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NOTATION 

The s boll used in this iaorlc conform generally to those 

enggested in 1941 by the erican Society of Civil Engineers 

(Soil Mechanics Nomenclature, Manual of Civil Engineering Practice 

Ho. 22), although e~oceptions have been made iherever necessary to 

avoid confu on. 

A 	area of the base of the footing 

B 	breadth of footing 

C 	*on atant 

Ca 	compression index 

Cs 	coefficient of settlement 

a 	csheoon 

Ti  depth of footing 

E 	modulus of elasticity 

so 	void ratio in loosest state 

Ga 	factor of safety 

H 	thi ckne so of stratum 

KP 	coefficient of passive earth pressure 

L 	length of footing 

ME 	Modulus 

N 	dimensionless factor (Nc , Nr ,  , and Nq bearing 

capacity factors); number of blows on sailing 

spoon daring standard penetration test 



(U) 

N I 	number of blows on saspling spoon for very fine 

sands below water table 

Pp 	passive earth pressure„ May be mbdtvided into 

Pp~ t, ich depends on unit id,ght of the soil, and 

Pp. which depends on cohesion and surcharge 

p 	pressare or (normal stress 

Pi 	intrinsic pressure 

po 	initial pressure 

Q 	con centratod load 

Q,d 	critical load on footing 

Qdr 	bearing capacity of circular footing 

qda 	bearing capacity of square footing 

q 	surcharge per unit of area 

qa 	allo-vabl© . soil pressure 

a4 	ultimate bearing capacity 

unconfined co resEive strength 

r radius 

S  settlement 

e 	shearing resistance 

x, y: s carte~len coordinates 

Q~ 	opread angles inclination of load 

P slope angle 



Footings undoubtedly represent the oldest form of 

foundation. Bearing capacity and the settlement are the 

tw important factors in the study of footings. In the 

present vork, various theories of bearing capacity are 

presented in detail. The concepts have been analyzed by 

theoretical congLdsrations of idealized, isolated foot-

ings.. Thy' settlement aspect of the problem has been . appro-

ached atrrLtlarly. The allowable soil pressure and its deter -
iaination have been theoretically investigated. 

The above concepts have been developed to explain 

their use in the actual de gn of footings. A critical 

review of the present knowledge available on the subject 

has revealed that both thefundamental research and the 

procedare for adopting the theoretical concepts to the 

practical recpirements need further vork. Acatualation 

of vel1-documented field records is absolutely neoessarg 

for development of the .su,bjeot. 



N' 	number of blows on sampling spoon for very fine 

sands below water table 

Pp  pas ve earth pressure. 	May be subdivided into 

Pp  f 	.oh depends on unit ucight of the,  soil, and 

Pp' 	%bich depends on cohosLon and surcharge 

p pressure or normal stress 

pi intrinsic pressure 

po  initial pressure 

Q concentrated load. 

Qd critical load on footing 

qdr  bearing capacity of circular footing 

Qds bearing capacity of square footing 

q surcharge per unit of area 

qg  allocable soil pressure 

qd  ultimate bearing capacity 

qM  unconfined compresdve strength 

r radius 

$ settlement 

a 	shearing resistance 

x, y, z cartedan coordinates 

Ck 	spread angle, inclination of load 

P slope angle 



unit i tight of soil 

tnorene t 

direct stress 

shearing stress 



Footings undoubtedly represent the oldest 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 considerations of idealized, isolated foot-

ings. Thy': settlement aspect of the problem has been _appro-

ached .0 1arly. The allowable Boil pressure and its deter-

mination have been theoretically investigated. 

The above concepts have been developed to egplain 

their use in the actual de sign of footings. A critical 

review of the present knowledge available on the axbject 

has revealed that both the fundamental research and the 

procethre for adopting the theoretical concepts to the 

~etical requirements need further wrk. Acimilaticn 

hell-  documented field records is absolutely ne'cessarg 

development of the subject. 



1.1. HISTORICAL RENEW s - 

During the Middle Ages foundation construction used to employ 

mats of stone, blocks laid in over-lapping courses on a levelled ground 

surface. mien greater use of widely spaced walls and individual 

columns developed, the mats were gepor`bed to form spread footings. 

No particular rules for design were followed. b n the underlying 

soil was hard, the footing was often no longer than the member 

a  it oupported; in such a case it served merely as a leveling course 

of masonry on the soil or rock. When the soil was soft, the footing 

was enlarged by corbelling it outward from the lines of column or 

wall. The size of footings was seldom related to the column load; 

instead it was dictated by the space available or the shape of the 

column or wall it supported. When failures occ ured, the offending 

member was - enlarged until it carried the load ader ately. Often 

the footings were built without mortar. When very soft ground was 

encountered, mats of brush several feet thick were spread on the 

surface to provide a support for the masonry footings. reedlesd 

to say, the settlements of such footings were often exceeeive. 

The Industrial Revolution brought about a number of changes 

in Civil Engineering,, both in theory and teehni clue, but these id 

not extend to foundation design. In general, foundations were 

designed and constructed during the Eighteenth and Nineteenth can 
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centuries in as much the same way as they had been &ring the 

Middle Ages. The 'slow mechanization of construction brought 

about come improvements In the technique for built i.ng founda. 

tions butt only a few real changes in the design. Builders 

occasionally pre-loaded a building site so that part of settle 

ment would take place before the structure was built, This was 

not d,dely practised and the basic principles behind it were not 

understood, however. 

The construction of higher and heavier buildings during 

the later part of the last century resulted in numerous oases 

of foundation difficulties and an awakening interest in designs. 

For temple, in constructing a corbelled masonry foundation, 

each foot of width beyond the limits of the column or wad.. 

refired an additional foot of footing depth. Therefore, when 

the footings became wider (as was respired to support the how-

vier loads) they also became deeper and heavier until the foun-

dation weight alone became a major part of the structural load. 

A significant advance in the understanding of Soundati.on 

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 

ideas, first put in writing in the United States by F. Baumann 

of Chicago in 173,E  were to guide foundation engineers for over 

half a century. 
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The development of highly competitive incbstry led to a 

demand for large but inexpensive biildinge. The types that 

developed were more sensitive to differential settlement than 

their predecessors. Furthermore, many of the most desirable 

sites for indiatrial buildings were located in regions that 

had previously been avoided because of notoriously bad con.-

ditiona. Hence, designers found themselves in need of a 

reliable procedure, applicable under soil oonditione, for pro-

portioning the footings of a given building In such a manner 

that they would all experience the came settlement. One result 

was the formulation of rules for ma d.mxm foundation pressure 

on various types of coils. A second result was the development 

of field loading tests to evaluate the bearing capacity of soil 

in, place. Althcrugh, both of these innovations are considered 

to be inadec ate today, they were significant forward steps in 

the scientific approach to the foundation design. 

1A 2. F'RESW STMS 8 

Following World War I, foundation engineering progressed • . 
more rapidly. The greatest step was the development of science 

of Soil Mechanics,. Mach of the credit for this advance belongs 

to Karl T car zaghi#  who in 1925 published his treatise WEdbaumeokanika 

This furnished the first integrated analyse of the mechanical 

behaviour of soils and particularly 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 capacity and of stresses 

beneath foundations were made by Kogler and Scheidg in Germany#  

Fellerdus in Sweden, House]„ In U.S., Skømpton,, Neyenc4 and .loon 

in United Kingdom. Since 1930, progress in developing rational 

methods of foundation analysis and design has been remarkable. 

During the name period, there were significant advances in the 

art of foundation construction. The increased use of reinforced 

concrete made it possible to build thin footings. Construction 

in areas of weak moil and high water is made possible by improved 

techni cpes for unwatering, soil stabilization and excavations 

Since Wrld War II,, there has been a growing reali zation 

among foundation engineers that a scientific analysis of foun- 

dation performance is unsutficient because of the extreme comple-

xity of actual Soil conditions compared with the aamiqtionu made 

in the solution. The remit has been the accumulating of emperical 

knowledge, guided by theory, to temper the analytical methods. 

This process is continuing and forms the basis for the modern 

methods of design. 

Like any other part of a structure, the footing foundation 

must meet certain recpirements. These retirements are based on 

the needs of the structure mupported, because in the over all 
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picture, the footing (inaludLng the soil, beneath it) and the 

superstructure form an integrated unit and act together under 

the influence of loads applied to it. 

The three basic regairemento are s 

1. The footing must be properly located with respect to 

any future influence which could adversely affect its 

performance* 

2. The footing mustt be stable or safe from failure. 

3 The footing na.ist not settle or deflect sufficiently 

0 	 to damage the structure or impair its usefulness. 

These reciire~nentn shouUc , ordinarily be considered in the 

order named. The first is rather nebulous. It involves many 

different factors„ some of which cannot be evaluated analytically, 

but which must be determined by engineering judgement. The second 

is specific; it is analogous to the re cement that a beam in 

the superstructure must be safe against breaking under its working 

load. The third requirement is both specific and vague. It is 

analogous to the requirement that a beam in the superstructure 

shout not deflect'enough to be objectionable the amount of 

deflection in o specific, but how much is objectionable cannot always 

be defined accurately. 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 

inadequate. 



2.1,  FO0TIN4 LOCATI(3N AND D?TH , 

The location and depth of a footing are governed by a 

number of different and unrelated factors. These include the 

following i- 

1. Depth of frost action (or of thaid.ng in permafrost 

regions) 

2. Depth of seasonal volume changes 

3. AdJacent structures, property lines, excavations 

and future construction operations 

4. Ground water level 

5. Underground defects such as faults, caves and mines. 

2.1.1. `BAST ACTION s• 

In any region where the air temperature falls below 3 deg. 

P. for more than a feu dare, the ground freezes and the heave of 

the soil may occur, Fobtings placed above this zone of heave may be 

slowly bitted airing the cold weather and then suddenly dropped when 

the frozen mass thaws. In. the V.S. the zone of ice.layers chring 

heavy frost extends as deep as 8 feet beneath the ground surface. 

To be free of frost heave, footings should be placed at a depth 

eqial to 3/4 of the max zum penetration. In particularly oascepw 

tible soils such as saturated silty sands and silts, the full depth 

is recommended, while in gravels and dry sods even less than 3/4 

the me4iaim depth may be adeciate, Local e3perienee is the best 

• 
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guide to check frost penetration 

Figure l shows the location of the footing of the outside 

column below the level to which frost may cause perceptible heave„ 

2.1.2. SEASONAL VOLUME t iANGFS t 

Clays, particularly those with high plasticity„ shrink 

greatly upon drying and swell upon the addition of moisture, 

In geographic regions which have well defined re4 ns of high 

and low moisture, ouch clays swell and shrink in regular cycles, 

often causing severe damage to structures which the support. 

Black cotton soil of India is a typical example. The outside 

walls move up and down with the swelling and shrinking. However, 

the central parts of huge structures shelter the soil from both 

sum and rain and minimize the volume changes. The interior parts 

of the structure, therefore, suffer less than the outside weds 
and this causes, severe damage cue. to differential settlement. 

In arid regions where the soil is normally dry, the problem 

is somewhat different. Added moisture from leakage of pipes, watering 

lawns, or the reduction of evaporation caused by the presence•of a 

building or a pavement can bring about swelling and be ave of several. 

inches. 

In humid regions the Soils are ordinarily moist. Severe 

desiccation may cause high volume changes. Unusual prolonged 

periods of drought have brought about settlement of structures which 



have stood for years without any sign of distress. 

Accelerated desiccation accompanied by rapid and irregular 

settlement may be caused by many local conditions such as beat from 
boilers, ovens and furnaces, that are inadegiately insulated from 

the ground. , Footings should be placed as far possible from all 

sources of beat and below the depth of de iccation, particularly 

. if the soil has a potentially high volume change. 

In mxmerouo instances not  moisture used by vegetation has 

resulted in accelerated soil desiccation and settlement. La&'6e 

trees and even some shrubs and field crops are asp able of removing 

large amounts of moisture and caisLng settlement of footings placed 

above or adjacent to their major root systems. In such cases 

foundations should be placed well below large roots and as far 

from then as possible. 

2.1.3. ADJACENT STRU URES PROPMTY LINES AND FUTURE 
CON RUCTION OP-EM1,©NS  s 

The location of adjacent structures, property limes,, and 

the possibility of future construction. are important factors in 

the location and depth of footings. Eiensiwe law site have 

arisen when footings extended into adjoining property even tbvugh 

the building wall was well inside the line. 

The construction of new foundations can cause damage to 
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e .sting ones dae to vibrations  shock of blasting, undermining by 

excavations  or the lowering of ground water tables, 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 

minimum horizontal sating between old and now footings should be 

equal to the width of the larger one. Further, a line drawn outward 

at a 45 deg,, angle from the edge of the base of the higher _ one should 

not intersect the base of the lower cone„ as shown in 1g, 2. 

Found. tion d ,ath must be selected with future nearly 

• excavation in mind. This is particularly true close to the 

property lines where only limited legal. control may be possible 

over the construction operations on the adjoining si,.te. For 

example, the ,American Standard Code for cavation rages that 

a person making an excavation adjacent to a property line provide 

support for the adjoining property only when the excavation is 

deeper than 10 feet, Under ouch conditions, a minimum tooting 

depth of 10 ft. would be prudent. When future deep excavations 

are planned, such as for an addition having a basement, the 

foundations for the initial part of the structure should be pIaced 

deep enough that they vill be unaffected by the addition, If this 

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

Basement floors are commonly located well below the minimum 

dept} reqiired for footings of buildings without basements. Hence$  

under normal conditions the minimum depth of foundations located 
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within the boundaries of a basement, C and d in Figure 1, is 

governed solely by structural reciirements. 

2.1+ 4. GROUND  OTJWAgLIVEL z 

The level of ground water table is a factor in foundation 

depth in three ways. First, construction below the water level 

often presents difficulties. In coheeionless sands and silts, 

for example, upward flow of water into a footing excavation 

can create a gd.cksand condition and make construction Impossible 

without pre-drainage. Second, the presence of the water-table 

eetabliches the bearing capacity of the footing. The submerged 

weight is about onehaif of the saturated weight. Hence, it may be 

concluded that a rise of the water table from a depth greater than 

about B below the base of the footing upto the top of the surcharge 

would have the effect of reducing 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 

against hydrostatic uflift become serious considerations. OrdL-

narily spread footings are placed above the highest ground water 

level unless the additional expnaa of greater depth ia•well ji stified. 

2.1.5. tTNDIRCHDUND DE "ECTS 3 

The presence of underground defects such as faults, caves, 

mines and man-made discontinuities such as sewers, underground 

cables, and utilities influences both footing location and depth. 

Minor faults occur frec~iently in bedrock and When they are active, 

the entire sturucture should be placed on one side or the other of the 
fault line. 
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Man-made discontinuities such as old wells, sewers, cables 

and utilities are frec~aently encountered in cities and established 

industrial sites. If these are In use, they should be relocated 

or the structure moved away from them because maintenance 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 usually rather loose and because they often are 

structurally inadec ,ate. No footing should be located over such a 

discontinuity or on its backfill unless both are known to be capable 

of carrying the load, The same rule 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 n 

not accurately know; and this leads to costly changes during cons-

traction. For example, (Ref. 40), the position of a 14 ft. sewer 

was 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 they footings. 

The columns had to be relocated and the footings lowered to the 

level of the bottom of the sewer. A very careful survey of the 

local conditions can do mioh to minimize this hazard. 
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2.2. BEARING CAPACITY AND SEMMENT t 

On the assumption that it is practicable to construct a 

given type of footing in the light of the above considerations, 

the probable performance of the footing must be Judged with respect 
A 

to two types of unsatisfactory behaviour. On the one hand#  the 

entire footing or any of the elements of which it is composed, 

may break into the ground because the soil 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 so great or so uneven that the superstructure may 

become cracked or damaged. These two types of unsatisfactory be-

haviour have almost independent causes and can usually be investi- 

gated separately. The first is a function of the strength of the 

supporting soil or rock, and is known as a bearing capacity failure. 

The second depends upon the stress-deformation characteristics of 

the soil or rock,,, and is known as I detrimental settlement I . In 

each of the following chapters, they will be treated at length with 

the aim of developing the concepts in the design of footings. 



3.1.  IrRpwçrioN  : 

The subject of bearing capacity is perhaps one of the 

important subjects in Soil Engineering. It is generally believed 

that bearing capacity is an absolute inherent property of the soil, 

just as cohesion and internal friction and this has consequently 

led to wrong interpretation, sometimes leading to a false sense 

of security. A true understanding of the factors upon which it 

• depends and an explanation of the use of the bearing capacity 

concepts in the design of footings needs the presentation of certain 

fundamental ideas. Numerous factors enter into the complex problem 

of determining bearing capacities for buildings which rest on many 

spread footings. However, some of the most important of these may 

be explained without difficulty by theoretical considerations of 

idealized, simple cases of isolated footings. The bearing capacities 

of all types of soils, ranging from cohesi.onless to highly cohesive, will 

be discussed. The most important variables on which the bearing cape-

city is dependent in any given soil are the dimensions of the footings, 

and the investigations into the relationships between the bearing 

Capacity and the breadth and shape of the footing below ground surface 

will be studied in detail. Al]. soils considered in these studies 

are assumed to be homogeneous unless otherwise stated. 

Relationships will be obtained which are good for soils in 

general. The forilas for such cases contain two soil characteristied, 

13. 
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the friction angle and the unit Ooheston;, and when these two soil 

characteristics appear it may be concluded that the expression 

applies to soils in general. In other studies the considerations 

are limited to the extreme or limited cases of cohesionless and very 

highly cohesive soils. Cohecionless soils may be defined as those 

in .which the shearing strength depends entirely on intergranular 

pressures which are caused by the footing load and the overburden 

Highly cohesive soils are those in 4ich 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 size of the footing 

is the breadth. This dimension is ecial to the diameter of -a round 

footing, and the, smaller side of a rectangular footing. Cases 

covered herem 41]. in general be limited to long footings, square 

footings and round footings. The designation -  long footing applie6 to 

such cases as wail footings wherein the length is very large in 

comparison to the breadth. 

3.2. FUNDAMENTAL CONCEPTS =  

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 a±e plotted as ordinates 

against the load per unit of area we obtain a settlement diagram. 

The settlement carve may have any shape intermediate between those 

represented by the curves Ci and C2 in Figure 3a. It is seen that 
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at the. lower values of loading intensity, where the diagram is an 

approximation of a straight 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 the primarily to compression 

rather than lateral displacement of the soil beneath the footing. 

As settlement der increment of loading increases and curvature of the 

diagram becomes pronounced, it is considered that soil rupture ie 

taking place and that the footing is sinking into the ground as a 

result ult of lateral displacement of supporting soil. 

There is seldom a clear demarcation of the two sections 

of the diagram. In a all probability, soil rupture is a progressive 

rather than an abrupt development and it may be initiated well 

before the break in curvature is reached, It is convenient, however, 

for purposes of discussion to assume that ranges of loading can be 

identified in which settlement can be attributed either to Soil 

compression or to soil displacement. Thus in Figure 3b, 

A is the settlement the chiefly to Soil Compression„ 

B is the settlement the to combination of soil coa~preedon 

and lateral displacement A 

C is the settlement the to lateral displacement,. 

If the settlement curve passes fairly abrupty into a vertical 
tangent (curve Ci.j, in figure 3 0-) , we identify the failure of the 

earth support with the transition of the curve into the vertical 
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tangent. an the other -hand, - rzagh1(4.3) states that if the settle-

ment curve continues to descend on a slope, as shown by the curve 

C2 ' We specify arbitrarily., but in accordance with current conceptions, 

that the earth support has failed as soon as the curve passes into 

a steep and fairly straight tangent. 

The area covered by the load is called the 'bearing area'. 

The load required to produce the failure of the soil support is 

called the 'critical load' or the 'total bearing capacity'. The 

average critical load per unit of area, `f ~ or `j (fig, 3a) 

is called the 'bearing capacity 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 which supports it 

without causing excessive settlement or danger of failure of the 

soil in shear, 

3.2.1. THE PRESSURE BULB; 

The pressure bulb is a common term used to represent the 

zone below a footing within which appreciable stresses are o ieod 

by the footing load. The concept of a pressure bulb i A a valaable 

one, and the bulb 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 infinite extent may be 

determined from the theory of elasticity, and from plots if 

stress contours for the elastic case a general picture is given 

which may be accepted as valid, in a roughly gzalitative sense for 

footings on soil, The compressive stresses on the horizontal plane 

are shown in Fig, (4a) by stress contours for all points below a 

round uniformly loaded area of the surface of an elastic mass. 

The maximum shearing stresses at all points is similarly represnted 

in (b). It may be seen that all concepts of the size of the pressure 

bulb depend on an arbitrary choice of the magnitude of stress at 

which values are considered to pass from appreciable to inappre. 

viable. If direct stresses are considered to be of inappreciable 

magnitude when they are smaller than 10 per cent of the intensity of 

the applied stress at the surface, in general, the pressure bulb 

will have a depth a depth of roughly 1.5 times the breadth of the 

loaded area, 

THE ACTION JWTHIN THE PRES'►St aE BULB t 

The outward, picture of the action of a footing is limited 

to the concepts that a tooting is loaded and therefore'settle8. 

However, the action within the pressure bulb is more complicated. 

The settlement of the footing is due to the vertical strains b.ch 

occur within the height of the pressure bulb. These vertical 

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

in part to volumetric strains or decreases in void ration. In Fig. 5 

i 



the full lines show a scuare footing before loading and the zone 

in ui ch its idealized pressure bulb will form when load is 

applied. The original position of. a small element of soil at the 

centre of the bulb is also indicated. The displaced positions of 

these lines after the load is applied are shown by dashed lines. 

1ith the magnitude of changes considerably exaggerated, If the 

settlement is due mainly to the acpeezing out of soil from under the 

footing, as in a relatively dense sand which is loaded nearly to 

failure, the bulb and the element are distorted with little change 

of volume, as the figure shows. If the settlement is the mainly 

to compression of the coil, as in a very compressible soil subjected 

to a. load that is small compared to the load causing failure the change; 

in positions of horizontal lines would be about as shown by the figure 

but the changes in positions of vertical lines would be only a small 

fraction of those shown, 

In Figure 5 the deashed lines representing the width of the 

bulb after loading are not shown near ground surface because strains 

may be large in this zone. A rigid surface footing on sand#  when 

carrying even a very email load, will develop a plastie zone ti ithin 

the surrounding soil. 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 shown in this figure are according 

to concepts developed by O.K. Frohlich Zones I are plastic under a 

small loading and enlarge to Zones II under greater loading. Qaali-

tatively similar shapes of plastic zones exist below the edges of . 
f 
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sgiare and round footings. 

3.3,  THEORIES F LNG QAPMZ  s 

No exact mathematical approach has been devised for the 

analysis of bearing capacity failure. *any methods have been 

formulated but all involve come s.mplifying appro imations 

regarding the soil properties and the movements which take place 

that are incompatible with the -observed facts. Inapite of these 

short comings, comparisons between the ultimate bearing capacity 

computed by the best of these!  methods and the observed ultimate 

bearing capacity of both model and full at zed footings show that 

the range of error is little greater than for problems of structural 

stability in other materials. 

'•l ! 1  L' ANALYSIS: 

Mmny at modern analysts of the problem of bearing capacity 

are based on a solution by Prandtl (Red'. 35) . The Prandtl plastic 

equilibrium theory presents an expression for the ultimate bearing 

capacity of long k loaded areas of breadth B on ground airface. 

prandtl investigated the plastic failures of metals. A special 

case of his general solution is applicable to foundations. Since 

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 sink vertically downward into the under- 

/ 



e 

*w. 

lying material, thereby procbdng shear failures on both aides of 

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

Prandtt, ex.st after the failure is reached. The following a; sump.-

tions are made z- 

2. The soil is homogeneous, isotropic and weiightless. 

2. The wedge - shaped soil zone ABC immediately beneath 

the footing moves do (ward without any deformation 

together nth the footing. Soil zones AFC and 3 are 

assumed to be in a plastic state and to push soil zones AFG 

and BED upward as units. Ther+emainder of the loaded medium 

is essentially unaffected by the load. 

NOTEt The actual angles and lengths in the diagram 

are not assumed but are derived in the course 

of the analysis, 

3. The line of rupture (envelope to the Mohr circles) 

for the soil is a straight line. 

4. In the plastic sectors AFC and BCD the stresses along 

any radius vector such as E1[ are constant but they vary 

from radius vector to radius vector. 

This Zone I is tailnr to the unsheared conical zone at the 

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

this no all radial planes through points A and B are failure planes, 

and the curved boundary is a logarithmic spiral. Zone III is forced 

by passive pressure upward and outward as a unit. It may be noted 
a 	 . that all failure planes are at (4 	~/2) to principal. 

/  . 0 
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planes. The section is symmetrical upto the point of failures, 

iith an e!xal chance of occuring as shown, or along the filar failure 

surface shown at the left by dashed times. 

Prandtl considers the eqiiUbriur of the plastic nen. The 

boundary s ondltione are i 

that the major principal stress on the boundaries AC and BC 

isqñ, while the minor principal stress on the boundaries AF and 

BD i s zero. On the baste of the assumption that the shearing 

strength of any soil may be expressed by 

S=c+0--t~,V-.0 
and that a is a constants, Prendtl shows that the ultimate 

bearing capacity of any cetl is 

-t- Svc 
 

= 	 (3 1) 

The analysis óovered varying values of the angle of internal 

friction V. For 0 = p, the solution needs Calculus, since the 

substitution of = 0 gives the product of infinity and pro= 

The final solution 10 

qd=5.1420= 2.571 
	

(3.2) 

For 0 greater than hero oo increases rapidly with the 

value of , as shown by the following table. 



Table 3.1 Values of qd according to Frandtl. 

0 1.000 2.571 

10 1.572 3.499 

20 2.530 5.194 

30 4.290 8.701 

40 8.452 17.560 

It will be seen that, if 0 =Q, Egiation (3.1) reduces 

to zero. This . woiild mean that a cohesionleee soil such as 

dry sand has no be8,ring capacity. Actually this is not so, and 

the aeaamption chiefly responsible for this discrepency ie that 

the soil is weightless. But the consideration of the ,material compli, 

ostee the situation very considerably. At given values of C and q it 

incr+ aocs the critical load and it changes the shape of the 

~irfaces of sliding with3,n both the dos II and III. Thus 

for instance in the zone of radial shear, (Zone II) the radial 

lines of shear are not straight as shoi in figure Y „ but 

carved. There are two alternative corrections to Prendtl's formula 

due to Terzaghi and Taylor respectively. Of these the first ie 

preferred for accuracy but the second is much more easy to 

calculate. 

C_ 



230 

T erzagbi' s Correction for the Weight of the Materials 

To C in the original formula ( 3.1) add Ct where sa- 

c 	hrYtaA^ 
Area of wedges and sectors in Fig.?. 

Length GE 

The formula then becomes 

c+c / r+ s 	ntcX'4~ 
I 	 -1 

d 	t.o.~ of 	1 _ S~^^¢ 

Taylor's Correction for the Weight of the Material s— 

To . C 	in the original formula add 
+t acv. 0 

6tic 	a ot ~~ ¢) -  
The formula then becomes 

4 2)J. 
si~ • 

Effect of Surcharge on PrandtlI a ]'orimila s,.. (3,4) 

The derivation of the formula (3.1) was made for loading at 

the wrfaae;it is not applicable when 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 surface 

loading by the over burden pressure. If a vertical presaxre, 

is applied to the outer rigid wedges APG and BDE, then 

the bearing capacity is increased from that given by the 	• 
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preceding Prandtl formula by an additional 

This surcharge effect can only apply for values of p considerably 

less than qd for oth©rwd,se there results merely an increase in 

the loaded width. In practice p 411 usually be anali compared with 

qd wbut nevertheless on granular soils) where 0 may be between 

35 and 40 degrees, 'marked increase in bearing capacity is produced. 

On cohesive soils, where ¢ is of the order of 0 to 10 degrees, 

surcharge pro&oOsi4ttle effect. 

DISCUSSION. 
tbeoYy 

The accuracy and value of any of the bearing cepacit4ies depend 

on the extent to which the assumed shape of the surfaces of failure 

approach reality. It is in this respect that Prandtl' s analysis 

is considered to be the most reliable,, since his assumed mode of 

failure agrees quite well with observations made on both granular 

and cohesive soils. Terseghi has restricted the validity of the 

above eq.tations to foundations with a perfectly siiooth base.in 

contact with the soil. Shearing stresses along a rough base are 

believed to exert a restraining effect on the soil and tins 

coefficient in ec~aation ( 3.2) is increased to 5.7 from PrandtlV s 

value of 5.14. 

The application to all foundation designs of the above 

suggestions to increase to this extent the original values 	' . 



obtained by Prandtl, according to T schebotarioff, appears 

q..estionable in the light of the folloidng considerations. In 

a great many cases the aatre of the possible downward, movement 

of a foundation is not restrained in any manner, no that the 

foundation is free to rotate about any one of its edges. Time 

the basic assumption of the Prandtl solution, illustrated by fig.7 

does not necessarily hold in all cases. Actual records of shear 

failure of the clay underlying large foundations usually indicate 

rotational displacements of the soil. Further the clay deposit 

cannot always be absolutely homogenous to such an extent that a 

shear failure mould develop in it simultaneously on both aides of 

the foundation. It is likely to be somewhat weaker on one side 

than on the other, so that a rotational failure, as investigated 

by Fellenius, would result. 

Inapite of the above shortcoming,, it remains that the 

present concepts of the gature of soil failure under footings 

stem mainly from the analysis of Prandtl. 

3.3.2.  BELL —T  RSA 	MIS - 	. ...........  
For a soil possessing cohesion as well as friction on 

analytical solution for the relationship between bearing capacity 

and depth was first derived by A.L. Bell (19i5). This was later 

extended by Terseghi. The analysis approximates the curved surface 

of failure with a pair of planes as shown in fig.8. The eve ag :  

stresses on the planes at failure are computed from the Rankine 

T1ory, and from these the bearing capacity is obtained. The 



derivation assumes an infinitely long foundation of width B placed 

at a depth of D below the ground surface of a homogeneous soil. 

The average pressure exerted by the foundation at the, instant 

of failure produces shear in a prism of ;oil, It imamodatoly beneath tb 

footing whose width ±0 B and whose depth is B tan ( 45 + 0 /Z)' 

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 

them. The second pri 	II, sustains a vertical stress or minor 

principal stress of q' due to the vt. of soil above the footing 

level plus an average stress cue to the weight of the prism of 

ryB ±c, (4 s -i- O) . Therefore, 
~ 	 2 

9j'  _ D 
F _I[ CO + Bic (4c4Ø/) 

z 

The horizontal stress ( major principal stress) reqiired to 

produce failure on prism II can be computed graphically by Mohr' s 

circle as aho in fig.9. The major principal stress on prim II is 

e pal to the minor principal stress on prism I. Similarly the 

major principal stress (vertical stress) on prism I can be found 

by Mohr$ s circle #As in Fig.9. The ultimate bearing capacity is, 

therefore, e¢tal " to this stress minus the average stress caused by the 

weight of the sail in the prism., 

ryQ tOIA(4S+~/) as `~ 	9 

If the Mohr envelope for the soil is a straight 	a then 

• 
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the bearing capacity may be computed analytically. The result i e 

as follows : 

¶d = Q [4c+2)C4c+)1± 

[ 	(4 ç 	+ 2t 3(4 c + 4)3 
i tow.` (4 s -r ) 

This expression may be r 	ttan in a simple form as a bearing 

capacity equation s- 

Wd=2N61~~+c.Ne-rNDN~ 	~35~ 

where , NC and 	are bearing capacity facta9 ;which are 

functions of the angle of internal friction of the soil. 

For strip loading on purely cohesive soil, the ultimate 

bearing capacity according to Bell' a theory of conjugate stresses, 

1T t 	$~, 

The conjugate stress method of Bell does not agree with the 

results of the experiments. It does not make allowance for shear 

strength of clay above foundation level, and this fact makes the 

method unruly conservative. Thus in the case of footing failure at 

Kippen! Scottland( Ref • 37) Bell's approach gives a value of 

1,4000 pet where as the actual ultimate bearing capacity at the 

time of failure, as investigated by Skempton ( 1941) was about 

2,500 pef. 



elastic failure of the loaded soils  as assumed by Terzaggbi 

in his xbenaiofl of Bell's method is possible only in slay soils 

with moisture close to plastic limit ( Beidya, 1961), In fact 

the stress strain curves as obtained during laboratory compression 

test satisfy elastic failure only approximately. 

3.3.3.  T 	'$ ANALYSIS ._  s 

Teri he presence a solution for the a tiwate bearing 

capacity of long footings which is of More general nature than any 

other theores. This method contains various assmptions which 

cannot be presented without going into great detail. Although 

this approach is not the most rigorous possible, all assumptions 

that are used are quite reasonable, and the results should..be 

sufficiently accurate for most uses. 

FAIIMM BY LOCAL AND BY GENERAL SHEAR: 

All soils are covered in 7eraeghi's approach by two cases 

whioh are designated as general and local shear. Before the 

load on a footing is applied, the soil located beneath the level 

of the base of the footing is in a state of elastic ci.Iibrium. 

When the load on the footing is increased beyond a certain cri-

tical value, the soil gradually passes into a State of plastic 

ecpi3ibrium. Boring this process of transition both the di stri-

bution of the soil reactions over the base of the footing and 

the orientation of the principal stresses in the soil beneath 

the footings change. The transition starts at the outer edges of 
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the base and spreads as ind.cated in Figure 6 a for a contin- 

one footing which rests on the horizontal surface of a homogene-

ous mass of sand and in Fig, 6b for a footing whose base is 

located at some depth beneath the surface. If the mechanical 

properties of the soil are rich that the strain which procedes 

the failure of the soil by plasticflow is very Anal the 

footing does not oink into the ground until a slate of plastic 

equilibrium similar to that assumed by Prandtl and ilinstrated 

by Fig.7 has been reached. The corresponding relation between 

load and settlement is shown by the solid curve CC, in Fig. '7 
The failure occurs by slid ng in the two outward directions. 

In Fig. 100 the lime def represents one of these surfaces. 

This type of failure will be called a 'general shear failure'. 

On the other hand, if the mechanical properties are 

such that the plastic flow is preceded by a very important 

strain, the approach to the general shear failure is associated 

with a rapidly increasing settlement and the relation between 

load and settlement is approximately as indicated in Fig. 11* 

by the dashed curved 02. The criterion for the failure of -the soil 

pport#  represented by a conspicuous increase of the slope of 

the settlement ire, is satisfied before the failure spreads 

to the surface. Hence, this type of failure will be called $Local 

shear failure'. 



çONDON8FOR GOAL SAAR FAI ,URE OF SOIL Pt3RT QF 

SALNOUS  FOQ►TIN(_ i 

The term 'shallow footing' is applied to footings whose 

width B is egaal to or greater than the vertical distance D 

between the surface of the ground and the base of the footing. 

If this condition is satisfied the shearing resistance of the 

_ 	soil located above the base of the footing may be neglected. 

In other words, we can replace the soil with a unit weight 'Y t  

located above this level, by a øircharga 9/  =1 D per unit of area. 

This substitution dsplifies the computations very considerably 

On the other hand, if the depth D is considerably greater than 

the width 13  (deep footings), - it is necessary to take the shearing 

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

consideration. 

If the soil has thus been replaced by a surcharge* 	per 

unit area, the base of the footing represents a loaded strip 

with a uniform width B located on the horiziontal surface of a 

semi-infinite sass. The state of plastic egiilibriva prod ced 

by such a load is illustrated by Fig. 7. In order to prodace such 

a state of stress at the base of a continnoue footing it i ould 

be necessary to eliminate completely the friction and the adhesion 

between the base and the soil. Fig. 14a has been plotted on the 

basis of the same assumption. +The soil located within the central 

scone I spreads laterally and the section through this no undergoes 

the distortion indicated in the figure. If the load is tran tted 
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on to the grid by means of a continuous footing vith a rough 

base a 	as shown in Fig, 91, the tendency of the soil located 

within the zDne I to spread is counteracted by th© friction and 

adhesion. 

'CO 'TA.'IQI~ (F BMARIND GA'ACiTt a 

Fig. ]Ac is a section through a she low continuous 

footing whose base is located at a depth Do At the instant 

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

i s easel to the resultant of the passive earth pressure Qp and 

the cohesion force ca• Since dip occurs along these faces, 

the reoultant earth presare acts at an angle 96 to the normal 

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

the weight of the soil within adb is dLsregarded, the equilibrium of 

the footing requires that 

The problem,, therefore, is reduced to determining the 

passive earth prea~ire P p . The passive earth press ro required 

to produce a clip on deZ 
rr 	 ~ 

and p~ . The force Pp 

weight of the mass adef, 

can be divided into two parts, Vp 

represents the resistance due to the 

The point of apppication of FP is 

located at the lower third-point of ad. The second part P 1( of 

the passive earth pressure a can itself be resolved into two 

parts. One part pa, is ciao to the surcharge $ ='I D, Since both 

0 
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presouresP0  and PIt  are uniformly distributed, their point of 

application is located at the mid point of the contact face ad 

in Fig. i9o. 

Hence, the value of the bearing capacity may be calculated 

by replacing P p in equation 3.6 by P pl  -- pc.  -t- P11 , Thus, 

cd=  
4 !. 

By introthc ing into thia eqiation the symbols, 

Dc  
2 11  

N 
We obtain 

yDP 	JyBN ) 

The iantiti ee N C a  N t  , and N , are called the 'bearing ng 

capacity factors'. They are dimensionless quantities that depend 

on the value of y5 , Therefore, they can be computed once for 

all and plotted in a .chart. The solid curves in Fig. lib represent the 

relation between the bearing acepacity factors and the values of 0 , 

CONEITIONS FOR L04ALSHEAR FAILURE 

The stress conditions for the failure of a cohesive soil 
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are approximately determined by the ec~tation 

Q-x _ 2 C Cann C4 S -F 2 	 y 

Wherein 9-1 is the major principal stress and lT is the minor 

principal stress. Fig. ha shows the relation between the streso 

difference T- -~-II and the corresponding Linear strain in the direction 

of the major principal stress 5"1 for two different soils. If 

the stress strain relations are such an indicated by the dashed 

curve 02, the lateral compress .on required to spread the state 

of plastic egLtlibrium as far as the outer edge c on the 

wedge aef ( Fig. iD„o) is greater than the lateral compression 

produced by the nIdng of the footing. }fence, in this case 

the soil oapport fails by locaa shear. In order to obtain 

information on the lower limit for the corresponding critical 

load Gp curve 02 is replaced by a broken line Oed. It represents 

the stress strain relation for an ideal plastid material whose 

shear values o' and ' are smaller than the shear values card 

q' for the material represented by the curve 02* The available 

data on stress strain relations suggest that it is justified 

in as igning to cf and' the lower Limiting values 
Cl - I c 

and 

tang' =-1 tan O 

If the angle of shearing resistance is "" instead of 
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the bearing capacity factors assume value$ N0 	q and Nr'. 

These values are given by the dash carves in Fig.ldl.b, The 

bearing capacity is then obtained from the equation 

1 

6( 	+ ' 	+-i rY 8~ ') 

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

ing capacity factors for varying values of 0. 

T. b1e 	Relation between 9 and bearing capacity factors 

No Nq Nr gQ Nqt Nr 

0 	5.7 1 0 5.7 1 0 

10 	9 3 1 5 2 0 

20 	17 7 5 12 4 2 

25 	25 13 10 15 5 3 

30 	35 22 20 18 8 6 

35 	53 43 40 24 14 10 

If the stress strain relations for a eoil are intermediate 

between the two extremes represented by the curves Ci and C2 

in Fig. 11, the critical load is intermediate between Qd 

and Q'd. 

Tertgl&søibdiviaion of the problem into two types of 

shear is an arbitrary one, since two oases cannot cover the 
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wide range of conditions which necesiate the recognition of 

two expressions as different as eciations 3.7 and 3.8. In 

practice the conditions for the general shear failure 

illustrated by Fig. lOc are never completely satisfied, because 

the horizontal compression of the soil located imme6iate r 

below the level of the base of the footing on both sides of the 

base., is not great enough to produce the state of plastic 

oqlilibrium within the entire upper part of. the zone aef. There 

fore one has to expect a failure similar to that illustrated by 

Fig. 1A.d. On account of inadequate lateral compression the 

shear failure occurs while the upper most part of the zones 

of potential plastic egiilibriurn is still in a state of elastic 

ecpilibriva. In cohesive soils the surface of sliding terminates 

at the boundary of the zone of elastic egxtlibrium. In the 

proms ty of free surface of such soils are may find instead of 

a zone of shear a set of discontinuous tension cracks, In the 

theory of general shear failure these discrepancies between 

theory and reality are disregarded. 

In connection with the method of determining the pressure Pp  
erQd 

it should be dotorrined that the surface of sliding represents 

only an approximation to the read, surface of sliding because the 

method is not rigorous. Therefore, the surface of sliding obtained 

by means of the spiral or the friction circle method does not 

necessarily start at point d in 'ig, 100 with a vertical tangent. 
However$  the error rile to this d screpeney between the real and • 
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the approximate satface of sliding is uniaportant. 

E)erience has shown that even uniformly loaded foundations 

always fail by C'i'ting. This fact, however#  does not invalidate 

the reasoning of Ter d = s analyst, s. It merely demonstrates that 

t1 a are no perfectly uniform subgradei. 1 th increasing load the 

settlement above the weakest part of the aabgrade 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#  whereas the pressure on the 

stronger parts decreases. These factors almost exclude the 

poesitility of a failure without tilting. 

The two equations 3.7 and 3.8 are intended only as expressions 

which are epproAmate and conservative; they give estimates which 

are of ankh practical vaxe but which mist, in their application 

be tempered with considerable judgement. 

3.3.4  MEYW©F'S AJ LYSIS 3 

A theory of bearing capacity has been developed ed by 

G.G. Meperhof ( R©f.  . 26, 195i) on the basis of plastic theory, 

by extending the previous analysis for surface footings to shallow 

and deep foundations in a uniform cohesive material with internal 

friction. As in TerzaghtI a method, the theoretical results are 

represented by bearing capacity factors in terms of mechanical 

properties of the soil and the physical characteristics of the 

foundation. 	 . 



For a deep footing, the TeraaghiIs method cuff era from 

the difficulty that when the failure surface no longer reaches 

the ground level,, the height over which the shearing strength 

of the soil is mobili zed becomes very uncertain and mist be aseu-

med. According to Meyrerhof' a theory, which has been extended to 

overcome such limitations, the zones of plastic egiilibriun incres 

with foundation depth ( Fig. i2) . For a given depth the ®i zo 

of these zones varies with the roughness of foundation and for a 

perfectly s®aoth footing, two syumetri oal piano shear zones are 

formed below the bases The extent of these zones is largely 

governed by the shape of the foundation, and is a mininnim for a 

circular footing. 

At the ultimate bearing capacity the region above the oom-

pocite failure airface is, in general#  assumed to be divided into 

two main zones on each side of the central zone ABC, namely a 

radial shear zone BCD and a mixed shear zone BDEF' in which the 

shear varies between the limits of radial and plane shear. To 

simplify the analysis, the resultant of the forces on the for. 

dation shaft BP and the weight of the adjacent coil wedge BEF are 

replaced by the equivalent Creases p©  and So, normal and 

tangential recta actively to the plane BE.. This plane may be 

con sid©red as an *e1ivalent free surface', subjected to 

'equivalent free etresses$ Po  and So. The inclination of 

the surface increases with the foundation depth and together 

with the stresses,, forms a parameter of that depth. 



On this bass the bearing capacity can approximately be 

represented by 

 

'p0 N + •J- `' 3 N 91 	2.- 	 (3.9) 

This expression is of the same form as that given by TerzaJii, but No 

Na and Nr are now the general bearing capacity factors which depend 

on the depth and shape of the foundation. as well ae 0 and roughness 

of the bas.. It id.11 be convenient to e~resc the resultant 

bearing + acity by the relation 

(3.10) 

where one tam represcnto the influence of the cohesion and the 

other represents the inf]ue ce of the weight of the material. The 

above expression gLvee only the base resistance of the foundation; 

to this must be added any akin friction along the shaft toobtain 

the total bearing capacity. 

Keyerbof has obtained the factors on the basis 8f analytical 

and sai.grsphical treatment, and to avoid deters ining them in 

every ease, they have been calculated for the lower limit of zero 

sheering stress on the egiivalent free surface ( a = 0) and for 

the upper -limit of fan aobtli.*tion of the shearing strength 

a = 1) within practical units of and 9. They are presented 

in the form of charts. 



The above theory is based on a number of siulifying 

assumptionsp relating mainly to the deformation characteristics 

of the material and the method of installing the footing, the 

effect of which on bearing capacity can at present only be taken 

into account on the bade of empirical. evidence. The need for 

checking against experimental data is particularly important 

for materials with internal friction, owing to the major tn-

fluence of earth pressure coefficient on the shaft. Analysis 

of the main results of the laboratory and field loading tests on 

buried and driven foundations in clay has ahotni reasonable 

agreement dd.th the theory in the case of shallow footings. For 

deep footings, the actual base resistance is loss than estimated, 

on account of local shear failure and empiricel compressibility 

factor is introthoed in the .theory by which the shearing strength 

in redkced. 

3.3.5.  SLIP SURFACE METHODS s 

The slip surface methods are i-.graphical methods 

wherein a probable shapee for the slip surface is assumed. The 

slip surface ie assumed in different methods to be a circular 

arc ( Fellenius)„ a circular arc with tangent (grey) or a 

lograthmic spiral. 

Also known as the circular arc methods  it is the best 	• 
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known. method# originally proposed by Fe1Lenius ( 1929) for a 

strip load applied at the ground ourfaoe. Lamle the method can 

be adapted to frictional soil# it is most a2itable for cohesive 

soil (ø=O). 

A cylindrical clip sarface is chosen nth centre at 0 

(I?ig.13 a) and the total cohesion 0 along the surface Is calculated. 

By eqiating the moment of the applied load Qd about 0 to the mo. 

ents of W and C the value of Qd is determined. The process is 

repeated for several other trial surfaces and the ultimate load 

is taken as the minimum value of t„ . 

Thiss method has been extended to footings founded below 

ground enrface. 0. i.lson ( 1941) found that the net value of 

qd by this method has an almost ezaotlq linear variation with 

the depth breadth ratio upto depths of 1.5 times the breadth. 

The e.Vression furnished by Wilson's reaxlts, for long footings 

below the surface of highly cohesive soils is 

d'= 5.5c(1-to.38 	 ) 

where q!d denotes the ultimate net bearing capacity at depth 

1). The process of trial surfaces has been shortened by calculatir 

from the geometry of the problem the coordinates of the centre of 

critical slip surface. Thfis in Fig. 1, 

B)cR .e+ d 	~ 
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From this equation the centre of circle for varians ratios 

of D/B can be found. The resulteare plotted in Fig.13b. 

pISwSSION s 

The criteria by which any aethod for the determination 

of bearing capacity of a purely ooheetve material should be judged 

are tw : that reasonable agreement with Prandtl,s solution should 

exist for the case of enrface loading and that the bearing aapa 

city should inorsaee with the depth of the footing. For surface 

.loading the circular arc method gives an ultimate bearing capacity 

of 5.5.c '.thich differs from that obtained by Prandtl by only 

7.4 per cent and the critical circle agrees closely with the 

prendtl failure surface for this case. The rate of increase in 

bearing capacity with depth is in good agreement with that obtained 

by Ttrsgi, 

in addtion to its simplicity, the method is particularly 

useful when the properties of the soil vary within the zone of general 

shear failures in which case Moons s coordinates should. be used 

for the first trial centre,, and several other trial circles 

drawn with centres ndar the first. 

The most widely btown graphical method is that due to 

grey Bch assumes that the surface of failure conci its of a 

cylindrical surface passing through, one edge of bearing strata and 

a tangent plane making an angle of ( 45 - , ) with the 
2 



42 

hori tal, as illustrated in Fig. 14. The Krey method xna be 

applied to either of two different cases. In the first,, a 

foundation carrying a specified load is analysed to determine the 

factor of safety which appl.e6 . In the second case, a foundation 

is analyzed to determine the load which it can safely cipport with 

a specified factor of safety. 

In the first case, a trial surface of failure is established 

by arbitrarily choosing a centre A of the circular arc BC, as shown 

in Fig.14. The surface of failure is completed by drawing the 

line CD that is tangent to the circle and makes an angle (45°- ,,,,,.} 

with the ground txrface. It is considered that the foundation load 

plus the weight of the soil prim. BC F tends to cease rotation 

along the arc BO. This tendency prodaces an active hors, sontal 

thru t at the plane C. This thrust is restated by the passive 

resistance pressure of the triangle ODE; and the ratio of the 

ultimate passive resistance at the limit of eci3.librium to the 

active thrust is the factor of safety against failure of the 

foundation soil. 

In the second case utilizing the Krey method, a trial 

centre pcd.nt A is chosen, the failure surface is drawn, and the 

Value of the resultant passive resistance pressure is determined. 

The gaotient obtained by dividing this by the factor of safety 

represents the value of the active horizontal thru eta  which mat st 
not be exceeded. Thus the problem i s sin l .fled to find the 

load on the foundation which will produce this value of active 
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thrust. As in the case of retaining wall pressures, it is rather 

common practice to neglect the cohesion of the soil when ii1dng 

computations for safe bearing capaciity. However, the Krey method 

Can be exdeaded to include cohesion, if desired. 

6 .1eon has shown for footings at depths greater than 

half the width, bearing capaatty according to Kre 'e method 

is lees than at the surface„ At the surface q= 6047o,, at 

B = 0.SU, q = 620 a and tkeafter it decreases, Such a result 

is contrary to reason, This is probably doe to Krey's assumption 

that the as of the cylinder of failure ties in the plane of 

base. This is avoided in eofied l re7r n ,method, often adopted 

in U.S. This modification gives c = 5#41 a at the irface, a 

figure closer to Pranc l's value..: 

OTHER ) HODS 	3 

It it assumed that the rotation. $at 3 of the cylindrical  

failure irface coincides with the edge 0 ( Fig. 15.1), limit 

ec ilibrium '4l1 require the following epprozUnate relationship 

of moments in respect to 0 

c 
 

t'C 	+ 	 2 d 2 
c(TF+2)t1D 

= 
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1ben the foundation rests on the ground airface (D = 0), 

qd =6*23 a 

This value is somewhat too highs, as spared to the value of 

Fe11iius. 

Another method consists in Being the centre of rotation 

a at the edge of the footing, as shown in figure 15.2. The 

rotational ogiilibr um of the sector Q&B is assumed to be provided in 

part by the passive lateral redetance of the adjoining day. For 

0 = 0 the passive resistance 41 equal 2C + 'Y D. Egiilibriuni 411 
then regAre 

?T  Q 2 S •- C 

c+2) s. '4 C 

for sirface loading (D = 0) this result is identical with that of 

the original Prandtl solution, 

,Figure 15.3 illustrates the assumption of plane oarfacos 

of failure, on which,, some early analyses by Terzaghi Were based. 

Equilibrium along the plane OS vill reciire 	0 

It 411 be noted that in the preceding analyses of rotation 

staldlity the weight of the rotating cylindrical soil sectors could 

be neglected, since it is in appraximate equilibrium in respect to 

the centre of rotation. Shearing stresses along a rough base AD, FJrg* 



Figure 15, cannot affect the stability in roiçect to O 

AU the preceding egiations are valid for very long footings 

The root stance to rotation of somewhat shorter fundations wd.11 be 

increased by the shearing strength of the soil on vertical planes 

beneath the two ends of the footing strip. The increased bearing 

capacity can then be roughly eaimated, , ae illustrated by Fig. 36. 

BEARING CAPACITY OF SHCIP STING$ s 

'f en the shearing resistance on the cylindrical a rface 

ADBGjW (Fig. 16) of radius B reaches its maximum value of C, 

the conservative aoaiaption can be made that at some a nailer distance 

from the aid. o of rotation 00 the unit shearing rest stance C on a 

vertical plane through the short ends AB or 1W on the rectangular 

footing 1111 be reduced in direct proportion to the diøbanve from Q, 

so thtt  

c- c 
The rotational sredstonce da around 0 of a ring dd thick, 

located at a distance P from 0, .11 then be 

B  P 
and of the entire' sector I1 

0.25 TFCB 

o 	(3-11) 

45 
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By di.vid ug $q. 3.32 by the reatøtauce iT cb2 L offered 

by the cylindrical eirface ADBGEF to rotati©n around the 

OOi - we obtain 0.25BA - as an a preaston for the increment of 

rotational resistance offered by one end sector ADB, if the 

rest stance of the cylindrical surface is taken toe cal unity 

for both end uxrtacee 	1r 	&í °this B/L.to becomes The three 

dimensional failure surface may be somewhat smaller than the 

one assumed on the bass of the preaeding simplified two dtmenu 

atonal analyse. Hence the value 0.50 B/L may be reduced at 

least to read 0.44 81t By adding this value to Eq. 341 we 

obtain the following general ecressLon for the approximate value of 

bearing capacity on clays: 

s~- (i f o. +ô4  4- 	~3 13 s2C 	 3~ 

For a sqiare footing (B : L) on the surface of the ground, 

qd 7.950 

Ted and Peak (Ref, A-() suggest for a square footing 

qd - 7•4G* 

3.3,6. R€RTSEVS .. THEORY s 

U.S. aoueel. has suggested a practical method of debertrdning 

bearing capacity by moans of load bearing tests. This is parti.. 

culerly applicable in cases where the soil is reasonably homogeneous 

In depth. In this method, the footing load is assumed to be trans-

mitted to the soil as the sum of two conponeZIts. One is that which 
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is carried by the aoi.1 column directly beneath the footing; and 

the other is that which Is carried by the soil around the perimeter 

of the, foundation. The first of these components is a function 

of the area, and the second is a function of the perimeter of the 

foundation. This Perimeter Shear concept i a earpressed by the 

f or2la 

Q= nA+mP 	 (3.14) 

wherein A is the area and P is the p eri zet er of the footing; 

n designates the unit compressive strength of the pressure bulb, 

and m the unit perimeter shear. The unit perimeter shear may be 

defined as the load caDrying ohi ity per foot of per' .ter, furnished 

on the vertical = cylindrical surface Which passes through the 

perimeter of the footing by the shearing aresistance developed when 

the footing and the soil below it settle relative to the soil. 

outside. 

The wait values m and n may be determined by leading two 

or more test plates or footings which have different areas and 

different perimeter lengths. These test plates should be placed on 

the soil 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 teat plate which is reclined to produce 



this settlement is recorded# Then appropriate ..ate values of Q, A, 

and P are substituted in eq. 3.14 for each test plate. This gives 

two or more .rEltaneoua ®qiations from which m and n may be 

determined. 1~1.th these values, the allowable load on the actual 

foundation may be meted. 

DISCUSSION I 

The unit perimeter shear is of anall magnitude in sands. 

In highly ghly cohegve soils the second team Of Eq. 3.14 predominates, 

indicating that most of the load is in this case carried by 

perimeter shear. It may be wed that concepts relative to the 

pressure bulb and concepts concerning the bearing capacity criteria, 

with the detailed oonaiderations of stress and strain, offer a more 

complete understanding of the problem than can be obtained from the 

perimeter shear concept. However, the two approaches are ai;milar 

in principle, their differences being mainly in terminology. 

3.3.7. ftifl R THEORIES t 

There are various other theories and methods to estimate 

the bearing capacity. Some of them are extenstons of the theories 

already discussed and some are of classical interest, open to a 

number of serious dbJections. They 4U be presented here in brief. 

~1 -3JIHOD s 

In Rankine's well-known theory for the minims depth of foun-

dations in coheslonless soil the vertical downward pressure of the 

40 

footing is considered as a maximum principal stress, and the lateral 
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ry D± ann4  (4 5 t 0/2) 
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or rin1-mum principal stress is the corresponding active earth pressure. 

This lateral stress is, for particles Just beyond the edge of the 

footing, oonddored as a Daitn1m principal stress, vhioh in turn 

brings into play a vertical minima principal stress. Rj1d.ne4  s 

evaluation of the principal stress causing shear failure in a 

cohedonless soil is illustrated in Fig. 17. The bearing pressure 

pro&oee a lateral pressure p at the base of the footing, 

and, according to Rankine's relationship between conjugate stresses, 

- c6  
At a point clear of the footing the lateral pressure p prodmoee a 

conjugate (vertical) stress which, for equilibrium, cannot emoeed 

the weight of the superincumbent soil. If, as is usually assumed 

in this solution, the point concerned is on the same level as the 

bass of the footing, 

VD^ p 
1 ±  s 

This 

or, using the coefficient of passive pressure Kp!  

The same result may be obtained by drawing Mohr's circles for the 

two elements shown in Fig. 17.  



DISCUSSION t 

This method is of c .asoioal interest and it always ,gives 

results lower than those found from tests. An abrupt change in stress 

conditions is implied below the edge of the footing and this is 

contrary to the facts. The bearing pressures thus calculated are 

independent of the vise and shape of the footing#  a result which 

again, for frictional soils, conflicts with actual conditions. 

N KVS' IWIDD 

H* Hencky working on the lines of prandtl, has solved the 

problem for a rigid circular footing and in this case,, he finds that 

the failure occurs when 

ltd _ 5   4  s 
Unfortunately,, the liencky" s method has not been extended to footings 

below the surfaces and eppmAations Est therefore be made. As a 

rough estimate,, Sk ton (flef. 37) suggests that beating rapacity 

is increased by full fractional resistance which can be developed 

along the aides of the footing, Thy, a is not an upper ]:unit but it is 

probably the ma dr um increase which would be allowed in design. 

Hencky's elation is hence Modified to the form a 

5.6 4 S 	S' 

where F is the area of the side of footing in contact with clay of 

sldin friction. S = 0.75. S and A is the area of base of footing. 
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Though original lienok7 formula i a conservatives when 

modified to allow for friction on the si des of footing, it is of 

adequate practical rehab ity. This in the case of Rippen footing 

failure (Ref, 37), ifenrky'a method gives a value of 2,000 pat, 

the modified value is 2#600, the actual value of ultimate bearing 

capacity bang 2,500  pet. 

RITTER'S M THOD a 

Ritter assumes the soil to have no cohesion and the formula 

he presented is 

= [ D tC4c0+ø/2)/ 

[± 4(4c /2) - + 	11 
It is obvious that the above formula cannot be used for cohesive 

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

the term 
2c 

t 	S 0/2) s~ (4 ç° 9/2) 
3.4. EFFECTS OF SOIL PLOPEi IES AND FOOTIE DIMENS ONiS 

ON BEARING CAPACITY 

8. 	As can be seen by an examination of the general, bearing capacity 

equation (3.7), the beaming capacity depends on the properties of 

the soil and the dimensions of the footing: 
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1. The anglo of internal friction 

2. The unit weight of soil 

e. The ooheodon 

4. The tooting tad. dth 

5, The roughness of base of the footing 

8. The surcharge. 

• The angle of internal friction has by far the greatest 

influence on all the three bearing capacity factors. All increase 

at a rapidly inc rear ng rate when becomes larger. However, 

if 0 becomes very ll, as in the case of saturated o1eys, the 

last term approaches zero$, values of 	for friction angles 

of 32°  and 40°  are nearly 8 and 100. This the ultimate bearing 

capacity of dense cohestonless soil is represented as being 

roughly ton times that of loose cohesionless soil, 

Both the second and the last term of Eq. 3.7. vary in direct 

proportion to the unit weight of the sal. ien the footing is 

above water table., a distance of 1.5H, the full unit weight is 

used in the computation. When the water table is at the level 

of the base of the footing, the mbmerged wait weight is used in the 

last term. The off et t in to reri oe that term to about half 

its previous value. 
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If the water table is above the base of the footing, the 

mroharge eight is td*ilazcly affected. In a cohesionless soil 

where the cohesion team is zero,# a water table rising to the ground 

surface can, therefore,# have the disastrous effect of cutting the 

soil bearing capacity to approximately half. 

Eastwood (9) concludes from his experiments with narrow footings 

on sand that the ultimate bearing capacity of dry sand is redhoed 

by less than 20 percent if the sand is øibmierged. This di screpency 

from the n dually aesizned value of 50 percent i e, according to 

him, because of the wrongly asa~med mechanics of failure in the 

work of Prandtl, Terms and grey. 

The cohesion influences only the first term. iaile the 

angle of internal friction is zero, as in the case of saturated 

clays, the ooheoion term becomes the major part of the bearing 

capacLty. It a soil has both e and 9(, the bearing capacity is 

likely to be very high because NO increases rapidly with 0. 

To give some idea of the magnitude of the changes in bearing 

capacity iith may be brought about by changes in the shearing 

strength of a sail with variations in the values of internal friction 

and cohes1.oh, the following figures of Table 3.3 have been calau-

lated based on elation 3.7. 



TA 3.3 S &tr OF VRIATX0N OF G ANDJ ON TRE 

BEARING CA' 

Ultimate bearing capacity in Tom. 
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2t Barr.  footing 

Cohesion 

'11 s:~ 	#i1 •; 

2' 'fide Strip footing 

Ooheon 

0 008 

5 0.95 
•1Q 1.45 

1.75 3.4 0.6 1.4 2.65 
2.20 4.25 0.8 2.175 3.5 
3.1 5.85 1.2 5.45 4.5 

Note : The base of the footing is proaiaed 21 below ground level and 

unit weight of soil. is taken as 125 lbs/ott.: 

The last term of the bearing capad ty egaation varies in clLreot 

proportion to the footing Ldth. Therefore a i4.de footing on a soil faith 

a high angle of internal friction, such as gravel or rand, All have a 

Very high bearing cspactty, ht1e a narrow footing on the same soil ll 
This V is he i o.j? 

have a much lower value./ Dearing capacity ttth footing d.dtIt for sands 

and gravel gives rise to many apparent. incongruities. For exn>le, 

the narrow foundations of a =Afl light ctructure on sand may fail while 

those of anadjacent heavy structure are safe, although both are designed 

for the same bearing pres a,re. Footing width has no influence on the 

bearing aapad.ty of soils l.th no internal friction. Therefore,, footings 

of different sizes d.0 be egially safe at the sere bearing pressure. 
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ereas the procedure for simple soil and foundation con.. 

dition.e io fairly well natabliched and azfficiently reliable anti-

mates can be made in many cages in pra se# the methods of ena. 

lysi s for tacosl conditions are still controversial. Thu a accord. 

ing to Terzagbi ( Ref. 43, 1943) the bearing capacity of a rough 

based strip footing on clay is eomevhat greater than that of a 

smooth base. According to Meyerhof' a analy . s ( Ref. 26,, 1951) 

homer, the bearing capacity of a perfectly smooth footing on or-leoa 

material is one-half that for a perfectly rough base, and the ulti-

mate load of a strip footing on purely cohesive soil ie not affected 

by r ugbneas of tam, The bearing capacity of a vetghtlees material 

i s independent of base friction ion and that of a materiel with weight 

increases with the roughness of the base. 

The aircharge influences only the second term. Its oon.► 

tribition to bearing capacity may be negligible for soils with a 

small 0. For soils with high friction angles, a ill amoua of 

surcharge produces a large increase in bearing capacity. For 

example. incasing the depth of a footing by one foot in a sand 

weighing 110 pef and having 0=35  degrees#  will increase the 

ultimate bearing capacity by ( N4  z r x 1) _ ( 42'x 110 x l) 

4600 pat. Table 3.4 given below indicates the effect of increasing 

the depth of the footing on bearing capacity. These figures 

preeimo that, outing to cracking near the surface of the sail:  

cohesion iø ineffective for a depth of 2 feet. 

- 
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Table 3.4. 	'Et r OF XNGASS IN DEPTH ON BEARING CAPACITY 

Ultimate bearing capacity in T/se with 

(Dimes) 	 G x 100 p of . 

2' siars footing 	2' w .do strip footing 

Depth 	 Depth 

0' 	2t 	4' 	Of 	2' 	4' 

0 3.3 3.4 3,3 2.55 3.55 3.3 

5 4.115 4.25 4.75 3.2 3.3 461 

10 5.55 5.85 7.00 4.25 4.6 6.2 

15 7.4 7.95 9*75 5.7 625 8.75 

20 10.2 11.00 1,3.6 1.9 8.75 13.35 

3.5 RECTL' ML*B, SJkBE AND CIR0 9LAR FOOTING. 

The Various methods of bearing oapacLty analysts are based 

on the as Lion of an infinitely long footings of rd dth. 4 which 

simplifies the actual problem to two dimen si.on os. 't hen the,  length 

of the footing i s of the same order of ma .tude as the v . dths  the 

failu involves three dimensional shear. No general method of 

analysts for rectangular, square and circular footings has been 

developed Mch fully considers this shear condition, 

On the basis of e,eziments the follo g -se .empirlcal o4lation 

has been derived by Ter i ( Ref. 43) for the boa4ng oapaaLty 

Q& of a circular footing 4.th a radus. r resting on a faily dense 

or stiff soil. 
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Qdr 72 	9oNo + 	Nq *O.6 rMr I ( 3.15) 

or q =1.3c lo *IrD 	+0*6r r l- 

The correoponding value for erpre footings, B x B, on dense or 6tiff Boil 
ie 

de.=1*3oNo +sDf Ng f 0*4~f"BN, (3.16) 

The values of N to given. by the ordinates of the solid curves 

in Fig. 11 b. If c ie greater than zero, 0 = 0,, and D = 0 we 

obtain for the bearing capacity the value, 

OPgdO `7.4a= 3•*7 q. 

whichh i a considerably greater than the value qi6 = 5.70 a, for a 

continuous footing. On the other hand, if o = 0 and U = 0, the 

bearing eVaetty 	per unit of area is considerably dueler than 

qd fora cont u ue footing Lth a i.dth egtal to the diameter of the 

circular  footing. 

If the eapporting aoil i e fairly loose or soft# the values of 

N must be replaced by the values Not deter d.ned from the daehed curvets 

in Fig. 11 b, and the value of o must be replaced by o'. 

The ultimate bearing capacity of a rectangular or oblong 

footing idtb i.dth B and length i La according to Terzag i and Peak, 

( Ref. op cite) roughly e,ial to 

QdO = 2.85 	( 1+0,3k'))  (3.i7) 
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For a square footing, L = B and for a 'strip footing L ~ ON hence 

the bearing c apacity of a sure footing is 30 pc greater than that 

of a strip footing, 

If It i s aenimed that 0 is zero, then Nq i s unity, Nr i s 

zero and N0 i s 5,7. Under tbi s condition, the ultimate bearing 

capacity of a footing on clay reduces to 

qd= aNQ # 'd 	(3.10) 

Skempton ( Rf. 39), after study of experimental data both from 

laboratory teem and from full—scale observation, forms the general 

c one it i.on that for cdhedve soil the ceefficLent Idc increases 

;,th depth upto zaAa a of about 7,5 for depths exceed3.ng 2 times 

the vidth of the footing, and his suggested values are plotted in 

Fi g.18, Ittill be noted that the curve for strip footings Starts 

at Prandtl's value of *5.14 a for airtace loading. , Be atggeste that 

the rules given in Table . 3.5 can be eaolly remenbered . and a cloyed 

in the absence of graphical data, by wbstttutlng for No in eq. 3.18. 

TWO 3a 5 Valnes of N. for various footing depths 

Depth D 	 N0 
D= 0 	N = 5 for a continuous footing 

= 6 for a ariare or cirular footing. 

D/B < 2.5 	(1+ 0.21)/B) NCO 

D/B > 2.5 	1.5 NCO 

Any value of 0 	( 1 + 0.2 B/L) fo (strip) 
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If the soil support of a continuous footing yieldN all the 

soil particles move parallel to a plane thich is perpendicular 

to the center line of the footing. Therefore, the problem of oom- 

puting the bearing capacity of Bach footing* is .a problem of plane 

deformation, On the hand if the ecu1 support of a saa a or cir- 

cular footing yields, the soil particles move in radial and not 

in parallel planes,, Hence mathematical difficulties involved 

alloy no rigorous solution and until the roailts of azccesetilZ 

or of adetlate experimental investigations are available,, 'we are 

obliged to estimate the bearing c apac ty, from the above mentioned 

form it e, based on limited experience. From the somew at conflicting 

re eulte of these limited data, it i o possible to determine a ri cal 

corrections for the factors Nr and No in the general baring capacity a 

sr xan1 r 3.7. These are given in the fouoi4iig table ( Ref.40)„ 

and are to be multiplied by the Bearing Capacity ?actors of Ter hi. 

Table 3.6 	iS 'O t BEARING CAPACITY FA _B.S_ RWT 
ANGULAR Af D CIR(JLAR FOOTINGS AT 5HAIJJOW DEPTHS 

Shape of Footing 	Correction for 	Correction for Nr 
No 

~ 45Q ¢= Q ~'= for 
less 

S giare, L/B = 1 	i. 5 	0.30 	0.85 	0.90 

Rectangular L/B = 1.5 1.17 

	

JIB = 2 	1.12 	0.85 	0.90 	0.95 

	

110=3 	1.08 

	

L/B = 5 	1.05 	0.90 	0.95 	0.98 

L/B = 10  1.02 1..00 1000 1.00 

Gi rc,i1 r 	1.) 0.70 0.80 0.90, 



3.6 ECCENTRIC AND INCLINE? LOADS ! 

Footings are frequently aibJ acted to eccentric and inclined 

loads itte to bending moment a and hori eantal thra et s acting in 

conjunction idth the vertical loading. These conditions have been 

analyse by ?ierrhof ( Bf. 21, 1953),, as en extension to hie bearing 

capacity theory under c " ral. vertical load. 

Bearing Capacity of a Footing with Eccentric Load : 

Uien a footing lea an eccentric loads  it tilts tovirde the 

side of eccentricity, and the contact pre wire below the base i e 

generally taken to deoroave linearly tords the heel iron a ma iaza 

at the toe. At the ultimate bearing capacity*  the di etritation of 

contact pr©aaire in not e a appr imatelr linear and a very sisple 

ooluci sn wt the problem is obtained by' aesudug that the contact 

presetre distribution is identical to that of a centrally loaded 

footing, but of r ttioed 1.dth. Tbie the edge of the footing farthest 

from the point of load application no longer contributes to the bear-

ing oepac t '. In other v orde, the real width of the footing B is 

recliced to an eqiiva lent width B', the amount of redaction is eqial . 
to 2e and 

B1  =B-2b 

e being the eccentricity of the load. Me rathoed width must be 

used in eqan. 3.10. 

Bearing Ca acLty of Footing with Inclined Load 

Under the central load inclined at an angleo<to the vertical, . 
the o ttrel shear cone shown in Fig. 12 -i is tilted and the adjacent 
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zones are modified accordingly. Two main cases may be oonatdered, 

namely, footings iAth a horizontal base and footings with base normal 

to the load. The bearing capacity factors depend on 0,  D/B and c ( • 

Reduction factors have been derived by Meyezbhf for various in-

clinations. The vertical ,component of bearing capacity can be 

found by m i tdplying the appropriate factor by the redaction factor. 

The hors santal component may be found by multiplying 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, i4tch support a the practice 

of deigning 5ha11ow foundations dth a base normal to resultant load,, 

if possible. 

hen a footing carries an eccentric, inclined load, the 

bearing capacity can be estimated by oombining the above methods of 

anal ysii s. Results of laboratory tests conducted by Meyerohf (4p. cit) 

indicate ate that on slay, the average bearing capacity decreases linearly, 

14th increase in eccentricity, Whereas on sand, bearing capacity of the 

footings decreases approximately parabolically,4th increase in 

eccentricity. G.S. Dhilion (7.1) concludes that the deer ss in the 

bearing capacity of an eccentrically loaded footing is small 4th 

the eccentricity in the longitudinal axis, compared to an equivalent 

eccentricity in the shorter axis. 16d has found the theory of 

Megerhof to err on the unsafe oide. 

3.7 FOOTINGS ON SLOPES s 

MeyerohfI s theory of bearing capacity has been extended and 



62 

c mthied dth the theory of stability of elopes to cover the stability 

of footings on elopes. The footing may be located either on the 

face or on top of a elope. In the former oases when the footing 

is loaded- to failure, the sons of plastfo flow in the soil on the 

aide of the slope are smaller than those of similar footing on 

level ground and ultimate bearing capacity i e aorregpondingly 

reduced. 

The resultant bearing factors 1 and N,,q have been correlated 

with the inclination of the slope 	( Ref. 29) . 	The factors decrease 

i„th greater inclination of the elope to e. aininum for ~ = 900 

on purely cohesive material and 	= 	on o —leafs Boil, men the 

slope becomes unstable. For inclinations of slopes used in practice 
0 

( 3 <9 0) the decrease in bearing capacity i e gull in the case of 

clays but can be considerable for *ends and gravels becanee the 

bearing capacity of oohesiox)leee soils is found to decrease apps - 

xtmately parabolically Lth the increase in elope angle. 

In cohesive material nth a small or no angle of shearing 

rest stance the bearing opacity may be Bunted by the stability of 

the whole slope tidth a slip sirface intersecting the base or toe of 

the slope. For slopes in practice in purely cohesive soil of great 

depth# base failure of an unloaded slope occurs along a critical 

mid-point circle so that footings below the midµpoint section increase the 

overall otWAUty of the slope and vice versa. 
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For footings located on the top of the slope, beyond a di stance 

of about 2 to 6 timee the footing Width, bearing capacity is inde-

pendent of inclination of slope and is sew as that of a footing 

on an exte s va horizontal ground surface. For a given height 

and inclination#  bearing capacity factor Nrq  increases pith greater 

footing di stance from the edge of slope and beyond a di stance of 

2 to 4 times the height, bearing capacity is independent of slope 

angle, 

Except for the observations of Peyniricioglu ( Ref, 33), no 

published information in practice is available for checIthg the 

above said conclusions. The theoretical me hani of failure, 

asimcd by Meyerob&  is supported by these observations of soil 

movements bellow model footings. 

3.8  STR Ill D SOILS. t 

All of the theoretical analysts are based on the animption 

that the soil is homogeneous throughout the son. of soil shear. men, 

the soil i a non.homogeneon s, these methods are not stri ct1y applicable. 

The effect of a non-homogeneous soil is to distort the shear pattern. 

The area of that portion of the rupture surface in the raker 

material 411 tend to increase while that in the stronger material 

will decrease. 

In frictionless soils, the method of Felleniu s ( Art. 3, 3.5) may 

be employed. Solutions for the vase of a footing on the airfaae of 

a tuo layered saturated clay have been developed by 3.S T.S. Button 

(Ref. 3, 1953) from the F l endue method and the results a pressed 
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graphically, Fig: 19. The analysis shows that bearing capacity 

factor le changed depending on the ratio of the strength of the 

lover to the upper layer,' •c2/ ol, and the ratio of the layer thick- 

ne es d to the footing width. 1Jien the upper layer i e harder than the 

lover, the bearing capacity increases ith the thickness of the 

upper layer; men the upper layer i s eofterj  the bearing capacity 

decreases as its thickness increases. 	the upper layer is much 

softer than the lower and is thick, the shear surface beooee 

tangent to the hard layer. The strength of the hard layer does not 

influence the bearing capacity other than to fix the shear surface. 

This can be seen bar t he hori metal lines of unchanged NQ  on the 

right side of the figure. 

For soils having internal friction=  and for more complex oon-

ditions of non-.homogeno ty,, similar solutions are cal elated. As 

an approAmation where the soil strengths do not vary more than 

50 percent throughout a depth below the footing egaal to 1.55, a 

weighted average of the soil properties is computed. This may be 

used in the bearing cspak14y analysis based on homogeneous soils 

without serious error. 

8.9 TRI) STRATA: 

A subsoil condition thich required careftil consideration is 

that of a buried stratum u .th a bearing capacity jhi ch is rich less 

than that of the deposit above it. Uhen footings are founded at or 

near the surface of a good stratum t ich overlies a poor tratun, 

the pressires applied at the footing level spread out wLth increasing 
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depth#  and thus the induced pressures reaching the poorer stratum 

are of considerably 8=13. magnitude . The most unfavourable stresses 

in the buried stratum are at its surface, and hether the danger is 

from excessive oonression or possibly from lateral flow of the 

clay, the problem ie conservatively handled if the stress at the 

surface of the buried stratum is limited to the bearing capacity 

which wuld be reasonable on this soil on the ground ourfaae. 

A number of approximate methods are available for obtaining 

stresses at the surfaces of buried deposits. Formulae from the theory 

of elasticity might be used, although daeetion regarding their 

validity is soils makes them no more dependable than simpler 

approaches. The distribution curves obtained from the Wostergaard and 

Boussineaq elastic solutions, are illustrated in Fig.20a. 

A simpler method ie to aeeme that the stress spreads d.th 

depth to a larger area#  defined by lines through the edges of the 

irface area at angle &to the vertical and that on this larger area 

the stress is uniformly distributed as ehojxa in Pig. 19b. The 

uniform stress is, of ©ouree, not the true picture but. as a 

nsaeure of the degr t to itd.ch the surface of the 'buried stratum 

is stressed#  this simple approach is may be satisfactory. The 

expression for the case shown in (b) for mare or round footings, is 



and for a long footing the rslationahip is 

/!5t  2 tom oC, 
where q cM are r®speatively, the stresses at the surfaces of 

the buried stratum and pIC is the spread angle. The spread angle 

iø ooamon4 assumed to be equal to 30 dogmas or more. In the 

Boston Code# it in taken as 30 degrees. 

Another simple approach, advanced by Xogler ( Ref. 24, 1929), in 

ehoin in Fig. 19c. The stress on the nirfaoe of the buried stratum 

i a aoimed to be uniform below the loaded surface area, and outside 

it 10 aaøimed to vary linearly to zero at a distance defined by 

spread angle 	. The egiation for Kogler's method for sgpare or 

round footings in 	 Q 2- 
clIk 	 ( 

~ 	~ 	3 
and for a long footing the expression in 

wherein qk in the stress an the central portion of the buried 

stratum and the spread angle 3 recommended by %filer in 55 degrees. 

For square and round footings, the tress on the buried 

stratum is about one fifth that at the surface when the breadth-depth 

ratio in 1. Bousnineeq forzla gives relatively large values of 

q/q but the other three approaches are in reasonable agreement with 

each other. f se of anyone of those throe methods is probably 

conservative and sufficiently accurate for the rough indicationo 

usually desired from such a method, 
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3.10 P 	AL. BEARING C 'I TAG P te. 

'When the actual footing preasare is very close to the ultimate 

bearing capacity, a partial bearing capacity failure may rewlt 

depending on the soil properties and the footing stsuo ure, two different 

modes of failnre can occur s 

1. Initial rapid movement vhi ch eventually stops. 

2. Slow, continued movement; constant, slowly increavia& 

or slowly decreasing in rate. 

The first takes place when a footing moves downward sufficiently 

during failure so that it finds increased bearing cepadlty at its 

new level. When a soil has high angle of internal friction, greater 

depth means increased bearing capacity. This a node of failure islikel y 

to occur f th very shallows narrow footings on oohesionless send. 

The low initial bearing cspacz~ty, caused by both lack of surcharge and 

sill itdtb, is increased materially by as little as 4e inches of 

movement of the footing into the ground. The same type of partial 

failure may cocur when the footing reeve on a thin layer of very weak 

soil which in turn rests on much stronger coil. Failure of the i ak 

soil allows the foundation to move doiavard and come to rest on the 

stronger soil uUch is capable of supporting the load safely. This 

condition often occurs lien rainfall or ground 'ater is allowed to soften 

the sail in the bottom of the footing ecavation or -when loose soil 

i e not removed from the excavation before the footing concrete is 

poured. 



The second mode of partial failure is a progressive shearing. 

I may occur in sensitive soils Where partial failure produces more failui 

and an increasing rate of movement. It may occur in clays that tend to 

creep or distort plastically at a low constant rate. It also occurs 

in very loose soils t tioh shear slowly and in doing so increase in 

density and become stronger. In this case the rate of movement becomes 

less as it goes on. This last condition may develop in poorly compacted 

soils. 

Movements due to partial bearing capacity failure are sometimes 

confused xdth settlement. However, if an adeliate factor of safety i 

employed in design, partial failure a ll not occur„ 

3.11  RESEARCH ON BEARING CAPACITY. 

Research on bearing capacity of footings has been reported in 
recent years by Golder (Ref.1l)#  Peynl ratoghU(Ref. 33), Meyerhof, 

(Ref. 25 to 30), Skempton (Ref. 87, 38) and Eaetwod (Ref .9) . Study 

of this vork reveals that,#  given ideal loading conditions, a uaetrical 

indentation (Frandtl, Terzaghi) is obtainable in the laboratory, although 

asymmetrical failure is more common. Nevertheless, none of the ezperi•. 

menters interpreted their results as slip surface failures. Both theory 

and eiperiment show that shearing failure in the soil can be espected 

to develop first in zones near the edges of a foundation and this state 

of affairs does not constitute a stress condition in the slip czrface 

methods. The kinematico of the problem as one of rotation regiire a 
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perfectly cylindrical rupture rface and this rarely, if ever appears 

to be attained. It seems that the actual mode of failure is satisfied 

better by the aee mption of rupture money than by the ao mption of 

a rupture surface although the true solution is likely to be composite, 

with rupture cones adjacent to the footing and a rupture eirface breaking 

ground aarface, kart from the con ,derati.one, a great advantage of 
the surface methods i s that they are well adapted to graphical solutions 
where. the shearing strength of the soil varies. On the other hand., 

the indentation analyses are more universal and more readily applied. 
In practi oo,  asymmetrical failure can be anticipated pated because of intent» 
tiona]. and unintentional eccentricity of loading, and non.nniformity of 

soil, and constructional materials, although beams and other structural unj 

is commonly afford i.fficient restraint to prevent appreciable lateral 

Riritt of a footing„ The application of the indentation analysts to 

practical problems is not invalidated by slight lateral drift although 

it must ob7icu sly affect bearing capacity to some extent, 

3.12. • St3 	! AND CONCLUSIONS s 

In Table 3.7 are reported the results of study of bearing 

capacity of mile at Rudrepur, Uttar Pradesh (Ref. 6) . Tha bearing 

capacity at different Lteø has been calnlated using various forilap , 

discussed in the above articles, From the Table it is observed that 

the values of bearing capacity as calculated by Terzagbi, Bell-Terzaghi 

and amended Ritter' s formulae are spite comparable utth each other. 
The values obtained by Prandtl' s for la are generally on the higher 



S.No. t 	Type c 
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4.  Loam 
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6.  Sand 
7.  Loam 
8.  Sanc 	Loa*l 

l 
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2. VYax,df L - 

To`y 

3, gC 
TeY2a phi -I 



side. Further, the values of Tschebotarioff and Henoky are on the 

lower side. Thus it may be inferred that a very judicious selection 

of the formula is necessary for calculation an the retiilte differ 

greatly in soma fozmlae. 

Aeviei.ng the various theories, approaches  and methods of 

estimating the ultimate bearing cap  capacity of footings, the following 

conelu lion s emerge i 

(i) The con5ugate stress methods of Rankine and Bell do 

not agree with the results of eperLmente. 

(ii) The plastic equilibrium theory as modified by Terzaghi 

and Skespton appears to give ultimate bearing pressures iwbich agree 

very closely with practical observations. Model tet5, however, indicate 

that the form of the outer part of the surface of slip is ueaally a flat 

curve rather than a straight line. 

For frictional and 0 • 0 soils reliable values of the ultimate 

bearing c4;acit • can be found from Tersagh t a formulas 

qd  = CNC 	eY DNq  + * `( Hliry  

using the values of coefficients from Fig. 

For cohe i vo soil ( 0 = 0) 

D 

and the value of No may be taken from Figure. i i . 

(iii) The circular arc graphical method ie useful for footings 
where the strength of the soil vaztee i tth depth. 



70 

TA8TI 81: Table Shoi ng Bearing Cgadty of light Soils at 
idrapur b different PomI a (Ref, 8) 

S,No, 'Type of Soil ' P.S. I ee  1 ' 	21 3 	t 4 5 6 

1, silty C1q Loan 3 0.968 1059 0.7913 0.674 0,206 0,t~9 0,7982 

2. t 	j► $05 0,9763 0,9045 09564 0.$78 06226 0,81 0,5636 

3,  Sandy Lou 9 1,4 10971. 0,958 0.8455 0.3006 0,'2897 0,982 

4,  Loan 9 1,64 1,855 1,084 0,8921 0.459 0.4345 1,051 

5,  C1q 3,5 0.9951 1,191 0,73 0,6339 0.393 0.3723 0.731 

6,  Sand 2,5 0.84 1.626 0#876 047725 0,1873 0.1739 0,88 

7,  Loam 3 0005 0,854 0,537 0,4561 0.1561 0.14$ 0.5292 

8,  Sandy Loam 3 0,1 1.925 0,719 00611 04561 0;1443 0.715 

+scmø ITt0~ 
. Prya~,~tl r 	e 
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side. Further, the values of Techebotarioff end Renckr are on the 

lower Ode. Thus it may be inferred that a very Judicious selection 

of the formula is necessary for calculation as the results differ 

greatly in some forn2lae. 

Revieu.ng the various theories,, approaches and methods of 

estimating the ultimate bearing capacity of footings, the follo4ng 
conclusions emerge $ 

T OOD SS  = 

(i) The con3 igate Stress methods of Rankine and Bell do 
not agree 4th the results of experiments. 

(ii) The plastic ectlibrium theory as modified by Terms 
and Skelton appears to give ultimate bearing preczree itch agree 

very closely with practical observations. , Model to st o, however,, indicate 

that the form of the outer part of the surface of slip i e umally a flat 

curve rather than a straight line. 

For frictional and Q » 0 soils reliable values of the ultimate 

bearing cacotty can be found from Teraaghi's forimilas 

t = CKO  + cY DNQ  + * `( Hi 	• 

u acing the values of coefLicients from Fig. 

For cohe elv a soil ( 0 = 0) 

cj = C NC + D 

and the value of NG may be taken from F341re. I. 

(iii) The circular arc graphical method is useful for footings 
Where the strength of the soil varies 4th depth. 
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CD IONLE$S SOILS # 

(iv) In oohesLonlees soils the bearing capacity is propor-

tional to the breadth of the footing, provided the material is in a 

relatively loose state. If the sand is compacted the rate of increase 

of bearing capacity decreases vith increase of vd,dth. The bearing 

capacity of acpare or round footings appears to be about the same 

as for a strip footing of the same id.dth. 

(v) For bearing capacity below the surface of coheeLonleso 

toile, Termite approach furnished the folio ling formula x 

in vhich 	and ~d are the ultimate bearing capacities at depth 
D 

I) and zero, raepectively: the coefficient G being equal. to No / Nq 

in general shear and 2 Nq' / Nary In local shear. A conservative 

egresaton for the depth factor Is (1. 2 Di ) 

COHESI1 OILS 

(vi) For strip loading the ultimate bearing capacity is 

independent of the id dth. The theoretical values for footings at 

the carface are s 

Dell  4 C 

prandtl 5.14 C 

Terz9ghi  

General Shear 5.7 Q 

Local Shear 	3.8 a 

Felleniu s 	5.5 0 
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For footings below the oarface the coefficient of C increases 

with the depth to a ta.niim of ley times the zurface value at a 

depth of 2.5 B. 

(vii) For cirai3.ar footings on oohe ,ve soil Aencky gives 

5.84 C as the ultimate bearing capacity. Experiments on share 

and eLreular footings have shown ultimate values twenty to twenty 

five perient greater than for strip loading. 

(vii) gkonpton iggest o that for a rectangular loaded 

area of vtl.dth B and length L the coefficient No  is found by 

multiplying the appropriate value of N c  for a eq are footing 

by (0.84 + 0.16 HM) 
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4. s rTL1kNT ANALYSIS AND CONTACT PRESSURE 

4.1. I1rrB~3I717CTION s 

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 

elimination of differential settlement. Qurrent analytical methods 

for establishing the bearing value place major emphasis on the first 

criterion, namely elimination of the possibility of rapture. Develop-

ment of convenient, practical procedures for estimating settlement 

has to some extent been neglected. There has been a tacit assumption 

thatwith a satisfactory factor of safety against rupture or shear 

failure, settlement in many cases does not rega.re analysis. 

Wile analysis to insure against soil rapture may well appear 

to be over-rici.ng consideration and hence to deserve the attention 

which it has received,, under practical conditions, there is actually y 

much leas chance of soil rupture the to structural loading than has 

been imagined. In particular, if a reasonably careful site inveffiti-

gation is made and if code regulations are complied sd.th, as is manda-

tory in many cases, it Is believed (91) that the chances of soil 

rupture are nil whereas chances of differential settlement the to 

soil compression may well remain. That s the need for the development 

and application of rupture theory diminishes in importance, whereas 

settlement analysis especially for differing conditions of footing 

size, depth and surcharge becomes correspondingly greater Rupture 
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Rapture theory has no value whatever in settlement analya s. 

The above considerations load to the conclusion that in 

the design of footings, eqial if not more attention should be 

given to settlement analysis as to bearing capacity theories. 

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

the amount of differential settlement i s liable to change the entire 

design, The purpose of a settlement forecast is to obtain a reliable 

conception of the differential settlement in order to determine whether 

or not the foundation layout under consideration is sati sfactory. 

4.2. PLATE BEARING TI~ST s 

Plate bearing rest or loading test is often employed to obtain 

information on the bearing capacity and the settlement characteri tti. ca 

of the soil at a given site. It is a good medium to understand certain 

concepts regarding the settlement analysis and. as such it will first 

be presented here. 

The toot is made by increasing the load on a bearing plate 

by small increments and meaairing the correepondLng settlements. 

The bearing plate rests on the bottom of a pit,, at the level of the 

base of the footing. Depending on the preference of the engineer 

who makes the test, the plate may be eirrounded 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 settlement curves Lmi.lar to the 

those shoo in Figure 3. Tuo of the most common methods for performing 

the tests and interpreting the results t4.1l be described here. 	• 
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The first method consists of loading a square or aircialar 

bearing block of any dimensions chosen by the investigator, as td.g 

plate as possible being preferred. The allowable load q, 

per unit of area is taken as some fraction, etch as one half, of the 

average presnure on the block at the time of failure. This procedure 

iø objectionable for several reason e. In the first place, if the 

load settlement curve resembles C2 in Fig. 3a, there i a no definite 

failure load. Second, the size of the loaded area, âiich i e 

optional$ may have large influence on the ultimate bearing capacity 

per unit of area* Hence, by using this first procedure two different 

investigators can obtain very Xdifferent values of J for the same 

soil. 

The second method consists of loading a bearing block covering 

an area of one foot agiare. The allowable load % is art ttrarily 
a. 

defined as one half the load at *tch the settlement of the bearing 

block is 0.5 in* (In countries using the metric system the area of 

contact is customarily taken as 0.1 sq a, and the settlement as I cm. 

This procedure, though artdtrary, is preferable because trio different 

investigators xU at least obtain the same value of ~a for the same 

soil. 

DISRSSION z 

1atever, the method of to sting may be, the test re silt s 

reflect the character only of the soil located Lthin a depth of 

less than tvl ce the iAdth of the bearing plate, whereas the settlement 

of the footings depends on the properties of a much thicker soil stratu  
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As a conseqience, if the characer of the soil changes belowa depth 

of about tvice the 4dtb of the bearing plate, as it oomonly does, the 

teat results are certain to be ni sleadi.ng. Since it is also almost 

universal practice to select the allowable soil pressure ulthout 

regard. for the at me of the footings, the type of superstructure 

and other vital characteristics of the proposed foundation, it is 

not surpriatng that increasing recourse to load tests has not 

significantly reduced the frecpency of faulty footing designs In 

fact, several complete footing failures have occured in spite of the 

conscientious performance of load testis. To reduce the risk of 

faulty de ark, gn, the allowable soil pressure must be chosen in accordance 

not only 4th the re ~nit s of load tests or their equivalent, but also 

4th the character of the coil profile and of the foundation itself. 

The full-si zed footing 411 settle much more than vauld 

be anticipated on the basis of the load test. The reason is illustrates 

by Figure 20. This figure represents a vertical section through 

a stratified eibgrade. A is a bearing block covering an area of 1 ft. 

square, a nd B i e a full &I zed footing. The load on both A and B 

has the sss intensity q. Beneath A and B are shovn eurve s of equal 

vertical presdire in the uibooil. The load on A increases the average 

vertical presatre in stratum 0 beneath the loaded area by about 0.02 q, 

whereas the footing B increases it by 0.50 q . If stratum C is very 

compressible# the settlement of B may be very large. If C is hard, 

the settlement of B may be very small. Yet, the result of the load 

test is practically independent of the co ►resstt .lity of C, because 
C 



68 

the increase of the pressure in stratum C due to the load on the boa-

ring plate is negligible. 

Time the ium loading teats rich arse correctly interpreted 

offer a truly scientific attack to the problem but unless the 

scientific aprect extends to the interpretation, the use of the 

test may be more harmful than helpful. 

4.3 OEFFICIENT OF SETTLI1ENT t 

A definite characteristics of many, loading test plots is 

the -early straight line portion extending to intensities of roughly 

one third or one half of the ultimate intensity. This straight line 

occurs in a aupri sLngly large percentage of loading tests. If the 

early portion of the care i s a straight line, the ratio between  

the stress and the settlement at points on the line has a definite 

constant value. This ratio is called the 'Coefficient of Settlement' 

although in tests on highway and airport subgrades it is usually 

called the #Coefficient of Subgrade Reaction# . then there is 

deviation from the straight line, no standardized definition has been 

chosen for this coefficient, and roctproea*4c of slopes at arbitrarily 

chosen points or reciprocals of slopes of chords are generally used. 

The slope reciprocal at the point where the plot has the least 

curvature is perhops the most logical choice. Herein the stress -
settlement ratio is called the coefficient of settlement and iii 

designated by Ce. In the metric system the units are usually kilograms 
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per cubic centimeter. In the En g i sh system its most oon 	ent 

units are tons per square foot per inch of settlement or pounds 

per cubic inch. 

dpproximate General Expression for the Coefficient of 
Settlement for any Soil z 

This analysis covers the effect o of both mi ze and depth 

of the footing in any homogeneous soil and furnishes a general 

expression for the coefficient of settlement in terms of two soil 

properties. Its scope i s 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 ( Z on the 

hors sontal plane,, and the vertical compressive strain a Z, at 

a point at any depth below the atarface of a homogeneous soil 

deposit, is a stress Strain modulus, Hz. In highly cohesive 

material, In iich there is a constant inter .nde prec re pf = 

the mocbulus is constant. In cohestonless soils the pressure 
. 

depends on the weight of the overlying soil and to a ;mailer degree 

on pressures caused by the footing load; therefore the modulus in 

such a soil is proportional to the unit weight Y, and at any 

given depth it is approximately proportional to the depth. In a 

soil Which falls between the classifications of cohesi.onless and 

highly cohesive, the modulus may be a pressed by 

M7 — CQ 7 + Cb~ti 



where Ca and Cb are oonotante for the given soil. 

An approximate relationship between loading intensity, 

settlements and depth and breadth of footing may be obtained by 

udng average values for stress, strain, and modulus .thin the 

pressure bulb. On this bao. e, 

so 

~CMz~ O~Y 

Figure 21 represents the general case under consideration. 

The average stress is designated by Coq and the average vertical 

strain may be e~pressed as the settlement S divided by the bulb 

depth. If the shape of the bulb i s assumed to be cube, the 

average strain i e S/B. The average modulus is the value holding 

at the mid point of the bulb, where Z equals I) + (B/2) Inserting 

these average values in the above eqiation gives 
G di 

c _ c 1CD-$)+Ch~ / 	 a 	 2 	 ~ 
Whence 

s Q 

W = C ~0." 1(1+ 2 fl)+(p! 
s 	2 C 	g 	cc: 

If 	pi, ON Cb and CQ are asaxmed to be constant, the 

relationship whi oh is valid for any soU, may be written 

= C;(It 2D) 	c 	C4O 

2,39j 
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where q// is the coefficient of settlement and C1 and 02 are 

soil constants. 

In highly cohesive soils, CC is inappreciably wall and 

the coefficient is inversely proportional to the breadth for 

cohesionless soil, G2 ecpale zero and for a gurfaee footing (D = 0) 

the coefficient has the same value for all breadths, 

For a material which conforms approximately to one of the 

limiting cases of cohodonless or highly cohesive soil, the coefficient 

of settlement for any size of footing may be estimated from the re Ault 

of a single loading test. + For soils, in genera., however, loading 

tests on at least too breadths of footings must be available. With 

these data constants D , and 02 in Eq.. 4.1 can be evaluated and 

coefficient of settlement for any footing at any depth i s obtained. 

DISCUSSION I 

The many bold as w q tion s and extreme degree of extrapolation, 

adopted in the above anslys a greatly affect the accuracy of the 

re salts. After each factors as the possibility of disturbance to 

the soil during excavation and the effect of loading and unloading 

caused by the .lowering and raising of the water table Glaring the 

construction have been recognized, it is obvious that there is much 

question regarding the amount of dependability that can be attached 

to the numerical value. This indicates the desirability of using 

each analyses idth desoretion and, if possible, using the average 

data of two or more tests for each breadth tested in an investigation 

of this type. 



4.4. FOOTINGS ON SAND s 

The settlement of footings on sand is governed by the 

streoa•ttrain characteristics of the matetial. The rigidity of the 

sand Increases markedly iLth increase in relative density and 

i s appro4mately proportional to the confining presage. 

The confining pressure in a mass of sand is at least roughly 

proportional to the vertical preeaire and is, therefore, also 

roughly proportional to the unit weight of the sand immediately 

beneath and beside the footing. The most important factor that 

has an influence upon the unit weight of sand is the position 

of the vater table. If the ester table is near the ground ,zrfacei  

the effective vertical prey ire in the sand is the only to its 

•tu x urged weight. Hence, i s the water table is raised to ground 

surface from below the pressure balb, the settlement of a footing 

is likely to be approximately doubled. This leads to the conclusion 

that, for a given soil pres11re, the settlement of a footing on 

sand depends upon the relative density and on the position of the 

water table. Various theoretical investigations, ehew that the 

settlement for a given soil pressure also increases Ath increasing 

i4. dth of footing. This i s shoi.an by the plain curve In fig. 2a. 

In accordance I.th this theoretical conclusion, the reilts of experi-

ment s and observations indicate that the settlement increases with 

the width B of the footing approximately as shown in fig. 2. 

The empirjcal data were derived (46) from ønall scale load tests on and 

fiaially compacted sands, from load tests on relatively homoge ieous 
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sand strata, and from settlement observations on buildings. 

in -thin figure, S1 is the settlement of a loaded area 1 ft. atp.are 

under a given load q per unit of area, and S is the settlement at the 

same load per unit of area of a footing I4th a width B. The relation 

between 3, Sl and B is given approximately by the e¢iation, 

C 2  g )2 S 	St 	(4.2) 

in 4ticb S and Sl  are expressed in inches and B in feet, This 

relationship, when generali zed takes the form, 

SB = ST . 	B(T.1j 
2. 

1 
LT (B+1) 

where S T and SB are the settlements of loaded areas of widths T 

and B reEpectiveiy, 

There is no significant difference between the settlements 

of square and continuous footings having the same i4.dth B. because 

the effect of stressing the sand to a greater depth below a 

continuos footing is compensated by the restraint that keeps the 

sand from being displaced in directions parallel to the footing. 

According to figure 23b, the settlement of a large footing, greater 

than about 20 ft agiare, exceeds that of a small footing 4 or 5 eft. 

ecpare by roughly 30 percent, provided the soil presmres are eqial. 

At a given 4.dth B of the footing, the settlement decreases to some 

extent %Ath increasing values of the depth ratios  D/B. Yet, even 
under extreme conditions involving a foundation on footings 4.th very 

different sizes and depth ratios, Fig. 1, the differential settlement 
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i a unlikely to exceed 75 percent of the ma nim settlement. 

Normally it is ver;r much wailer. 

Most ordinary structures,, such as office btzildinge, 

apartment houses, or factories, can thetand a differential 

settlement between adjacent 000lumne of throe ciartere of an inch. 
As indicated above, this settlement wcl All not be exceeded .f the soil 
prey re is selected exrh that the largest footing i ould settle 1 

inch even if it rested on the most compressible part of the sand 

depo dLte  Wherefore*  the allowable soil pressure for the design 

of footings of such structures can be aesimed equal to the pressure 

that will cause the largest footing to settle 1 in„ An approdmate 

method is described below for selecting the allowable soil presire 

on sand in accordance with this assumption. If a differential settle- 

ment of d S of more than 3/4 in. can be tolerated, the allowable soil 

pressure can be multiplied by 4 dS/3. 

ALLOWABLE PRESSURE ON ORY AND ON GIST AND 

The settlement of a footing on dry or moi at sand depends 

primarily on the relative density of the sand and the 4dth of the 

footing. 	The relative density can be judged a4ately on the basis of th 
reaxlts of any of the sounding methods, provided the rolati on between 

relative density and penetration resistancest 	has been determined 

previously by means of aiitable calibration tests. When test boring 

data include the standard penetration test, the penetration resi stance 

may` be used to extrapolate the allowable pressure. 	 • 
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In order to select allowable soil pressure on the above 

basis, it is necessary to estimate very roughly thewidth B of 

the largest footings. Between the level of the base of the foot. 

inge and a depth B below this level one standard penetration test 

should be performed for every 2 ft. of depth. The average value of 

number of blows, N, for this depth indicates the relative density 

of the sand within the seat of settlement of the footing. The value 

of the allowable soil prdsoare i e then obtained by means of the 

chart, Fig. 24 in. which the curves represent the relation between B 

and the soil pressure reciired to produce a settlement of the foot-

ing of 1 in., provided the footing rests on a sand for which the 

number of blows N has the value inscribed on the cu-rve, If the 

pressure corresponding to some other amount of settlement iø dedred, 

it may be computed by linear interpolation between the carves. 

If the water level is above the base of the footing the 

pressure correepondLng to a :,-in. settlement should be taken as half 

the value gLven by the chart. For intermediate positions, proper 

values may be obtained by interpolation . If the subsoil consists of 

very fine sand below the water table, the values of N, referred to 

as NO may be too great. In sech a case, the equivalent va&ie of N 

may be obtained from the expression. 

N = 1  + '(No —i) 

The chart,, Fig. 2A. was prepared on the basis of knowledge 

concerning the relation between N, the results of surface loading 
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tests, and eqiation 4.2. If B is the width of the largest footing 

supporting a structure, and if all the footings are proportioned in 

accordance with the allowable soil pressure corresponding to B, 

the maximum settlement of the footing should not exceed 1 in., and 

the differential settlement - in for important concrete buildings 

and J in for ordinary buildings. 

Even if very low soil pressures are used in design, 

footings on the sand are likely to settle excessively if the sand 

is subject to high frequency vibrations. The statement applies 

to saturated as well as to moist or dry sands„ 

4*5 1 TINGS ON CLAY s 

If the footings rest on normally loaded *lay#  the ma nitudo 

of both the total and differential settlement can be very large. 

This can be demonstrated by computing the ,ultimate settlement of 

continuous footings of different widths resting on soft normally 

loaded clay. In this context, It i e essential to distinguish 

between the consolidation settlement and the iwnediate settlement. 

The resilts of consolidation computation are shown in Fig.24. The 

soil pressure on the base of the footings iaa taken as 1000 p4. 
In addition., it was assumed that the depth of foundation is n 5ft., 

that within this depth the effective unit weight of the soil 100 lbA 
per cult, that the liqiid limit of the clay rocs 40 percent, and that 

the settlement of the footings wens canoed solely by consolidation 

The compression index CQ  i s estimated by mein s of laboratory, 

I 
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tests or by using the eq.aation 

C =O.9(LW- ~ 
0 

The settlement i e computed by 

s cc t0o 

Wherein $ iø the 'thickness of clay layer and ',and A p are the 

original intergranular pressure and increase in pressure 11e to 

footing load revpectively. 

The curve that represents the relation between the immediate 

settlement and the width of the footing re ao ble a the dam-dotted 

line in Fig.23. The trend of the curve indicates that the settlement 

of footings on clay,, in contrast to that of footings on sand, increases 

in almost direct proportion to the width of the footings, Fig. 25 

shows that the settlement of continuous uniformly loaded footings of 

constant ith on a uniform deposit of normally loaded clay can be 

very large and that the settlement of footings with different vAdthe 

can be very different. Furthermore, the settlement of footings 4th 

the same i$dth can also be very non-unifors, because the compressibility 

of natural clay etrata may vary considerably in horleontal directions. 

Fortunately* footing foundations on normally loaded clays are rare 

exceptions. In most localities even soft clays are precomiresoed: either 

by desiccation or temporary lowering of the v ter table. Medium and 

stiff clays beneath a ehallov overburden are almaye precompressed. 



Since the allowable soil pressures rarely exceed the precompression 

preg1re, the differential settlement on footing foundations on 

such clays rarely exceeds that of adequately designed footings on. 

sand, The ma~dnium setlement, however, is likely to be greater. 

In the few regions where structures must be built above 

normally or almost normally loaded clays differential settlements of 

several, inches or even a half foot are commonly considered unavoid. 

able. Attempts to reduce the settlement by reducing the allowable 

soil pressures are ineffective and wasteful. Hence the designer must 

choose between two alternatives. Either be designs the footings 

at the risk of large unequal settlements, or else he provides the 

structure with another type of fpundation. 

IS it is doubtful whether or not the settlement of the proposed 

footings with 4dth B 4.11 be excessive, load testa should be made at 

the level of the bass of the footings# on bearing plates 2 ft. square 

at the bottom of test pits 6 ft. square. If the consistency of the 

clay varies considerably between this level and a depth B, load taste 

must be made at two or three different levels within this depth. The 

number of load testa or sets of tests that are regired'depends primarily 

on the degree of homogeneity of the clay stratum and the timber of 

footings. I After the application of eadh load increment,, the load 

should be kept constant until further settlement becomes imperceptible. 

In accordance with the relation represented by the dash-dotted lin, 

in Fig. 23' it can be assumed that the immediate settlement S of a too- 

ting i4.th width B will very roughly be ecpal to the value, 	 . 

I 
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whore So  iø the settlement of the bearing plate under the de sign 

load per unit of area, and So  in the width of the bearing plate, 

40. EMCTS OF SETTLE ENT s 

The settlement of a homogeneous, compressible soil deposit 

acted upon by a uniform flexible loading forms a eW.cer shaped 

depression thch extends beyond the limits of the loaded area; The 

central part of the satcer i s concave upiaard and the edges tilt 

for id the centre of the loading. The effect that settlement has 

on a structure depends on where the , structure iii located in the 

depression and on how the movements there influence the performance 

of the structure. Three aspects of settlement must be considered, 

the maxiaum amount of settlement, the differential settlement between 

adjacent parts which reeilt in tilting, and the differential settlement 

which results in curvature or distortion, D nding on the structure 

itself, any one of these may have a serious con se q2once e. 

The amount of settlement which a structure car' undergo is 

large provided it is relatively uniform. The National Palace of 

Fine Arts in Mexico Cityo  for example, has settled over 12 ft. 

Since its completion in 1909. It is sill in operation, and the 

building itself shows little effects from this great movement. Even, 
uniform settlement can result in trouble#  however„ First a building 
sitting in a depression has a poor appearance. The access might be . 

n 
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impaired; utility c onneetione nigbt be damaged; drainage often 

proves a serious problem,- 

Unequal or differential oettlement has far more sezions 

coonse fences. Tilting occurs in the parts of the structure that 

are outside the centre of depression, that are unequally loaded 

or underlain by nonuniform eo3.ls. Instances occur of the tilting 

of a tall. building when one aide settles more than the other. The 

centre of gravity is ahtfted, the load on the base becomes ecentrie, 

and the bearing pressure at one edge is increased. The presare 

may eventually increase sufficiently to cause shear failure in the 

This It is seen that the distribution of the settlement 

is far more important than the maxLui value. In general= ho ever, 

the differential settlements are largest when the average settlements 

are largest, and# on the assumption that the magnitude of the eettlemen 

may be accepted as a measure of the• amount of probable differential 

settlement, the settlement regpirement is frequently eWressed in the 

form of a aaximus allowable settlement, 

4.7. I1~ETING 8T1TS 

The amount of settlement a structure can tolerate has been 

subject to much argument, particularly.by architects and structural 

engineers. Ordinarily, the settlements are computed only for 

representative parts of the structure: th2 centre, the edge and the 
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corners of a uniformly loaded structure; the largest, nsUest and 

typical columns of irregularly loaded etnicturen. Studies have been 

made of the cracking of e~. sting structures in many locations. The 

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

coneiderations and on the effect of settlement on the building contents. 

TABLE 4.1 LIMITING SETTLEMMT5 

T e o 	 Limiting Fao 

2ettlement 

Total Settlement 	Drainage 

Access 

Probability of nonuniform 

settlement 

Ma my iaUed structure 

Framed Structure 

Connection to rnok~ tacks, soils, 

rigid structures 

Differential 	Brick mall cracking s 

Settlement 	L / H = 3 or lees 

LIE  = 5 or more 

One Corey masonry mill building 

wall cracking 

Plaster cracking 

Reinforced Concrete - 

4-12 
12-14 

3-4 
4 

12 

a.. 
O.00 07L 

O.000IL - O.002L 
0.001 L 

0.0025 , -  
• 
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building frame 	 O.004L 

R.C. building axrtain. 

vaUs 	 Or004i 

Sots s L is the dL etence bets adjacent columns that settle 

different amounts, or betumen any tuo points that settle 

differently, and S is the wall height. 

4.8 C©NTACT PRESS JR~: i 

The term contact preaeire indicates the normal stress at the 

surface of contact between a footing and the ,supporting earth. It 

is important in the design of footings as it determines the distribution 

of moment and shear id.tbin it. The distribution of pressure is very 

different below footings on' cohesi,onless soil from that below footings 

on cohesive soil. The distribution also depends greatly on the 

rigidity of the footing. The concepts arrived at in the folloj.ng 

paragraphs are valid for scare, round, or long footings. 

A flexible footing on the surface of a cohesionless soil, 

carrying a uniformly distributed load is conaldered first. Since 

the footing is completely flex .ble the uniform distribution of 

pre ss ire also acts on the surface of the soil. The soil just out oide 

the, edge of the footing is not under pre s; zre and has no strength. 

Therefore, the outer edge of the footing undergoes a relatively 

a 
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large settlement. Below the centre of the footing the soil 

develops strength and rigs city as fast as it i c loaded from above 

and from airrounding points, and because of this the settlement 

is r$atively mall. pig. 26a, shows the uniform loading dia-

gram for this cases, gdth the curve of settlement show by heavy 

dashed lines, 

For a rigid footing renting on the surface of a cohesi,on-

less soil the settlement m i t be uniform. Under uniform settle-

ment the high rent otance to compression in the soil below the 

centre of the footing, as compared to the lack of resistance 

below the edge, must result in a relatively large pressure 

under the centre e d no pressure at the edge. This case iid.th 

constant cottlement and an epprroAmately parabolic pressure 

distribution is show in Fig. 26b. If the average pressure i 

relatively small, or if the AI.dbh of the footing is large, this 

pres1re distribution is somewhat flatter over the central portion 

of the footing as Show in Fig. C, being nearer ellipsoidal than 

parabolic in shape but still having zero presoure at the edges. 

For x g1.d footings founded below the airface of a oohs- 

eionlese depo ntt there is some strength below the edge of the 

footing and, therefore, the pressure Is not zero at the edge 

but i s more like that shoat in the distribution curve in Fig. 26d. 

a 
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A uniformly loaded fle d.ble footing on highly cohesive 

soil gives conditions that can best be vi a tali zed by con slow 

daring the stresses and strains caused in a typical thin 

horizontal layer of soil dthin the height of the pressure 

)alb The uniform sirface distributionran emit e a bell shaped 

distribution of pressure as shove in Fig. 27s. AU horizontal 

layers below ground - surface & mtlerly show maiimin compre- 

esion below the centre of the footing, and thus the surface 

settlement wart have the dished pattern shown=  with a mach 

greater settlement under the centre than under the edge of the 

footing. 

A rigid footing on highly cohenive soil mot undergo uniform 

settlement. . The layer sho i in. (b) ie at a depth of slightly 

less than B/2 and may be accepted as representative of the 

average of all such layero, f the ©ooprooeion of this layer is 

nearly ae large at point B as at A,, the pre snare at tbi a level 

mnct be nearly as large at B as at As  and the presoire die.► 

tribution curve at this level nut be about as dun. For an 

elastic material of infinite strength, the distribution show 

by the theory of elasticity is indicated in Fig. o by a light 

dashed curve, this curve shows an infinite stress at the edge 

of the tooting. Actually an infinite stress cannot occur'  but 

the stress at the edges may be much larger than that at the 

centre. 
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Numerical values of pressures for the variable d .e. 

tribitione in Figs. 26 and 97 cannot be given beoeu.ce the 

actual magnitudes depend on numerous factors. The usual 

asimption mace in the de a.gn of a tooting ii that the con-

tact preserve i s uniform. For footings on sand this ia con-

servative, but for soils such as clays# vith contact pressure 

highest at the outside edges this may be unsafe. Ordinarily 

the factor of safety is adeqiate to take care of the 000ndition. 

4.9 SUi R 

(i) Except for narrow footings on loose saturated 

sand, the a o *b1e bearing values for sand are governed only 

by settlement considerations, because it can be taken for 

granted that the factor of safetyr v.th respect to a base 

failure ie adeqiate. The rules suggested for choosing these 

values satisfy the condition that the maximum settlement is 

unlikely to exceed I in and the differential settlement Jj in. 

(ii) On routine jobs the allowable soil pressure on 

dry and moist sand can be detez~d.ned by means of the chart# 

Fig. 24, on the basis of the reoults of standard penetration 

tests. 

(iii) If the ter table is located alone to or above 

the base of the footings, the depth. ratio D/B met be con' 01" 

dered. If the ratio is very small# the values obtained from 

the chart must be reduced by 50 per cei t; if it is close to 

I 
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unity, the values need be reduced only by one third.._ 

(iv) On large jobs the plate bearing test t may be 

employed. However it is even save and aber~ome, ands 

if it is not expertly planned and executed„ the rosilts may 

be very kt sleading. 

(v) If the clay is normally loaded, the settlement 

is likely to be excess .ve, and a typo of foundation other 

than a footing foundation may be indicated. On the other 

hand, if the clay is preoonpressed, the differential 

settlement is likely to be tolerable. In doubtful cases the 

loading test ma r be used. 

(vi) The pattern of stritation of contact pressure 

i s studied. An asau ption that may be used in the design 

of rigid footings is that the pressure is uniform and 

no definite reooimendation for a better procedure re can be 

given. 
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d. 	 I(N OF FtOTNC 

5.I ORTEMIV 	 APPROA APPROACH 

The dedgn of a footing foundation conests of deter-

mining the elevation,, . . zes eb,ape and structural destgp of 

the eheepest foundation iitich x.11 meet the three babe re-

qni rei ent es anffl ct eot depth, safety against failure, and 

freedm from objectionable settlements outlined in the earlier 

chaptere. Like any other problem of design, thi e i e an 

It makes use of ed.entifte analysisf bearing capa&ty# 

settle ent$ contact pressurend structural stresses. The 

final choice# hcnjever, is governed by the condderatione such as 

the time re .red, the space and materials available, the 

skill of the builder, and above all cost; The aspect of 

structural design io beyond the scope of the present work$ hence 

it d.1l not be dealt with. 

The elevation of the footing structure depends on a 

number of considerations,. First, there iø a mininsim depth 

re ¢iirement L ch use di sax s sed In Chapter 2. 3 pond, adds.- 

Loral depth may be necessary depending on the bearing caps. 

city and the Attler~ent of the various e tl strata below the 

minimum depth.. Third, it may be desirable to lint the depth 

beemse ofouch conditions as a high ground water level, the 

presence of rock, and the presence of adjacent structures 

which might be endangered by deep ezavatione.. 

• 



- The etoe and shape of the footing depend on the mag-

nitude and configuration of loads imposed on it by the siper-

sstructure the bearing capacityj, settlement and contact pressure 

resulting from these loads and on the apace available for-

the foundation itself. The greatest mirage found tion pre-

scare that may be employed iAthout ozceeding the safe toa 

ing capacity and t,Lthoit producing exceeLvo settlement is 

'Allowable foundation or bearing presaxre' . It can be egtal 

to the cafe bearing capacity ii the sails are incomprecatble,, 

but it i s often considerably lower bocau ce of the limitations 

imposed by aettleffient t. The determination of allowable soil 

pre se re is the most critical atop in the do d gn prow ss. 

There are a number of different approaches to footing 

design. The first is the time-honoured procettre eetforth 

in most b ulding codes and in many hand books where the allow 

able presttre ie estimated on the basi.e of ecu description. 

The: second approach ie based on a plate load test#, described 

under .Axtiole 4.?. The third ie a rational approach#  based 

on the detemtha ton of soil bearing capacity, eettiement , 

contact pressure, and the actual needs and ]`imitations of 

the aiperstnioture. 

5.2. STEPS IN DESIGN. 

The first step in de,iing a footing is to compute the 



total effective load that 1,ll be transferred to the øibTøil at 

the base of the footing. The second step is to determine 

the allowable bearing value of the soil. The area of the 

footing ie then obtained by dividing the total effective 

load by the alloible bearing value ile,  the actual length 

and itdth are selected to fit the lireita►tione of space 

and le*at. Finally, the bending moments and shears in the 

footing are comp tted, and the structural desLga of the 

footing is carried out. 

5.3 	LOAVS(46) 

The total effective or e=eee load Q tran5ferred to 

the sibgrade may be ezpreesed by the egiation, 

in rabich 

q 	permanent or dead load on the 'base of the footing;  

including the height of the tooting and the sail lo- 

cated above the footing. If the vater table•  i.e higher than 

the base of the footing, the aydro static uplift an the 

eabaerged part of the body of soil and concrete ehould 

be detected. 

Ve  = effective fight of the soil C total weight of soil 

reduced by }ydro-cbatic uplift) that was located above 



the base of the footing prior to excavation. However, 

in connection wLth basement footings such as c and d 

in Fig.J. the weight of the soil previously located 

above the basement floor should not be deducted, be 

owes the soil saes removed not only above the base but 

also above the area adjoining at least one side of 

the base. 

Q — We  = net dead load 

ql  = live load on footing, including that due to wind and 

soow. 

In any di sausaton of live load, a distinction mastst be 

made between the normal live load and the man live load. 

The normal live load t, is that part of the live load which 

ants on the foundation at least as often as once a year; the 

maxim* life load Q acts only airing the simultaneous 

occurence of several exceptional events. For instance#  the 

normal live load in a tall office building includes only 

the weight of the ec t pment and the furniture of the persons 

who normally occupy the building an week deys, and of a normal 

snow load. The mdniim live load is the aim of the eights 

of furniture and •c$pazent, of the maum number of persons 

who may crowd into the building on exceptional occasLons, combined 

with the maximum show and the i nd load, The total excess 

load on a footing at normal live load will be indicated by the 

syzibol, 



and at . mxIiiun ° live load by 

Qbmax 	L ♦ Qimaz 

Because of the eepttonal character of the 	tit 

live load and the low probability that the foundation wLU 

ever be called on to sustain it, it is customary to design 

footings in such a manner that the soil pressure produced 

by the nornial total load Qi in the same for all the footings. 

However, sound engLneering also re pireo that even the ma i- 

mum load Q.  should not cause irreparabledamage to the structure. mast 
The procedure for complying with this requirement without 

e essi e espenditure depends on the type of abooi e 

5.4 ALTAR SOIL PRESSURE* 

eg,thtt ng in the late Nineteenth Century engineers in 

large sties, particularly Chicago, began assembling g records of 

foundation sacc:esa and failure correlating thecawith the chat 

actor of the soil on 1d ch the foundation rested and the pre-

soars exerted by the findation on the soil. Since then et4-

lar empirical correlations have been derived by a number of 

-'nicipa i.tiee,state agenei.ea and by many engineering orga-

nizations. Al]. have a similar form: a soil description and 

a eorreeponding allowable foundation pro sire. The allowable 

bearing pressure is also termed as 'preaunptive bearing pro.. 

spire', because it is presumed that the soil can support that 
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load r .th safety and .tbout undue settlement on the basin 

of its past performance. Typical allowable pressures are 

given in Table 5.1. , American Civil Engine era Handbook values 

and American Standards Association values are presented. 

The preawptive bearing pressures are beat applied 

to the design of awLU structures such as dwellings and 

very light industrial buildings with si de soil conditions 

whore the cost of evaluation of soil bearing capacity oecda 

the cost of over designing the foundations. It can be seen 

from the a ination of Table that many significant factors 

in the design of foundations are omitted, First the nom- 

pressibcility of the soil is ignored, i t.ch may not be serious 

with the lightly loaded structures but icb can be .di.sas.- 

traus with heavy onee, Second, the character of the structure 

itself, including its loads and its ability towithstand 

settlement is not mentioned. Third, the determination of 

vhi oh value to u ss is largely ai eial and con se c uently i s a 

crude estimate rather than a sound basis for good design. 
Furthermore the allowable soil pressure is 'belie*d to be 

that pressure under i4ich the settlements of various footings 

would not exoeed reasonable values. However, it is known 

that different footings beneath the same structure are not 

likely to settlement the some amount even wider the same 

soil pressure. 
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Table 5.1. PRE3W IVE BEARING P SSC S. aF SOIL IN s ' 

$oit Description 	£erican Civil 	American 

Engtnoexing Hand 	Standards 

Book. 	 Association. 

Fill or clt 
Hard clay 	 4000 - 10,000 

Loose sand gruwelp 

loose coarse sand# 	4000 - 6000 

compact fine sand. 

Loose gravel, 

togact coarse mind 	6000 - 1=0=0 

Compact sand, 

gravel . 

Hardpan, cemented 	12000 20000 

gravel sand. 

Massive bod rodk 

(Granite, Diorite, 	60000 

0 

6000 

Most thilding codas contain tables of allowable soil 

prey ire. These can be a helpful guide to local practice but 

often they lead to trouble. The tendency of the designers to 

create false confidence in a poor design is eertc* ss many 

designers are satiof`led it they design in accordance v.th the 
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code values regardless of the peculiarities of soil or the 

regirements of structure. According to G.F. Sowera (40) 

most of the footing failures, he has investigated were designed 

strictly in accordance d.th the applicable code. The use of code 

values does not relieve the engineer of proper design, and when. 

the soil conditions are bad or the structure critical, lower 

pressures must be used. 

5.5 OONV TIO AL PROCEDURE OF PROPORTIONING FOOTINGS s 

In its &i let form, the method of proportioning footings 

according to an allowable soil pree Ire is as follows s The load 

acting at the base of each column is determined.. The weight of 

the footing is then estimated and added to the colt load. The 

total load ie divided by the allowable soil. presage to determine 

the area re (pared for the footing. After the size of the footing 

has been determl.ned#  its weight is calculated and the value assumed 

in the computation is revised if necessary. After the dimensions 

of the footing are established, the footing is ded.gntd. 

Except for the choice of allowable soil prey ire, the 

most difficult step in the procedure is the determination of load 

fortbich the footing should be proportioned. It has been generally 

believed that a settlement of a footitg is caused primarily by the 

dead load plus only the amount of live load that acts on the 

footing for an extensive period of time. Under these oirc=stances, 
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e cual settlement would be achieved by choosing the areas of the 

footings in proportion to the dead load plus a fraction of the 

design live liadt, However, it is also generally believed that the 

allob1e soil pressure should not be exceeded ben-oath any footing, 

even if the ma mi probable i nd and live loads should act upon 

the footing for a short time. These two re cpi rement s lead to the 

follo4.ng procedure which represents conventional practice at the 

present time s 

Lu. 
1. Determine the dead load for each cohimn, including the 

estimated weight of the footing. 	 I] 

2. Determine the ia4nwn live load, including mind load, 

that may act on the footing. This value i s u sally established 

by the building code. 

3. Determine the ratio of maxi 	live load to dead. load for 

each footing. 

4. Select the footing for which this ratio io the largest, 

and determine the area of this footing by dtdding the im of the 

dead load and maxtmitm live load by the allovable soil Ares re. 

5, To the dead load of tbi s same footing add the live load 

that will,  actually be present to govern the settlement. This live 

load iø termed the 'reduced live load'. 

6. Divide the sum of the dead load and the reduced live load 

on this footing by the area of the footing to obtain the reduced 

allowable soil pressure. 



To 	Use the reduced allowable eoil pressure for determining the 

area of all other footings, con etderee the dead load and reduced 

live load for these footings. 

If the prodedurs is used, the soil pressure ifi.11 be the same 

beneath all footings for dead load plus the reduced live load, 

According to the concepts on ich the procedure is based, this should 
lead to ex  a1 settlement of the footings. Furthermore, the allowable 

soil pressure *All not be exceeded, eta if the ithd load and the 

maximum live load specified by the building code should act on any 
footing, because the reduced allowable eo&l pressure is chosen for 

the footing having the maxmem ratio of i tnd and live load to dead 

load. 

Certain modifications of the conventional procedure are also 

in common ,use. For exanple, it is sometimes specified that the 

allowable soil prea re may be increased by an arbitrary percentage 

when the dead load, rind load, and maxiinun live load are asammed to 

act sinnitaneou sly4 !et the essence of the procedure will not be 

altered* 

5,4. RATIONAL DEsIc 	s 

The rational approach to footing design is essentially the 

same as for the desia of the other parts of the structures tr3 als. 

followed by evaluation and revision. A trial design is asoamed 

on the basis of e3perience. It is analyzed to determine how it 

meets the red .rements of depth, safety and deflection, and an 
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estimate is made of its cost. The method corresponds to limit 

design in the structure since it is based on the limits of bearing 

capacity and settlement. 

The use of the method requires eaten .ve, accurate information 

regarding to the structures to be joined by the foundation !.t z. the 

soil and the superstructure. 	.tbout this information the design 

becomes little more than a guess. U.th it the risks to the structure 

can be minimized and the cost reduced,* Since the cost of foundation 

ie. often one-tenth of the total for the structure, the extra time 

and expense regaired to obtain the information cad the trouble 

involved in utilizing it in design can yield cabetantial savings. 

If the footings rest on sand, an increase of load procicee 

an almost simultaneous increase of settlement, but it can be asEinaed 

that the factor of safety with respect to a foundation failure rem► 

mains adecpate. In order to eliminate the possibility of serious 

damage ie to the ma imam live load# the designer should estimate, 

the greatest differential settlement E in excess of the normal value 

of 3/4 in. that, in his judgement, the structure can stand without 

serious injury. An additional differential settlement of d3 wild 

correspond to a maximum settlement of 1.33 dS plus the normal 

rest. um value of 1 in. 

If all the footings were desp~ned on the bade of a maximum 

settlement of I in, at normal live load, the maximum live load uld 

increase the maximum settlement to 



z ' Q+ t®ax 

If Smax  i e matter than the tolerable maw im of 	(1.33 d5 + 18) 

the ma = m live load can be disregarded. 	On the other hand„ If 

3 	is larger than (1.33 d 3 + 1W), the footings old be designed 

eo that the soil pressure at normal live load is 

q 1 = Qd   

The value of Q  is commonly different for different footings. 

The inallect value should be used for proportioning all the footings; 

it oorreaponds to the footing for whieh the ratio Qtmaa / Qtn is 

greatest. 

If the footingse rest on cla r, the allowable soil preosere is 

determined by the conditions that under the normal total load the 

factor of safety against failure should be a c pal to 3, but under 

no cirwmstanoee should it be less than 2. If the factor of safety 

G at normal total load is equal to 3,, the factor of safety Gar 

at maxnaun total load is 	 • 

4e' =3 Qtn  

Qtmax 	
0 

• 
If a0' is e c xal to 2 or more, the madmom live load can be disregarded 

and all the footings an be proportioned for normal line load on the 

bat of G= 3. On the other hand, it Cis 1a 1eee than 2, the 
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allowable soil pressure must be no chosen that the factor of safety 

at normal. live load is equal to 
0 

5.7 REDESIGN ALT tRIVES s 

*en the trial deign is found to be either unsafe or to 

result in excessive settlement, it is necessary to redesign the 

footing to meet the required limits. This can often be accomplished 

bg a change in footing at ze. However, changing the size is not 

always the economical solution and in come cases it is impossible, 

Numerous alternatives ; can be employed, and ile all are not 

applicable to each particular situation,, they point out uhat can 

be done to obtain a satisfactory, economical foundation under 

adverse conditions. 

Three alternatives are possible :. 

1. Change the f otmdation 

2„ tinge the .superstru rture 

3. Change the soil 

Changes in the superstructure are not always possible 

because of the limitations imposed by its functions  changes in 

the soil may not be possible because of limited tecnnit es available. 

Changing the foundation itself is uaxally the simplest expedient for t 

both the soil engineer and the resigner of the siperstsucture. The 

first change ordinarily considered is to reduce the bearing pressure 
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by increasing the footing at ze. This is very effective $hen the 

factor of safety against bearing capacity failure is inaderiate. 

In homogeneous saturated clays the factor of safety increases in 

direct proportion to the footing area and in cohesionless soils 

It increases with the product of the area and the footing width, 

For exu ple;, with a constant column load and a sgiare footing on 

cohesionless soil the factor of safety increases as the cube of 

width. Increasing the footing at ze i e not always effective in 

reducing the settlement however. And there is a limit to how 

big the footings can be made. The limit for interior footings 

wdll be reached *ien they meet. For exterior footings the limit 

will be imposed by property lines, adjacent structures, and 

utilities. In a l cases cost imposes a final lii4t. 

A second possibility is to join the foundations to make 

a continuous foundation stricture, such as a combined footing. 

This enables the foundation to bridge over shall erratic soft 

areas iwbich mould reduce the safety of individual footings; and 

the increased total width and area provides a higher factor of 

safety than individual footings of spa ler size.. 	a  

The settlement of loaded areas of similar shape but different 

size increases at a given intensity of load with increasing width of 

the area. If the footings of a structfre differ greatly in size, 

the differential settlement due to this canes can be important. 



in such instance it may be justifiable to adapt the pressure on 

the base of the footings to some extent to the size of the footings. 

If the subsoil consists of sand, the differential settlement can 

be reduced by decreasing the size of the smallest footings, because 

even after the reduction the factor of safety Gs of theme footings 

with respect to breaking into the ground is likely to be ado date. 

The application of this procedure to footing foundations on clay 

would reduce the value of Gs for the smallest footings to less than 

3, which is not admissible, Hence, the differential settlement of 

footing foundations on clay can be reduced only by increasing the 

size of the largest footings beyond that req~iired by allowable 

soil pressure. However, sound judgement is reqnired to make such 

adjustments with prospects for giccess, because periodic and 

exceptional changes in the loading conditions must be considered. 

5*8 LAYOUT OF FOOTINGS -AND COMPUTATION OF MOME21TS : 

It is customary to lay out each footing so that the 

resultant load Qbn' passes through the centroid of the area 

covered by the footing. The bending moments are then computed on 

the assumption that the soil pressure is distributed uniformly over 

the base. In reality, the contact pressure against footings on 

sand decreases from the center toward the Am, and the real bending 

moments are usually leas than the computed ones. On 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. H0uever,, the 

difference ie amply covered by the margin of safety customarily 

provided in s raetural degL,p. 

The columns that support crane runway in industrial 

buildings are subject to 1a rgeeecentric 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 betieen the columns and the footings for 

the ecentric loads, As a con sequence, the moments are transmitted 

to the base of the footings. If the footings rest on clay, the 

a .lowable soil pressure qa  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 

normal live load, and a small fraction, -ø.ich . as 25 per cent, of 

the crane load; and all the footings should be proportioned for 

the same soil pressure under this remitant load. On the other 

hand, if the footings rest on sand, they should b% laid out so 

that the soil pressure Is uniform and egial to r. under the 

net dead load, the normal live load, and the madmum crane load 

that can be expected under ordinary -operating conditions. Under 

no conceivable combination of loads should the pressure 1.5 , 

be exceeded. 



5.9  !REt ATI0NS I!J NG CONSTRUCTION 2 

£.11 footing foundations are inevitably designed on 

the assumption that the soil beneath the footings is in appro.. 

ximately the ewe state as that disclosed by uhaterer borLngs 

or load tests were made. If the soil contains soft packets not 

entered by the borings, or if the soil structure is cis". 

turbed during excavation, the settlement uil1 be larger and 

- more uneq.ial than the designer anticipated. To avoid such a 

risk a simple penetration test should be made at the site of 
each footing afte r the excavation is completed. 	One of the 

several practicable methodsio merely to count the number of 

blows per foot respired for driving a sounding rod into the 

ground by means of a drop weight*  If etceptionally soft 

pockets are encountered iithtn the seat of settlement of any 

one footing,, this footing should be redei.gmed. Such a procedure 

is more economical. than ssbsegient repair. 

Disturbance of the structure of the subsoil during 

construction is especLally likely to occur under 'two conditions 

commonly encountered in the field. If the mbsoil contains 

chiefly of silt or fine sandy it can be radically dLtubed 
S 

by pumping from open urnpe. The disturbance is likely to be 

as iodated vith serious damage to adjoining property due to 

lose of ground. Hence, if footings on such soils reqiiro exca,- 

vation below the water table, the site should be drained by 
Pt 
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pumping from well points and not from open imp. 

If the subsoil consists of clay, the top layer of the 

exposed clay is likely to become soft because of the absorption 

of moisture from puddles and the kneading effect of walking on 

it. Therefore, footings on clay should be concreted and back. 

filled immediately after the excavation i s completed. If this 

cannot be done, the last 4 to 6 in . of clay should not be removed 

until preparations for placing the concrete are complete. 

5.14. SUMMARY AID CONCLUSIONS s 

On account of the corpleii.ty of relations involved, 

scientific research in the realm of footings did not yield 

any results of immediate practical usefulness. gawever, it 

cleared the field of deep-rooted ouperstition s, and disclosed 

the type and relative importance of the factors which determine 

the failure and settlement of footings. E;pedbent and yet 

adequate procedures for footing design were sibsegaently developed 

by radic,31 simplification of the real relationships. 

Nevertheless, the present review work points out certain. 

conspicuous differences between various theories and analyses of 

bearing capacity. The shape of the failure surface has been a 

much controversial issue, as discussed in. Chapter 3. Evaluation 

of settlement for both cohesive and c ohesonless arils, on a (L4o7GL.s 

. • 
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bas. s is needed. Current analytical methods for establishing 

bearing value place major emphasis on the criterion of elimination 

of rupture. Development of convenient, practical procedures for 

estimating settlement eEpecially in constratified soils has to. 

eo~ie extent been neglected. 

The necessity for future fundamental. research on bearing 

capacity and settlement of footings bang as stated above, the 

procedure for adapting the theoretical knowledge to the practical 

rega.irements needs more light to be thro on it. The development 

work can be carried in the field in connection ti.th foundation 

jobs, and the relative value of resalta obtained can be judged only 

on the basis of ue l documented case records. 
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