and Parry methods lead to
lower‘estiﬁates of settiements than those obtained from
Terzaghi and Peck approach with modificafions. In tﬁe
fecent vears calculation ¢f settlement of fboting hés moved
away from the traditional Terzaghi - Peck approach with

modifications.

De Beer and Marten (1957) proposed a method based on

the Teriaghi - Buisman formula for the calculation of settle-

' ment.of foundation on spiis ' : ' .
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- 2.3 P' + AP S
§ = == T A5
s o C l"9’10[ P’ ] "
where § = Settlement o S
C = Constant of compressibility T

P' = Efféctive‘overburdén pressure at mid héight'
' of thellayer-éohsidefed | .
AP = (Rnc;emént of;pregsure at the mid;héight due
. to the ‘applied load on the foundatiqp
H = Layer thickﬁess | .

.The value of C developed by Buisman can be represented

as follows

q
c = 1.5P—?
ll'ﬁ
| I — —
CP = J'-.SqC_NI_ = B
. v.

where q, is the static cone penetragibﬁ re;istancel The average
ratio of“thelpredicted settlement to the observed settlement of
the cases consideréd bf De Beer and Marten was 1.9. De Beér b
"{1965) stated that the ‘above method is applicable'to normally

loaded sand only.
| !

Meyerhof t1965) suggested aéﬁodifipation on the De Beer -
Buisman method on the basis of comparison of the 6B;efﬁed éettle-
- ment of 17 structures with those pr icted by the method. He
noted the ratio q% predicted to observed settlement was abo&t
2 and recommended an increase of allowable bearing qépacity by

50% for the same calculated sgﬁtlemént.
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© Schmertmann (1970, 1978) proposed the following

equatidn for calculating settlement

2B I

8 = cjCyar ) () B,
. 0
where § = Settlement “
AP = Net load intensityaF the foundation depth
Iz = Strain influence factor calcuigfga_gigﬁughe‘h‘w
’ Fig. | e
E = Young's modulus at the middle of the-léyer
Az = Lﬁayer thickness | .
Cl = Depth embédment factof which can be calculatéd.
: | froﬁ | |
a : : :
c, = 1-0.5 (55 > 0.5 —
where Gé_= Effective insitu overburdgn pressufe at the
foundation ‘depth “ |
C2 = Crgep facfor'&épendeﬁﬁ on time-gnd.cén be

. expressed as

C S . : t
C2 = 1 + 0.2 log10 (ETT)

A

where t = Time expressed in years

PR
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In-the above solution,Schmertmann adopts a simplified
i

distribution of.vertical strain under a foundation expressed as

\\;a strain influence faetct I, as shown in Figure 5.29. Using

the theory of elasticity as a guide, the maximum value of
strain influence factor is 0.6 which occurs .at Z/B = 0.5, -

The influence factor reduced linearly to zero at a depth of

2B.

!L The value of Young's modulus E as suggested by

Schmertmann (1978) is based -on the Dutch cone test and glven

ap

where"qél = Dutch cone 5eafing‘eapacity in Kg/mz_or.ton/sq.ft.

B Although not widely . used there ex1sts some methods
for settlement calculat;on as. suggested by De Beer (1965),
Martlns (1963)n D_Appolonla (1968)Qbased_on Oedometerﬂtest
‘.results and by Lambe (l§67) bssed dn_stress éath triaxial tests.
all the euthors realized:the.diffieulty of simulating infthe
lebpfatery the real :elatioﬁshiP.petween tue horizdntal and
veftical_stress'in.the field.aud also the stress history.
- o The magnltude of settlement in sand as preglcted
by avallable methods wvaries c;n51derably. Slmon (1974) made
‘a‘comparlson u51ng elght methods_to predict the settleﬁents

of 6 st;uctufes for which settlements have been obsérved.
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The results are summarized in the Table 2.2,
. | | |
3 . TABLE 2.2
CALCULATED SETTLEMENTS BY EIGHT METHODS FOR SIX

" ' . STRUCTURES WHERE SETTLEMENTS HAVE BEEN OBSERVED‘
L ' ‘ (after Simon et al 1975)

R

. e < o Scalc.. . Scale.
: o " "'Methods - ' Sobs - Sobs
; ; . : Average - Range
‘fm De Beer and Martené - 3,22 | .7' 1.0 - 4.8
' ?$chmertmann o ‘ A " l1.48 - = 0.2 - 4.0

Terzaghi and-Peck ..~ - 1.89 0.5 - 3.2

L - Terzaghi and Peck ST 00700 0.2 - 1.1
. . (Modified by Meyerhof

1965)- B SR

Terzaghi and Peck - a ll“' 10.31 0.1 — 0.6

"é ’ ) N (Modified'by Tomlinson)
.E: | . Peck and Bazaraa (1969f '; ' 0363 .0.3 - i.4i
é Alpar '_ I C 0095 T 0.1-- 2.4
o Parry (1971) . ©0.72 . - 0.1 - 1.3
\
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.+~ CHAPTER 3
- © INSTRUMENTATION AND TESTING I :

3.1 Instrumentation 1 - R o Co

s, S <

The ex1st1ng faCllltleS avallable for the testlng
program are ‘the - sand box equlpped w1th sand handlmng-équlp—
ment. OEher instruments. used to monltor varlous parameters

are deSLgned and manufactured accordlng to the need.. ..T The -

%equipment_used for all the tegts in the progr&m are: .

. 3.1.1° sana‘éog
_.3;1.2 Sand‘Handling Eduipment
: 3.1.3'-Loading_Fraﬁe ’
3.1.4 . Settlement Gauge
3.1.5 .Extensometer~

'3,1.6 Dial Gauge | .

An instruméntatiou scheme showirig the location of

gauges is presented in Fig. 3.1. B

3.1.1 Sand Bo# '
. .. /_\

. Y

The sand box 14.6 m long,. l 8 m wide and 2.2 m in

8y,
depth lS made of 127 mm thick steel plates held rlgldly 13
‘place by lOWF sectlons 2.2'm long spaced at 0.90m centres._

The assembly of plates and WF columns are connected rlgldly

Wlth horizontal I-beam (254 mm x 203 mm) which are agaln
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" dial-gauge

-

" settlement gauge
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L ' extensometer
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}

dial ga‘ﬁ‘ée
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FIGURE 3.1 INSTRUMENTATION SCHEME = . v
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connected to the 0.90 m thlck concrete reaction floor by 12 mm

dlameter steel anchors spaced at 0.9 m centre.

- -
v '

. .. was deSLgned on the assumption that-no appreciable deflection”™
. . A

The sand box

Jgf the wall and the floor-oﬁ the boxlwould take“place.

: . The box is. lelded 1nto two compartments.Whlle one is
. ) belng used as a testing box,. the other compartment serves as
. storage bin for the unused sand and the entire amount of sand

-
'

in between tests,

3.1.2 Sand Handling Equipment

4
¢
The sand handling equipment (Figure 3.2) consists of "

a spreader and“an,e;evator. The spreader has a hopper, tri-
‘angular in cross—section, 1.2 m high, 1.2 m wide at the top
and ‘1.9 m long. The hopper with accessories is mounted on.,a

frame which can move back and forth along the length of the

‘box. The hopper can move vertlcally along the frame to faci—

- lltate the adjustment of the height of fall.

'
-y

i . T _ At'the bottom of the "hopper thére“isearouﬁﬁngcﬁxm.
. , g : e
I The sand in the hopper first falls onto the rotating drum
and then falls freely into the box. The drum speed controls
" the intensity of fall. . There is also a defleg;ﬂé plate.at
the exit of sand which can be adjusted to gi%f different - y©
angles of deflection. All the controls concerning .the hopper,

the drum and the frame are hydraulic. The height of fall,

speed of drum rotation and the horizontal travelling. speed of

-
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FIGURE 3.2 SAND BOX SHOWING SAND HANDLING
— EQUIPMENT AND LOADING FRAME

Sand
Handling

Equipment

Loading
Frame
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the spreader centrol the'aensity of sand in the_bo£3-$”
'\ 7. V ' . . : 1l ' e \ ‘ .

The. sand elevatér consisting‘of a series of small

v h

. ~fbuckets assembled on a chain is designed to feed the spreader.

|
When the chaln advances, the buckets dlg into and plck up the

sand and dlscharge into a funnel by centrlfugal actlon. - The

: sand is then directed into the hopper by a.che%a attached to

the funnel. The whole assembly is held in pl?ce by a rlgld

frame which can move horlzontally on_:all ong the length

of the box.

-

3M1.3 Loading Frame -.

The loeding frame (Figufe 3.2)‘eoneiet5 of~e
514 mm x 159‘mm IeBeem welded to ewb sete’ef channels 2.41 m
len_ at'Both ends. _The I-beam acts es-horingtalrmmter end
the c¢hannels as the,vertical‘member'Of the frame. The I*beam
is stiffened by lB‘ﬁm thick plates at the point where the
hydraulic jack is installed.

The whole frame is held at the desired locations by

»

- means of twelve 2% mm diamter bolts on either side with the

N T \' L )
vertical I-beam holding the box. A hydraulic jack was welded

£0.152 mm by 152 mm by 16 mm plate which was subseguently
- , . 4 -
bolted to the reaction beam. The pressure exerted by* the

jack was monitored by a callibrated_load cell between the

. -

jack and-the reaction beam and linked to an electronic read-

out unit.

- e A rd i § A Rt Sk i
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The‘thle assembly of 1oadin§ frame and jack is

deSLgned in such*a way that the mechanlsm of applylng loads

LAY

to the model foundat;ons can be set up over the sand without

'dlsturblng it, thus_avoiding any risk of alterlng the‘lnltlal

state of compaction of the sand.
N

b :
'3.1.4 Settlement Gauge. '

A settlement gauge as shown in the Figure 3. 3 was

desrgned to monltor the settlement at wvarious depths directly

below the footlng The.gauge does not give the total settle—

ment, rather it was de51gned to measure the compression of the

_ layer between the base plate of the gauge and the bottom of

+

the footing.

The-gauge was manufactured out of a'tough_plastiC'miE

with an 1nternal dlameter of 4.5 mm attached to a. 50 mm by

50 mm by 4.5 mm thlck plexrglass plate at the base and a 3 mm
diameter brass piston rod attached to a rubber piston which
flss airtight in the 4.5 mm diameter cylinder. The length of
the cylinder and the piston rod .wary according to the depth

at which they are placed. The end of the cylinder is sealed

. and a flexible nylon tube with an internal diameter of 1.5 mm

-and 3 mm externa} diameter is glued into a drilled hole at the

side. The nylon tube is then connected to a thick walled tube
having small internal diameter. 'Dyed water was used in the

system. All the gauges were calibrated and consistent results

—
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FIGUHE 3.3 SETTLEMENT GAUGE

(all d1mens1ons in mm)
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were obtained. The ratio of the movement of the piston to

%that of the‘fluidfin'the thick walled tube was 1: 22.8.

' : 3.1.5 Extensometer

The extenscmeter shown in Figure 3.4 is designed to
measure the radial deformatlon of the medla below the footlng
- at dlfferent stages of 1oad1ng. It con51st5 of a cyllnder'
‘with an 1nternal dlameter of 4.5 mm, a length of 100 mm and
a, rubber alrtlght piston attached to a brass rod of :3 mm dla—
‘meter. At the end of the cylinder a 50 mm by 507mm by 3 mm
thickaplexiglass élate‘is-attached and the same end of the
cyllnder is connected to a thlck walled stand plpe by a high
pressure re51stant nylonrtublng. The nylon tube is coiled to
accommogate the deformation and thus to avoid excessive stress;
ing of the tubes. A 50 mm by 50 mm by 2 ﬁm.brass plate is

welded at the other end of the brass rod. - ‘ !

When the instrument is put in.place, the piston is
pushed through almost the whole length of the cyllnder leav1ng
only a small space between the plston and_ the cyllnder head

. to dccommodate any movement of the medla‘towards the centre
of the footiag;h The sgace between the two plates'attached at
the ends of the cylinder and the pistbn;fod is the monitoring
zone for the radial displacement. When the plates move away,

the piston draws the fluid into the cylinder. The ratio

movement of the piston to the movement of the fluid i
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stand pipe is 1:22,

Nl . ., '

3.1.6 Dial Gauges L

Dial gauges were used to.monitor ehe=m0vement of the
surfaées of sand around the‘footing.‘ Glass platee 4 mm by 4 mm
were placed at everyxmonitoriﬁg point oe the sand surface so.
that the stems -of the dial gauges did not penetrate into. the
sand. A frame was made ef angles, with three a;me at'120O |
apart. Six dial gauges were fixed on each arm (Figure 3.5).

.’ The whole frame is supported by theﬂsides of the box. The

accuracy of the dial gauges psea is 0.01 mm.

o

"3.2 Testing Process ' - - iB (j

spreading of sand, measuremeﬁt of densities, instrument plac-

The testing process is divided into several steps:

ing, 9051t10n1ng the footlng and loadlng frame, and load
applicatlon. Altogether seven tests were run, two at each
of the three relative denSLtles (63{ 80 and 96 percent)
- preceded by a pilot test'using various types of_instrements.
» The performances of the instruments used in the subsequent

tests were verified and tested with pilot test.

‘3.2.1 Sand Used in the Test Program

The sand used in the experiments is a

gquartz white sand.' The manufacturer designated

factory crushed

the sand as
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FIGURE 3.5 DIAL GAUGE WITH THE T
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silica-24. The strength properties of the sand were determined

by Hasnain (1974) who performed a n&mber of trlaxlal and dlrect B :ﬁ
shear b&x tests. The preparation -of the samples for the tests |
‘was 51mulated w1th t&e spreading operatlon followed 1n_Ehe sand - “%
box. The sand was spread in 1ayers using a mlniature spreader. '
/Qva Figure 3.6 shows the graln size dlstrlbutlon curve
whlch conflrms the sand to be . in fine to ‘medium range. Wlth
a uniformity coefflclent of about 211, it can be_classxfied
ds_a uniform sand. The maximum and minimum'densities using
.ASTM procedures are 1660 kg/m- and 1250 kg/m fbspectlvely.
The specific grav1ty of the particle is found to be 2.66.
The minimum and maximum void ratios are P-61 and 1.13 and
A 'corresponding porosrties are 0.38 and 0.53 respectively.
Figure 3.7 shows the relationship between the unit weight L ,
- and the relative density of the sand. And-Figure 3.8 shows . -
' the variation of .angle of internal}irictfon’with the reiative
density of sand. Some-other propérties are presented rn the -

a&

Appendix 2.

3.2.2 Spreading of Sand ' o A

i ; - The spreading operation was accomplished with the
| help of sand handling equipment described earlier. The sand
Y is loaded in the hopper with the elevator. The height of
~ fall, drum speed and the horizontal travelling speed of the

assembly are adjusted according to the calibration for each
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'particular density; As the box {8 belng fllled

- 52 -

r

'parameters are adjusted to malntaln a constant den51ty..'

Between 7 and 10 days are’ requlred,to flll the box to achleve :ﬂ

"

“.the hlghest den81ty (D _s 96%) As the dust from the spread—

1ng operatro’ﬂﬁs very flne,and takes long time to settle,
some precautlonary measures are taken to prevent the dust- from

spreadlng The box is housed -in a plaSth tent equlpped with _

,_a hlgh capacrty exhaust system.‘ Moreover, masks and eye

protectlon are necessary durlng the spreadlng.

A

. 3.2.3 Measurement of Densities

Although the spreader is callbrated to glve the

.de51red den51ty of the sand, Reasurements are carrled\gut at

various depths u51ng contalners of knOWn volume. The edges

-of ‘the containers are very sharp ln order to mlnlmlze dropplng
- of the sand gralns after hlttlng the contalner. Three contaln-

}ers are placed along the length of the box at a partlcular

.

.depth. To obtaln the relatlve densmty/den51ty for:. each setup,

the average of all the measurements is chosen. The Table 3. l

shows the den51ty measurements during spreadlng for varrous

-

_tests. i ' I : : = .

S
L

t.3.2t4 Instrument Placing

Several types of 1nstruments are used durlng pllot

4

test to assess thelr performance so that they can be used

I

.

[

i~ =
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TABLE 3.1 .

Unit Weight

gm/cc)

' DENSITY MEASUREMENTS

‘Relative

Density
‘ (%{

Average Relative
Density

($).

A ke B 3 et

(2)

(3)

(4)

SET II

'SET III

0.31

0.76

[

1 0.46

- 0.76

1.610°

1.636
1.614

1.592

'1.636

1.612

—

1.593
1.632
1.608

1.574

1.535 .

1.562

1.569
1.530
1.537°

1.569
1.539
1.536

1.489
1.494
1.482

1.402°
1.495
1.506

94.50

"102.00

 90.96 -

102.34
95.98

91.26
100.91
95.06

86.29
75.83
8§3.11

. 85.09
74.53
76.36

85.09
77.14
76:02 .

62.71
64.30
60.70

60.85
64.66
67.60

Y

96.63 -

79.95
=80.00

63.47

AT IL SR JESRIR
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fq# subéequent‘tests; The instrumepts used for subsequent
tests were: . - ‘ .

1. Settlement Gauges .

[
~

2. Extensometers

3. Dial Gauges

B

The settlemept.gadées were.plqced at four different
‘depths -|§0, 45, 30 and 15 cm Hirectly below the'fooéingﬂand
ateadistancelof 10 em from the'centre of the foqting

1 X ! \

(Flgure 3. l) These are used to monitor the settlements

*at the depths mentioned above. 'The settlement gauges were 'ﬁtl-

placed durlng the spreadlng,operatlon (Flgure 3.9) when a- .

‘/ﬁesired depth was reaehed. The nylon tublngs leading f;om the
-instrumEnt to the stapd pipefoptside‘the box are passed“throﬁgh
the predetermined hole€s on the wall of the box.

. o . + '
. ¢ . .
‘ .\-.“ ' , - . N .
= 1

The extensometeré'were placed (Figure 3.10) at a
depth of 30 cm pelgw‘the base of the fogying to monitor the
movement*of eénd in:the horizontal plane. -The monitoring zones
were 0.22, 0:56 and 0.9 metre.and the instruments were centered
with the centre of the foeting. The tubinés.eonnecting the
instruments to the ogtside stand pipe wepe passed through‘

the holes made earlier in the sand box wall.-

1

A total of eighteen dial gauges - six in each direc-
tion 120° apart around the footlng (Flgure 3.4) were used to

monltor the movement of sand surface at various stress levels.

A

e
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FIGURE 3.9 SETTLEMENT GAUGE IN POSITION

. R .

: : FIGURE 3.10 EXTENSOMETER IN POSITION .
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"Another three dlal gauges at 120 apart were placed rlght on

Df loadlng. B = SR o f~

o

3.2.5 Positioning thé Footing and Loading Frame

After the sand is spread and brought to the deSited
level of testing, the footing is positioned by the:overhead

crane on the sand surface so that the centre of the footlng

‘ lles dlrectly on a. predetermlned p01nt through Whlch ther;.

vertical axis of the loadlng jack passes.
With the footing in position, the loadiné frame is

transpotted by the'pverhead crane aﬁd bolted td*the‘uertical‘

-

I-beam fixed to the walls of the'box..'NeeeSSary‘care was

taken so'that the centre of the footing and .the vertical axis
of the loading jack attached to the frame lie in the same

plane. The jack was then lowered into position as that it

A ) ’ .
just tOUChed the~footing. A measurlng tape is attached to

monitor the movement of the jack.

S
3.2.6 LTesting .

The footlngs a;e then progre551vely loaded to

failure. To factiitate the reading of various instruments

used to monitor the dlffereht parameters, the load is applled

by increments, “When the sand is at relative density of 96

percent, the increment is 60 kPa but for the relative densities

. 3 .
< Y
1



'cf 80 and 63 percent the load 1ncrements are 30 kPa. In at

-3:3 Experiment Results

N

3

least one test for every setting, the foctlng was, pushed lnto

'the sand to determlne the locatlon of the fallure surface

and the extent of the heav1ng area.-

S : ._——{_—1_—-.:‘—3—‘55. -
The results of experlments are presented in the

followrng pages. Flgures 3. ll, 3.12 and 3.13 represent the

}oad\ settlement curves for the tests at various reketlve

‘ -

‘ densmtles. The two-curves on the same flgure represent the

two tests performed on the sand at same relative density.

ough the two tests were performed at the Same relatlve

frdenslty, there is a dev1atlon of one from the other in all

‘the tests. This may be. attrlbuted to factors such as,

particle rearrangement, lnter-partlcle contacts, angularlty

'of'the particles, and moreover the variation of:relative

densities at different points in the box.
~ . .
o

(-

From thﬁ curves 1t can be observed that there is no
dlstlnct fallure(p01nt in any of the test at.the three dif-
ferent ‘enSLtles. . Load increases contlnuously w1th the in-

creasefof penetration of the footlng even w1thout any yield

point on the curves. This continuous load increase may be

due to the surcharge effect that develops as the footing
&

_ starts penetrating into the soil and partly to the increase

in density due to consolidation specially at loose state
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_ degth twice the diameter of the footing. The ‘surface settle-

' 22, 56 and 90 cm in diameter. ' ("\\’_

“of sand.

P I \\;;)_‘

- " ) .
~ . t ?

N

to'a settlement value equal to 50 percent of the footlng d1a~

meter.

Figures 3.14 (a), 3.14 (b) and 3.14 (c) represent

. the var;atlons of settlment with depth at different stress

-

levels for the three den51t1es. It is ev1dent from-all the

curves that an appreciable amount of settlement occurs at a

ments afe much higher at lower density than that at hlgher

'density; For example, the surface settlements at a load of,
. 3

61 kN/m are 16 iy, -7 mm and 6 mm for the relative densities

'63, ‘80 and 96 percent respectively. Again, the variation of

surface settlement Wlth densities will depend on the stress

level as the failure occurs at.low stresses for sand at a

lowér\denslty.

) r}""/
s (.

\ Figure 3.15 represents the variation of radial

deformatlon in percentage of the distance between the two
monltorlng plates wrth the radlal dlstance from -y Centre.

The radlal deformatlon was monitored at a depth of 30 cm

from the bottom of the footing and the monltored zones were

LT N

It wﬂ% observed that the deformatlon varles almost

linearly at low stress levels for higher den51t1es but for

At least one test at each densrty was carrred out up

.
[T P

Lt e e
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difflcult to’ locate

low den51t1es, Jthe deformatlon 1s more .in the v1c1n1ty of the

1.

'footlng and decreases rapldly as the dlstance Erom. the footing

_1nc eases. The deformatlon is negllglble at, and beyond 45 om

from the centre of the footlng L e

- -
Figures 3.16-‘3;17'and 3,18 represent the movement

of the. sand surface around the footlng at various stress levels

and 1ncrea51ng dlstgnce from the ' edge of- footlng, .At a hrgher ‘

_relatlve den51ty, cons;derable heaving'takes place at:ali stress

1evels. But at a relative density of 63 percent, there is very .

little heav;ng that “the 'sand is belng consolidated under the

1oad1ng.

' Flgure '3.19 represent the failure surfac%?rat 96’p€r-\\\\\~
cent reactlve den51ty. At this densxty,the failure surface

was dlstlnct and eas

o locate with a problng rod. At other

+

densities there 1s no dlstlnct fallure surface: and it was

-

he failure plane.'
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mathematical model and finite element analysis is considered

v

as'the{baéis-for the elaboration of'th mode;. In the analy-
) L . , Ve : Mo
sis the footing is ¢tonsidered as a rigid{Blate with some finite.

4

rigidity defined by the following egquation:

E

0 Tb o, L .2y 3 3
B = g -y ) .
- Ts .
: . .
where K. = Relative rigidity of the plate
Eb = Young's modulus of the plate i
-t = fThickness of the platé:
a = Radius of the plate
+ (.
A ' E_ = Modulus of soil media

V_ = Poisson's ratio of the soil mass

K; =-0 represents a completely lexible plate i.e. the load is -
directly applied on the soil fhedia whereas a very stiff plate

is represented. by K. 2 100.

As thF plate used during the test is rigidzrthe load
“applied through the jack is considered uniformly distributed

over the area of the plate. The soil media, i.e. the sand;'

et Sl 2

_____________ S ‘ BN —

. T

) \;‘ \ o )
i . . - 5? - i B ;

\\'l. ‘ -
- CHAPTER 4 | ' ; '
i : - - \h I . . : -r -
_\\/}f<7vf  © FINITE ELEMENT ANALYSIS
LA .Q . N N i ]
4.1 General - S » ' -
:EB ' ' A simulation of the footing test is done with -a

T N

S el — e




'1s con51dered 1sotrop1c elastlc SOlld medla whlch may behave

as homogeneous ‘or nonhomogeneous where the propertles change

e

" w1th depth ' For 51mp11c1ty, the contact between the plate and

&

the supportlng elastlc medla is assumed to be smoo

: A . ) T
It‘Should be noted that-the problem describe above

3

is essentrally a three dlmen51onal problem. However, since the

cr AR i -

problem iss 11m1ted to only axlsymmetrlc loads and plates, 1t
g' A can bé reduced to a. two dlmen51onal one. Furthermore, the
lanalysis is'restricted to only elastic range.

3

e Element Method in General

-

The- flnlte element method has recently ‘become a use- ‘

A

ful tool for the analys1s of practical problems encounz/red
in Geotechnlcal Englneerlng The extensive use of thi

ethod..
is made p0551ble through the gvailabilityof fast computers .
w1th vast - storage capacxty and the refinement of the method
“itself. One of the main ‘advantages of finite element method i , 5
‘is that'the-problem is formulated in su%b a way that it re-
quires only the solution of simultaneousllinear-equations.‘
Although‘these equetions may contain a large number of unknowns,

they can be efficiently arranged to produce banded_matrices._

-

Carateta L

Ao ‘ o . =

{ P ' B :
‘The solution, with this method, follows an orderly

-

Ve

proceduzjjrhich can be summarized as follows (Desi and Abel, = . 3y
1972) - o e

R

\.“‘.,‘_-‘|.".' R -
PTEREES DI LI L XU Sl T S



R

Tpeiynohielsﬁdependé on the degree of freedom chosen for

" node. -

“;“IT"“Discnetization'of'the:continuum

.

whlch the contlnuum 15 subd1v1ded into an equlvalent system

SOlld elements of\trlangular cross section are used to sub—

lelde the SOlld medla.

'2," Selection of displacément’ model
' ‘ g .

Dlsplacement functlons are chosen in the form of
polynomlals to represent approx1mately the actual dlstrlbutlon

of dlsplacements.-;The number of .terms to be retained in the

T3, De:i\?ation of the 'e'leme‘nt stiffness matrix

- . \ . . |
The stiffness matrix consists of the coefficients
of the equilibrium equations derived from the material and

geometric properties of an €lement.’
[
4, Assembly of the algebralc equatlons for the continuum

¢ .y

o ———

Tﬁi: is the process during which :ﬁh overall stiffness.

matrix of theLentire structure from the individual element stifﬁi

ness-matriees'and the overall force from the element nodal force

vectors are assembled. .

. Dlscretlzatlon may be descrlbed as the process in o

| T
of.flnlte elements. In the‘present analy51$fﬂﬂxlsymmefflc -
’ ‘_’_____..A-——-—

S T e e e




/

.are in the derivativeé-df the nodal displacement. Since the

—

5. Solution. for the_unknbwn‘displacements' .=

The algebraic eqhations ESSembled in step 4 are solved,

for the unknown displacements,
- T o
6. Computation of stress

In general, the stresses, strains and flexural moments

—

dlsplacement at any p01nt within the element can be de&ermlned

» from the nodal dlsplacement’ so can the stresses, stralns and

moments,

-t .
'

4.3 Assumptions in the Analysis

-

1. e flexural behaviour dfﬂthe structural-foundations
1S repre nted by the ClaSSlcal P01sson—K1rchoff thln plate

!

theory Whlch assumes that L ‘

a) the thlehhess ef the plate'is small in comparison
te its lateral dimensions o
; b) the deflection of the plate is small compared
. . . to itS'thiekness'
e)' the'strain enetgy is ebmposed of onfg\the.flexural

. energy. -~

2. The platéa(fobting) is supported bydthe s0lid media

A

(soil) assumed to behave as aR isotropic and elastic continuum.

e L et
‘e .

5

A g T

LAY




3, The contact between the circular plate and the 5011 L

\

. is assumed ' to be smooth and capable of sustalnlng ten51le

Y

‘ fractlons.
. \

4 The assumptlon 3'15 not realistic, becaﬁse it neg-
lects the frlctlonal forces developed at the. 1nterface. r:
" has been observed that for a completely rlgld plate resting on
a very compre551ble elastlc half—space, the central deflectlon
for smooth contact is about 9.0 percent hlgher than those for

rough contact. Howeqer, as the Poisson's ratio of the elastlc

media.apprgaches_to 0.5, the effects of types of contact be-

Y u

come insignificant. ' S '

Ll
L

4.4 Method of Analysis A

. -

. The solutlon of the: problem using flnlte element
method of analysis follows an orderly step by-step procedure
which has been described earlier. A brief ‘description of the
development af the;finite element model for the particular-

probleﬂ-is gi&en below:
]

The circular plate is_moderied as ab assemblage of
abnular plate'elemepts with_three—degteee of freedom. The
isotropic elastic solid media is modelled ueinglaxisymmetric
solid elements of triangular cross-section as shown in

s o

\

. Figure 4.1.

Y ein e b i e < R T Gt g b
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\ E ‘ . - B
'Usdng these modeis, element stiffness matrices. for

, . . o B

“the plate and the solid elements are evaluated-separately and

'then added together to form the global stlffness matrlx [K]
for tne tn:al/structure.' The global forbe vector [F] is then
set -up for the glven-loads;_"These matrices are related to .

the global‘displepementdvector [u] as follows:

Wl = =

=

:The above eqﬁation represents a set of simultaneous

linear equations, which, when solvedyzfield the nodal dis-
acement and thereby the other qnalities of interest such as .
s resses, moments etc. i Y

. ‘ . . i
‘\ ‘ . ‘ ) .

4.5 Limitations ot ." - . ) A
. . *
1. This method cannot deal with an incompressible solid

media (v = 0.5}, not even when the Poisson's ratio onurappnxKMEs

.
I, SRR

0.5. The correspondlng stlffness matrix becomes very large. Howewver,:

-

this model was tested for a value of Poisson's ratlo, vs ='0.49.
approximating a nearly incompressible solid without a signifi- :

cant loss of accuracy. o ' '
. .

2. For a rigid circular foundation on a homogeneous F
elastlc half—space, the normal contact stress becomes s1ngular

-at the edge of the raft (Boussxnesq, 1885) Ehe finite element

‘analysis, on the other -hand, yields a finite value at the edge.



1/

In a real sit;uatronl SOme local yleldlng takes place

' 1n reglons of hlgh stress and this= results in a redlstrlbutlon"'
of the.cqntact stresses. The-flnlte element model cannot take .
" into accouut ‘the effects of'such plastic*deformatiohs.u.Fof
practlcal purposes, local yleldlng has a negllglble effect on
the dlsplacement but the flexural moments are errbneous
(Brown, 1968). . . C T

4.6 Results of;Analysis

, )

As assumed prev;ously, the elastic plate rests “on the \‘

surface of the isotropic elastlc SOlld media. ’ ?he elastic
-constants, the Yodng s modulus and Poisson's ratio of'the
materlal of the plate a;; assumed to be 207 x lO6 kPa and
0.3 - re$pectively. The value of the Poisson's ratio for the .
solid media varies between O.lB and 0.35, uhereas‘the modulus
"~ is assumed to increase linearly at a rate of 7.534 kN/m2 per '
millimetre of depth with a value of 1722.5 kN/m2 at the‘sur—
face. The basis for this assumptlon is the values obtained
in the tr1ax1al tests and the in 51tu measurements in the sand
box. Although the value ofﬁihe P01sson s ratio varied from
0.25 to'dJBS, the real value, oBbtained in the triaxial test,

\ .

for the material a}es between 0.27 and 0.30 dependmng on the

relatlve densmtya The applled load is assumed to be 183 kN/m
b

distributed unlformly over the plate.

Figure 4.2 through 4.4 represents the variation

e e Pt e ——— A et
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:'The settlement lS maxlmum at the centre and decneases further

-

'*-;fof settlement w1th depth at the centre of the plate and at areas

“fjﬁf-further away from the centre for varlous P01sson s ratlo of sand. f'

.

"Ffaway from the centre. The settlement becomes very negllglble'*

beyond the edge of the plate.. Flgure 4.5 through 4. 7 shows'

H“the variation’ of settlement w1th the P01550n s ratlo at varlous f:;

depths below the footlng.f The settlement decreases w1th.the‘f

lncrease of Poisson' S ratio. The‘snrface settlement decreases
by 8.7 percent by mncrea51ng the P01sson (] ratlo from 0. 25 to
0.35. From the Flgure 4.7 it is ev1dent that the effect of

Poisson's ratio on‘the settlement outside the plate arealls.Very
small. °
" : . ‘ ' ’ -~

Flgures 4.8 through 4.10 represent settlement patterns

around the plate at various depths of the footlng.f It is. evi-

dent from the flgures that the settlement at a depth tw1ce the

diameter of the plate is approx1mately 7 percent of the settle—

ment occurring at.the surface of the media.

Figure 4.11 shows how radlal deformatlons take place
at the ‘centre and at lncreaSLng dlstances from the centre for

varlous Poisson' s ratlo. The radlal deformatlon is zero at

-

" the centre of the plate and increases to a max1mum value at a

distance of about 229 mm from the centre of the plate and then

.starts decreasing. The radial deformation increases with the

increase of Poisson's ratio at all distances from the centre

of the plate. N

- . B L]
e e o bt A o, s kbt A
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CHAPTER 5 -
ANALYSIS OF TEST RESULTS .

5.1 Effect of Embedment

Although it has been establlshed in the 11terature

that the bearlng capacmty of a footing lncreases con51derably

due to the embedment into the ground, very 11ttle consideration
has been glven to the effect of penetratlon of the. footlng in

the ground durlng the process of loadlng. Lambe (1967) re-

cognlzed the fact that as the footing penetrates into the

_ground, the footing acquires- some addltlonal strength from its,

embedment achleved during the penetratlon. Larkin (1968) stated

N“that ln the case of a circular footing located on the surface,

an 1ncrease,1n depth of about 0.09 to 0.13 of the footing dia-

meter is sufficient to increase the bearing capacity-by 100
percent. This could be one of reasons other than densification

and increase of ¢, why the theories eonsistentiy underestimate

the, actual bearing capacity of. the footing.

In all the beaE}ng capacity relations proposed in the
literature, the embedment effect has been tahen into eonsidera—
tion: In the present study only the bearing capacity equations
proposed by Terzaghi (1943) and Brinch Hansen (1970) are con-

sidered to establish the effect of penetration on the bearing

capacity.




- 89 - !' " . ) . .l ~ . ._ N l‘." ‘ <

In Figures 5.1, 5.2 and, 5 3, the dotted curVes are"

i " the' orlglnal test curves whlcﬁ represent stress in kN/m2 on

the vertlcal axis, settlement in mm. and relatlye settlement K
defined as the ratio of settlement to footing diameter on'
the horizontal axis. "The straight‘lines‘shon the effect of
. embedment according‘to Terzaohi's theory. The solid curves .
i_ ' are obtained by sobstracting the effect of-embedment from the
- h \\h\fﬁwbriginal test curves. ‘ These curves represent the bearlng }
capacity derlved from the shear strength of the sand The .
portion of the bearing . capac1ty derlved from the surcharge ﬂue
0 - embedment is directly’ prqportlonal to the depth of embed-
’ ment' This portion is. non~ex15tent to thé depth of embedment
at the start of the, test with the footing resting on the sur-
face and its value starts increasing as the footing penetrates_
into the soil under the applied load. The original test curves
do not show any'failure of the footiné. ‘When the embedmentnf
eftect is subtracted fron the total, the peak‘becomes promi--
nent and the load decreases with further penetration, At a .

relative settlement of 45 percent,most of the bearing capacity

. ] .
.of the footing comes from the embedment. : '

| | The dotted cuéies in Figures 5.4, 5.5 and 5.6 are

| the originel test.curves. The solid curves (embedment) in all
the above figures show the effect of embedment as the footlng
! ’ penetrates in the soil. This.was calculated with the equation
proposed by Brinch Hensen (1970) . The other two solid curves

in each of the above figures were obtained by subtracting the

: - k}
- ' | : ’
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