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NOTATION

The symbols used in this work conform generally to those
saggested in 1941 by the American Soclety of Civil Engineers
{Soil Mechanics Nomenclature, Mamual of Clvil Engineering Practice
Ro, 22), although exceptions have been made wherever necessary to
avoid confugion,

A area of the base of the footing
B breadth of footing

C congtant

Co coxpression index

Ca coefficient of settlement

¢ cohegion

D ~ depth of footing

E modulus of elagticity

8o vold ratio in loosest state

Gg factor of eafety

H thicknés’s of stratum

Kp coefficient of passive earth pressure
L length of footing

M, modulus

N

dimensglonless factor (N, Ny, and N, bearing
copacity factors); mumber of blows on sampling
gpoon during stendard penetration test
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Nt mmber of blows on sampling spoon for very fine
sanda below water table

Py passgive earth presmire, May be sabdivided into
Pp' whdch depends oﬁ unit welght of the soil, and
pr which depenée on coheglon end sarcharge

P pressure or normal stress

P intringec pressure

Po initial presaure

Q concentrated load

Q critical load on footing

Qr bearing capacity of cireular footing

Qqs  bearing copaclty of sgare footing
‘ sarcharge per unit of area
allowable goil pressure

ultimate bearing capacity
unconfined compressive strength

radius

©ng L e

gettlenent

shearing red stance

X, ¥y 3 carteclan coordinateg

A spread angle, inclination of load
P? glope angle



SINOPSIS

Footings undoubledly represent the oldegt form of
foundation, Bearing capacity and the settlement are the
two important factors in the study of footings. In the
present work, various theories of bearing capacity are
presented in detail, The concepts have been analyzed by
theoretical conslderations of ideallzed, 1solated foot-
ings. . Th®" gettlement agpect of the problem has been appro-
ached elmilarly. The allouable soil pressmire and its deter-
mination have been theoretically investigated.

The above concepts have been developed to explain
their use in the actual design of footings., A oritical
review of the present knouledge avallable on the mbjeét
has revealed that both the fundamentel research and the
éioce&zm for adopting the theorctical concepts to the
practical reqirements need further work. Accumulation
of well-documented field records is absolutely necessary
for development of the mbject,
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SINOPSIS

Footings undoubtedly represent the oldest form of
foundation, Bearing capacity and the settlement are the
two important factors in the study of footingse In the
preaent wrk, varioug theoxies of bearing capacity are
presented in detall, The concepts have been analyzed by
theoretical congiderations of ideallzed, 1isolated foot-

. inge. Tha: gsettlement agpect of the problem has been appro-
ached gimilarly. The allouable moil presmre and its dster-
mination have boen theoretically investigated.

The above concepls have been developed to explain
their use in the actual design of footings. A critical
review of the present knouledge avallable on the mubject
has revealed that both the fundamental research and the
procedare for adopting the theoretical concepts to the

ctical regirements need further wrk. Accumulation
well-documented field records is absolutely necessary

» development of the mbject,



I. INTRODUCTIION,

1.1. HISTORICAL REVIEW 3~

During the Middle Ages foundation construction used to employ
mats of stone blocke laid in over-lapping courses on a levelled ground
surface, When greater use of widely spaced walls and 1ndﬁ.vichal
columng developed, the mats were peparted to form spread footings.
No particular rules for design were followed, Wpen the underlying
soll was hard, the footing was often no 10ngar_ than the member
1t supporteds in such a case it served merely as a leveling course
of masonry on the soil or rock, When the soll wgs soft, the fooling
was enlarged by corbelling‘ 1% outward from the lines of column or
wall, The sige of footings was seldom.xfelated to the colum load;
instead it was dictated by the space available or the shape of the
column or wall it supported. When fallures occured, the offending
member was enlarged until it carried the load adequately, Often -
the footings were built without mortar, when very soft ground was
encountered, mats of trush several feet thick were spread on the
surface to provide a support for the masonry footings., Needlesd

to say, the settlements of such footings were often excesaive,

The Industrial Revolution brought about a number of changes
in Civil Engineering, both in theory and techni que, btut these did
not extend to foundation design. In general, foundations were
deglgned and constructed during the Eighteenth and Nineteenth cen
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centuries in as much the same way as they had been during the
Middle Ages, The slow mechanization of construction brought
about gome improvements in the techniqie for tuilding foundaw
tions tut only a few real changes in the design, Builders
occasionally pre-loaded a building alte so that part of settles
ment would take place before the structure was tullt, This vas
n;t \d.dély practised and the baaic prinaiples behind it were not

understood, however,

The construction of higher snd heavier tuildings during
the later part of the last century resalted in Tmimerous cages
 of foundation difficulties and en awskening interest in designe.
For example, in constructing a corbelled mésonry foundatidﬁ,
each foot of w.l.dih be_ycxid the 1imits of the colurn or wall
required an additional foot of footing depth. Therefore, when
the footings became wider (as was required to gupport the hes~
vier loads) they also became deeper and heavier until the foun-
dation welght alone became a major part of the structural load.

A slgnificant advance in the understanding of foundation
behaviour was the concept that the areas of foundation should
Be proportional to the loads and that the centre of the load
should be & aligned over the centre of the foundation, These
1deas, first put in writing in the United Stales by F, Baumann

of Chicago in 1873, were to guide foundation engineers for over

half a century,
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The development of highly competitive industry led to a
demand for large but inexpensive mildings. The iypes that
developéd were more sensltive to differential settlement than
their predecessors. Furthermore, many of the most desirable
gites for industrial bulldings were located in regions that
had previously been avoided because of notoricusly bad con-
dltions, Hence, designers found themselves in need of a
reliable procedure, applicable under soil conditions, for pro=-
portioning the footings of a glven tuilding in sich a Manner
that they would all experience the same settlement, One result
was the formlation of rules for maximum foundation pressure
on various types of eoils. A second remit was the development
of field loading tests to evaluate the bearing cepacity of solil
in place, Although, both of these innovations are considered
to be inadequate today, they were slgnificent forward steps in
the scientific approach to the foundation design,

1.2, PRESENT STATUS @

Following World War I, foundation englneering px:ograss.ed
more rapldly, The greatest step was the development of sd..ence
of Soil Mechanics, Mich of the credit for this advance belongs
to Karl Terzaghi, who in 1925 published his treatise "Edbaumeckanik®
This furnished the first integrated analysis §£ the mechanical
behaviour of soils and perticularly of settlement under the load
and opened the way for a rational approach to the solution of
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foundation problems, Studies of bearing copacity and of streesses
beneath fmmdationa were made by Kogler and Scheldg in Gernmany,
Fglleniue in Sweden, Housel in U.5., Skempton, Méyerhofand W.1lson
in United Kingdom. Since 1930, progress in developing rational
methods of foundation analysis and design has been remarkable,
During the same period, there were elgnificant advances 1n the
art of foundation construction, The increased use of reinforced
concrete made 1t posaible to tuildh thin _féo’oing,s. Construction
in areas of weak o1l and high water is made possible by improved
technd ues for imwa,taring, 801l stabilization and excavation,

since World War II, there has been a growing reallzation
among foundation engineers thal a sclentific enalysis of foun=
dafion performance is unsufficient becanse of the extreme comple=
xity of actual Soil conditions compared with the assumptione made
in the solution, The result has baen the ,acmlaﬁing of emperical
knowledge, guided by theory, to temper the analytical methods,
This process is contiming and forms the basls for the modern
methods of design,

2 GENERAJ .RE.QUJIBEMNENT
‘O‘F__ _F_O_O_T_IJLQ_B_

Iike any other part of a structure, the footing foundation
mist nmeet certain requirements, These requirements are based on

the needs of the structure supported, because in the over all
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picture, the footing (including the soil beneath it) and the -
superstructuré form an integrated unit and act together under
the influence of loads applied to it,

| The’ three baglc requirements are 3
1. The footing mst be properly located with regpect to
any future influence which could a&érady affect ite
performance, ) |
2, The footing mst be stable or safe froxi failure,
8, The footing mst not settle or deflect sufficiently
to damage the structure or impair its usefulness,

These reqirements shoudl ordinarily be considered in the
order named, The first is rather nebulous. It involves many
dlfferent factors, some of which cannot be evaluated analytically,
but which mist be deternined by englneering judgement, The second
is gpecific; it is analogous to the requirement that a bea}n in
the superstructure mist be safe against breaking under its working
load, The third reqirement is both specific and vague., It is
analogous to the reqiirement that a beam in the supergtructure
shoull not deflect enough to be objectionable ~ the amou‘ntiof
deflection is gpecific, but how much is objectionable cennot always
be defined accuretely, These three requirements are independent
of one another and each must be satisfied, the fact that only two
out of the three have been met still means that the foundation is
inadegate,
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2,1, _FOUTING LOCATION AND DEPTH 3

The location and depth of a footing are governed by a
mmber of different and unrelated factors. These include the

following i1~

1. Depth of frost action (or of thaiing in perma~frost
reglons)

2, Depth of geasonal volume changes

3, Adjacent a‘brﬁctures, property llhaa, excavaﬁions
and future construction operations

4, Ground water level

S, Underground defects such as faults, caves and mines,

2e1el. _FROST ACTION s

In any region where the alr tmIperature falls below 3P deg,.
F. for more than a few days, the ground freegzes and the heave of
the soil may occur, Fobtings placed above this zne of heave may be
slowly bifted auring the cold weather and then suddenly dropped when
the frozen mass thaws. In the U,5. the gone of ice—la.yers dxring '
heavy frogt extends as deep as 8 feet beneath the ground surface.
To be free of frost heave, footings should be placed at a depth
equal to 8/4 of the maximum penetration, In particularly euscep-
tible solls such as saturated silty sands and silts, the full depth
is recommended, while in gravels and dry sands even less than 3/4
the maximun depth may be adequate., ILocal experience is the best



~ guide to check frost penetration

Figure 1 shovs the location of the footing of the outside
colunn below the level to which frost may cause perceptible heave,

2,142, SEASONAL VOLUME CHANGES |

Claye, particularly those with high plasticity, shrink
greatly upon drying and swell upon the addition of moigture,
In geographic regions which have well defined reagons of high
and low moisture, such cléys swell and shrink in regular cycles,
often causing severe damage to structures which they support,
Black cotton soil of Indla is a typical example. The culslde
valls move up and down with the swelling end shriniking, However,
the central parts of luge structures shelter the soil from both
gun and rein and minimlze the volume changes, The interior parts
of the stfucture, therefore, suffer less than the outside walls

and this canses severe damage due to dlfferential seltlement,

In arld regions where the soil is normally dry, the problem
is somewhat different, Added molisture from leakage of pipes, watering
lawns, or the reduction of evaporation caused by the pfesence’of a
tuilding or a pavement can bring about swelling and heave of several

inches.

In mid regions the Soils are ordinarily moist, Severe
desiccation may carse high volume changes, Unuseual prolonged
periods of drought have brought about settlement of structures which



have stood for years without any slgn of digtress.

Accelerated deciccation accompanied by rapid end irregular
settlement may be caused by many local conditions sich as heat from
bollers, ovens and furnaces, that are inadequately insulated from
the ground, Footings should be placed as far possible from all
aources of heat and below the depth of deslccation, particularly
if the soil has a potentially high volume change,

In mmerous instances moi sture used by vegetation has
resulted in accelerated soil desicoation and settlement, Large
tfees and even éome shrubs and field crops are dapable of rmoving
large amounts of moisture and cansing metilement of foobings placed
above or adjacent to thelr major root ays‘bems. In such cages
foundations should be placed well below large roots and as far

from them as possible,

2.1,3, ADJACENT STRUGTURES, PROPERTY LINES AND FUTURE
CONSTRUCTION OPERATIONG s |

The location of adjacent structures, property li.mes, and
the péaéibd.lit.y of future construction are 1mportant' ractors.in
the location and depth of footings. Expensive law sults have
arisen vwhen footings extended into adjoining property even though
the tuilding wall was well inside the line.

The construction of new foundations can caunse damage to
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existing ones die to vibration, shock of blasting, undermining by
excavation, or the lowering of ground water table, The deeper

the new foundation and the nearer to the old it is located, the
greater the damage is likely to be. A rule of thumb is that the
minimm hori zontal spacing between old end new footings should be
equal to the wAdth of the larger one, Further, a line drewn outward
at a 45 deg. angle from the edge of the base of the izigher_one should

not intersect the base of the lower one, as shown in Flg, 2,

Foundation depth must be selected with future nearly
excavation in mind, This is pai,'tictzlarly true close to_ﬂie
property lines where only limlited legai control may be possible
over tho construction operations on the adjoining site. For
example, the Amerlcan Standard Code for Exeavation requires that
a person making an excavation adjacent to a property line provide
support for the adjoining property only when the excavaﬁion ils
deeper than 10 feet, Under such conditions, a minimm footing
~ depth of 10 f£t, would be pradent, When futui'e deep excavations
are planned, such as for an addition having a basement, the
foundations for the initial part of the structure should be pleced
deep enough that they wlll be unaffected by the addition, If this

is not done, under-pinning may be required in future.

Basenent floors are commonly located well below the minimam
depth requlred for footings of buildings without basements. Hence,
under nornmal condiiions the minimum depth of foundations located
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vithin the boundaries of a basement, C and d in Flgure 1, is

governed solely by structural reqirements,

2.1.4, GROUND WATER LEVEL 3

The level of ground water table is a factor in foundation
depth in three vays. First, construction below the water level
often presents difficulties. Ip coheslonless sands and silts,
for example, upward flow of water into a footing excavation
can create a ¢uicksend condition and make construction impossible
without pre-~drainage, Second, the presence of the water-table
establishes the bearing cepacity of the footing, The submerged
welght 1s about onehalf of the saturated wei.ght; Hence, it may be
concluded that a rise of the water table from & depth greater than
about B below the base of the footing upto the top of the surcharge
would have the effect of redncing the bearing capacity to about
one half of its value for saturated sand, Third, when the water
table is above the lowest floor, waterproofing and resistance
sgalnst hydrostatic uflift become serious congideratione. Ordi-
narily spread footings are placed above the highest ground water
level unless the additional expnse of greater depth isewell justified,

The presence of underground defects such as fanlts, caves,
mines and man-made discontimiities such as sewers, underground
cables, and utilities influences both footing location and depth,
Minor fanlts occur freqiently in bedrock and when they are active,
the entire sturucture should be placed on one stde or the other of the
fanlt line, | ¢ .
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Man-made dlscontinuities such as old wells, sewers, cables
and utilities ere frequently encountered in cities and established
industrial sltes. If these are in use, they should be relocated
or the structure moved away from them becanse mainf.enance and repair
will be complicated if they are buried beneath a structure, Further
more, they present a hazard to foundations because the back-fill
over them is usnally rather loose and because they often are
structurally inadequate, No footing should be located over such a
dlscontimity or on its backfill unless both are known to be capable
of earrylng the load, The same xule for footing depth as is used
for adjacent foundations and excavations is often applied to
underground utility lines to minimize damage from their presence.'
Unfortunately, in many areas the location of underground utilities is x
not accurately kmow)' and this leads to costly changes during cong=
truction, For example, (Ref. 40), the position of a 14 ft. sower
vas determined as accurately as possible from old plans and from
an internal inspection by means of man holes, However, during
construction it was found that the sewer was laid on the sweeping
curve, which brought it directly beneath several of thesfootings.
The columns had to be relocated and the footings lowered to the
lovel of the bottom of the sewer. A very carcful survey of the
local conditions can do much Yo minimize this hazard.
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242 BEARING CAPACITY AND SETTLEMENT s

On the assumption that it 1g practicable to congtruct a
given type of footing in the light of the above considerations,
the probable performance of the footing must be judged with regpect
to two types of unsatisfactory beheviour, On the one hand, the
entire fooling or any of the elements of which it is composed;
may break into the ground becanse the soll or rock is incapable
of supporting the load without failure, On the other hand, the
supporting soil or rock may not fail, but the settlement of the
structure may be 0 great or so uneven that the superstructure may
become cracked or damaged, Thqse two types of unsatisfactory bee
haviour have almost 1ndependent causes and can usually be investi-
gated separately. The first is a function of the strength of the
supporting goil or rock, and.ia'known as a bearing cgpacity feilure,
The second depends upon the stress-deformation charéctenietics of
‘the soil or rock, and is known as ' detrimental settlement', In
each of the following chapters, they will be treated at length with

the alm of developing the concepts in the design of footings,
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8 BERARING _CAPACITY,

3.1. INTRODUCTION s

The sabject of bearing capacit.j is perhaps one of the
important subjects in Soll Englneering, It is generally believed
that bearing capacity is an abgolute inherent propérty of the eoii,
Ju;t as coheaionA and internal friction end this has conseqxéntly
ied to wrong interpretation, sometimes leadi.ng to a false sense
af_ Aemmy. A true understanding of the £actors upon wich it
vdependa and an explanation of the use of the bearing capacity
concepts in the deaign of footings needs the presentation of certsin
~ fundamental ideas. MNumercus factors enter into the complex problem
of determining bearing capacities for buildings which rest on many
epread footings. However, some of the most important of these may
be explained without difficulty by theoretical considerations of
$deall zed, aimple cases of isolated footings, The bearing capacities
of all types of soils, ranging from cohesionless to highly cohesive, will
be di_sthsed. The most lmportant variables on which the bearing capa-
éity 18 dependent in any glven soll are the dimensions of.' the f;otinge,
antdvthe investigations into the relatlonships between the bearing
capacity and the breadth and shape of the footing below ground surface
w11l be studled in deteil. ALl soils considered in these studies
are assumed 40 be homogeneous unless otherwise stated,

Relationahips will be obtained which are good for soils in

general, The formlas for such cases contain two soil charactei’istics,
[ 4

o ® °
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the friction angle and the unit fichesion; and vhen these two soil
characterlgtics axpear it mey be concluded that the ‘expression
applies to soils in general., Ipn other studies the considerations
are limited to the extreme or limited cases of cohesionless and very
highly cohesive soils, Cohesfonless sa;il,s mey be defined as those
in which lt.he shearing sti'ength depends entirely on intergramular
pressures which are caused by the footing load and the overburden
Highly cohesive soils are those in which the strength is primarily
caused by intrinsic pressure and in which the strength, therefore,

does not vary with the depth below ground surface,

| The dimension used to express the eize of the footing

1s the breadth, This dimension is equal to the diameter of a round
footing, and the smaller slde of a rectangular footing. Cases
covered herem will in general be limited to long footings, square
footings and round footings, The deslgnation long footing applief to
such cases as wall footings wherein the length 1s very large in
comparison to the breadth,

3.2, FUNDAMENTAL CONCEPTS 3 .

If a load is applied on a limited area on or below the
surface of the soil, the loaded area settles. If the settlements
due to a steady increase of the load aPe plotted as ordinates
agalnet the load per unit of area we obtain a settlement dlagranm.
The settlement curve may have any shape intermediate between those

repreaenﬁed by the curves Gy and Gg in Figure 3a. It 15 seen that
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at the lower values of loadlng intenslty, uheré the diagram is an
approximation of a stralght line, the settlement for a given area

is roughly proportional to the loading, If it is commonly assumed
that when this is the case, settlement is due primarily to compression
rather than lateral displacement of the soil beneath the footing,

As gettlement Per increment of loading increases and curvature of the
di_agram becomes pronounced, it is consldered that soil rupture is
taking place and that the footing is sinking into the ground as a

result of lateral dlgplacement of supporting soil,

There 18 éeidom a clear demarcation of the two sections
of the dlagram. Ina &ll probability, scil rupture is a progressive
rather than an abrupt development and it may be initiated well
before the bresk in curvature is reached, It lis convenient, hovever,
for purposes of discussion to assume that ranges of loading can be
identified in which settlement can be abttributed elther to Soil

compresslion or to soll displacement. Thus in Figure 3b,

A 1is the gettlement due chiefly to Soll Compression,

B is the settlement due to combination of soil compresslon
and lateral displacement &

G 1s the settlement due to lateral displacement,

If the settlement curve passes falrly abrupty into a vertical
tangent (curve ¢y in figure d3.), we Lidentify the faljure of the
earth support with the transition of the curve into the vertical

»
e
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tengent, On the other hand, Jerzaghl(43)states that if the settle-
ment curve conbimues to descend on & slope, as shown by the curve

Co we gpecify arbiirarily, but in accordance with current conceptions,
that the earth mupport has falled as soon as the curve passes into

& steep and falrly stralght tangent.

~ The area covered by the load is called the 'bearing areé.‘ .
The load required to prodice the fallure of the soil sipport is
called the 'critical load' or the 'total bearing cspacity', The
average critical load per unit of area, o °F C(/; (fig. 3a)
isg ce;lled the 'bearing capacily of the soil', It may be defined
as the largest intensity of pressure which may be applied by a
structure or a structural member to the soil vhich supports it
without causing excessive setilement orrdanger of failure of the
soil in ghear, |

3¢2.,1. THE PRESSURE BULB 1

The pressure bulb is a common term used to reprecent the
gone below a fooling within which appreciable stresses are cansed
by the footing load, The concept of a pressure tulb 18 a valwable
one, and the tulb should be pictured simply as a stressed zone

within a homogeneous mass.

Soil characteristics and pressure below footings are not well
enough known to allow an accurate plotting of contours of stress

in the presence bulb, However, stresses below a cricular loaded area
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on the surface of an elastic mass of infinlte extent may be
determined from the theory of elasticity, and from plots of

stross contours for the elastic case a general picture is given
which may be accepted as valid, in a roughly qalitative sense for
footings on goil, The compressive stresses on the horizontal ﬁlane ‘
are shown in Fig, (4a) by stress contours for all pointe below a
round uniformly loaded area of the surface of an elastic mass,

The maximm shearing stresses at all points is simllarly represnted
in (b)s It may be seen that all concepts of the size of the pressure
bulb depend on an arvitrary choice of th;a nagnitude of stress at
which values are‘conaidered to pass from eppreciable to inappre-
clable, If direct stresses are considered to be of insppreciable
magnitude when they are smaller than 10 per cent of the intenslty of
the applied étress at the surface, in general, the pressure bulb
will have a depth a depth of roughly 1.5 times the breedth of the

loaded area,

THE ACTION WITHIN THE PRESSURE BULB s
The outward pleture of the action of a footing is limited

to the concepts thet a footing 1s loaded and therefore settles.
Howaver,' the action within the pressure bulb is more complicated.

The settlement of the footing is due to the vertical strains which
occur within the height of the pressire bulb, These vertical

strains are due in part to shearing strailns or change of shape and

in part to volumetric strains or deocreases in woid ration, In Fig. 5
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the Tull lines show & square footing before lc;ading and the gzone

in wvhich its idealized pressure bulb will form when load is

applieds The original position of a small element of soil at the
centre of the bulb is also indicateds The dlsplaced positions of
these linesg after the load is applied are shown by dashed lines,

With the magnitude of changes conslderably exaggerated, If the
settlenent 1p due mainly to the squeezing out of soll from under the
footing, as in a relatively dense sand which is loaded nearly to
fallure, the bulb and the element are dlstorted with little change

of volume, as the figure ghows, If the settlement is due mainly

to compression of the soll, as in a very compressible soil subjected
to a load that is gmall compared to the load camelng fallure the changes
in positions of horigontal lines would be about as shown by the figure
but the changes in positions of vertical lines would be only a =mall

fraction of those shown,

In Figure 5 the deashed lines representing the width of the
tulb after loadlng are not shown near ground surface because strains
may be large in this zone. 4 rigid surface footing on sand, when
carrylng even a very small load, will develop a plasti; zone within
the srrounding soll, Plastic zones of this type are shown in Fig, 6
for a long wall footing on the surface and beneath the surface level
of a cohesionless soil; the zones ghown in this figure are according
to concepts developed by 0.K. Frohlich Zones I are plastic under a
small loading and enlarge to Zones II under greater loading, Quali-

tatively similar shapes of plastic zones exist below the edges of
/7
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square and round footings,.
3.3, THEORIES OF N AGLIY

No exact mathematical approach has been devised for the
analysie of bearing capacity fellure, Many methods have been
formulated but all involve some simplifying approximations
régarding ﬁhe Soll properties and the movéments which teke place
that are incompatible with the observed facts, Ingpite of these
short comings, comparisons between the ultimate bearing capacily
conipﬁted by the best of these methods and the observed ultimate
bemng capacity of both model and full sized footings show that
"the range of error is Mttle greater than for problems of structural
stabllity in other materials,

3¢3.1 PRANITL'S ANALYSIS

Many =k modern analys®s of the problem of bearing capacity
are based on a solution by Prendtl (Ref.35). The Prandtl plastic
eqiilibrium theory presents an expression for the ultimate bearing
capacity of long & loaded areas of breadth B on grouné surfage.
Prandtl investigated the plastic fallures of metals., A special
case of his general solution is aﬁplicable to foundations, Sincé
Prandtl was mainly concerned with the penetration of punches into
metals, where movement of these punches was guided, a basic
assumption of his solution is that a loaded footing of width B |

and very great length L will eink vertically downward into the unde:r-
/
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lying material, thereby producing shesr fallures on both sides of

the footing. Figure 7 sghows the three zones which, according to

Prandtt, exist after the failure is reached, The following assump-

tions are made i-

1, The soll is homogenecus, isotropic and wedghtless,

2.

_3.

4e

The wedge - shaped soil zone ABC immediately beneath
the footing moves downward without any deformation
together with the footing, Soll zones AFC and BCD are
assumed to be in a plastic state and to push soll zones AFG
and BED upward ag units, Theremainder of the loaded medium
is essentially unaffected by the load.
NOTE: The actual angles and lengths in the diagram
 are not assumed but are derived in the course
of the analysls, |
The line of rupture (envelope to the Mohr circles)
for the soll is a straight line,
Iy the plastic sectors AFC and BCD the stresses along
any radius vector such as BX are constant but they vary

from radiues vector to radius vector. . .

Thig Zone I is slmilor to the unsheared conical zone at the

top of a cylindrical compression test specimen., Zone II plastic, in

this gone all radlal planes through points A and B are failure planes,

and the curved boundary 1s a logarlthmic spiral. Zone III is forced

by passive pressure upward and outward as a unit, It may be noted
O *
thet oll failure plenes are at ( 45 + B/o)  to principal

/
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planess The section is symmetricel upto the point of failure,
with an equal chance of occuring as shown, or along the similar failure
surface shown at the left by dashed times,

Prangtl considers the equilibrium of the plastio zones, The
boundary conditions are 3
that the major principal stress on the boundaries 4C and BC
18 g4, while the minor principal stress on the boundaries AF and
BD is gero, On the bagis of the assumption that the shearing
strenglth of any soil may be expressed by
S=Cc+ 0 tTan ¢ |
and that ¢ is a constant, Prandtl shows that the ultimate
bearing cepacity of any %ail is

)+ Som Ttomd
_ < vH-S ? e | (3.1)
tang | 1= SCM75

Va
The analysis covered varying values of the angle of internal
friction ¢, For ¢ = 0, the solution needs Calculus, eince the
substitution of ¢ = 0 gives the product of infinity and sero,

The final folution is
93 = 9.1420 = 2,571 ¢ (3.2)

For § greater than gero qy increases rapidly with the
value of ¢, as shown by the following tahle.
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Table 3.1 Values of 9 according to Prandtl,

g B'/B qd/%

0 1,000 2.571
10 1,572 3.499
20 2.5%0 5.194
0 4,290 8,701
) 8.462 17,560

It will be seen that, if ¢ =(, E@ation (3.1) reduces

| to gero, This would mean that a cohesionless s0il such as

dry sand has no beérlng capaaity, dctually this is not s0, and

the agpumption chiefly responeible for this discrepency is»that

the soil 1s weightless., But the ‘consicieration of the material compli.
cates the gtuation very considerably. At given values of C and ¢ it
inereases the critical load and it changes the shape of the

eurfaces of sliding within both the wnes II and III, Tms

for ingtance in the zone of vadlial shesr, {Zone II) the radial

lines of ghear are not straight as shown in figure ¥V , it

curved. There are two alternative corrections to Prandtl's formla
due to Terzaghi and Taylor respectively. Of these the first is
preferred for accuracy but the second 1s much more easy to

calculate, | |
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Tersaghi's Correction for the Welght of the Materiel

To C in the original formla {( 3.1) add C' vhere :-

C, = h’Y tom ¢
lf\ = Area of wedges and sectors in Fig, 7,
Length GB

The formila then becomes

/ ‘
¢ +c 1+ Sing  Titom ¢ |
ﬂjd = e 6 -— , <33>
"tam¢ | — 3W¢ - .
Taylorts Correction for the Welght of the Material s-
o .S in the original formla add
tom & |
, T
Bvat (T-2).
The formula than becomes ‘
- . | g\ T Sing T2
- |ccotg 4+ ByCt(L-2) . | ——"".e -
Bffect of Surcharge on Prandtl®s Formila i (3.4)

The derivation of the formula (3.1) was made for load;.ng at
the aurface;it is not applicable vhen the footing applied its
load at a depth below the surface level. Allowance can, however,
be made for this by increasing the bearing pressure for murface
logding by the over turden pressure. If a vertical pressure,

P s 18 applied to the outer riglid wedges AFG and BDE, thén
th; bearing capacity is increased from that given by the
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preceding Prandtl formila by an additional
|+ Som p  Ttome”

A v S
This surcharge effect can only apply for values of p considerably

less than qg for otherwise there remilts merely an increase in

the loaded width. In practice p wlll usually be emall compared with
qq Whut nevertheless on gramler soils, whers ¢ may be between

85 and 40 degrees, marked increase in bearing capacity is produced.
On coheslve soils, whére @ 48 of the order of 0 to 10 degrees,
sarcharge produces-idttle effect.

DISCUSSION, y

ﬂ‘ieo*fj
The accuracy and value of any of the bearing capacitjes depend

on the extent to uhich the assumed shape of the surfaces of failure
approach reality, It is in this respect that Prandtl's analyss
is congldered to be the most reliable, since his assumed mode of
fallure agrees quite well with observations made on both gramular
and cohesive soils, Tersaghl has restricted the validity of the
above equations to foundations with a perfectly mmooth base.in
contact with the soil. Shearing stresses along a rough base are
believed to exert a restraining effect on the soil and thmus
coefficient in equation ( 3,2) is increased t0 5.7 from Prandtl’s
value of $,14.

The application to all foundation designs of the above

vl
. '_ :

m;geabions to increase to this extent the original values
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obtained by Prandtl, according to Tachebotarioff, appears
quostionable in the 1ight of the following conslderations, In
a great many cases the nat;re of the possihle downward movement
of a foundation is not restrained in any manner, so that the
foundation is freé to rotate about any one of its edges. Tims
the baaic assumption of the Prandtl solution, illustrated by fig,7
does not necessarily hold in all cases, Actual records of shear
faiiure of the clay underlying large foundations ugually indicate
rotational displacements of the soil, Further the clay deposit "
cannot always be absolutely homogeneous to sich an extent that a
shear failure would develop in it simltanecusly on both sides of
the foundation, It is likely to be somewhat weaker on one gide
than on the other, so that a rotational failure, as investigated
by Fellenius, would result.

Ingpite of the sbove shortcomings, it remains that the
present concepts of the mature of scil failure under footings
stem mainly from the analysis of Prandtl. |

3,3+2._BELL - TERZAGHI ANALYSIS 3 .
For a poll possesaing coheaslon as well as friction on

analytical solution for the relationship between bearing capacity
and depth was first dérived by A,L. Bell (1915). This was later
extended by Tergzaghi. The analysis spproximates the curved surface
of fallure with a palr of planes as shown in fig.8, The averagse
stresses on the planes at failure are computed from the Rankline 5

Theory, and from these the bearing capacity is obteined, The
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derlvation assumes an infinitely long foundation of width B placed
at a depth of D below the ground surface of a homogeneous soil,

The average presmure exerted by §he foundation at the instant
of failure produces shear in a priem of Soll, I, immedlately beneath th
footing vhose xd;dth is B and whose depth is B tan ( S+ g /2.
The lateral bulging of this prism produces shear in a pair of similar
prisms beside the first and an upward bulging of the ground above
tham. The second prism, II, sustaing a vertical stress or minor
principal stress of ¢' die to the wi, of =il above the footing
level plus an average stress due to the weight of the prism o'f

__L_r)/ B “‘to./v\ C4 So—ﬁ-g) Therefore,
2 2
CV": dD
Q‘;_I[____, ou'+ -'in/B'tO\M CAS—'\* ¢/))

The horizontal stress { major principal stress) required to
produce fallure on prism II can be computed graphically by Mohr's
cirele as shown in fig.9. The major pﬁncipal gtress on priam II is
equal to the minor principal stress on prism I, Similarly the
najor principal stress (vertical stress) on prism I can be found
by Mohr's circle as in Fig.9. The ultimate bearing capacity is,
therefore, equalf to this stress mimus the average stress caused by the
welght of the acll in the prism.,

J - | N T
—D—;'YB'tO«M(4S+¢/Q_> asn” ;"é.9
If the Mohr envelope for the soll is & straight lime then

s
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the bearing caspacity may be computed analytically. The remlt is

as follous 3

9, = 12 [t (45+2) _tom (a5 + 2] +

¢ [atam@as+3 ¢>+9"‘”" 45+ "):[ N
q tom*(as+2) |

This expression may be rgi‘itten in a gimple form as a bearing
capacity eqation :-

Iy = _ryBNq+c_Na-1-‘YD 9 (3-8

where N N and N q ere bearing capacity factofs* which are
functions of the angle of internal friction of the soil.

For gtrip loading on purely cohesive soll, the ultimate
bearing capacity according to Bell's theory of conjugate stresses,

%O{: 4.

RISCUSSION:

The conjugate stress method of Bell does not agree with the
results of the e::porilxem:-a.r 3t does not make allowance for sizear
strength of clay above foundation level, and this faot makes the
method unduly conservative. Thus in the case of footing failure at
Kippen, Scottland( Ref.37) Bell's aﬁpmadh gives a value of
1, 4000 paf where as the actual ultimate bearing cspacity at the
time of fallure, as investigated by Skempton ( 1941) was about
2,509 psf.
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Flastic fallure of the loaded soil, as assumed by Tersaghi
in nis extension of Bell's method is possible only in clay soils
with moigture close to plastic limlt ( Baldya, 1961), In fact
the stress strain curves as obtalned during laboratory compression
tegt satlisfy elastic failure only approximately,

3.3,3, T 's ARALYSIS s |

Terﬁ.ghi. hag presented a solution for the ultimate bearing
cepacity of long footings which is of mors general nature than eny
other theores, This method contains various assumptions which
cannot be presented without going into great detail. Although '
" this apyroach is not the most rigorous possible, all assumptions
that are used are quite reasonable, and the remults should be

sufficiently accurate for most uses.

FATIURE BY LOCAL AND BY GENERAL SHEAR
All soils are covered in Persaghli's epproach by two cases

which are designated as general and local shear, Before the

load on a footing is spplied, the ‘soil located beneath the level
of the base of the footing is in a state of elastic qquilibrium,
When the load on the footing is increased beyond a certain cri-
tical value, the soll graduslly passes into a Stabe of plastic
eqilibrium, During this process of transition both the distri-
bution of the soil reactions over the base of the footing and
the orientation of the principal stresses in the soil beneath
the footlngs change., The transition starts at the outer edges of

'\»

’



the base and spreads as indlcated in Figure 6 a for a contimue
oup footing which rests on the horizontal surface of a homogene=
ous mass of sand and in Fig, 6b for a footing vwhose base 1s
located at some depth beneath the surface, If the mechanical
properties of the soll are sich that the straln which procedes
the fallure of the soil by plastic flow is very amall the
footing does mot sink into the ground until a slate of plastic
equilibrium similar to that sssumed by Prandil end illustrated
by Fig.? has been reached, The corresponding relation between
load and settlement is shown by the solid curve G, in Fig,'T
The fallure occurs by sliding in the two outward dlrections,

In Fig. 10C the time def represents one of these surfaces,

This t;ypa-of fallure will be called a 'general shear fallure!,

On the other hand, if the nechanical properties are
such that 'the plastic flow ig precaded by a very important
strain, the approach to the general shear fallure ig associated
with a rapidly increasing settlement and the relation between
load and sebtilement is approximately as indicated in Fig. 1lla
by the dashed curved C2. The criterion for the failure of the eoll
support, represented by a conspicuous increase of the slope of
the settlement ocurve, is satisfied before the failure spreads
to the surface. Hence, this type of failure w1l be called 'Local
shear failuret,



CONDITIONS FOR GENERAL SHEAR FATLURE OF SOIL SUPPORT OF
SHALLOW, _ CONTINUOUS FOOTINGS 3

The term ¥Yghallow footing' 4is applied to footings whose
width B 1s eqial to or greater than the vertical distance D
between the surface of the ground and the base of the footing,
If this condition i saticfied the shearing resistance of the
- 801l located above the base of the fooling may be neglected.
In other words, we can replace the soil with a unit weight Y ,
located above this level, by a surcharge CU:‘Y. D per unit of area.
This mubstitution slmplifies the computations very considerably
On the other hand, if the depth D is conglderably greater than
the width B (deep footings), 1t 1s necessary to teke the shearing

strength of the soll located above the level of the base into

consideration,

If the s0ll has thus been replaced by a surcharge, per
unit area, the base of the footing represents a loaded strip
vith a uniform wuldth B located on the horizontal mirface of a
serd-infimte mass. The state of plastic equilibrium produced
by sach a load is illustrated by Fig. 7. In order to. prodice m&h
a gtate of stress at the base of a contimous footing it would
be necessary to eliminate ocompletely the friction and the adhesion
between the base and the soil, Fig. 10a has been plotted on the
bagis of the same assumption., +The scil located within the central
zone I spreads laterally and the section through thie zone undergoes
the dlgtortion indlecated in the figufa. If the load is tranemitted

4

. .
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on to the ground by means of & contimious footing with a rough '
bage maxx as shown in Fig, 9b, the tendency of the soil located
vithin the zone I to é:rea& is counteracted by the friction and
adhesion, o |

' 'GOMPUTATION OF BEARING CAPACITY s
Fig. 10¢ 48 a section through a ehallou contimuous

footing whose base 18 located at a depth D, At the instent

of fallure, the pressure on each of the surfaces ad and bd

is equal to the remltant of the passive earth pressure Ppand

the cohesion force Cas Since allp occurs along these taées,

the éemltant earth pressure acts at an angle ¢ to the normal

on each face and, as a consequence in a vertical direction. If

the weight of the soil within adb is disregarded, the equilibrium of
~ the footing reqires that |

de 2Pp +2C, 9m¢ =2ﬂ,+gc Tom & (2.6) ,'

The problem, therefore, 1s reduced to determining the
passve earth pressure Pp + The pascive earth pressure required
to produce a clip on def can be divided into two ports, PP
and PP The foree PP represents the resistance due to the
wed ght of the mass adef, The point of sppMcation of ?P is
located at the lower third-point of ad, The second part pP“ of
the passive eh.z'bh pressure K can itself be resolved into two

parts. One part Py, is duo to the surcharge ﬂ/ =0 D, Since both

' .
. .
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presmuresP and Pq are unifornly distrituted, their point of
application ia located at the mid-point of the contact face ad
in Fig./8c, ' |

Hence, the value of the bsaring capacity may be calculated
‘ /
by Teplacing Pp in eqation 8.6 by Pp + Pe + P"U , Thus,

Q ZCPP—}-PC%-P?i— BcfmgS)

By introducing into this eq.xation the synbols,

N:?-Pc + tom &

e Do
2 P

Nﬂ/““ 9

Yp B

Ney = APP

We obtain fyel

@dzBCCNC-k—'YDch-l— —'i“/BN(Y> (372

~y Te called the ?*bearing

cepacity factors!, They are dimensionless quantities phat depend

Th antities N N and N
e Q@ ® c? abt

on the value of ?5 « Therefore, they can bs computed once for
all and plotted in a chart. The solid curves in Fig, 11b represent the
relation between the bearing acapacity factors and the values of &b

GONLITIONS FOR LOGBISHEAR FAILURE 3

The sﬁress conditions for the failure of a c&heaﬁ.ve soil
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are approximately determined by the eqiation

05 = o ctom (45 ¢)+ Tom C45+-§é>

Wherein 07 16 the major principal stress and 0_ :I.s the minor
principal stress, Fig. 11a shows the relation betweem the stress
dfference § -o= and the corresponding linear straln in the direction
of the major principal stress G, for two different soils. If
the stress strain relations are such as indicated by the dashed
curve Gy , the lateral compression regired to spread the state
of plastic é@ilibrium as far as the outer edge -F on the
wedge acf ( Fig. 10,¢) is greater than the lateral compression
produced by the ginkding of the footlng, Hence, in this case
the soll support fails by locak shear. In order to obtain
information on the lower limit for the corresponding critical
lond Qp curve G, is replaced by a broken line Ocd. It represents
the gtress strain relation for an ideal plastic material whose
shear valwes o' and §f' are smaller than the shear values cand
¢ for the material represented by the curve C,e The available
data on stress straln relations suggest that it is Justified
in asdgning to cf rand ¢ the lower Limiting valueg

ol = fec |
and

tan ¢* = & tan ¢

If the angle of shearing resistance is ¢* ingtead of
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¢, the bearing capacity factors assume values Nc" N’q' and Np',
These values are given by the dash curves in Fig.18.,b, The

bearing capacity is then obtained from the equation
/ / J / ‘
2 N i

Table 3.2, glven below gives the values of various bear-

ing capacity factors for varying values of ¢.

Table 3,2 ~ Relation between ¢ and bearing capacity factors

g N N N N} N ! N,!
0 5.7 1 0 5.7 1 0
10 9 3 1 5 2 0
20 L 5 12 4 2
% 2 13 10 15 5 3
30 B 22 2 18 8 6
% 53 43 4 24 14 10

If the siress straln relations for a soil are intermediate
between the two exiremes represented by the cuwxves G, and Cy
in Fig. 11a, the critical load is intermediate belween Q4

and Q* de

RISCUSSION,,
Tergaghlssubdivision of the problem into two types of

shear ig an arbitrary one, since two cases cannot cover the
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wide range of conditions which necessiate the recognition of
two expressions as different as eqations 3,7 and 3.8. In
practice the conditions for the general sghear fallure
illustreted by Fig. 10c are never completely satisfied, becamse
the borizontal compression of the soil located immeiiately

below the level of the base of the footing on both sides of the
base, is not great emough to produce the state of plastio
oqilibrium within the entire upper part of the zone aef, Therey
fore one has to expect a fallure similar to that illustrated by
Fig. 10.d. On account of inadequate lateral compresaion the
shear fallure occurs while the upper most part of the zones

of potential plastic equilibrium is still in a state of elastic
eqilibrium, In oohesl.ia soils the surface of sliding terminates
at the boundary of the zone of elastic eqilibrium, In the
proximit.y of free surface of such soils ane may find ingtead of

a zone of chear a set of dlscontimous tension cracks, In the
theory of general shear failure these discrepencies between

'theory and reality are diaregarded.

In connection with the method of deterlﬁ.m.ng the pressure Pp

Yemembered

it should be delermined that the murface of sliding represents
only an gpproximation to the real surface of sliding because the
method 18 not rigorous, Therefore, the surface of gliding obtained
by means of the spiral or the friction circle methcd does not
necessarily start at point d in Fig, 10c with a vertical tangent,

Hovever, the error due to this discrepency between the real and



the approximate sufface of sliding is unimportant.

Experience has shown that even uniformly loaded foundations
always fail by Pitting, This fact, however, does not invalidate
the reascning of Tergaghl's analysis. It merely demonstrates that
there are no perfectly uniform subgraded. With increasing load the
settlement above the weakest part of the subgrade increases more
rapidly than that above the rest. Because of the tilt, the center
of gravity of the structure shifts towards the weak part and
increases the pressure on that part, uhereas the pressure on the
stronger parts decreasess These factors almost exclude the
possitility of a fallure without $ilting. |

The two equations 3,7 and 3.8 are intended only as expressions
which are spproximate and congervative; they give estimates which
are of mich practical value but which mst, in their spplication
be tempered ui.th conglderable judgement,

3+3.4 MEYERHOF'S ANALYSIS 3

A theory of beaﬁng capacity has been developetf by
G.G. Meyerhof ( Ref., 26, 1951) on the basis of plastic theory,
by extending the previous analysis for surface footings to. shallow
and deep foundationg in a uniform cohesive material with internal
friction, As in Tergaghi's method, the theoretical resulis are
represmtcd by bearing capacity factors in terms of mechanical
properties of the soil and the physical characteristics of the

foundation. y
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For a deep footing, the Tergaghi!s method suffers from
the dfficully that when the fallure sirface no longer reaches
the ground level, the height over which the shearing strength
of the s0il s mobiliged becomes very uncertaln and mist be asemu-
meds According to Meyerhof's theory, which has been extended to
overcome mch limitations, the zones of plastic equilibriun incres
with foundation depth ( Fig.12), For a given depth the alze
of these zones varies with the roughness of foundation and for a
perfectly amooth footing, two symmetrical plane chesr zones are
formed below the bases The extent of these zones is largely
governed by the shape of the foundation, and is a minimnm for a
circular footing, |

At the ultinate bearing capacity the region above the com-
posite failure aurface is, in general, asmmed to be divided into
two main gones on each side of the central gone ABC, namely a
radial shear zone BCD and a mixed shear zone BDEF in which the
chear varies between the limits of radial and plane shear, To
simplify the analyels, the resultant of the forces on the foune
dation shaft BF and the welght of the adjacent soil vedge BEF are
replaced by the equivalent stresses Po and S,, normal and
tangential respectively to the piane BE. This plane may be
congidered as an 'equivalent free surface', sibjected to
'equivalent free stresses' p, and S, The inclination of
the mrfdce increages with the foundation depth end together
with the stresses, forms & parameter of that depth,
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On this basls the bearing capacity can spproximately be
represented by ; '

ﬂ/d = C NC+. bo Nﬁ}+-l2-.d BN,Y

(3.9)

This expression is of the eame form as that given by Terzaghl, ut N,

Nq and Np are nov the general bearing cspacity factors which depend
on the depth and shape of the foundation as well as §f and roughness
of the base, It uill be convenlent to express the resultant
bearing capacity by the relation

U= ¢ N + 'li v B N
eq, q ( 3.10)
vhere one term represents the influence of the cohesion and the
other represents the influence of the welght of the material. The
above expfeaslon gives only the base resistance of the foundation;
to this mugh be added any skin friction along the shaft to obtain
the total bearing capacity.

Meyerhof has obtained the factors on the basls 4f analytical
and semi-graphical treatment, and to ﬁvoid determining them in
every case, they have besn calculated for the lower limit of gero
chearing stress on the equivalent free mirface ( m = 0) and for
the upper limit of full mobilization of the shearing strength
( = = 1) within practical limits of 13 and @¢:; They are presented
in the form of Ms.



DISCUSSION 1

The above theory is based on a mmber of_ simplifying
agsumptions, relating mainly to the deformation characteristics
of the material and the method of ingtalling the footing, the
effect of which on bearing caepacity can at present only be taken
:I.nt.o. account on the basls of empirical evidence, The need for
checking against experimental data ig partienlarly important:
for materials with internal friction, owlng to the major in-
fluence of earth pressure coefficient on the shaft, Anglyss
of .the main results of the laboratory and field loading tests on
buried and driven foundstions in clay has shoun reasonable
agreement with the theory in the case of shallow footings., For
deep footings, the actual base resistance is less than estimated,
on account of local shear fallure and amiﬁeal conpressibility
faoctor 1s introdiced in the theory by which the shearing strength
ieo reduced.

3.3,5. SLIP SURFACE METHODS 3

The slip surface methods are seml-graphical methods
vhereln a probable shape for t'.he sllp surface is assumed. The
slip surface ig assumed in different methods to be a circular
arc ( Pellemlus), a cireoular arc with tangent (Krey) or a
lograthmic spiral,

FELLENIUS' METHOD:

Also known as the circular are method, it is the best
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known method, originally proposed by Fellenius ( 1929) for a
strip load applied at the ground sirface, Wnrile the method can

be adapted to frictional soil, it 1g most miitable for cohesgive
sotl ( @ = 0).

- A cylindrical slip surface 1s chosen with centre at 0
(Fig.13 a) and the total cohesion C along the mirface is calculated,
By eqating the moment of the applied load Q; about 0 to the mom-

ents of Wand C the valus of Q3 &s determined, The process is
repeated for several obher trial surfaces and the ultimate load
1s taken as the minimm value of Q4,

This method has been exbended to footings founded below
ground mrface, G. Wilson ( 1941) found that the net value of
93 by tiis method has an almost exmotly linear variation with
the .de;ath breadth ratio upto dapths_ of 1,5 times the breadth,
The exression furnished by Wleon’s remults, for long footings
below the surface of highly cohesive soils is

9, =355¢c(1+038 %)
* (3.11)
vhere qf d denoles the ultimate net bearing capacity at depth
D. The process of trial mrfaces has been ghortened by calculatir
from the geometry of the problem the coordinates of the centre of
oritical alip surface. Thiis in Fig., 13a,

Bal/d('u_ %).—: CR(G#“’(')R_
:CRz(ﬁfOVV.\_—%‘"COS
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From this eqation the centre of circle for variums ratios
of D/B can be found, The resultaare plotted in Fig.13b,

DISCUSSION

The criteria by which any method for the determination
of bearing capacity of a purely oohesive material should be judged
ere two : that reasonable agreement with Prandtl's solutdon should
exiet for the case of esurface loading and that the bearing cspe~
city should increase with the depth of the footing, For surface
loading the circular are method gives an ultimate bearing capacity
of 5.5.¢ vhich differs from that pbt.a:la._ned by Prandtl by only
7.4 per cent and the criticsl circle agrees closely with the
Prendtl failure mirface for this cases The rate of increase in
bearing capacity with depth is in good agreement with that obtalned

by Te!‘mghi-

In addition bo its simplicity, the method is particularly
useful when the properties of the soil vary within the zone of general
chear failure, in which case Wilson's coordinates should be used
for the first tr:lai centre, and several other trial ¢jrcles
drawn with centres ndar the first,

KREY'S METHOD 3
The mogt widely known graphical method is that due to

Krey which assumes that the surface of failure oonsists of a

cylindrical murface passing through one edge of bearing strata and

a tangent plane making an angle of ( 45 ~ g_ ) with the .
2
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horl gontal, as illustrated in Fig. 14. The Krey mcthod may be
applied to edther of two different cases. In the first, &
foundation carrying a gpecified load is analysed to delermine the
factor of éaiety vhich applieG . In the second case, a foundation
is analyzed to deterwine the load which it can safely support with
a specified factor of safety,

In the first case, a trial murface of fallure is establighed
by arbitrarily choosging a centre A of the cireculer arc BC, as shown
in Fig.14. The surface of failure is completed by drawing the
line D that is tangent to the circle and makes an angle (45°- ¢ )
with the ground smurface. It is congldered that the foundation foad

plus the welght of the soil prisn BCEF tends to canse rotation
along the arc BC., This tendency prodices an active horigontal
thrugt at the plane CE, This thrust is resisted by the passive
resigtance pressure of the triangle (DE; and the ratio of the
ultimate passive resistance at the limit of eqilibrium to the
active thrust 1s the factor of safely against feilure of the
foundation soll,

In the second case utiliging the Krey method, a trial
centre podnt A 1g chosen, the fallure surface is drawm, and the
value of the resultent passive resistance presaure is determined,
The quotient obtained by dividing this by the factor of safety
represents the value of the active horigontal thrust, which must
not be exceededs Thus the problem is simplified to find the
load en the foundation which will produce this value of active .



43

thrust, As in tho case of retaining wall pressures, it is rather
comoﬁ' practice to neglect the Oohed.on'of the soil when making
computations for safe bearing capacity, However, the Krey method
- gan be exbended to include ochesion, if desired,

DIOU ON

Wleon has shown for footinga ab dep‘bhs greater than
‘half the width, bearing capao:lty according to Krey's method
is less than at the murface, 4t the murface g¢q = 6,047¢, at
D = 058, q3 = Q,ao ¢ and thereafter 1t decreases, Such a result
is contrary to reason, This is probably die to Krey's asmumption
thet the axes of the cylinder of failure ties in the plane of |
bages This 1s avoided in mofified Krey's method, often a_.dopted
in U,5. This modification gives g3 = 5«41 ¢ ab the surface, a
figure closer to Prandtl!s value, |

OTHER MEI‘HODS 3

If :tt assumed that the rotatlonal axla of the oylindrical
railnre mfaca coincddes with the edge O ( Fig. 15. 1), Uodb
equilibrium \dll require the following approximate relationahip
of moments in respect to 0 ¢

Obd 82: e CTTB+DB)+"YD
_ m+ 2P
q,d,c(2 + B)—r’YD

. e
6.28c (1+0.32 %4—0-'6 ED>

B').

i



When the foundation rests on the ground surface (D = 0),
@ T 6,38 C

This value 18 somewhat too high, as compared to the walue of

Felleniua.v

Another method conalsts in assumdng the centre of wotation
0 at the edge of the footing_, as shown in figure 15.2, The
rotational equilibrium of the sector OAB is assmumed to be provided in
- part by the passive lateral resigtance of the adjoining day. For
@ =0 the passive resistance will eqal 2¢ + Y D, Bquilibrium will
then raqx:lrel T8 Bl Q2
Tg E=c 3 B+2¢ —+ 7P =

Yy-Ip=c (T+2) =514 ¢

for mrface loading (D = 0) this result is identical with that of
the original Prandtl solution,

Figxre 15,3 illustrates the assumption of plane surfaces
of fallure, on which, some early analyses by Terzaghl were baged.
Equilibrium along the plane OB will require .

Cb'd..cbu‘z ﬁ’/uﬂ‘ 9D

- Yd-YD =27, = hoc

. IV will be noted that in the preceding analyses of rotation

or

stabdlity the welght of the rotating cylindncal soll sectors could
be neglected, since it is in spproximate eqilibrium in respect to
the centre of rotation, Shearing stresces along ol rough base 40, Alg,
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Figure 15, cannot affect the gtability in rospect to 0.

A1l the preceding eqzatioz_la are valid for very long footings
The resistance to rotation of somewhat shorter fundations will be
increased by the shearing sirength of the soll on vertical planes
beneath the two ends of the footing strip, The increased beering
cepacity can then be roughly estimated, as 1llustrated by Fig. 16,

BEARING CAPAGITY OF SHORT POOTINGS 3

When the shearing reslgtance on the cylindrical mirface
ADBGEF (Flg. 16) of radius B reaches its maximum value of C,
the conservative assumption can be made that at some smaller &l stance
P from the axls of rotation 00 the unit shearing resistence C on a
vertical plane through the short ends AB or EF 6n the rectangular
footdng 1411 be Toduced in direct proportion to the dlebance from 0,
so that | |

CPT R

The rotational sresistance dR around O of a ring dP thick,
located at a distance P fyrom O, wlll then be

ar=c £ wpdp

B
and of the entire sector ADF ,
:& ftf F:B 3
R::E_g fgdezq—q[w] ~0-25 Tch
B BL 4



By dlviding Eq. 3.12 by the resistance TT cb® L offered
by the cylindrical surface ADBGEF to rotation arcund the axis
00, we obtaln 0.2%5B/L as an e:preaai.oﬁ.fdr the increment of
rotational reslstance offered by one end sector ADB, 4if the
resistance of the cylindrical aurface is taken togeqml unity
for both end sirfaces this value becomes 0G6G0 ) B/t The thres
dimensional failure surface may be somematv gnaller than the
one assumed on the baais of the prec_:e;ﬁ.ng gimplified two dimen=
glonal enalysis, Hence the value 0.50 B/L may be rediced at
least to read 0,44 B/L By adding this value to Eq, 3,11 we
obtein the followlng general expression for the éppmxlmate value of

beafing capacity on clays @
D = 2.13)
‘f)d,s ;2c(l+0333+044‘ > C

For & sqiare footing (B L) on the mrface of the ground,
= 7‘.95 c
.Tegé.gm. and Peak (Ref, A& ) miggest for a square footing
qd = 7.40,

3+3.6. HOUSEL'S THREORY 3
W.3, Housel has mggested a practical method of debermining
bearing capacity by means of load bearing tests. Thls is parti-
cularly applicable in cases where the =oll is reasonably homogeneocus
in depth. In this method, the footing load ise assumed to be trans-
mitted to the soil as the aum of two componenté. One is that which
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is carried by the soll column directly beneath the footing; and
the other is that which is carried by the soil arwund the perimeter
of the foundation. The first of these components is a function

of the ares, and the second is a function of the perimetér of the
foundation, This Perimeter Shear concept is expressed by the
formla

‘Q= nA+m P (3.14)

Wherein A is the area and P is the perimeter of the footing;

n designates the unit compressive strength of the pressure bulb,
and m the unlt perimeber shear, The unit perimeter shear may be
defined as the load carrying obility per foot of pel;}lﬂ.ter, furni shed
on the vertical ax cylindrical surface which passes through the
perineter of the fooling by the shearing redstaﬁce developeé when
the footing and the soil below it settle relative to the soll |
cutgide, |

METHOD 1 ‘ _

The unit values » and n may be determined by, loading two
or more test plates or footings which have different areas and
di.fferent perimeter lengths. These test plates chould bg_pie'.ced on
the soll at the same elevation as that of the proposed foundation,
and should be loaded until the maximum allowable settlement is
developed, The load on each test plate which is required to produce



this settlement is recordeds Then sppropriate values of Q, A,

and P are mibgtituted in eqs 3.14 for each test plate, Thie gives
two or more eimultancous equations from wvhich m and n may be
determined, With these values, the allownble load on the actual
foundation may be compubed.

DISCUSSION 1
The unlt perimeter shear is of small magnitude in sands.

In highly cohesive soils the second terni of Eqe 3.14 predominates,
indicating that most of the load is in this case carried by
perincter shear. It may be chaimed that concepts relative to the
pressure bulb and concepts concerning the bearing capacity criteria,
vith tho detailed considerations of stress and straln, offer a more
complete understanding of the probleth than can be obtained from the
perimeter chear concept, However, thé two approaches are slmilar
in principle, their differences belng mainly in teminologyf

8+3.7, OTHER THEORIES J

There ayre' various othor theories and methods to estimate
the bea.ring capacity, Some of them are exbensions of the theories
already discussed and eome are of classical interest, open to a

number of serious dbjections, They wdll be presented here in brief,

RANKINE'S METHOD 3

In Rankine's well-known theory for the minimum depth of foun=-
dations in coheslonless soll the vertical downward pressure of the

footing is consldered as a maximum principal stress, and the lateral °
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or minimum principal stress is the corresponding active earth pressure.
This lateral stress is, for particles just beyond the edge of the
footing, considered as a maximum principel stress, which in turn
brings into play a vertical minimunm principal stress. Rankine's
evaluation of the principal stress canging shear fallure in a
coheslonless soil 1s illustrated in Pig. 17. The bearing pressure
Cb 4 prodices a lateral pressure p at the base of the footing,
and, according to Rankine'a rela.tionahip between conjugate stresses,
|— Sim 95
600‘ 14 Sim

At a poi.nt clear of the footing the lateral pressure p prodices a

conjugate (vertical} stress which, for egilibrium, cannot exceed
the welght of the superincumbent soil, If, aa'ie uaially aéamed
in this solut;lon, the point concerned 1s on the same level as the
base of the footing, -

|- Sim @
YD = :
|+ Sim &
Thus
_ Qe 2 4 o
C{/d:'\/D [’+ LM?SJ :‘)(Dtowx (4§+¢/2>
-—Sfmqs

or, uglng the coefficient of passive pressure Kpy
Cb d = YD K,,
The same result may be obtained by drawing Mohr'!s circkes for the
two elements shown in Fig, 17. )
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DISCUSSION ¢

This method is of cle;saioal interest and it always glves
results lower than thoge found from tests, An abrupt change in sbress
conditions is implied be]m; the edge of the footing and this is
contrary to the facta, The bearing pressres thus caloulated are
independent of the sige and shape of the footing, a result which
again, for frictional solls, conflicts with actual conditions.

HENCKY*S METHOD 3

-

H, Hencky working on the lines of Prandtl, has solved the
problem for a rigid circular fooling and in this case, he finds that
the failure ocours vhen

A 4= 564 S
Unfor‘hl;natel;r, the Hencky's method has not been exbended to footings
below th'e surface, and spproximations mist therefore be made, 48 a
rough ectimate, Skempton (Ref. 37) suggests thot bearing capecity
is lncreased by full fractional reslstance which can be developed
along the sldes of the footing, This is not an upper limit but it is
" probably the maximun increase which would be allowed in deslgn. |
Hencky! eqration is hence modified to the form 3

| = 0.6 S""..ES’
Uy=9-645%4

where F 15 the area of the side of footing in contact with clay of
/
sidn friction. S = 0,75. S and A& is the area of base of footing,
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Though original Henoky formula is conservative, when
modified to allow for friction on the sides of footing, it is of
adequate practical rellability. Thus in the case of Kippen footing

fedlure (Refs 37), Hencky's method gives a value of 2,000 psf,
the modified value is 2,600, the actual value of ultimate bearing

capacity belng 2,500 psf.

RITTER'S METHOD 3

Ritte:asmmea the s0il to have no coheslon and the formmla

~ he presented is
C[;OQ - [fyp +f¥% tom (45°+ 525/2)__/
ECMG“CA,SC# Ha) =\ + 9D ]
It 16 obvious that the above formla camob be used for cohesive

soils, However, for cohesive solls it was later amended to include

the temm

R C
N o
tamn C4§O— ¢/2> SCMQ C4S- EX/Z)
3.4, EFFECTS OF SOIL PROPERTIES AND FOOTING DIMENSIONS

ON BEARING CAPACITY 3

8 4s can be seen by an examination of the general bearing capacity
equation (3.7), the bearing capacity depends on the properties of
the soil and the dimensions of the footing 3
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1. The angle of internal friction

2+ The unit weight of soil

3. The cohealon

4., The footing width

8. The roughness of base of the féoting
8, The surcharge.

~ The angle of internal friction has by far the greatest
1nf1u§nca on all the three bearing capacity factors, 411 increase
at a rapiély increasing rate vhen ¢> becomss larger, However,
if ¢ becomes very emall, as in the case of eaturated clays, the
last term approaches zero, values of N m»i‘or friction angles
of 32° and 40° are nearly 8 and 100, Thus the ultimate bearing
capaclty of dense coheslonless eoll 1s represented as belng

roughly ten times that of loose cohesionless scil,

Both the sscond and the last term of Eqe 8.7. vary in direct
proportion to the unit welght of the soil. when the footdng is
above water table, a distance of 1,58, the full unit welght is
used in the computgtlon. When the water table is at t.l.xo level
of the base of the footing, the mubmerged wnit welght 1s used in the
lagh term, The offect 18 to redice that term to about half
its previous value,
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If the water table is above the base of the footing, the
sarcharge weight is gimilarly affected, In a cohesionless soil
vhere the cohesion tem is zero, a water table rising to the ground
‘surface can, therefore, have the disastrous effect of cutting the
soil bearing capacity to spproximately half,

Eastwod (9) concludes from M s experiments with narrow footings
on sand that the ultimate bearing capacity of dry sand is rediced
by less than 20 percent if the sand is mabmerged, This discrepency
from the umally assmumed value of 50 perocent is, according to
him, becemge of the wrongly asmmed mechanics of fallure in the
work of Prandtl, Terszaghl and Krey,

The cohegion influnences only the first term, While the
angle of intermal friction is zero, as in the case of saturated
clays, the coheglon term becomes the major part of the bearing
capacity. If a soll has both ¢ and ¢, the bearing capacity is
likely to be very high because N, increases rapidly wth ¢,

To give gome idea of the magnitude of the changes in bearing
capacity which may be brought about by changes in the ghearing
gtrength of a soil with varietions in the values of intemal friction
and cohesich, the following figures of Table 3,3 have been calcu-
lated based on egation 3,7,
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TARLE 3,8  EFVECT OF VARIATION OF C AND ¢ ON THE

BEARING CAPACITY

Ultimate bearing capacity in T/sft,

g
( Degroes) 2' Square footing 2% wWide strip fooling
§ | Cohesion Cohesdlan
EOQpﬂ 500 pef 1000 psf - 200 psf 500 psf 1000 psaf
0 - 0.8 75 - 3.4 . 0.6 1.4 2,65
5 . 0.95 2.20 Y- 0,9 1,75 3.3
10 1.45 3.1 . 5.8% 1,2 R 45 4,8

Note : The base of the footing 15 promumed 2' below ground level and
unit weight of soll is taken ag 125 1ba/cft.

| The last tern of the bearing capacity equation varies in dlrect
proportion to the footing wdth, Therefore a wlde footing on a soil with
a high angle of intemal friction, mich as gravel or sand, will have a
very high bearing capacity, while a narrow footing on the ssme soll will

This Vaviaticn of

have a mich lower value, / Bearing capacity with footing wldtlr for sands
and gravel gives rise to many epparent, 4incongruities, For exampls,
the narrow foundations of a small light _tbracture oﬁ sand may fail ;dzile
those of anadjacent heavy structure are safe, although both are designed
for the same bearing pressure. Footing width hag no influence on the
bearing capacity of golls with no internal friction; Therefore, footings

of different =lzes wlll be equally safe at the same bearing presaure,
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Whereas the procedure for sgimple soil and foundation con-
ditions -i's feirly well /establi ghed and mufficiently reliable esti-
mates can be made in many cases in practice, the methods of ana-
lyais for gpecial conditions are still controversial, Thus accord-
ing to Terzaghl { Ref. 43, 1943) the bearing capacity of a rough
based sbrip footing on clay is somevhat greater than that of a
smooth base, Acoording to Meyerhof's analysis { Ref. 25, 1951) ,
however, the bearing capacity of a perfectly msooth footing on o}lesa
material 1g ono-half that for a perfectly rough base, and the ulti-
mate load of a tbz:tp_fqoting on purely cohesive soll is not affected
by roughness of base, The bearing capacity of a weightless material
is independent of bage friction and that of a material with weight
increaseos with the roughness of the héue.

The mrcharge influences only the second term, Its con-
tritution to bearing capacity may be negligible for soils with a
emall ¢ For solls with high friction angles, a small amm'}. of
surcharge produces a large increase in bearing capacity, For
example, increaglng the depth of a footing by one foot in a sand
welghing 110 pef and having @ = 35 degrees, wlll increags the
ultimate bearing cspacity by ( Noxrx1) =( 42x110x1) =
45600 pat, Table 3,4 given below indicates the effect of increasing
the depth of the footing on bearing capacity., These figures
presums that, owing to oracking near the surface of the =oil,
cohesion is ineffective for a depth of 2 feet,
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Table 3,4. EFFECT OF INCREASE IN DEPTH ON BEARING CAPACITY

o Ultimate bearing capacity in T/ef with
(Degrees) C = 100 psf, |
2' sgqare footing 2 wide strip footing
Depth | Depth
o2 & o 2 &
0 3.3 3.4 3,8 295 2,65 8.3
5 415 45 4T 302 8.3 4l
10 5,55 5.85 7,00 4.5 46 6,2
15 Ted 795 995 57 6,5 8,75
20 10,2 11,00 13,6 7.9 8.5 12,35

345 RECTANGULAR, SQARE AND CIRCULAR FOOTINGS.

The various methods of bearing cspacity anaiyé.a are ﬁ;nsad
on the asmumption of an infinitely long footings of ui.dthr B, which
simplifies the actual problem to two dimensions, When the length
of the footing is of the same order of magnitude as the width, the
failure involves three dimensional ghear, No general method of
analysis for rectangular, sgare and cdroular footings has been
developed which fully conglders this ghear condition,

On the bagls of experiments the tauoa;ng semlenpirical agaation
has been derived by Tersagid ( Rf. 43) for the boaring oapacity
Qe Of & circular footing with a radlus r resting on a faily dense
or stiff aoil,
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p = 7/x? (1.senc+q-nfn_q*o.e:rrn,)( 3.18)
or qdr=1.3cﬂ°*’rnfﬂq*0i6rrur

The corresponding value for sgare footings, B x B, on denss or giiff soil
is |

Qds = 13 6 Ng + D, Nq* Ogﬁ‘TBﬂr (3,16)

The values of N are given by the ordinates of the solid curves
in Fig, 11 b, If ¥ o1g greater than gero, ¢ = 0, and D = 0 we
obtain for the bearing capacity the value,

Wr™ Qgg = Tod ¢ = 3,7 qn
which is considerably graaﬁe; then the value q3 = 5.70 Gy for a
continuous footing, On thg other hand, if c =0 and D = 0, the
bearing capad.ty qdr per unit of area is considerably ssaller than
gq for a contimous footing with a width eéxal to the diameter of the
cdrcular footing. '

~ If the supporting soil is falrly loose or soft, the values of
N migt be replaced by the values N', determined from the dashed curves
in Fig, 11 b, and the value of ¢ mst be replaced by c'.

The ultimate bearing capacity of a rectangular or oblong
footing with width B and length L, 18 according to Terzagid and Peck,
( Ref. op cite) roughly equal to

Uo = 285 g (1+0,3%)) (3.7
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For a sgare footing, L = B and for a (strip footing L - 00; hence
the bearing capacity of a sguare footing 1s 30 pc greater than that
of a strip footing, |

If It is asmmed that ¢ is zero, then N, 1s unity, Ny is

goro and No'ig 5,7, Under this condition, the ultimate bearing

capacity of a footing on clay reduces to

Q= cﬂcﬂﬂ‘:d (.3-13)

Skempton ( Ref. 3), after study of experimental data both f£rom
laboratory tests and from full-scale obgorvation, forms the general
concliidion that for cohesive soil the coefficlent N, increases

with depth upto maximm of about 7,5 for depths exceeding a& times
‘the wdth of the fooling, and his suggested values areé plotted in
Fige18, It wlll be noted that the curve for strip footings starts
at Prandtl's value of # 5.14 ¢ for mrface loading. - He mggests that
the rules given in Table 3.5 can be easily remembered and employed
in the absence of graphical data, by eubstituting for N in eqe. 3.18.

Iable 345 Valnesof N, for various footing depths

‘Depth D N,
D=0 Ny =5 for a contimous footing
=6 for a a@are or ,d.miar footing,
p/8 < 25 (1 + 0.2 D/B) Ny,
D/B ) 2.5 1.5 Ky

Any value of D ( 1+ 0.2 B/L) N, (strip)
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If the soll eapport of a continuous fooling ylelds, all the
soil particles move parallel to a plane vhich is j:éxpendimlar
to the center line of the footing., Therefore, the problem of com~
puting the bearing cepacity of mich footings is a problem of plane
deformation, On the hand if the soll mipport of a sgare or dr-
cular footing ylelds, the soil particles move in radial and not
in parallel planes, Hence mathematical &ifficulties involved
allow no rig_om. solution and until the remlta.of mce@saﬁxl]f
or of ade‘zate experinental investigations are avallable, we are
obliged to estimate flie bearing capad.ty'ffmm the’ above _ment.ime_e_l |
formlae, based on Mmited experience, From the somewhat conflicting
results of thege 1imited data, it ig possible to determine emphbrical
corrections for the faqtora Nl' and N, in the general bearing capacity =
eqraiich 3.7. These are given in the folloulng table ( Ref.40),
and are to be miltiplied by the Bearing Capacity Factors of Tersagh.
Table 3,6 CGHREGL'IGNS FOR_BEARING CAPACITY FACTORS, RECT-

ANGULAR AND CIRCULAR POOTINGS AT SHALLOW DEPTHS

Shape of Footing Correction for Correction for Np

o g=a® F=4 FzA00T
Sqare, LB =1 1.3 0,80 0,85 0.90
Rectangular L/B = 1,5  1.17 '
L/B=2 112 085 0.0 0.95
L/B=3 1.08
L/B =5 1,05 0.90 0.95 0.98
L/B=10 1,02 1,00  1.00 1.00 .

Circalar 1.2 0.70 0.80 0090.
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3,6 ECCENTRIC AND INCLINED LOADS 3
Footings are frequently mibjected to eccentric and inclined
loads due to bending moments and horizmtal thrusts acting in
conjunction with the vertical losding, These conditions have been

anelysed by Meyerhof ( Ref. 27, 1953), as en extension to his bearing
capacity theory under catral vertical load.

Bearing Capacity of a Footing with Eccentric Load 3

when a footing carries an eccentric load, it tilt;q tovards the
gide of eccentricity, and the contact pressire below the base is
generally taken to decroase linearly towards the hesl from a maximum
at the toe, At the ultimate bearing capacity, the distritution of
contact presmre is not even approximately linear and a very slmple
. goluticn of the prohlem is obtained by assuming that the contact
pressure dlgbritution g 1dentical to that of a centrally loaded
footing, but of reduced wdth, Thus the edge of the footing farthest
from the point of load appllecation no longer 'mntr.l.'.r.utoa to the bear-
ing cepacity. In other words, the real width of the footing B is
reduiced to an eguivalent idth B, the amount of reduction is equal
to 2 e and :

B! =B~ 28 |

e being the ecoentricity of the load, This reduced width maet be
used in eqn. 3.10.

Boa_.r.lng cal)ad.ty of Pootinj vith Inclined load :

Under the central load inclined at an angleocto the vertlcal,

the central ghear gone shown in Flg, 121s £111ed and the adjacent
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zones are modified accordingly, Two main cages may be congidered,
namely, footings with a horizontal base and footings with base normal
to the load, The bearing capacity factors depend on @ , D/B and o(
Reduction factors have been derived by Meyerbhf for various ine
clinations, The vertical component of bearing capacity can be
found by miltiplying the appropriate factor by the reduction factor,
The hori zontal component may be found by mltiplying the vertical
lines the tangent of the angle of inclination, It is of interest to
note that for a given angle, an inclined footing has a greater |
bearing capacity than a horizontal base, which mipports the practice
of designing shallow foundations with a hae normal to resultant load,
1f possible,

When a footing carries an eccentrie, inclined load, the
bearing capacity can be estimated by combdning the above methods of
analysls. Reamlts of laboratory tests conducted by Meyerohf (Op.cit)
indicate that on clay, the average bearing capacity decreases liriearly,
wlth increase in eccentricity, whereas on sand, bearing capacity of the
footings decreases approximately parabolically, with increase in
eccentricity, G.5. Dhillon (7.1) concludes that the decrelise in the
bearing capacity of an eccentrically loaded footing is mmall with
the eccentricity in the longitudinal axis, compared to an egivalent
ecmtri'd.f.y in the shorter axis, W& has found the theory of
Meyerhof to err on the unsafe smlde, .

8.7 POOTINGS ON SLOPES 3

Meyeroht! s theory of bearing capacity has been extended and
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combined with the theory of etability of slopes to cover the stability
of footings on slopes, The footing may be located elther on the
face or on top of a slops, Iy the former case, vhen the footing
is loaded to failure, the gones of plastic flow in the soil on ’é.he
glde of the slope are mmaller than those of eimilar footing on

level ground and ultimate bearing capacity ls corregpondingly
reduced,

. .
oq gnd rq have been ‘oor;elated

with the inclination of the slope B ( Ref, 29), The fadiors decrease

The regultant bearing factors N

with greater inclination of the slope to a minimm for 1 = 90°
on purely cohesive material and P = ¢ on ¢ ~leas eoil, when the
alope beeome“s ungtable, For inclinations of slopes used in pmcf.ice
( ]3 <98) the docreasc in bearing capacity is small in the cape of
clays mt can be conslderable for gands and gravels becanse the
bearing capacity of cohesionless soils is found to decrease appro-
ximately parabolically with thq increase in slope angle,

In cohegive material with a small or no angle of shearing
regl stance the bearing cspacity may be limited by the ut:abtllity of
the whole slope with a alip airface intergecting the base or toe of
the slope, For slopes in practice in purely cohesive soil of great
depth, base fallure of an unloaded slope oémre along a critical
mid-point cdrole so that footingu'b?low the mdd-point section increase the
overall gtatdlity of the glope and ;103 versa,



63
Por footings located on the top of the slope, beyond a distance

of about 2 to 6 times the footing width, bearing capacity is inde-
pendent of 1nc11natiox; of glope and 1s same ag that of a footing
on an oxbmdw_hoﬂzontai' ground surface. For a given helght
. and inclination, bearing capgulty factor R,.q increases with greater
footing distance from the edge of alope an& beyulnd a distance of
2 to 4 timeg the height, bearing capacity is independent of alope

angle,

Except for the observations of Peyniricloglu ( Ref,33), no
publighed information in practice is available for checking the
ebove sald conclugions, The theoreticel mechanigm of fallure,
agmmed by Meyeroh§, is supported by these observations of moil

movements beloy model footings,

3,8 _STRATIFIED SOILS :

A1l of the theoretical analysis are based on the asmumption
that the soil 1s homogeneous throughout the sone of soil shear, When
the soil is non-homogeneous, these methods are not strictly applicable.
The effect of a non~homogeneous soll is to distort the shear pattern,
The area of that portion of the rmpture surface in the Weaker
material w1l tend to increase vhile that in the stronger material
will decreaps,

In frictionless goile, the method of Fellenius ( Art, 3,3,5) may
be emplayed. Solutions for the case of a footing on the surface of
a two layerod saturated clay have been developed by J.S. Batton
(Ref, 3, 1953) from the Fellenius method and the remilts expressed °
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graphically, Figs 19, The analysls shows that bearing capadty
factor 1s changed depending on the ratio of the gbrength of the
lower to the upper layer, -402/ o,y and the ratio of the layer thick
ness d to the footing width, lhen the upper layer ia harder than the
loyer, the bearing capacity increases With the thicimess of the
upper layer; shen the upper layer is softer, the bearing cepacity
decreases as 1ts thickness increases. When the upper layer 1g mich
softer than the lower and is thick, the shear surface becomes
tangent to the hard layer. The gtrength of the hard layer does not
influence the bearing capacdity othor than to fix the shear surface,
This can be seen by the borisontal lines of unchanged N, on the

right gide of the figure,

For soils having internal friction, and for more complex cone
ditions of non-homogeneily, similar mhﬁms are calculated, As
an approximation vhere the soil strengths do not vary more than
. 50 percent throughout a depth below the footing equal to 1,5B, a |
welghted average of the goll propertiep ig computed, This may be
used in tho bearing capaktby analysis based on homogensous soils
without serious error, )

3.9 BURIED STRATA 3

A mbsoll condition vhich required careful consideration is
that of & turied stratum with a bearing c;pacj.ty which is much less
than that of the deposit above it, Uhen footings are founded at or
near the mirface of a“good stratun wdch overlies a poor stratum,
the pressures applied at the footing level spread out with increa_edn;g
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depth, and thus the indiced pressures reaching the poorer bratun

are of conslderably mmall magnituds , The most unfavourable gtresses
in the turied stratum are at its sarface, and whether the da:iger is
from excessive compression or possibly from lateral flow of the

clay, the problem is conservatively handled if the gtress at the
gurface of the turied stratum is limited to the bearing capacity
which wuld be reasonable on this scil on the ground sarface,

A munber of approximate methods are available for obtaining
stresses at the surfaces of turied deposite, Formilae from the theofy
of elasticity might be used, although question regarding their
validity im soils makes them no more dependable than simpler
epproaches, The dlstritution cirves obtained from the Westergaard and
Boussinesq elagtic solutions, are illustrated in Fig.20a,

A glmpler method 1g to asmume that the stress spreads with
depth to a larger ares, dofined by 1ines through the edges of the
saurface area at angle o to the vertical and that on thié larger area
the gtress is uniformly distrituted as shown in Flg, 19b, The
uniform stress is, of course, not the true picture tuteas a
measmure of the degree to wrich the gxrfau of the huried stratum
is gtressed, this elmple approach is may be satisfactory. The

expresaglon for the case shown in (b) for sqare or round footings, is

B B T 2

9 )

Y 1ot

o ~ 4 2Tom
D .
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and for a long footing the relationghip is
V90 = B8 /(B + 2tomot)
whore q ahd q, are mq:ec‘bively, the gtresses at the arfaces of
the turied stratum and A is the spread angle. The gmpread angle

is commonly assumed to be equal to 30 degrees or more, In the
Bogton Code, it i taken as 30 degrees,

Another simple approach, advanced by Kogler ( Ref, 24, 1§29), is
ghown in Fig. 19¢, Ths stress on the mrface of the buried stratum
is asmmed to be uniform below the loaded mirface area, and outsalde
it 1p apmred to vary linearly to gero at a distence defined by
spread angle ﬁ o The equation for EKoglerts method for sgiare or
round footings is

‘M _ _\D ..

— = R\ 2] 2

($)+2(3)tampr 4 tan P

‘and for a long footing the expresslon ig
VY _ B/D |

Yo & 4 tom B
vherein q. 1s the sbress on the central portion of the buzied

gtratum and the spread angle E) recommended by Kogler is 55 degrees.

For square and round footings, the gtress on the buried
stratum ig about one fifth that at the surface when the breadthedepth
ratio ie 1, Boussinesq formila gives relatively large values of
o/q, tut the other three spproaches are in reagoneble agreement yith
each other, Use of anyone of those three methods 1s probably
oongervative and sufficiently accurate for the rough fndications

umally degired from auch a method,
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3,10 PARTIAL BEARING CAPACITY FAILURE.

When the actual footing presmire is very close to the ultinmate
bearing eap@d.ty, a partial bearing capacity failnre may remli
depending on the soll properties and the footing structure, two different
modes of failure can occur & | | -

1. Initial rapld movement which eventually stops,

2, Slow, continued mdv_em'ent; congbant, slouly increasing,

»or‘alolw;y demaslngiin rate,

The firet takes place when a footdng moves downuard mfficiently

during failure so that it finds increased bearing cepadlty at itg
new level, When a soil has high angle of internal fr.!..cbion,‘ gr’eatér
depth means increased bearing capacity. This mode of falluredslikely
to occur ith very shallow, narrow footings on cohesionless sand. '
The low initial bearing capadity, caused by both lack of surcharge .and
emall wdth, is increased materially by as little as te inches of
movement of the footing into the ground. The same type of ﬁaxfbial
failure may qccurihen the footing rests on a thin layer of very weak

- soll widch in tum rests on mich stronger soil, Fallure of the weak
soil allows the foundation to move downward and come to rest on the
stronger soil uhich is copable of supporting the load safely. Thie
condition often occurs vhen rainfall or ground water is allowed to soften
the soll in the bottom of the footing ejcavation or when loose soil

18 not removed from the excavation before the footing concrete is

ponred-.
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The gecond mode of partial fallure is a progressive shearing,
I$ may ocour in sendltive soils weré partial failure produces more failmi
and an increasing rate of movement, It may ocour in clays that ténd to
creep 6r dl gtort plastically at a low congtant rate. It also occurs
in very loose =oils which ghear slouly and in doing oo inorease in
dengity and become gtronger. In this cape the rate of movement becomes
less as it goes on, This lagt condition may develop in poorly compacted

poile,

Movements due to partial bearing capacity fallure are sometimes
confused with settlement, However, if an adequate factor of safety is
employed in deelgn, partial failure will not occur,

3.11 RESEARCH ON BEARING CAPACITY,

Regearch on bearing capacity of footings has been reported in
recent years by Golder (Ref.ll), Peymirciogidl(Ref. 33), Meyerhof,
{Ref, 26 to 30), Skempton (Ref. 87, 3) and Eastwood (Ref.9). Study
of this wrk reveals that, glven ideal loading conditions, a gymmetrical
indentation (Prandtl, Terzaghl) is obteinable in the laberatory, although
asymmetrical failure is more common, Nevertheless, none &f the experi-
menters interpreted their remilts as glip aurface failures, Both theory
and experiment show that chearing fallure in the soll can be expected
to develop first in zoneg near the edges of a foundation and this stete
of affairs does not constitute a stress condition in the glip airface

methods. The kinematicas of the problem as one of rotation reqire a
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- perfectly cylindrical rupture mrtace and this rarely, if ever appears
to be attained, It éeema that the actual mode of failure is satigfied
belter by the assmumption of yupture zones than by the aamﬂon of

~a rupture arface althmgh_th true .aoluti‘on is llkely to be ‘oompod.te,
with rupture zones ad,!acepf to the footing énd a mpturé aarface breaking
ground aurface, Jpart from thea; oond.deréti'ona,' a great advantage of
the surface methods is that they are vell adspted to graphical eolutions
where. the she&_rlnﬂ sbrengbh of the. soil varies. On the other hand,

the indentation analyses are more tx_niv;az;s_al and more readily applied,

In practice agymmetrical failure can be ax;tgid.pated' because of inten-
ticnal ond unintentional eccentricity of loading, and non-uniformity of
goll.and congtructional materisls, qlﬁhmgh beams and other structural un
ts commoniy afford sufficient re_db:eint,- to prevent appreciable lateral
driit of 2 footing, The spplication of the 1ndentat:!;on analysis to
practical problems is not invalldated by slight lateral drift although
it meb obviously affect bearing capacdity to some extent,

3.12, SUMMARY AND CONCLUSIONS 1

Do

| In Table 3,7 are feported the remlts of study of*bearing
capacity of eoile at Rudrapur, Uttar Pradesh (Ref. 6). The bearing
capacity at dlfferent sites has been caleulated uging various formlag,
discussed it the above articles, ¥rom the Table it is observed that
the valunes of bearing capacity as calmlat.ied by Terzaghi, Bell-Terzaghi
and amended Ritter's formlae are quite comparable with each other,
The values obtalned by Prandtl!s formula are generally on the higher
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glde. Further, the values of Tschebotarioff and Hencky are on the
lower glde, Thus it may be inferred that a very judiclous selection
of the formla is necessery for calculation as the remlts differ

greatly in ecome formlse,

Reviewing the various theories, approaches and methods of
egtimating the ultimate bearing capacity of footings, the following

conclugions emerge

METHODS | . |
() The oonéhgate gtress methods of Rankine and Bell do

not agree with the remlts of experimente,

(11) The plastic equilibrium theory as modified by ’l'ermglﬂ.
and Skempton appears to give ultinate bearing pressures which agree
very closely with practical observations. Model teste, however, indicate
that the form of the outer part of the wmrface of ellp is uenally a flat
carve rather than a etraight line, ‘ - o

| | For frictional end § = vﬁ goils reliable valuep of the ultimate
bearing cagpocity can be found from Terzaghi!s formilas
G = Mo+ VMg TN )

uging the valueg of coefficients from Fig,

For coheslve soil ( ¢ = 0)

@=CNg +« D

and the value of Ng may be taken from mgure. 1. |

(111) The cireular arc graphical method is meeful for footings
vhere the strength of the goll varies with depth,
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TAME 3,71 Tehle Showlng Bearing Capacity of Bight Soils at
Rudrapur by dfferent Pormilas (Ref, )

SWor T Typoof Sl ¥ Fue | oo Nt 180 T baley
' ? 'uaa&' I ! 2 v 3 vt 4 1 3 ) s 1T

1, Sty Clay Loan 3 0.8 1,88 07913 0,674 0,506 0.9 0,7982

% Clay 35 073 0906 05644 0878 0B 05 0563
3,  Sandy Loam 3 14 | 1471, 0,958 0.5485 0,06 04807 0,882
4 Loam 8 LG4 1855 1084 08920  0ud5H 0435 1,05
5, Clay 35 0491 L1 073 0638 03 0712 03
6, Sand 25 084 16% 0876 0173 00873 o018 088
7, loa ; 0495 0856 05T 0uSEL  0MSKL 048 0,582
8,  Sandy Loan 8 0T L35 079 06 0561 048 0785
REFERENCES &
——— . . i DN | , |

| 14%ing  Ttomd 4. Tevzaghi =N +IDN + Zq BN#

dtl 3 1 2
!, Pvcm — @ | |
tomg |1-Sind

8
— T ¢ S.TS(heLo’tmioFF: 5-5lc(1+0.33 %+ 0'441)
7 Dvandtl- (¢t 4 + 87 Cat (2”5)]

Taylor  N1ogod Tiamd | e
il € ’IJ . 6. Hencky: 5-645'*;5
l-S&n;é \ .
3.8l 1B (4519) Aam (4§+.§f)]+ 7. Qibor 704 =2 o ¢ 1):]

Tevzaé'hi: 2 - : "
| c|2lom (454 i:i)+ ziow\ (4’.cﬁf-5)}r

o (4542) _MD}k

) ‘ ,_Qg ;MQ g_¢
w’tam4(4f+,gi)l ?C/w (45-2) S (459)
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side. Further, the values of Tachebotarioff and Hencky are on the
lower sdde, Thus it may be inferred that a very judicious selection
of the formila is neceasary for calculation as the realts differ
greatly in somo formulae,

Revlewing the various theories, approaches and methods of
~egtimating the ultimate bearing capacity of footings, the followlng

concluglons emerge 3

METHODS 3 , - .
(1) The confugate streso methods of Reniine and Bell do

not agree wth the mmita of experimenta, | |

(1) The plastic equilibrium theory as modified by Terszaghi
and Skempton gppears to give ultimate bearing presaures uhich agree
very clogely with practical obsorvations, Model tests, however, indicate
that the form of the outer part of the mrface of elip is ueally a flat
u.;m rather than a gtraight line,

 For frictional end C - § sodls reliable values of the ultimate
bearing capecity can be found from Tergaghl's formalas
qd=@c+qmq*i.‘qu d

uglng the values of coefficients from Fig,

For coheelve soil ( g = 0)

@=CN¢ +« D .

and the value of Ng may be taken from né;re, .

(144) The cirmlar arc grephical method is ueeful for footings
vhere the strength of the soll varles with dspth,
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COHESIONLESS SOILS

(ﬁ) In coheslonless soils the bearing capacity is propor-
tional to the breadtb of the footing, provided the material is in a
relatively loose state. 1¢ the sand is compacted the rate of increase
of bearing capacity deéreaaea with inoreage of width, The bearing
capacity of sgqrare or round _foot;ngs ;appeareto be about the same
as for a stzip footing of the same iidth,

(v) For bearing capacity below the mrface of cohegionless
solls, Terzaghl'e approach furnighes the following formila 3
| chD: O‘}O[GC"YC%) .
in which cﬁ A Dand CU dom the ultimate bearing cap_a@tiea at depth
D and zero, respectively, the coefficient G being equal to Hq /Hq
in general chear and 2 Ng! / N, in Jocal shear. A conservative
exprescion for the depth factor is (1 + 2 D/B),.

COHESIVE SOILS 3

{(vl) For gtrip loading the ultimate bearing capacity is
independent of the wddth, The theoretical values for footings at

the mrface ere 3

' Pell 40

Prandtl 5.14 C
Terzaghl

Genexal Shear 5.7 C
1ccal Shear 3.8 ¢ ,_
Fellenius 5.5 C .
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For footings below the smirface the coefficient of C increases
with the depth to a maximum of 1.5 times the marface value at a

depth of 2.5 B,

(vil) Por ciroalar footings on coheglve go0il Hencky gives
5.04 C as the ultimate bearing capacity, Experiments on sqare
and dralar fdotings have ghown ultimate values twenty to twenty
five perlent greater than for gtrip loading,

(vi1) skempton siggests that for a rectangular loaded
area of width B and length L the coefficlent Ny 1s found by
mltiplying the appropriate value of Ny for a sqare footing
by (0.84 + 0,18 BA).
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4, SETTLEMENT ANALYSIS AND CONTACT PRESSURE

4.1, INTRODUCTION 3

It is generally agreed that the objective of determining
the soil bearing capacity is elimination of the possibility of
rupture, reduction of gross settlement to a tolerable value and
| c;liminq.t.ion of differential settlement, COurrent analytical methods
for establishing the bearing value place major emphasis on the first
criterion, namely elimination of the possibllity of rupture. Develop-
ment of convenient, practical procedures for egtimating settlement
has to some extent been neglected., There has been a tacit assumption
that with a satisfactory factor of safety against rupture or shear .
failure, settlement in many cases doés not require analysis,

While analysis to insure againgt soil rupture may well appear
to be over-riding conslderation and hence to deserve the attention
which 1% has recelved, under practical conditions, there is actually
mich less chance of so0il rupture due to structursl loading than has
been imagined. In partielar, if a reasonably careful site investi-
gation is made and if code regulations are complied with, as is manda=
tory in many cases, it is belleved (19) that the chances of soil
rupture are nil whereas chances of differential settlement due to
soil compregsgion may well remain, Thus the need for the development
and application of rupture theory dimini;hes in importance, wvhereas
gsettlement analyels egpecially for differing conditiong of footing
gl z8, depth and sarcharge becomes corregpondingly greater Rupture
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Rupture theory has no value whatever in setilement analysis.

The above constderations lead to the conclusion that in

“the deeign of footings, eqal if not more attention ghould dbe

glven f.o ssttlement analysis as to bearing capacity theories.

The point remeins that even if the bearing capacity is not exceeded,

~ the amount of differential settlement is liable to change the entire
design, The purpose of & settlement forecast is to obtain a reliable
conpeptioh of the dlfferential settlement in order to determine whether

or not the foundation laywt- under condlderation ig satiefactory.

4,2, PLATE BEARING TEST s

Plate béarlng regt or loading test .is often employed to obtaln
information on the bearing capacity and the settlement characteristics
of the soil at a glven ste, It i3 a good medium to undebstand certain
concepts regarding the settlement analysls and as such it i1l firgt

be presented here,

The test 1s made by increasing the load on a bearing plate
by small increments and measmaring the corresgponding settlememts.
The bearing plate rests on the bottom of a pit., at th; level of the
base of the footing. Depending on the preference of the englneer
who makes the teat, the plate may be sarrounded by a box and the pit
backfilled to final grade or a hole may be made in the pit, The
test results are represented by load ssttlement curves almilar to the
those shown in Figure 3, Two of the most common methods for performing
the tosgte and interpreting the remlts wdll be desoribed here. .
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The first method conelsts of loading & square or cirmlar
bearing block of any dimengions choeon by the invedtiga'oor, as bd.g
plate ag possible bedng prefemd. The allowable load qn
per unit of area is taken as some fraction, mich as one half, of the
average presgire on the block at the time of fallure. This procedure

is objeétionablé for geveral réaaogs. In .the vfirst place, ‘if the |
load settlement curve reaembléé Co in Fig. 'aa, there 15 no definite
failure load, Second, the elze of the loaded area, which is .
optional, may have large influence on the ultimate bearing capacity
per unit of area, Hence, by using this first procedure tw diffefént
investigators can obtain very fdifferent values of ‘ijafor the same

goll,

The second method conalsts of loading a bearing block covering
an area of one foot sgquare. The allowable load Ob OE,B artitrarily
defined as one half the load at wdch the gottlement, of the bearing
block 18 0.5 in, (In countries uging the metric system the area of
contoct is customarily taken as 0.1 sqm, and the settlement as 1 om,
This procedure, though arbitrary, is preferable because two dlfferent
investigators Wlll at least obtain the same value of ﬂ]a for the game
soil,

DISCUSSI_DN 3
whatever, the method of testing may be, the test resilts
reflect the character only of the soil located within a de:pth' of
less than tuwice the width of the bearing plate, whereas the settlement
of the footings depends on the properties of a much thicker soil abmwn\
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As a consequence, if the characer of the soil éhangee below & depth

of about tilce the wldth of the bearing plate, as it commonly does, the
test remlts ave certaln to be mlsleading., Since it is also almost
universal practice to gelect the ﬂlowable soil presmre without
regard for the slgze of the footings, the type of miperstructure

and other vital characteristics of the proposed foundation, it is

not surprieging that incread.ng‘ recourse to load tests has not
sigm_lficmtlj reduced the frequency of faulty footing design., In

fact, several complete footing failures have occured in splte of the
consclentious performance of load tests. To reduce the risk of |
faulty degign, the allowable soil pressure mist be chosen in accordance
not 6n1y with the remlts of load tests or their equivalent, ut also
with the character of the goil profile and of the foundation itself,

The full-giged footing w1l settle mich more than would
be anticipated on the basls of the load test. The reason is illustratec
by Figure 20. This figure represents a vertical section through
a strotified mbgrade, Ais a bearing block covering an area of 1 ft,
square, and B is a full giged footing. The load on both A and B
has the same intenxity q. Beneath A and B are shown eurves of eqal
verhical pressure in the mibsoil. The load on A increases the average
vertical pressure in stratum C beneath the loaded area by about 0.02 g
vwhereas the footing B increases it by 0.50 q « If stratum C is very
compressgible, the settlement of B may t;e very large. If C igs hard,
the settlement of B may be very emall, Yet, the result of the load
test i practically independent of the compressitdlity of C, because

4
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the increase of the pressire in stratum G die to the 1load on the bea~

ring plate is nég]igi.ble.

Thns the mx loading tests vhich are correctly interpreted
offer a tx:uly sclentific attack to the problem but unless the
sclentific agpect extends to the interpretation, the use of the
tegt may be more harmful then helpful,

4,3 COEFFICIENT OF SETTLEMENT t

A definite characteristics of many loading test plots is

" the ‘eérly straight line portion extending to intensities of roughly
one third or one half of the ulltimate intendity. This a‘&aight line
occurs in a sarprigingly large percentage of 1oading tests, If the |
early portion ‘of thé cirve 18 a gtraight 1line, the ratio between

the stress and the settlement at points on the line has a definite
congbtant value, This ratiﬁ is called the ‘'Cocfficient of Settlement!?
although in tests on highvay and a:i:rpbrt mbgrades it is usially
called the ‘Coeffi@lént of Subgrade Reaction!, then there is
deviation from the straight line, no standardized definition bas been
chosen for this coefficient, and reciprocat¢s of slopes at arbitrarily
chosen points or reclprocals of slopes of chords are generally used.
The glope reciprocal at the point vhere the plot has the leagt
curvature is perhaps the most loglcal cfxoice. Herein the sﬁresa»
gsetilement ratio is called the coefficlent of settlement and igd

deglgnated by Cge In the metric gystem the units are uaally kilogramg
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per cuble centimeter, In the English system its most convenient
units are tons per sgquare foot per inch of settlement or pounds

per cutde inch,

Approxinate General Expression for the Coefficient of
Settlement for any Sodl

| This analysls covers the effecta of both i ze and depth
of the footing in any homogeneous soll and furnighes a general
expreseion for the coefficient of settlement in tems of two soil
properties. Its geope ip limited to the straight line portion
of the loading test curve, however, and it does not include
ultimate bearing capacity considerations, |

The ratio between the direct stress G, on the
hori zontal plene, and the vartical eompreaé!.% gtrain € 22 at
a point at any depth bolow the marface qf‘ a homogenecus soil
depoait, is a stress gbrain modulus, My o In highly cohesive
material, in which there is a constant 1nter:£n§!.c pregsure pi,
the modulug is constant, In cohesionless solls the presmre
depends on the weight of the overlying =0il and to a ;na.ller degree
on pressures caused by the footing load; therefore the modulus in |
such a soil 4s proportional to the unit velght O/ , end st any
given depth it is approximately proportional to the depth, In a
soil uwilch falls between the classlfications of coheslonless and
highly cohesive, the modulus may be expressed by

MZ: CQ‘YZ+ Cb’)},,
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vhere Gy and Cp are congtanis for the given soil,

An spproximate relationghip between loading intenslty,
settlement, a#d depth and breadth of footing may be obtained by
uging average valueg for ctress, strain, and modulns within the
pressure hulb, On this badls,

(02 aw.

[CHIS

Figure gl_reprgaents the general cage under conel deration,

My,

The average stress is deelgnated by Coq and the average vertical
strain may be expressed as the settlement 8 divided by the ulb
depth. If the shape of the tulb is agammed to be cube, the
average strain is S/B. Thé average modulus is the value holding
at the mid point of the tulb, where 2 equals D + (B/2), Inserting
these average values in the above egqation gives

c
<V _ Cafy(D+-§—)+CbPi
S/ B

» o
R OICE YU C

If 9y pl, Ca, Cb and Ce are nsamed to be constant, the

vhence

relationship which is valld for any soil, may be written

2 D Cq
ig_: C;<H~ -é)+ = C4-D
§2,39¢4
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where o/ 1is the coefficlent of settlement eand C) and Cy are

goll congtantsa,

In highly cohesive solls, Cj is inappreciably amall and
tﬁq vcoeffitg:lent 1s inversely proportional to the breadt!;b for
cohesi.onlesa soll, GCp eqals v.éro and for a surface footing (D = 0)
thé coefficient héa the same @e for all breadths,

For a material which conforms approximately to one of the
limting cases of coheslonless or highly coheslve soil, the coefficlent
of settlement for any aize of footing may be estimated from the results
of a eingle léaai.ng Legt, + For solls, in general, however, loading
tosts on at least two breadths of footings mist be available, wWith
theso data congtants €y and C3 in Eq. 4.1 can be evainated and

coefficlent of settlement for any footing at any depth 1s obtained,

DISCUSSION s

The many bold assumptions and extreme degree of extrapolation,
adopted in the above analysle greatly affect the accuracy of the
reailts, After such factors as the possibility of disturbance to
the soil during oxcavation and the effect of loading and unloading
cauped by the Rowering and ralaing of the water table during the
construction have been recognized, it is obvious that there is much
question regarding the amount of depend?.tﬂ.lity that can be attached
to the numerical value. This indicates t.he degirability of uelng
such analyses with descretion and, if posalble, using the average
data of two or more tests for each breadth tested in an investigation
of this type.
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4,4, FOOTINGS ON SAND s

The ssttlement of footings on sand is governed by the
stress-gtrain characteristics of the matetlal, The rigidity of the
sand increases markedly with increase in relative density and
is approximately proportional to the confining presasure.

The confining prossure in a mass of sand is at leagt roughly
proportional to the vertical presmre and is, therefore, also
roughly proportional to the unit weight of the sand immediately
beneath and beside the footing, The mogt important factor that
has an influence upon the unit weight of sand ia the position
of the water table, If the vater table is near the ground surface,
the effective vertical presmire in the sand is due only to 1ts
‘submerged welght, Hence, 1.# the vater table is raised to ground
srface from below the pressmure btulb, the settlement of a footing
is likely to be approximately doubled. This leads to the conclusion
that, for a glven soil pressure, the seltlement of a footing on
sand depends upon the relative dengity and on the position of the
water table. Various theoretical investigations, show that the
gettlement for a glven soll pressure also increases with increasing
wldth of footing. This is shoun by the plain aurve in fig. 22a.
In accordance with this theoretical concluglon, the remlts of experi-
ments and observations indicate that 1;he settlement increases with
the width B of the footing approximately as shown in fig. 22b,
The empipical data were derived (46) t‘rom.anall scale load tests on ari

ficially compacted sands, from load tests on relatively homogenecus
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sand strata, and from settlenﬁ observations on buildings,

in this figure, S1 18 the pettlement of a loaded area 1 ft. sqare
under a given load q per unit pf area, and S 18 the settlement at the
same load per unit of area of a footing with a wvidth B, The relation

between 8, S] and B is glven approximately by the equation,

( B+| (462)

in which S and S, are expressed in inches and B in feet, This
relationghip, vhen generalized takes the form,

| - 2
Sg = 97 . B (T+1)
[T(B-&l)]

where S T and SB are the gettlements of loaded areag of wfdths T '

and B regpectively,

There 15 no slgnificant difference between the settlements
of square and conbinucus footings haﬁ_.ng the same width B, because
.the effect of stressing the sand to a greater depth below a
couﬁinumzs footing 1s compensated by the restraint that keeps the
sand from being digplaced in directions parallel to the footing,
According to figare 23b, the settlement of a large footing, greater
than about 20 fb square, exceeds that of a small footing 4 or 5 ft,
sqiare by roughly 30 percent, provided the soll pressures are eqal,
At a glven width B of the footing, the’ settlement decreases to some
extent ith increasing values of the depth ratio, D/B. Yet, oven
under extreme conditions involving a foundation on footings \ith very
_ different slzes and depth ratios, Fig. 1, the differential settlement
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1 e unlikely to exceed 75 percent of the maxdmum settlement,
Normally it is very much smaller,

Mogt ordlnary gtructures, such ap office btuildings,
apartment houses, or factories, can withetand a differential
settlement between adjacent coolumns of three quarters of an inch,
As indlcated above, this gettlement 1411 not be exceeded if the soil
presmre 18 selected mich that the largest footing would sotile 1
inch even if 1t restod on the most compressible part of the sand
depoedt, Therefore, the allowable soil pressire for the design
of footings of auch sbmctures- can be assumed eqial to the pressre
that w11l cause the largeet footing to sottle 1 in, 4n approximate
method 1s descrlbed below for selecting the allowable soll pressire
on gand in accordance with this assmption, If a differential gettlo~
ment of d S of more than 3/4 in. can be tolerated, the allowable soil
pressure can be multiplied by 4 ds/s. |

ALLOWABLE PRESSURE ON DRY AND ON MOIST gAND 4

The settlement of a footing on dry or moist pand depends
primarily on the relative denglty of the sand and the WAdth of the
footing, The relative denslty can be judged ad;’@ately on the basls of th
resmults of any of the sounding methods, provided the rolatl on between
relative denslty and penetration resistance has been determined
previcugly by means of sitable calibration tests. When test boring
data include the standard penetration test, the penetration redstance

may be used to extrapolate the allouable presaure. ¢

. .
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In order to select allowable s0il pressure on the above
bagls, 1t is necessary to egtimate very roughly the wldth B of
the largest footings, Between the level of the base of the foot-
ings and a depth B beloy this level one standard penetration test
should be performed for every 24 ft. of depth, The average value of
number of blows, N, for this depth indicates the relative deneity .
of the sand wdthin the seat of settlement of the faoting, The value
of the allowable =oil prédsmre is then obtained by means of the
chart, Flg. 24, in which the curves represent the relation between B
and the soil pressure reqguired to produce a settlement of the foot-
it;g of 11in,, provided the footing rests on a sand for which the
number of blows N has the value ingeribed on the curve. If the
pressure corresponding to some other amount of settlement ig desired,

it may be computed by linear interpolation between the curves,

If the water level is above the bage of the footing, the
preémre corregponding to a i-in, settlement ghould be taken as half
the value given by the chart, For intermediate pogitions, proper
values may be obtained by interpolation . If the subsoil conglsts of
very fine sand below the water table, the values of N, referred to

as N' may be too great. In mmch a case, tho eguivalent .va.lue of N
| may be obtained from the expression,

B= 15+4 (N - 35)
The chart, Flg. 23 wes prepared on the basi‘s of knowledge

concerning the relation between N, the results of mrface loading
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tests, and equation 4.2, If B is the width of the largest footing
supporting a structure, and if all the footings are proporticned in
accordance with the allowable soil pressire corresponding to B,
the maximm setilement of the i‘ooting should not exceed 1 in,, and
the differential gettlement § in for lmportant concrete tuildings

and 4 in for ordinary uildings.

Even if very low soil prossures are ueed in deeign,
footings on the sand are likely to settle excessively if the sand
is sbject to high freqency vibrations, The statement applies
to saturated as well as to moigt or dry sands,

4,5 FOOTINGS ON CLAY s

If the footings rest on normally loaded clay, the magnitude
of both the total and differential settlement can be very large.
This can be demonstrated by computing the-ultimete setilement of
continuous footings of different widths resting on soft normally
loeded ¢lay, In this context, it 1s esgential to distinguigh
between the consolidation settlement and the immediate seitlement.
The results of consolidation computation are shown in Fig,24. The
s0il presaire on the base of the footings was taken as 1000 pef.

In addition, it was asmmed that the depth of foundation was Sft.,
that within this depth the effective unit weight of the soil 100 1bf
per cuft, that the liqid 1imit of the clay was 40 percent, and that

The compression index G, is estimated by megns of laboratory
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tests or by using the equation

¢ = 0,008 ( Lw"m%)
<

The settlement is computed by
c
> , C
S= H Log o

i st s

{ +€5 PO
wheredn H is the thickness of clay layer and boapd A P are the

original intergranular pressire and increase in presmre due to

footing load regectively,

The curve that represents the relation between the immediate
gettlement and the wldth of the footing resembles the dagh~dotted
lz;.ne in Fig.23, The trend of the curve indicatep that the settlement
of footings on cley, in contrast to that of footings on sand, increases
in almost direct proportion to the width of the footings, Fige. 2§
sh.ows that the _aett._lement of contimious unit_amly logded footipgg of
cox;btant width on a unifom.deposi.t of normally loaded clay can be
very la.rga and that the settlement of footings with different widths
éa.n be very different, Furthermore, the settlement of footings ui.th
the same width can also be very non-uniform, becanse the compressibility
of natural clay gtrata may vary congiderably in hori aont;l directione.
Fortunately, footing foundations on nommally loaded clays are rare
exceptiong, In most localities even soft clays are precompressed, either
by desiccation or temporary lowering of the water table. Medium and

gtiff claye beneath a shallow overturden are alweys precompressed,
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Since the allowable 901?. pressures rarely exceed the precom;:res;ai.on
presmure, the dl.fferentia.i settlement on footing foundations on
sich clays rarely exceeds that of adoquately designed footings on
sand, The maximum setlement, however, is likely to be greater. |

In the few reglons whore structures mist be tuilt above
normally or almost normally loaded clays differential settlements of
gseveral inches or even & half foot are commonly consldered unavoide
g.blo. Attempte to redice thg settle;nent by reducing the allo_mble .
goll presaures are ineffective and wasteful, Hence the deslgner mst
choose betwéen tw alternatives, Elther be designs the footings
at the risk of large unequal settlements, or else he provides the
‘sbructure wlth another type of fpundation,

I£ it is doubtful vhether or not the settlement of the proposed
footings with Width B W1l be excessive, load tests should bé made at
the level of the base of the footings, on bearing plates 2 ft. square
at the bottom of test pits 6 ft. square., If the coneigtency of the
clay varies obnﬂderably betweén this level and a depth B, load tests
m gl be made at two or three different levels within this depth, The
number of load tests or sets of tesgte that are required *depends primarily
on the degree of homogenedty of the olay stratum and the mumber of
footings. & After the application of eah load increment, the load
ghould be kept constant until further aet:tlémept becomes imperceptible,

In accordance with the relation represented by the dashedotted lin
in Fig. 23% 41t can be asmmed that the immediate settlement § of a foo-
ting with width B Will very roughly be equal to the value, *
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s o= % 5

where S, 1is the pettlement of the bearing plate under the deglgn
load per unit of area, and By 1ig the wddth of the bearing plate,

4.6, EFFECTS OF GETTLEMGNT i

The settlement of a homogeneous, compressible soil depoelt
acted upon by a uniform flexible loading forms a saticer shaped |
depresgion which extends beyond the dmitg of the loaded area, The
central part of the saticer is concave upward and the edges tilt
toward the centre of the loading, The effect that settlement has
on a gtructure depends on where the.structure is located in the
depression and on how the movements there influence the performance
of the structure, Three agpects of gettlement must ba congldereds
the maximmn amount of cettlement, the differential ssttlement between
adjacent partp which remlt in ‘L';ilting, aﬁd the differeﬁti.al settlement
vhich resulte in mmmré or dist';ortion.. Depending on the strcture

itself, any one of theese may have a serious consequences,

The amount of settlement widch a structure can undergo is
large provided it is relatively uniform, The National Palace of
Fine Arts in Mexico City, for example, hag ssttled over 12 ft,

Since its completion in 1909. It 15 still in operation, and the.

uilding it self shows little effects from this gr-eaf- movement, Even,
uniform settlement can result in trouble, Pouever. Firef a mj.ldiné
sltting in a depresalon has a poor appearance., The access might be .

4
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impaived; utility connections might be damaged; drainage often

proves a serious problem.

Unequal or differential getilement has far more serious
consequences, Tilting occurs in the parts of the structure that
are cutelde the centre of depression, that are unequally loaded
or uhdeiiain by nonuniform eolls, Ingtances ocour of the tilting
of & tall building vhen one side settles more than the other, The
cenbre of graviby is ghifted, the load on the base becomes ecentric,
and the bearing pressure at one edge is increased, The presaire
may eventually increase axfficd.entiy to comse shear fallure in the
soil; |

Thug it 1a ceen that the distritution of the ssttlement
is far more importent than the maximum valune. In general, however,
the differential settlements are largest when the average gettlements
are lergest, and, on the asmmption that the magnitude of the settlemen
may be éccepted as a meamre of the amount of probable differential
settlement, the settlement regquirement is frequently expressed in the

form of a maximum allowcble settlement, .

4.7, LIMITING SETTLEMENTS
The amount o: settlement a gtructure can tolerate has been

subject to mch argument, particularly.by architects and structural
engineers., Ordinarily, the settlenents are computed only for

representative parts of the structures the centre, the edge and the



91

comers of a unifommly loaded structure; the largest, emallegt and

typical columns of irregularly loaded structures,

Studieg have been

made of the cracking of ex sting structures in many locations, The

limitations given in Table 4.1, (40) are based on the structural

conglderations and on the effect of settlement on the tuilding contents,

TABLE 4,1  LIMITING SETTLEMENTS
Type of limting Factor
Settlement
Total Settlement Drainage
Access
Probabdlity of nonsuniform
settlement :
Masonry walled structure
Framed Structure
Connection to mok;"sbacka, solls,
rigid structures
Differential Brick wall oracking
Settlement L/H =3 or less

L/H =5 or more
One gtorey masonry mill miilding
wall cracking
Plaster cracking .

" Reinforced Concrete -

Maxdmn Settlement
in incheg.

6 - 12
12 - 14

12

0.,0004L
0.0007L

0.0001L - 0,002
0.001 L
0.0025 L -
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tuilding frane 0.004L
R.C, tuilding curtain
walls 0.,004L

Note + L 15 the distance between adjacent columns that settle’
dfferent amounts, or between any two points that settle
differently, and H L8 the wall height,

. 4,8 CONTACT PRESSURE 3 .

‘-‘l’he tem confaﬁt presaure indicateg the ndma.l stregs at the
gurface of contact betwem a footing and the mipporting earth, It
is importent in the design of footings as it determines the distrilution
of moment and ghear within it, The dstritution of presaure is very
different below footings on coheslonless soll from that below footings
on cohesive moil, The distritution also depends greatly on the
rigldity of the footing, The concepts arrived at in the following
paragraphs are valld for sgare, round, or long footings..

& flexible footing on the mrface of a cohesionless aoll,
carrying a uniforly & sbributed load is considered first. Since
the footing is ooEnpletciy' mﬁ.ue the uniforn distrj.mtion of
presare akso acts on the azrface of the soil. The eoil jugt outelde
the edge of the footing is not under pressure and has no strength,

Therefore, the outer edge of the footing undergoes s relatively
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large settlement. Below the centre of the footing the asoil
develops strength and rigidity as fagt as it ig loaded from above
and from murrounding points, and because of this the settlement
is ré’atively mall, Fg. 26a, ghows the uniform loading dla-
gram for this case, with the curve of settlement shown by heavy
dashed lines, .

For a rigld footing resting on the surface of a coheslon-
less s0il the settlement must be uniform. Under uniform settle-
ment the high reelgtance to compression in the soll below the
centre of the footing, as compared to the lack of reslstance
below the edge, migt remlt in a relatively large pressure
under the centre and no presmre at the edge. This case with
congbant gettlement and an approximately pargbﬁlic presgsure
di sbribution is shown in Flge 26b, If the average pressure is
relatively amall, or if the width of the footing is large, this
pressure distritution is somewhat flatter over the central portion
of the footing as shown in Flg. C, belng nearer ellipsoidal than
parabolic in shape tut still having zero presmre at the edges.

For rigid footings founded below the mirface of a coho-
elonless depoalt there is some strength below the edge of the
footing and, therefore, the pressure .19 not zero at the edge

but 1ig more like that shown in the distritution curve in Fig. 26d.
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A uniforniy loaded flexible footing on highly cohegive
soll gives conditions that can best be vismualized by consi-
dering the stresses and strains caused in a typical thin
hozl sontal layer of eoil \dthin the height of the presmire
bulb, The uniform murface dlatribution transmite a bell shaped
dstrimtion of presmire as shown in Fig., 27a, All horigontal
layers below ground mrface simllarly ghow maximum compre-
ssion below the centre of the footing, and thms the mrface
settlement muagt have the dished pattem shown, With a mich
greater settlement under the centre than under the edge of the
footing, |

A rigid footing on highly coheaslve s0il must undergo uniform
settlement, The layer show in (b) is at & depth of slighlly
less than B/2 and may be accepted as representative of the
an_rdge of a1l such layers Bf the compression of this layer ip
nearly as large at polnt B as at A, the pregsure at this level
miet be nearly as large at B as at A, and the prespure do=
tritution curve at this lovel mat be about as shown, For an
elastic material of infinite strength, the aisbmmcion,sho{n
by the theory of elagticity 1g indicated in Fig. c by a nght
deshed curve, this curve shows an infinite stress at the edge
of the footing, Actually an infinite stress camnot occur, but
the stress at the edges may be much larger than that at the

centre,
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Fumerical valnes of pregsures for the variable dlse
tritations in Flgs, % and 2 cannot be given beomice the
actual magnitudes depend on mumerous factors. The umal
assumption made in the deslgn of a footing 1s that the con-
tact presaure is uniforn, For footings on sand this is con=
servative, tut for soils mch as clays, with contact pressire
highest at the outalde edges this may be unsafe, Ordinarily
the factor of pafely is adequate to take care of the condition,

4.5 SUMMARY

(1) Except for narrow footings on loose saturated
sand, the a:l.lomble bearing values for sand are governed only
by settlement considerations, because it can be taken for
granted that the factor of safety with respect to a base
failure 1s adequate, The rules miggested for choosing theee
values satiefy the condition that the maximum gettlement is
unlikely to exseed 1 in and the differential settlement § in,

(11) On routine jobs the alloweble moil pressure on
dry and moist saﬁd can be determined by meanas of the chart,
Fig. 24, on the bagls of the remilis of standard ;enetration
teste, '

(141) If the water table is 1océ,ted close to or above
the bage of thé footings, the depth ratio D/B magt be conel~
dered., If the ratio is very amall, the values obtalned from
the chart mist be rediced by 50 per cent; if it is close to
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unity, the values need be reduced only by cne third,.

(1v) On large jobs the plate bearing test may be
employed, However, it is expensive and cumbersome, and,
if it is not expertly planned and exeauted, the remlts may
be very ilsleading,

(v) If the clay is normally loaded, the settlement
is likely to be excessive, and a type of foundation other
than a footing foundation may be indloated. On the other
hand, if the clay is precompressed, the 'differentiqi
settlement is likely to be tolerable., In doubtful cases the
loading tfest maylbe used,

(vl) The ;;atte;m of dlstritution of contact pressure
is studied. An assumption that may be used in the design
of rigld footings is that the presmire i uniform, and
no definite recommendation for a better procedure can be

given,




L ’ DESIGN OF FOOTINGS

5.1 OBJECIIVES AND GENERAL APPROACH 3

‘The deaign of a footing foundation conslsts o,f' derl'.eﬁ-
mining the elovation, size, ghape and stmctuﬂ degign of
the cheapest foundation which will meet the three badlc re-
guirements: mfficient depth, safety against failure, and
freedom from objectionable settlement, outlined in the earlier
chapters, 1ike any other problem of design, thisis an art;.
It makos use of sclentific analysis of bearing capadity,
gettloment, contact pressire and structural stresses, The
final choice, however, ig govermed by the conglderations gach as
the time required, the space and materials available, the
sict1l of the builder, end above all cost, The agpect of |
structural design is beyond the scope of the present work, hence
1t 411 not be dealt with, |

The elevation of the footing structure depends on a
mumber of congiderations, First, there is a minimum depth
regirement which was dlscussed in Chapter 2, Sé&cond, addi-
$ional depth may be necsssary depending on the bearing cape-
ety and the sbttlement of the various soil strata below the
. minimam depth, Third, it may be desirable to limt the depth
baczuse of aich conditions as a high ground water level, the
presence of rock, and the presence of adjacent structures

which might be endangered by decp excavations,
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-The sios and shape of the footing depend on the mage
nitude and confipuration of loads imposed on it by the mper-
 ghructure the bearing capacity, ssttlement and contact presaure
resmalting from these loads and on the space available for-
the foundation itoeelf. The greatest average foundation pre=
ssure that may be employed Wthout exceeding the gafe boar-
ing capacity and withont producing excessive setilement is
'Allowable foundation or bearing pressure! ,.' It can be gqxa.l
to the safe bearing capacity when the soils are incomprecsible,
tut it is often congiderably lower boecausce of the limitations
imposed by settlement, The determination of aJJ.omble goil
pressure is the mogt critical ebtep in the deslgn process.

There ax'e a mumber of different approaches to footing
designs The first;: is the time-honoured procedure setforth |
in mosgt building codes and in many hand books where t.h; allow-
able pressure is estimated on the basle of soil description,
The second approach 1s based on a plate load test, desoribed
under Article 4.2. The third ig a rational approach, based
on the deteminaiion of soil bearing copacity, settlement,
contact presstre, and the actual needs and limitations of
the apergtructure,

Se2, STEPS IN DESIGN,

The first step in degigning a footing is to compute the
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total effective load that will be transferred to the mbeoil at
 the base of the footing, The second step is to determine
‘the allowable bearing value of the soil, The area of the
footing is then obtained by dividing the total effective

load by the allowable bearing valie while the actual length
and width are selected to fit the limitations of space

end layout. Finally, the bending moments and shears in the
footing are computed, and the sh;txcburél dealgn of the
footing is carried out,

5.3 DESIGN_LOADS (46)

The total effective or excess load @ tranaferred to
the subgrade may be expressed by the eqation,

q = ( Q*VS)WQJ_#%-»'QI
in which
Q = permanent or dead load on the bage of the footing,
including the ue:ight of the footing and the goil loe
cated above the footing. If the water table is higher than
the baoe of the footing, the hydrostatic uplift on the

aubmerged part of the body of goil and concrete should
be deducted,

Wy = effective wdght of the eoil { total weight of soil
- reduced by hydro=gtatic uplift) that was located above
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the bage of the foct:lné prior to excavation., However,
in connection with basement fmﬂnga mich as ¢ and d
in Fig.3, the weight of the soil previously located
above the basement floor should not be deducted, be-
cangse the =01l was removed not only above the base tat
also above the area adjoining at leagt one gide of
. the baee,
Qg = @ = ¥, = met dead load o
Q = lve load on footing, including that die to wind and

SO0W,

In any discussion of llve load, a distinction mst be
nmade between the nommal live load and the maximum live load,
The normal live load an is that part of the live load which
acts on thé foundation at leagt as often am once a year; the
naximp life 10ad Quuay acts only during the gimiltanecus
occurence of several _axo:eptional events, For instance, the
normal live load in a tall office building includes only
the weight of the equipment and the furniture of the persons
who normally occupy the tuilding on week days, and of a normal
snow loé.d. The maximm live load is the sum of the weights
of fumiture and equipment, of the maximum mumber of persons
vho may crowd into the tuilding on exceptional occasions, combined
with the maximun sow and the wind load, The total exoess
load on a footing at normal live load will be indlcated by the

symbol,
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Qo= %o * Gy
and at maximum-1ive load by

Gmax = Qg * Quax

Because of the exceptional character of the maximum
live load and the low probaldlity that the foundation will
ever be called on to mstain it, it is customary to dedign
footings in such a manner that the soll presmire prodiced
by the normal total load Qtn is thé game for all the foolings,
However, sound engineering also requires that even the maxi-
mn Joad Q ggzquld not canse irreparabledamage to the structure,
The procedure for complylng with this reqirement without
excessive expenditure depends on the type of sibsoil.
5.4 ALLOWAHIE SOIL PRESSUREs

Begluning in the late Nineteenth Century engineers in
large cities, particularly Chicago, began assembling records of
foundation success and fallure correlating them with the char-
acter of the soil on yhich the foundation rested and the pre=
gmire exerted by the foundation on the e0il, Sinte then glmi-
lar empirical correlations have been derived by & mumber of
mniclpalities gtate agencies and by many engineering orga-
nigations, All have a similar form: a s0il description and
a sorresponding allowable foundatic.m pregmre, The allowable
bearing pressire 4p almo termed as !presumptive bearing pre=
ssure!y because it 1s presumed ‘t.hat. the soil can aipport that

»
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load with safety and without undue settlement on the basis
of its past performance. Typical allowable preaaxreé are
glven in Table 5,1, American Civil Engime ers Handbook values

and American Standards Association wvalues are presented,

The presumptive bearing pressures are best applied
to the design of emall structures sich as dwellings and .
very light industrial tuildings with simple soil conditions
whore the cost of evaluation of soll bearing capacity exceeds
the cogt of over degigning the foundstionsg, It can be seen
fron the examingtion of Table that many slgnificant factors
in the deelgn of foundations are omitted. First the com-
pressibility of the s=0il isg ignored, vhich may not be serious
wth the lightly loaded structures but shich can be disag~

‘trous with heavy ones, Second, the charaster of the structure
itpelf, including its loads and its akility to sithstand
settiement is not mentioned, Third, the determination of |
wvhich value to use is largely wisial and congequently is a
crude egtimate rather than a gound bagis for good deslgn,
Furthermore the allowable soil presmure is believdd to be
that pressure under which the settlements of various footings
would not exceed reagonable values, However, it is known
that differéht footings beneath the same sbructure are i_)ot
likely to settlement the same amm;xt even under the same

soll pressure,
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Table 5,1, PRESUMPTIVE BEARING PRESSURE OF SOIL IN pef

$oil Description - - American Clvil American
Englneering Hand  Standards

Book, Assoclation,
Fill or &1t - 0
Hard clay | 4000 - 10,000 -
Loose sand gravel, o
loose coerse snd, 400~ 6000 . 6000
compact ﬂ:io aand . |
Loose gravel, | -
Compact coarse sand 6000 - 12000 8000
Compact sand ,
gravel . | - 12000
Bardpan, cemented © 12000 = 20000 20000
grovel eand ,
Magsive bod rodk
(Granite, Diorite, 60000 | 200000

Tyap).

.
Most tuilding codes contain tables of allowable soil
pressire, These cam be & helpful guide to local practice tut
often they lead to trouble. The tendency of the designers to
create false confidence in a poor tieslg: is serious: many
degipgners are satisfied if they deslgn in accordance with the
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code values regardiess of the peculiarities of eoil or the
reqairements of structure, According to G.F, Sowsrs (40)

most of the footing fallures, he hag investigated were designed
strictly in accordance with the applicable code, The use of code
valueg does not relieve the engineer of proper dedlgn, and when
the s0il condltions are bad or the gltructure critical, lower

pressures migt be used,.

5.5 CONVENTIONAL PROCEDURE OF PROPORTIONING FOOTINGS s

In 1ts sinplest form, the method of proportioning footings
according to an allowable soll pressire is as foilowa s The load
acting at the base of each coluen is determineds The weight of
the footing is then estimated and added to the columm load, The
total load 1s dlvided by the alloweble goil presmre to debermine
the area required for the fooling. After the slze of the footing
has been determined, its weight is calculated end the value assumed
in the computation is reviged if necessary. After the dimeneions
of the footing are established, the footing is dedgned.

Except for the cholce of allovable soil pressure, the
most Afficult step in the procedure is the determination of load
for which the footing should be proportioned. It has been generally
belleved that; a gettlement of a fooling is caused primardly by the
dead load plus only the amount of live load that acts on the

footing for an extengive period of time, Under these cdlrcumgtances,
[ ]
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equal settlement would be achleved by chooglng the areas of the
footings in proporticn to the dead load plus & fraction of the
degign 111}9 naé. ﬁowver, it 1a also generally believed that the
allowable soil pressare should not be exceeded benmeath any footing,
even if the maximum probable wind and live loads should act upon
the footing for a short time, These two reqirements lead to the
following pméed:re which represents conventional practice at the

present time 3

1, De'berkdﬁe the deo;d load for‘ each co‘:ﬂgmn, incﬁding the
eﬁbimated welght of the footing,

2. Detemine the maximm }ive load, includi.ng vind load,
that may act on the footing. This value is umally establlshed
by the tullding code.

3, Determine the ratio of maximm live load to dead load for
each fodt.ing. |

4. Select the foot.ing.for which t'.hia‘ ratio 1s the largest,
and determine the area of this footing by dividing the eum of the
dead load and maximum live load by the allowable soil pressure,

S, To the dead load of thds same footing add The live load
that w411 actually be present to govern the settlement, This live
load is termed the 'rednced live load!,

6, Divide the sum of the dead 1oad and the reduced live load
on thig footing by the area of the footing to obtain the rediced

allowable soll pressure,
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Te Use the reduced allowable soil pressmire for determining the
ing
aren of all other footings, congldered the dead load and reduced

live load for these footings.

If the prodedure ia used, the soil presasure wdlll be the szame
beneath all footings for dead load plus the reduced live load,
According to the concepts on which the procedure is baged, thls should
lead to equal settlement of the footings, Furthermore, the allowable
soil pressure i1l not be exceeded, even if the wind load and the
naximum live load gpecified by the tuilding code should act on any
footing, becamise the rediced sllowable soil pressire .1.5_ c;n;:;en for
the footing having the maximum ratio of wind and live load to dead

load,

 Gertain modifications of the conventional procedure are also
in common-use. For example, 1t is sometimes gpecified that the
'qlldmble soil preasire may be lncreased by an arbitrary pefcm‘bage
when the dead load, wind load, and maximum live load are assumed to
act aimlt'aneousiy.. Yot the essence of the procedure wl}l not be

-altered,

5.6, RATIONAL DESI®N
The rational approach to footing deslgn ip ossentially the

same as for the deslgn of the other parts of the structure; trial,
followed by evaluation and revislon., A trial dgslgxx is asmumed
on the bagls of experience. It is analyzed to determine how it
meets the requirements of depth, safety a.n.d deflection, and an
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estimate 1s made of its cost, The method corregponds to limit
deelgn in the gbructure gince it is baged on the limits of bearing

capacity and settlement.

The use of the method requires extensive, accurate information
regarding to the structures to be Joined by the foundation giz, the
goll and the mpersbmcturé. Wthout this information the deslgn
becomes 1ittle more thean a giess, With it the rigks to the structure
can be minim zed and the cost reduceds Since the cost of foundation
1s often one-tenth of the total for the structure, the extra time
and expenge required to obtain the information and the trouble
involved in utilizing it in design can yleld mbgtantial savings,

If the footings rest on sand, an increase of load produces
an almost simltaneous increase of gettlement, but it can be asaimed
that the factor of safety with respect to & foundation fai:lure{mﬂ
mains adequate, In order to eliminate the possdbility of serions
damage due to the maximum live 1oﬁd, the designer ghould estinate,
the greatest dfferential settlement & in excess of the normal value
of 3/44in, that, in his judgement, the structure can stand without
serfous infury, An additional dlfferential settlement of dS would
correspond to a maximum settlement of 1,33 45 plus the normal
maximm valne of 1 in,

If all the footings were deslgned on the bagie of a maximm
settlement of 1 in, at normal 1live load, the maximum live load would

increage the maxdmum gettlement to
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8 wx = ¥ % Qlpax
Qtn

if sm, is amaller thaln the tolerable maximum of (1,33 & + 1%)
the maxdmum ldve load can be &l sregardeds On the other hand, if

S max 1s larger than (1,33 d § + 1%), the footings should be designed
g0 that the g0il pressure at normal live load is

qa‘z G 1,33 43 + 1

Smax

The value of g,' 4s commonly different for different footings,

The meallect value ghould be ueed for proportioning all the footings;
it corregponds to the footing for which the ratio Qumax / Qtn ig

groetegt,

If the footings rest on clay, the allowable soil presmure is
determlned by the conditions that under the nomal total load the
factor of safety againet failure should be equal to 3, tut under
no cireamstances should it be 1esé than 2, If the factor of gafety
Gs abt normal total load is equal to 8, the factor of safely Gg
at maximn total load is | | . |

G =3 Qtn

Ty

v

If Gg' 18 equal to 2 or more, tho maximum live load can be disregarded
and all the footilngs can be proportioned for normal line load on the
bagls of Gg = 3, On the other hand, 4f Gs' is less than 32, the
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allowable soil pressire migh be so chosen that the factor of safety
at normal live load is eal to 6/Ggt.

4

5.7 BEDESIGN ALTERNATIVES s

Ih@ the trial design is found to be either unsafe.or to
remit in excessive settlement, it‘:il.s necessary to redesign the
footing '}tq'_mee‘t' the required limits, This can often be accompli shed
by a change in footing sl 2o, However, changing the glge is not
always the economical solution and in some cases it is impossible,
Numerous altematives can be employed, and while all are not
applicable to each particular etuation, they point cut what cen
be done to obtain a satd sfactory, economical foundation under

adverse conditiong, -

Three alternatives are possible
1. Change the foundation
2 Cl}ﬂ::ge the superstructure
3. Change the soil

Changes in the miperstructure are not aluvays possible
because of the limitationg imposed by ite function, changes in
the s0il may not be possible because of limited technigies available.
Changing the foundation itgelf is uma}ly the sgimplest expedient for h
both the goil engineer and the designer of the sipersbructure. The
first change ordinarily conaldered is to reduce the bearing presaure
.

*



110

by increaglng the footing elze. This is very effective when the
factor of safety against bearing capacity failure is inadequate,
In homogeneous saturated clays the factor of safety increases in
di rect proportion to the fooling area and in cohedionless soils
it j:ncreaaea with the product of the area and the footing width,
For example, with a congtant column load and a square footing on
;:ohesf.onlgas soil the factor of safety increases as the cube of
wldth, Increasing the footing alze is not always effective in
reducing the settlement however, And there is a 1limit %o how
blg the footings can be made. The limit for interior footings
will be reached when they meet, For exterior footings the 1imit
will be imposed by property llnes, adjacent structures, and
utilities. In all cases cogb imposes a final limit,

A gecond possibility 4is to join the foundations to make
a continuous foundation structure, euch as a combined footing,
This enables the foundation to brldge over emall erratic soft
areas which wuld reduce the safety of indlvidual footings; and
the increased total width and area provides a higher factor of

gafety than individual footings of smaller sizs,

The settlement of loaded areas of gimilar shape Wt different
sl ze increases at a given intengity of load with increasing width of
the area, If the footings of a glructure differ greatly in dlze,
the differential settlement due to this cause can be important,



il

In mich ingtance 1t may be justifiable to adapt the pressure on

the base of the footings to some extent to the size of the footings,
If‘the mibsoil congl ébs of sand, the differential settlement can

be reduced by decreasing the glge of the mmallest footings, becauge
even after the reduction the factor of safety G, of these footings
with regpect to breaking intc the ground is likely f.o be adequate.
’The application of this procedure to footing faundations on clay
would ren’ucg the value of Gs for the .lsnalleab footings _toA less than
3, which 1s not admesible, Hence, the alfferentisl settlement of
footing foundationa. on clay 'can be reduced only by increaging the'

gl ze of the largest foot.ings beyond that reqzired by allowable

soll pressure. Hpowever, smmd Judgement 1s reqired to make auch
adjugtments with progpects for saccegs, becausge periodic and
exéeptional changes in the loading conditions met be coneldered.

5.8 LAYOUT OF FOOTINGS AND COMPUTATION OF MOMENTS

It 15 cugtomary to lay out each footing so that the
resultant load (@i, passes t;hrmJgh the centrold of the area
covered by the footing, The bending moments are then.eompnted on
the asmmption that the soil pressmure is di stributed unifomly over
the base. In reality, the contact pressure against footings on
sand decreases from the center toward the rim, and the real bending
moments are umally less than the computed ones. Op the other hand,
if the footings are very rigid, and they rest on soft or medium day,
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the contact pressure may increase toward the rim, and the

real moments may exceed the computed ones. Hgwever, the
difference is amply coyered by the margin of gafety -msbomarilyl
provided in structural design.

The columns that sapport crane runway in industrial
buildings are mbject to largeeecentric loads whenever the
crane operates near by, but during the rest of the time they
carry ordinary dead and live loads, It is customary to design
the connections between the columns and the footings for |
the ecentric fl.oads, As & congequence, the mpments are tranamitted
to the base of the footings. If the footings rest on clay, the
allowable soll pressure ¢ should not be exceeded under the toe
of any footing when all the loads including that due to the crane,
are acting. The centroid of the base of every footing should be
made to coincide with the resultant of the net dead load, the
normel live load, and a small fraction, such as 25 per cent, of -
the crane load; and all the footings should be proportioned for
the pame goil presmire under this resultant load. Op the other
hand, 1f the footings rest on sand, they ghould bg lald out o
that the soll presaure is uniform and equal to g, under the
net dead load, the normal live load, and the maximum crane load
that can be expected under ordinary operating conditions, Under
no conceivable combination of loads’ should the presmire 1.5 qu

be exceeded.
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5,9 PRECUATIONS DURING CONSTRUCTION s

A1l fooling foundations are inevitably deaigmed on
the asmumption that the soil beneath the footings is in appro-
ximately the same state as that & sclosed by vhatever borings
or load tegbs were made. If the soll contains soft packets not
eﬁcmmtered_by the borings, or if the soll structure is dle-
turbed during excavation; the settlegemt will be larger and
. moTre unegual then the degligner anticipated, To avold such a
rigk a simple penetration test should bo made at the site of
each footing afte r "ohe excavation is completed, One of the
several practicable methodsis merely to count the mumber of
blous per foot reqiired for driving a sounding rod into the
ground by mesng of a drop weight, If exceptionally soft
pockets are e;ncmntered within the seat of settlement of any
one footing, thls footing should be rededgned. Such a procedure

is more economical than subsequent repair,

Digturbance of the structure of the sibsoil during
congbruction 13 egpecially likely to occur under tyo conditions
commonly encountered in the field, If the subsoil contains
chiefly of elt or fine sand, it can be radiecally di sturbed
by pumping from open %umps. The d gburbance is likely to be
associated with serious dsmage to adjoining property due to
logs of ground. Hence, if footings on such soils requiro exca~
vation below the water table, the slte should be draine.d by

®
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purping from well pdint-s and not from open sumps.

If the subsoll conglsts of clay, the top layer of the
exposed clay is likely to become soft becamse of the absorption
of moigture from puddies and the f:neading effect of walking on
it, Therzfore, footings on clay should be conereted and backf-
filled immedlately after the excavation ig completed, If this
cannot be donme, the last 4 to 6 in, of clay should not be removed
until preparations for placing the concrete are complete,

5,10, SUMMARY AND CONGLUSIONS 3

On account of the complexdty of rolations inwvolved,
sclentifie research in the realm of footings did not yleld
any feaults of immediate practical ussfulnesgs., However, it
cleared the field of ‘deep~rooted asiperstitions, and disclosed
the type and relative importance of the factors which determine -
the failure and settlement of footings. Expedient and yet
adequate procedures for footing degign were mibsequently developed
by radlesl sl.ﬁlpugcation of the real relationghip f’

Nevertheless, the present review work points out certain
congpicuons dlfferences between various theories and analyses of
bearing capacity. The shape of the failure surface has been a
much controverdial issie, as &!.smas.ed in Chapter 3. Evaluation

of settlement for both coheglve and coheslonless solls, on & vigoveuS
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basls 18 needed. Current analytical methodg for ésbabn shing
bearing value place major emphasis on the criterion of elimination
of rupture, Develo;;ment of convenlent, practical procedures for
ostimating settlement egpecially in constratified soils hes to

gonie extent been neglected.

~ The ngcgsai.ty foxf‘futum fundamental research on bearing
capacity and settlement of faot.tng; being as stated above, the
procedure for adapting the theorctical knowledge to the ;ﬁra‘ctical
requirements needs more light to be thrown on it. The development
work can be carried in the field in connection wth foundation
jobs, and the relative value of resilts obtained can be judged only

on the badisg of well documented case records.
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