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ABSTRACT

This investigation deals with bearing capacities and
settlements of rigid, smooth, square and rectangular plates,
under static, vertical lcads, on the horizontal surface of
dense sand, It discusses the influence of the following factors
on ultimate bearing capacity, settlement at the ultimate bearing

capacity, and coefficient of subgrade reaction:

a) The ratio of the dimensions of the cubical soil bed to
the width of the square plate

b) The side length uf the square plates

¢) The ratio of the length to the width of the plates

d) The ratio of the depth of the soil bed to the side

length of the square plates
Experimental results are compared with theoretical values,

For this dense state of sand (relative density equal to
0.,798) it is found that for square plates the ratio of the
dimensions of the cubical socil bed to the width of the plate
has to be at least ten so that the soil container may not
influence the bearing capacity and settlement, The ultimate
bearing capacity is directly proportional to the width of the

plates, while the corresponding settlement bears a higher
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proportional value, The ultimate bearing capacity as well as

the corresponding settlement increases with the increase in the
ratio of the length to the width of a rectangular plate, The
ratio of the depth of the soil bed to the side length of a square
plate in model studies must be at least ten if bottom effects are
to be neglected., The minimum settlement of a footing at the
ultimate bearing capacity occurs when a sand layer of four times
the width of the footing is underlain by solid strata, Finally

Terzaghi's coefficients for bearing capacity can be applied

congervatively to the sand used in this investigation,
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SYMBOLS AND NOTATIONS®

Diameter or width of the footing, ft. or in,

Force of cohesion, 1lbse

Uniformity coefficient,

Unit cchesion of the suil, 1b/ft2.

The vertical distance between the surface of the ground
and the base of the footing, ft.

Relative density of the sand,

Effective sigze,

Void ratio.,

Coefficient of subgrade reaction tons/ftB. or 1b/in3.
Coefficient of subgrade reaction for a 1 x 1 - ft.
square plate, tons/ft3 or 1b/in

Dimensionless bearing capacity coefficient.
Dimensionless bearing capacity coefficient.
Dimensionless bearing capacity coefficient,

Pressure per unit of surface area, lb/ft2 or lb/in?
Passive force, lbse

Load per unit of ares, 1b/£t% or 1b/in-

Ultimate bearing capacity lb/ft2 or lb/in?

Total vertical force, 1b,

viii



T Ratio of the dimensions of the cubical soil bed to the
width of the square plate,

Radial force, lbss

Settlement, ft, or in,

Unit weight of soil, lb/ftB.

Angle of internal friction, degrees

€ = X un w

Angle of rise of lower boundary of central zone under a

loaded strip footing, degrees.

*ihen these symbols or others are used in a special

sense, they are explained on the figure where they appear,
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CHAPTER ONE

INTRODUCTION

1.1 General

A fuundation is the connecting link between soil and the
superstructure, The importance of this link is self-evident, since
no structure can endure without an adequate foundation., To serve
its purpose, it must be adequately designed to satisfy two re=-
quirements; first, failure by plunging into the soil must be
avoided, and secondly settlements mist be maintained within the

limits safely tolerated by the supergtructure,

The subject of foundation reguires the study of the behavior
of the various shapes and sizes of footings under static loading
on various types of soil, Such a study requires the use of
models, since in general prototypes are too large to be handled
in the laboratory, Cohesionless soils only are considered in

this investigation,

L.2 Objectives and Scope of Investigation

This research was performed to study the following five
objectives:

a) The minimum size of sand conbainer where the sides of the



box can be considered to have no effect on bearing capacity or
settlement i,e, the sand can be considered infinite in the

analysis,

b) Applicability of Terzaghifs coefficientsIﬂato local sand,

¢) The effect of varying the size of the footing on ultimate
bearing capacity and settlement,

d) The effect of varying the shape of the footing,

e) The effect of varying the ratic of the depth of the soil
bed to the side length of square footings on ultimate bearing
capacity and settlement, kecping in mind that all variables except

the one studied are to be kept constant,

Te achieve these objectives, cubical boxes of sand of dimensions
ranging from 3 = to 12 - times the size of the footing were used,
The ultimate bearing capacity was compared with the value obtained
using Terzaghi's equations, Four sizes of square plates were
studied in cubical boxes of sand of edges six times the gsize of the
plate, Four rectangular plates were investigated using sand boxes
having the length and the width six times the corresponding plate
dimemsiong, and a depth of six times the width of the plate, Then
for two sizes of square plates the effect of varying the ratio of
the depth of the soil bed tu the side of the plate (keeping horizontal

dimensions six times the side of the plate) on ultimate bearing



capaclty, corresponding settlement, and coefficient of subgrade

reaction was studied,

La3 Foundation Klementg and Foundation Medium Used

Square and rectangular plates were selected for the foundation
elements, These are shuwn with their sizes in Fig., 1. They were
made of aluminium alloy, Great care wgs taken to make them as
smooth as possible, Being 7 inch thick in such small sizes they

were congidered to be rigid,

The foundation nedium used was local sand, A sufficient
amount was brought from Khaldé and dried for 24 hours in an
electric oven kept at 110°C, The portion passing U.S. Standard
Sieve No,20 was kept in covered vessels under normal conditiong and

was uncovered only during experimenting,

Examined under a magnifying glass, the sand grains showed
angular shapes, Moreover, the sand was found to be quite rich in
quartz and is of uniform distribution having a uniformity coeffi-
cient "G " of 1,24, 1,6 percent passed U.8, Standard Siove
Noe100: and only 0,3 percent was finer than No,200 Sieve, Mogtly
1t was fine sand of effective size D o °f 0;238 mm,  The grain

1
size distribution curve of the sand is shown in Fig, 2e
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CHAPTER TWO

THECORETICAL CONSIDERATIONS

2el Introduction

The load settlement relationship of a rigid plate is studied both
theoretically and experimentally, Shallow footings, i.e, footings whose
width is equal to or greater than the vertical distance Dg between the
surface of the ground and the base of the footing are considered (1fi
Under increasing loads such footings exhibit three characteristic types
of failure (2). Foundations on relatively dense sand (Drj> 0,70) fail
suddenly with very pronounced peaks of base resistance (Fig. 3a). The
failure is accompanied by the appearance of failure surfaces at the sand
surface and by considerable bulging of sheared mass of sand, This

phenomenon is described by Terzaghi (1) as "general ghear failure,"

Foundations on sand of medium density (0.35 < DI,(O.’?O) do not show
a sudden failure (Fig, 3b). But small sudden shears within the sand
mass are apparent from observations of load and settlement gages.
Simultaneously, bulging of the sand surface starts, However, the peak
of base resistance may never be reached, Terzaghi (1) describes this
phenomenon as "local shear failure" and specifies arbitrarily, "but in
accordance with current conceptions, that the earth support has failed as
soon as the load settlement curve passes into a steep and fairly straight
tangent", De Beer and Vesic (3) give also the same description (rugture
par refoulement incomplet ). ¥
*Numbers in paranthesis refer to papers cited in Bibliography.
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Finally, foundations on relatively loose sand (D, <;O.35) penetrate
into the soil without any bulging of the sand surface (Fig. 3c)., The
base resistance steadily increases as the settlement progresses, Sudden
shears can be observed for large settlements, The failure surface, which
is vertical or slightly inclined and follows the perimeter of the base,
never reaches the sand surface, The phenomenon is essentially "punching

shear failure", as described by De Beer and Vesic (3).

Referring to Fig, 3, the early part of the curve is almost a straight
line in all types of failure, and it formo the basis of the theory
of subgrade reactione

In this chapter, the theoretical considerations for (&) bearing
capacity, (b) settlement analysis and (c) subgrade reaction are briefly

discussed,

2¢2 The Bearing Capacity of Foundations

A= Introduction
The bearing capacity of foundations is a function of the following
factors (5):

1= Mechanical properties of the soil:
a) Density
b) Shearing strength
¢) Deformation characteristics
d) Size and shape of grains

e) Permeability of the soil



2= Physical characteristics of the foundation
a) Size
b) Depth
c) Shape
d) Roughness of the base

e) Rigidity of the base

3~ The original stresses in the soil

T

The water conditiong in the ground

5~ The way in which the fuundation is installed

o~
1

The rate and direction of loading

The factors indicate clearly that the wide spread idea that
the bearing capacity of a soil depends mainly on the characberis-
tics of the soil in question is incorrect., Although the main
difficulty in bearing capacity problems is in indentifying the
soil properties yet the previously mentioned factors are to be
considered if a correct solution is to be obtained and the attempt
in building codes tu give bearing capacity values depending on
soil characteristics without due allowance to the other factors

is tutally erroneous,

" B- Theory of Bearing Capacity for Shallow Footings,

The solution of the prublem of bearing capacity of the
base of a footing has been sought in the past primarily by an
approach based on the classical work by Prandtl (6,7), and
Reissner (8). They presented a solution of the problem of
penetration of a rigid stamp into an incumpressible (rigid-

plastic) solid (Fige 4). That solution was first.applied to the
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problem of bearing capacity uf soils by Caquot (9) and Buisman (10),

Figure 4 shows a cross=-section illustrating Prandtl's plastic equilibrium
theory (11) fur long loaded area «f width B on the surface of soil. The figure
shows three zones which exist after failure is reached., Zone I moves down-
ward with the footing as a unit, Zone II is plastic in which radial planes
are failure planes and the curved boundary is a logarithmic spiral provided
that the weight of the soil is neglected. Zone III is forced by passive
pressure upward and outward as a unit. It may be noted that all failure
planes are at 45 * g to principal planes. On the basis of these assumptions
and applicability of Goulomb”ﬂLaw(lz) to shearing strength of soils Prandtl's

expression for the ultimate bearing capacity of any soil is (11):

tan
qoz(ﬁfm—+é}f5£)(1{§ﬂ o -'1)

h K. = l"r‘Sil’l
where P —-m——--l_si—%—n

Because ¢f their compressibility, soils do not show close agreement with
Prandtl's hypothesis, which was originally set yp for metold, and in actual
cases of footings loaded to failure the region corresponding to Zone III is
mueh narrower than is shown in Fig. (4). However the general concepts of the

mechanics of failure given by this theory are reasonably correct.

Terzaghi (1) presented a more general solution for the ultimate
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bearing capacity of long rectangular rcugh footings. Figure 5 shows
the failure zones and surfaces assumed by this theory. He observed
(13) that the ultimate normel load that could be applied to the soil
suriace could be approximately estimated by supcrposing the limit
stresscs obtained for the following cases: (a) for weightless soil
whose ability to sustain a surface stress depends only on the presence
of a surchange, (b) for soil having weight, in the absence of surcharge,
and (c¢) for soil lacking weight, but possessing cohesion., Following
his method, the normal stress due to item (b) is considered to vary
linearly with distance from the edge of the footing., Because the basic
system of equations describing the yield problem is nonlinear, such

a superposition method does not lead to a corrcct solution, but in
many instances it enables one to find an approximate answer without
the labor involved in solving the problem by mumerical methods,
Sokolovski (14) studied the superposition of these individual

limiting conditions and concluded that the total stresses obtained

at yield by summing the strosscs at yicld in the separate cases

(a) through (c) abowe satisfy the appropriate equations of equilibrium,
However, because of the non-linearity of the equations he found that
the yield condition for the supcrimposed stresses is that holding

for a material whosc angle of friction is smaller than the angle
employed in obtaining the component stress states, Thus, fbr.

most materials, the suporposition solution will not correspond

to the sclution which would be found by means of a single "exact!
analysis in which all material properties were included; the

superposition solution yields a conservative result,
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Terzaghl's expression for the ultimate bearing capacity of long

rectangular footings at or below the surface of any scil comforming to

general shear is (1):

G = ¢ ( Ng ) +¥ B (3 Ny) +¥ D (Ny)

and for any soil conformirg to local shear the expression is
! ’ !/
%=0(§Nc)+YB (%N“S) +}(Df (Nq)

In these equations the N coefficients, which are enclosed in parentheses,

depend only on the friction angle and are given by the curves of Fig, 6 (11).
(Appendix A shows the procedure and ealeulabions of Nb uging @ = 45.2° which

corresponds to the angle of internal friction of the sand used in this inveaw

tigation)e
For a purely cohesive soil and surface footings the previous expressions

become
7
¢ =¢(N;) and q =c( % Ne) respectively, For a

purely cohesionless soil and surface footings they reduce to n, =9B (3 Ny

’
and q, = ¥B(§ ly) respectively,

From an analysis of experimental data Terzaghi obtained the following

‘expressions for the ultimate bearing capacity for round and square shallow

footingss

]

Qo = 1e3 C(N,) + 0.6 % B (5 Ny) + ¥ Dp (Nq) and

% = 1.3 ¢ (Ng) + 0.8 % B (¥ N,) + ¥ D (Ny) respectively,
Wherein N, Nq, and I\T},: represent the bearing capacity factors for continuous

footings, supported by the same svil, For a purely cohesive soil with surface
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footings the previous expressions reduce to 9y = 13 o (Nc) in
both cases, indopendently of the size of the footing, If the |
soil is purely cohesionlcss with footings on the surface, the
expressions reduce to g, = 0.6 ¥ B(-};—Nas ) and q, = 0.8 ¥B(% Ny)

respectively, dircctly proportional tu the width of the footing,

If the soil is loosc or very comprossible, the bearing

1
capacity factors Il mist be replaced by the values N (Fig. éc),

Many theories using the same general approach but different
shoar patterns have been presented in the literature (5, 13, 16, 17,
18). Another possible approach to the problem originated by the
work of Bishop, Mill and Mott, (20), Skempton, Yassin and Gibson (21)
and Ladnyi (26), who have considered the problem of cxapnsion of a
spherical or cylindrical cavity inside an infinite mass of an ideal
solid, In such a case there exdists around the cavity a highly
stressed zone where tho material, by assumption, bchaves as a
rigid-plastic solid, Outside that zone it behaves as an ideal
elastic (or linearly deformable) solid, Inspite of this, the
approach of Prandtl and Terzaghi is still the predominant one,
Theories following that approach offer only slight modifications to
the theories of Prandtl and Terzaghi, Therefore, only these two
theories are discussed and omployed later ag the basis for compa=

rison with the experimentally observed data,



At

2,3 Settlement Analysis of Surface Footings

The pressurc distribution under a footing depends on whether a
rigid or a flexible footing is concerned, and for the same footing
it varics with the type of soil whether it is a cohesive or cohesgion=

.
less soil.

For a rigid footing rcsting on the surface of soil where no tilting
is allowed, the scttlemont must be uniform, The pressure distribution
under such footings is shown in Fig. 7 (a,b) for both cohesionless and
cohesive soils (11),

In sand, under uniform settlement, tho high rcsistance to comprOSsibn
in the soil below the centre of the footing, as compared to the lack of
resistance to compression below the cdge must result in a relatively
large pressure under the contre and no pressure at the edge as shouwn
in Fig, 7a, Owing to the lack of rigidity in sand, tho shearing strains
developed at the edges of the fuotings require little or no forece to be
producced., While in a cohesive soil large vertical forcos are required
to furnish the shearing strains, For an clastic material, the distri-
bution shown by the thcory of clasticity indicates an infinitec stress
at the cdge of the footing, Actually an infinite stress camnot occur,
but the stregs at the edges may be much larger than that at the conter
(Fig, 7b).

For a flexible footing on the surface of a cohesionless soil,
carrying a uniformly distributed load, the pressurc distribution is
also uniform resulting in larger settloment at the cdges than at the

center of the footing bececausec below tho conter of the footing the soil
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develops strength and rigidity as fast as it is loaded whercas

it takes larger settlements for the required strength to develop

at the edges (Fig, 7c). If the soil is highly cohesive the uniform
surface distribution transmits a bell-shaped distribution of
pressure to the subsurface layer, The greater stress below the
center of the footing at this subsurface layer must cause a greater
compressive strain at this location with much greater settlement

under the center than under the edge of the footing, (Fig. 7d).

In estimating the settlement of a foundation on a clay soil,
it is important te realize that the total movement is composed

of the immediate gettlement and the consolidation settlement,

The immediate settlement is that due tc the compression of
the solid matter i,e, it is the elastic settlement, However,
Meyerhoff (23) considers the initial settlement to contain an
elastic portion and a plastic one with the plastic deformation
forming % to ¥ of the total movements, depending upon loading with

respect to ultimate bearing capacity.

The theory of settlement for saturated clay appears in Iliyals
dissertation (24). Skempton (17) has shown that the greater part
of the settlement is duc to strains in the clay within a depth of
not more than four times the diameter below the base of the footing,
At greater depths of thick clays, the stresses are less than about
5 percent of the net foundation pressure, No comparable theory
exists for a cohesionless soil; however, as discussed later, certain
aspects of the settloment of a plate on cohesionless soil were

considered in this investigation,



244 The Theory of Subpgrade Reaction

A definite characteristic of many plate loading tests is the
early straight line portion extending t. intensities of roughly
one third or one half of the ultimate intensity, The ratio between
the stress and the settlement uf points on the line has a definite
congtant value, This ratio ig called coefficient of settlement or
coefficient of subgrade reaction, The latter term is used in the
field of pavement design., It is a function of the clastic pro=-

perties of the subgrade as well as the dimensions of the loaded area(25),

Torzapghi's theory (4) of subgrade reaction is based on the
following simplifying assumptions:

a= The modulus of subgrade reaction ks 1s independent of the

pressurc, and

b= It has the samc veluc fur cvery point of the surface acted

upon by the ccntact pressure,

For a rigid foundation where gsettlement is the same at all
points and with assumption (b) the pressurc should be uniform, which
is contrary to reality,

Inspite of the discrepancy between theory and reality, the
theory of subgrade rcaction can be used safely in the design of
footings, The errors arc within the margin of safety and on tho
congervative side,

For a highly cchcsive soil contact settlement is proportional
to the width of the footing (11),consequehtly the coefficient of

subgrade reaction kg is inverscly proporticonal to the width of the



footing, This agrees well with experiments done by Goodman,
Hegedus and Liston (26) and Skempton (27,17)., For a cohesionloss
soil strength as well as settlement increases with the size of the
footing, so kg may be cxpected to vary less than in the case of a
cohesive soil,

Terzaghi (4) gives values of Esl in tons per ou, ft, for 1 x 1 £t,
square footing resting on clay and sand; but since this investigation

doals with sand only kg, value of sand arc given in table 1.

TABIE 1, (24)

Valucs of Eﬂ

s 1n Tons/ft'3

Relative Dengity of Sand Loose Medium Dense

Dry or moist sand, limiting values | 20 - 60| 60 = 300 | 300 - 1000

Dry or moist sand, proposcd value 40 130 500

Moreover he considers that the value ksl for a beam with a
width of 1 ft., resting on sand is roughly equal to that of a square
plate, 1 ft, wide, For a beam with a width B feet ks is determined

by the equation:

2
b =Ry 505 - .
5] 8] 4 52
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The use of the theory of subgrade reaction has limitations
due to the simplifying assumptions used in the derivation and
values obtained are often too far from reality, A comparison
of the theoretical values with values obtained in this inves=

tigation appears in chapter five,



CHAPTER THREE

TESTING EQUIPMENT

3,1 Soil Containers

The soil beds were placed in boxes made out uf 4 in, plywood
covered from the ingide with Formica, Hence the surfaces of the
boxes were considered smuuth and due tu the low loads met and
short lengths of boxes, any deformation of the boxes during loading
was neglected, Boxes werc provided with handles to facilitate
transferring them from the place of the vibrator to that of the
loading machine without any disturbance,

Eleven boxes were nceded for the invesgtigation, To refer to
them easily each box wag given a number, The following table shows

the numbers and inner dimensions of the boxes,

Table 2
Box No, Inner Dimensions (Length x Width x Height,inche.
1 3x3x6
2 Lox ko 7
2 OXIRE
4 6x6x13
5 & & s

23
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Box No, Inner Dimensions (Length x Width x Height, inches)
6 85 x 8,88 17
7 10,4 x 10.4 x 17
8 12 x 2 x 15
9 12 x6x9
10 18 x6x9
11 24, x 6 x 9

3.2 Loading Machine

The loading was applied electrically by the use of triaxial apparatus
(Soil Test T=114)., The triaxial chamber was taken off and all accessories
not pertaining to loading were shut off, Hence the essential elements
remaining weres: the structural frame, the electric loading system, and

the proving ring assembly for measurement of loads.

The structural frame is quite rigid and capable of supporting the

heaviest box used,

The loading syster is an electrically driven Transmission Unit which
actuates the loading cerow through achain drive. This is provided with
the Control Switch (load-off-release) which is located in a prominant
position on the frame, The Speed Control Dial is connected to the
transmission gnit through a flexible shaft mounted on the frame and which

can be adjusted to develop the desired speed, A set of Limit Switches
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FIG, 8 GENERAL VIEW OF THE BOXES
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are mounted on the feed screws to prevent damage tou the apparatus

through over-run of the loading screw.

The Proving Ring Assembly is attached to the loading screw,

A proving ring (Soil Tost No,9988) with sensitivity for
measuring down to 0,48 lbs,.,, was fitted on the loading piston,
The loading screw has an adjustable stroke of more than 6 in,
range which is sufficient to producec ample settlement in all the
foundation eclements used, The settlement measurcments were made
with two extensometers with onc half and two inches of travel, A
division of the first corresgponds to O.OOOln and that of the
second to 0.00l“. This measure was taken to be able to record
settlements accurately and to account for the larger settlements

in the case of the larger footings, (Sce Fig., 9).

3.3 Vibrator

As the foundation soil had to be in a dense state vibration
was a necesgity, Syntron Semi-Nuiselegs Llectric Vibrator was used
(Fig. 10), This vibrator is made up of essentially two pieces

of equipment - a vibrator, which is a pulsating electro-magnet, and

a controller for operating the vibrator,
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FIG, 9 TESTING EQUIPMENT



FIG. 10 VIBRATOR
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Too much vibration tends to pack the material, consequently,
the rheostat knob in the control should not be turned any higher

than is actually required to move the material,



CHAPTER FOUR

DESCRIPTION OF TESTS

4e1 Placing of Sand and Contrul of Dengity

Density of the soil foundation is one of the critical factors
affecting the load-settlement curves., Hence it has to be highly
controlled for every test if comparable results are desired for

the different shapes and sizes of footings.

The sand, being a cohesionless material, is best densified
through vibration., For this the vibrator mentioned in Art, 3.3

was used,

Due to the different places of vibration and loading it was
felt that if the relative density D, of the sand was on the high
side and if great care in transferring the boxes was taken, little
or no disturbance of the gand after vibration will ocecur. So it
was decided to use a density " & " of 107 1b, per cu, ft., giving
Dy equal to 0,798, Having decided on the dengity, and having
fixed the dimensions of sand desired for the particular plate,
it was possible to calculate the weight of the sand to put in
any particular box for that pﬁrticular plate in a given test,
After deciding on the depth of the soil bed in a given box the

height of sand was marked on the ingide faces of that box by sticking

31
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colored paper. To keep the faces smooth the paper extended from

the top of the box to the desired height,

The amplitude of the vibrator was regulated for every
weight of sand. The time of vibration was recorded as a check
and the surface of the sand was watched until it reached the edge
of the colored paper. Before every vibration, the box was emptied
to disturb the structure of the sand., Due to the uniform nature
of the investigated sand (Fig.2) layering during vibration was
not felt to be a problem. As a check, sand put in different
layers in box No.4 gave the same result as that obtained from

the above mentioned procedure.

4Le2 Determination of the Angle of Internal Friction of the Sand

Vacuum=triaxial tests were run on samples fyom the
sand under investigation, These samples were 1,5 in, in diameter
and 3,0 in, in height. The testing procedure recommended by
Lambe (28) was followed, The densities of the sand varied from
97.4 to 113.1 1b./ft?  The lateral pressure was obtained by
applying a vacuum to the soil that varisfl up to o maximum

of 1le/l’ psie The test speeds were 0,06 ine per minute.

Figure 11 shows the relation between the density and the
angle of internal friction. For a density of 107 1b./ft>, (the

density of the sand used in this investigation) the angle of
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internal friction f is approximately equal to 45.2°.

4e3 Standard Proccdure for Load-Settlement Tests

Due to the uniform vibration and horizontality of the table
of the vibrator the surface of sand was obtained horizontal with
little effort by keeping the box in the center of the table, This
is important to get because the initial position of a footing with
respect to the surface of sand has a great effect on the load-
settlement curve (29, 30, 31). Great care was exercised to bring
the footing element to just touch the surface of the sand without
applying any load,

The speed of the motor of the loading machine was set to
0,06 in, per minute to correlate with that of the triaxial
compression machine, the load and settlement dials were set to
zero and the testing was gtarted, The accepted loading rate in
triaxial compression tests on cohesionless soils for static loading
effects is that causing a strain of from 4 to 2 percent per minute
(32) being 2 percent for the machinc used, This gives a speed rate
of 0,06 in, per minute, Triaxial compression tests on one type of
cohesionless soil showed only a 10 percent increase in strength
when the duration of time from the start of loading to the time of
meximum compressive stress was decrcased from 1000 seconds to 0,01

seconds (32). No differcnce in results was observed for rates of
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loading between 4 and 2 percent per minute, Hence the results
of this investigation arc considored in the static load conditions,

unaffected by the slow rates of loading,

The loading was contimued after failure till the upper
surface of the footing was level with the sand surface, Then
the loading was stupped, the box cmptied to disturb the structure
of the sand and filled with the same sand again and the whole
process of vibrqting and loading using the same plate was repeated
until a sufficient number of curves was obtained from which the
average curve shown in this report was derived., Sometimes, when
doubtful results were obtained, eight tests woere performed,

Howewver, no fewer than four tests for any condition, were performed,



CHAPER TFIVE

RESULTS AND DISCUSSION

5,1 Influence of Dimengions of Soil Container

The load=-scttlerent curves of the 1 x 1 in, square plate in
boxes one through eight arc studied and these arc shown in figures
12 through 19, The sand dimenmions in the different boxes are

*
shown in the following table

Table 3
Box No, s;nd Dimensions(Length X Width X Depth,inches)
F 3x3x3
2 L x b x4
3 bxszs
4 6xb6xb
4 T2 2%
6 8.5 x 8,5 x 8,5
7 1064 % 10.4 x 10,4
8 i@ x 12 x 1@

Vibration and loading follew the standard procedurcs (Art, 4.3).
The ratio of the settlement to the width of the plate was used
in plotting the results of the load test for better ocomparison purposes,

Figure 20 shows the curves of figures 12 through 19,

*Notes When a box number is mentioned in this article (5.1) the
sand dimensions in that box arc as indicated in table 3,
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Considering box 1, where the sand dimensions are three times
the size of the plate, the bearing capacity increases rapidly to
62 psi. As the box dimensions increase the bearing capacity
decreases indicating that the interference frum the sides and
bottom of the box is decreasing, This interference decreases
at a decreasing rate with the increase in the size of the box
until the box is about ten times the size of the plate, Beyond
this linit the box dimensions have no effect on the bearing capacity,
and the analysis may be carried out on the basis of an infinite

foundation medium,

For clays Skempton (17) considers 4 to 6 times the plate
dimensions as sufficient for model studies tu be carried out
without interference from the sides and bottom of the container,
This, however, may be due to the high compressibility and plastic
flow of clay, Even for loose sand where large volume changes
may be expected, such dimensions may be enough, But for the casge
of dense sand where a small volume change may occur, such dimensions

are not ample,

If the shear failure in sand follows exactly Prandtl's
theory then the minimum width of the container has to be 18,2
times the width of the strip footing and the minimum depth has

to be 2,4 times the width of the footing, while the corresponding
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ratios according to Terzaghi's theory are 13,5 and 1.7 respectively,
(Appendix A) However, Taylor (11) states: "Because of their
compressibility, soils do not show close agreement with Prandtl's
hypothesis, which was originally set up for metals, and in actual
cases of footings loaded to failure the region corresponding to
Zone III is much narrower than that shown in Fig, (4)2 How much
narrower he dues not say but it is implied from the reasoning he
gives that Zone III depends on the relative density of the sand
under consideration, It is this phenomenon that made Meyrhoff

(5, 33, 34) and others (16, 18) lock for a modified failure

surface,

Figure 21, curve A, shows the effect of the box dimensions on
the bearing capacity. As seen from the curve, when the box dimensions
are 10 times the plate size, the bearing capacity becomes constant
indicating no interference from the box dimensions, The following
equation which was derived empirically by a trial and error procedure
to fit the experimental data of this investigation approximates the

ultimate bearing capacity within less than 10 percent:

4y = 12.4 + S 7
0,358¢
re




Table 4.

Significant Results of Loading Tests With a Square
Plate in Different Containers

Plate Ultimate *%
Box No. Bearing Settlement Ks
Capacity (psi) (in.) (1b/in3)
h 62.0 0.0390 1865
1 X 1"11'1.'
Square 2 38.4 0.0380 1330
3 28.3 0.0415 872
4 23.2 0,0412 896
5 19.1 0.0437 580
6 14.8 0,0523 A42
5/ Ia.4 0.0525 360
8 12,4 0.8525 360

*See Table 3

** Values read off the average curve of the points corresponding
to the ultimate bearing capacity,
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The settlement at the ultimate bearing capacity increases
with the size of the box until the box is about 10 times the plate
size, After that no increase in settlement is noted indicating
that no interference from the sides or the bottom of the box is
affecting the plate, This agrees well with the previous conclu-
sion from the bearing capacity consideration although here it is
less obvious due tu the low gettlements encountered and the diffi=-
culty in detecting the instant the plate touches the surface of
the sand indicating the initial settlement reading., However, the
general trend illustrates the above mentioned conclusion (Fig, 21,
purve B), The high rate of increase beyond abscissa 7 and then
the rapid smoothing out of the curve at abscissa 8.5 seems to me
to have no explanation other than errors committed mainly in
starting taking settlement readings, Had it been possible to
overcome completely the above mentioned difficulty, Fig.2l, curve B,
would be & smooth gradually varying ¢urve since the bearing

capacity curve (Fig,21) exhibits this property.

Inspite of the above mentioned source of error in settlement,
the coefficient of subgrade reaction in Fig.21, curve C, looks to
be a smooth curve of more or less similar shape as that of

Fig.21, curve A,
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The early portion of a load™settlement curve is a sgtraight
line regardless of the starting point. The slope of that
line and consequently the coefficient of subgrade reaction
can be determined by considering any two points on that line,
It may be argued that the real starting point can be exactly
deterrined by extending the straight portion of the curve to
meet the abscissa axis, This however is not a rule since
the layer & the surface may not be as compacted as the other
layers, and this condition produces a rather appreciable
settlement without much effect on the bearing capacity or the
straight portion (hence the coefficient of subgrade reaction)

of the load settlement curve,

The following equation ky = 360 + 2200

0.009325 g2
re

approximates the coefficient of subgrade reaction within less
than 10 per cent., It was derived empirically by a trial and
error procedure to fit the expcrimental data obtained in this

invesgtigatiun,
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2.2 Influence of Platc Dimensions

Although it was suggested in Art, 5.1 that the ratio of the
dimensionsof the cubical box of sand to the width of the square
plate used in model studies has to be at least ten if side and
bottom interferences of the bux are tu be neglected, yet a ratio
of six was used in the following tests of the investigation, This
choice was made to avoid large volumes of sand and to keep weights
within the carrying ability of two men, Iven with such sizes the
weight of sand to carry rcached 107 1b., in addition to the welght
of the box, This welght will increase in proportion to the cube of
the edge of the bux and if the ratio ten was used a weight of sand
of 495 1b., excluding the weight of the box, would have resulted
which is beyond the available facilitics of the laboratories, Of
course for the sizes of the boxes chosen there will be interference
from the sides and bottom of the boxes and the ultimate bearing
capacities will appear to be mure than they will be in infinitely
large boxes (Art, 5,1); but since this ratio of 6 is kept constant
for all the squarc plates used in this part of the investigation it
is felt that results arc comparable among themselves and it is this

comparigon that is carricd out here (Art, 5,2).
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The foundation elements: 1 x 1 - in,, /2 x yfﬁh; in.,
J“?ix yrs_; in., and 2 x 2 - in, square plates, were loaded
in this part of the investigation. Boxes 4, 6, 7 and 8 with
sand dimensions as shown in table 3, vibrated and loaded
according to the procedure in Art, 4.3, were used, Luad-
settlement curves fir the preceding four square plates appear

in figures 15, 22, 23, and 24.

For eomparison purposes these four load-settlement curves
are shown in Fig, 25. The ultimate bearing capacity, the settle-
ment at the ultimate bearing capacity, and the soefficient of
subgrade reaction, all versus the side of the plate are plotted

*
on Fig, 26,

Figure 26, curve Ayshows a straight-line relationship
between ultimate bearing capacity and side of the plate, This
agrees well with Terzaghi's theory which states that the ultimate
bearing capacity for a surface footing on a cohesionlecss soil is
directly proportional to the width of the footing (1). Also this
finding agrees well with results obtained by: Iliya (24), Selig
and Mckee (35), Meyerhoff (33) and Vesic (2) for different shapes
and sizes of footings, Tables 8 through 12 (Appendix C) are
extracts from the above menticuned references where the influence
of the size of froting on the ultimate bearing capacity is indi-

cated. Goodman, Hegedus and Liston (26) approached the influence

*See Table 5
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of the size of the plate by . dimencionul analysis and their
results showed that dimenrional analysis is applicable with

frictional type of soils,

However, the settlement at the ultimate bearing capacity
inereases more rapidly than the increase in the size of the
footing and when the size of the footing is doubled the settle-
ment is more than doubled. Taylor (11) explains this phencmenon
in terms of the pressure bulbs below a footing and that of n-tineg
its dimension., Settlements depend on a summation based on the
vertical direct strains over the height of the pressure bulb for
each footing. The height of the pressure bulb below the second
footing is n~-times that below the first, whereas the vertical
average direct strain is slightly greater below the second than
below the first. Therefore the settlement of the second is
somewhat greater than n-times that of the first. Fig.26, curve B,
illustrates this. The settlement of the 1 x 1 - in, plate is
0,0412 = in., and that of the 2 x 2 - in, plate is 0,151 - in,

The ratio of the two settlements is 3,66 and it serves to
illustrate a principle rather than give a value due to a suvurce
of error (previocusly mentioned)in starting the settlement readings,
Anyhow this ratio is no% constant and no curve fitting is tried
here because of the above mentioned source of error and the

rumber of points (4 points) being not enough for generalization

purposes.
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By doubling the diameter of a circular plate the settlement
at the ultimate bearing capacity became four times according to
Iliya's experiments (Appendix C, Table 8), while according to
Vesic's experiments (Appendix C, Table 11) this ratio is 2,9.
These differences are duc to the methods and rates of loading,
experimental errors and differences in the properties of the sand

used in the different investigations,

According to Terzaghi's theory (4) the coefficient of subgrade
reaction varies with the width of the footing according to the
relation kg = Eﬂ (1 +é§i (page 21), Figure 26, curve G, illustrates
that the oxperimentii values are not close to the theoretical values
and if plates 1 x 1 - in, and / 2 x/2 - in, are considered, the
experimental values are 6 percent less than the theoretical values,
This difference tends to increage with the increase in the dimensions
of the plates and for the plate 2 x 2 = in, it reaches 30 percent,
The valucs of the coefficient of subgrade reaction obtained by Iliya
(Table 8) illustrate the same general trend, Such a deviation may be
due to experimental errors and the various simplifying assumptions
made by Terzaghi in deriving the above mentioned relation, This
point has still to be investigated further for definite conclusions

on the coefficient of subgrade reaction,
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543 Influence of Footing Length

In this article the influence of the ratio of the length
of the footing to its width on the ultimate tearing capacity,
settlement at the ultimate bearing capacity and coefficient
of subgrade reaction is studied. Four rectangular plates
having the following dimensions 1 x 1 - in,, 1 x 2 - in,,

1x3=~-in, and 1 x 4 = in. were used.

The boxes with the sand dimensions (length x width x
height) used for the respective footings appear below in

Table 6,

Table 6

Box No Sand Dimensiona (Longbh x Width x Depth, inches)

4 6 x6x6b
9 12 x6x6
10 18 x 6 x 6

| 2, x 6 x 6



63

Vibration and loading prucedureefollow Art. 4.3 and the load-
settlement curves for the respective footings appear in figures
15, 27, 28 and 29, For direct comparison, these curves are

gshown together in Fig.30. Curves A. B. and C of Fig, Bi% study
the variation with the length to the width ratio of the ultimate
bearing capacity, the settlement at the ultimate bearing capacity

and the coefficient of subgrade reaction respectively,

Figure 31, curve A, shows that the ultimate bearing capacity
for a rectangular footing increases at a decreasing rate with
the increase in the length to width ratio., For a length to
width ratio of 3, the ratio of the ultimate bearing capacities
is 1.32. From the trend of curve A (Fig.31), it looks as if the
ultimate bearing capacity flattens after a length to¢ width ratio
of 3 and apparently when the length to width ratio becomes equal
to 4 the rectangular plate passes into the strip category footing,
However, this is not the case. Although the dimensions of the
box of the sand were always kept equal to 6 times the correspon=
ding dimensions of the plate yet the interference from the sides
and bottom of the boxes affected the different plates differently.
This interference became more and more pronounced as the length

to width ratio increased. TFor the case of the square plate

*See Table 7
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LENGTH TO WIDTH RATIO

FIG, 31 EFFECT OF FOOTING LENGTH
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(1 x1 - in,), the failure surface developed within the box and
so, after reaching the peak load, the bearing capacity began to
decrease smoothly to reach a certain minimum value, But when the
length to width ratio reached 3, the failure surface was seen to
touch the sides of the box., Not far after the ultimate load was
reached, the bearing capacity dropped suddenly to a negligible
value, With length to width ratio of 4, the failure surface was
seen to intersect the faces of the box and the ultimate bearing
capacity of the sand was reached, in the sense that the load
settlement curve reached a value and then dropped suddenly.

This is due to the fact that the inside faces of the box are
smooth and the instant the failure surface reaches obliquely
such faces slippage occurs almost instantaneously, This pheno-
menon leads to the important cunclusion that the failure surface
is a function of the shape of the footing, being of greater
extent (at least sidewise since this was observed) for a strip
than a square footing: Such an indication gives an indirect
partial explanation why the bearing capacity coefficient Ng

for a strip footing 18 greater than that of a square footing.

As the length to width ratio increases the ultimate bearing
capacity increases at a decreasing rate until it approaches

the ultimate bearing capacity of a strip footing. Such a value
can not be obtained from this investigation due to the above

mentioned phenomenon and, aside from this, four points on curve A
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Fig,31l) are not sufficient to determine when a rectangular

footing can be considered a strip one,

Results obtained by Selig and lickee (Table 9) indicate
that there is still an increcase in the ultimate bearing capacity
when the length tu width ratio reaches seven, Their experiments
(Table 9) indicate that fur surface footing on cohesionless soils,
the ultimate bearing capacity of a square footing is 0,65 times
that of a rectangular footing with a length to width ratio of
seven (whereas they report this ratio as 0,69, reference 35) and
thus if a strip footing instead of a rectangular one is used for
comparison purposes that ratio will be even lower than the above
mentioned value, Meyerhoff (5) considers that a rectangular
footing on sand of @ = 450 can be dealt with as a strip footing
when the length to width ratio is equal to or exceeds 20, He
also gives the value of this ratio for different values of the

angle of internal friction @,

In this investigation the ultimate bearing capacity of a
square footing was found to be 0,76 that of a recctangular footing
of a length to width ratio of 3, Terzaghi (1) gives the ratio
of the ultimate bearing capacity of a square footing on the surface

of a cohesionless soil to that of a strip footing of the same width as 0,80,



i

Hence if the strip footing is used as a basis (as is usually
done) for determining the value of the Ny to be used in the
design, the 0,80 coefficient for a square footing leads to an

unsafe result,

A comparison of curves A and B of Fig,31 shows that these
curves are more or less parallel until the abscissa of 3. From
that point on, curve A tends to flatten rapidly while curve B
shoots up quickly. This is a consequence of the fact that at the
abscissa of 4, the failure surface reached obliguely the smoocth
faces of the container resulting in slippage and giving an
appreciable settlement with very little increase in the ultimate
bearing capacity. Before the abscissa of 3, curve B was rising
smoothly showing that as the length to width ratio increases,
the settlement at the ultimate bearing capacity increases to
approach that for the case of strip footing. The parallelism
between curves A and B before the abscissa of 3 is not exact
because the curves approach each other more and more (but at a
slow rate) as the ratio increases. This indicates that the
failure surface goes deeper (but at a slow rate) as the length
to width ratio of the footing increases to approach the strip
case, while the rapid increase in curve B (or the smoothing
out of curve A) after the abscissa of 3 indicates that the

horizontal extension of the failure surface is rapid.
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Curve C (Fig.31) exhibits consistent results with curves
A and B, Before the abscissa of 3, the ultimate bearing
capacity increases with the increase in the ratio of the length
to the width of the footing and consequently the ircrease in the
settlement is expected (curve B discussed above), Therefore,
from the definition of the coefficient of the subgrade reaction,
Ks is expected to decrease. This is clear from curve C. But
after the abscissa of 3, slippage of the sand on the faces of
the container occurs resulting in relatively large settlements
with negligible increase in the ultimate bearing capacity and
hence a drop in kg (curve C) after the abscissa of 3 is
expected. Such consistent results indicate the validity of

the above mentioned conclusions.



74

2.4 Influence of Depth of Soil Bed

The load-settlencnt curves for square plates, 1 x 1 - in,
and\/”ﬁ_x\/PE-: in, were investigated in boxcs Nos., 4 and 6
respectively to study the influcnce of the soil bed on the
ultimate bearing capacity, settlemont at the ultimate bearing
capacity, and the cocfficicnt of subgrade rcaction, As scen in
Table 2, the longths and widths of these boxes are 6 times the
corresponding dimcnsions of the investigated plates, However,
the depths of sand in thesc. boxes were varied, always being coxact
miltiples of the sides of the plates, Vibration and loading
procedures appcar in Art, 4.3. The load-scttlement curves were
plotted as discusscd in Art, 5,1, and thc ultimate bearing
capacitics, the scttlements at the ultimate bearing capacitics
and the coefficients of subgrade rcaction for the difforent soil
beds were taken from such graphs and plotted scparately in
Figures 32, 33 and 34, with thc ratio of the depth of soil bed to the

width of theo plate as ordinatec,

Figurc 32 shows that the ultimate bearing capacity increasecs
with the increasec in the soil depth until the ratio of the soil
depth to the width of the plate is about 10, Aftor that the graphs
tend to be vertical indicating that further increases in depth have
little or no cffect on the ultimate bearing capacity, This result

is of practical importance when the sand beds arc underlain by
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rock sincc it allows to study how the prescnce of such rock affects the
ultimate bearing capacity, Also it is important when designing model
experiments to find the minimum size of the box where analysis can be
carried out on infinite basis (Art, 5,1), Sincc the inncr faces of
the boxes arc smooth, slippage of the sand on thesc faces, espccially
for low depths of sand, couscs failurc to result with low bearing
capacitics, As the depth of the sand incrcases the confining

effeet for the layer at the bottom increcascs., This, coupled with

the lower stresses recaching the bottom layer, decrcascs the slippage
eficet thus resulting in higher bearing capacitics, However, for

an ordinatc of 4 the graphs in Fig, 32 cxhibit a kink and the sccond
derivative changes sign. No thorough cxplanation has yet been
presented; but it could be that the failurc surface may go decper
than 1s roprescnted by Prandtl's solution of the ultimate boaring
capacity, cspcecially if we rcalizc that the rcal failure surface does
not cxtond sidewisc as the theory statcs, This, however, docs not
invalidate Prandtl's approach to the problem, In this approach

(13), certain simple solutions arc fitted togother to conform

to the oxternal boundary conditions (rcal or assumecd) of the

problcm, but usually the "mechanism" doviscd controls the inter-

nal boundarics or lincg of discontinuity between the zone of

plastic equilibrium and that in which predominantly clastic




stresses exist, Furthermore, it is assumed that the material
is incompressible, giving rise to the continuity equation in

the plasticity theory. This is not strictly true in the case of
sand. In any example studie¢d, the investigator has, of course,
no certainty that the mechanism for which he has determined the
lowest failure load among those he has examined is, in fact, the
actual failure mechanism, but he can be sure that he has calcu=-
lated at least an upper boundary to the load or stress., If the
hypothesis of extension of the real failure surface deeper than
Prandtl's failure mechanism is accepted as being true, then the
explanation of the "Kink" and the different curves on both sides
of it can be attributed to different failure surfaces and the
intersection of the bottom of the box with these surfaces at

different points,.

The same anomaly seen in Fig.32 may also be seen in Figse
33 and 34. As may be noted from an examination of the plotted
points in Figs.33 and 34, the unusual results were not due to
experimental errors since multiple tests with different plates

yielded practically the same results,

Data concerning the influence of soil depth on the
ultimate bearing capacity, the settlement at ultimate bearing

capacity and the coefficient of subgrade reaction, are limited,
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Goodman, Hegedus & Liston (26) realised the depth of the soil layer
influence but they chose a soil depth to produce semi-infinite
conditions and so they eliminated the soil depth from their
dimensional analysis of size effect. Iliya (24) studied the
depth of the soil layer influence for a circular plate in a
rectangular box, His results are in close agreement with the
general shapes of the curves presented in Figs.32 through 34

if we consider the smooth inside faces of boxes in this study

as compared with the rough inside faces of the box he used.
However, he reports that the influence is felt until the

depth of the soil layer becomes 8-times the width of the plate as
compared with the 10-times in this study. This difference in

the results may be due to the different sands and different
vibrating procedures employed in both investigations., Also the
lengths and widths of the boxes in this study, being smaller
than his corresponding dimengions (6-times the plate width in
this investigation as compared with 8-times the plate diameter

in his case) will produce a more confining effect to the horizon-
tal extension of the failure surface and hence foreing it to go
deeper, In addition, the shape of the plate may also have its

effect in both investigationms.
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However, due to the limited number of experiments related
to this problem, conclusions drawn are not definite and it is suggested

that further research along this line be carried,
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2»5 Exporimental Versus Theorctical Results

Having discusscd the interfercnce of the sides and bottom of
the boxes and the influcnce of the sizes and shapos of the plates
on the ultimate bearing capacity, the settlement at ultimate bearing
capacity and the cocfficicnt of subgrade rcaction in the proceding
articles, it now remains to comparc the cxporimental results with
theoretical valucs. For the purpose of this comparison and as
mentioned in chaptor 2, Terzaghi's approximate formilas for the
bearing capacity of footings will bo used. Squarc plate 1 x 1 - in,
in box No,8 (Table 3) is chosen for this comparison because inter-
ference from the sides and bottom is negligible (Art, 5.1),

According to Terzaghi: q, = 0.8 ¥ B N for a squarc footing,

For a friction angle of 45.20, N!”is cqual tu 331 for a
smooth footing and 322 fir a rough one (Appendix A), Honco q,
1s cqual to 8,20 psi and 7,98 psi for the smooth and rough cascs

respectively,

The eoxperimental valuc of do 1s 12,4 psi (Fig.19),  This
value is 1,55 to 1,51 the theorctical valuc depending on the

smoothness of the base of the footing, being ncaror to 1,51 (Art, 1.8)s

Tables 8 through 12 (Appendix C) show that the observed
bearing capacitics arc 0,95 to 4.1 times the corrcsponding

theorctical valucs, It is to be observed that the 0,95 value
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exists only in the case of Davis and Woodward's experiments;
otherwise this value is greater than 1, Vesic reports that

this value gencrally varies from 1.2 to 4.,0. A fully satis~
factory explanation of this phenomenon has not yet been found,
But in the conditions of planc strain, with one principel stress
intermediate in value botwecen the other two, the actual angle of
internal friction may be somewhat higher than that indicated in
the triaxial tests., This may be one of the reasonsg that the
valueg of Nxxneasurod in model tests on long footings exceed

the theorctical valucs, Such a reasoning fails in the casc of

square or circular footings.,

Thus, althcough the 0,8 coefficicnt for a squarc footing in
Terzaghi's equation is toc high (Art.5.3) for local sand, the
bearing capacity obtaincd from that cquation is quite conser-

vative for design,



CHAPTER SIX

COICLUSIONS

From the results of this investigation the following obser-

vations

J=

may be made:
The ratio of the cubical gsoil bed to the width of the
square platc used in model studics of bearing capacity mst

be at least ten where side effects are to be neglected,

The ultimate bearing capacity for square plates placed on
the surface of densc cohesionless soils varies directly with

the width of the plate,

The ultimate hearing capacity for rcctangular plates placed
on the surface of dense cohensionless soils increases with the

inerease in longth to width ratio,

The equation of Terzaghi for the ultimate bearing capacity
of square plates placed on the surface of cohcsionless soils

t
can be safely applied to Khalde sand,

The mtﬂ&mmtaﬂtMmenmm'Mmﬁmgcqmﬁiny'mpm@
plates placed at the surface of dense cohesionless soils increases

at a higher ratc than the increase in the side of the plate,

The settlement at the ultimate bearing capacity for rectangular

plates incrcases with the incrcase in the length to the width ratio,

&4
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For a relative density D, of 0,798 Khalde sand czhibits general
shear failure usually occurring at settlements not exceeding 10

percent of the foundation width,

The coefficient of subgrage reaction kg is a constant for any
one square plate on any particular cohesionless soil up to a
contact pressure slightly above one~half the value of the ultimate

bearing capacity of the goil for that plate,

The coefficient of subgrade reaction k, is a constant for any
one rectangular plate on any particular cohesionless soil up to
a contact pressure not exceceding one-half the value of the

ultimate bearing capacity of the soil for that plate,

The value of the coefficicent of subgrade reaction for a square
plate on the surface of a cchesionless soil decreascs with the

increase in the side of the plate but at a higher rate,

The value of the cocfficient of subgrade reaction for a rec-
tangular plate on the surfacc of a cohesionless soil decreases

with the increasc in the length to width ratio of the plate,
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12- The thickness of thc sand laycer must be at leagt ten times
the width of the foundation plate so as not to have any
cffects from the bottom of the container on the ultimate
bearing capacity, the scttlement at the ultimate bearing

capacity, and the cocfficicnt of subgradec reaction.

13- The minimum settleimont at the ultimate bearing capacity of a
footing resting on sand occurs when a solid stratum exists at

a depth cqual to four times the width of the footing,
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Steps Used in the Calculations of the Bearing Capacity Coefficient Ny

for a Strip Footing,

Typical steps tu be carried out for all failure surfaces assumed for

trial,

1=

APPENDIX A

(Refer tu freebody diagram, Fig, 15)

Compute the passive force F from the relation
F =4 ¥n? Ny
where h is in terms of B and Nﬂ = tan? (45 + @/2)

Compute the moment arm r, of the force F, which is assumed to act

at £ the height h (r =y + 2 h) -1

3 3 |
Compute the weight W; of the triangle adf from the relation ;
|

le-%xhl f

where 1 ig in terms of B
W, acts at a distance of n = x + § 1 from the center of the spiral, O
Compute the weight W, of the triangle abo from the relation: W
W, =% ¥ (ac)(ab) sin éab
=4 ¥(ao)(ab) sin (45-¢/2 + W)
where ao and ab in terms of B

Find the center of gravity of the triangle abo and consequently

arm m,

where m is in terms of B, ﬁ

89



e

10~

dd=

90
Compute the moment of the weight of soil obd, bounded by ob, od
and the spiral bd, abuut the center of the spiral O from the

relation,

3

r

=0
8 3(9 tan®

77 I}B B tan (sin B + 3 tan @ cos B)=.

eBﬂtan g (sina+ 3 tan @ coset)

e? tan @

where ¢ and B are directed angles in radians, r = X

and Ty is in terms of B.

The passive force P acts at AT of ab and makes an angle @ with the
3

normal to ab as shown,

Find the arm S of the force P from the center of the spiral "O"

where S is in terms of B,

Compute the force P from the relation

=-§~ (Fxr+W xn=UW,xm+ Ms)
note that x and y are directed segments and P thus computed is a
function of ¥ and B2
Repeat steps 1 through 10 for the various assumed failure surfaces

and plot the results of the values of P, The minimum value of P

will be the controlling value to be used in determining Ng.
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Having determined Ppj,, and considering only surface footings
on cohesionless svils we isolate the footing with sand below it
as a free body and add the forees in a vertical direction., The
equilibrium of the mass of soil requires that the sum of these

vertical forces should be equal to zero as shown in Fig. 36.

FIG. 36

2 ' _
Q +-E£—-tamp= 2 Py, ©08 (w - @) and

Q =2 Ppyy, cos (- ¥ - —EZB—tany/ also
2 B =
Q=Bx %Ny i Therefore

2
Ny = %EZ \:2 Py, S98 (Y= g) - -%—E tan q,}which is dimensionless.
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Calculations of the Bearing Capacity Coefficient Ny for a Plate

for W= ¢

(Refer to Fig, 37)

N¢ = tan2(4.5 + 0/2) = tan® (45 + 45.2)
2

Sin (45 =g + W) =sin (67.6)
2

B = 157,6°
ab= lrré_ B

Surface
h= 0,90 B

= X432 =
r 20(3+3x18)B 0.75 B

1]

I

&Y =

e s s ——

l =228
B 2 -
n—.-g-é)-('? +3.x 44) B = 1,815 B
ao = 0,375 B
m =0,06 B
o = 7g°
I‘o - 00172B
8 = 0,01B

SM= 5,2589 ¥B

5
P= 1 __x5,250 ‘6B3 = 525,80 ¥ B

0,01B

e . e e

5.886

0,925

F=%ph? Ny = 2,39 §82

M=Fxr = 1.795 §B°
W =4 ¥hl = 0,99 % B2
M o= Wl xhn & 1.796 KBB

Wy = 0.125 %¥B?

-3 3
M =W, xm= 7,375 x 10 5B

L
1

0,675 B
1.675 ¥B°

=
I

hence
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Surface -2 -

= — 2 9 2
h=1,28B F=%3¥h" Ny = 4.,24%B
r=%‘6(2+§x24)B=0.90B M=F xr = 3,81 ¥B3
1=2 978 W, =4 %L xh = 1,78 ¥B%
n=l(4+2 x50.4)B =285 M=W xn = 3.8y
a0 = 0,225 B W, = 0,075 ¥B?

-3

m =0,04 B M=w2xm=—3x108B3
ro = 0,2125 B N =3.15 §B°

=0.1335 B
SM=10.847 ¥B° hence
Pa_—Ll _x10.87 ¥B° = 81,25 &B*

0.133% o
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Surface = 3 =

h=1,58B

o 2 =
r—-2—o-(l+—-3—x30) B=1,05B

1l=3,675B

n=4 (2+ 2x173.5 B =2.5B
20 3

ao = 0,11 B

m =0,09 B
o = 53,5°

T, = 0.2635 B
S =0,2335B

M =19,9405 ¥B°
- Hie 2
P —.ﬁﬁx 19.9405 ¥B° = 85,5 ¥B

F=dyn?n, = 6,625 %8

M=Fxr = 6,95 5B3
Wy =4 $hl = 2.75 ¥B°
i =1 = R

M=W, xn = 7,03 §B3

W2 = 0.036 KBz

M=W,xm==3,25x%x10 §B
r =067 B
M = 5,9625 B>

hence
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Surface = 4 =

h = 1,925 B F=% 8% N, =10,948°
I‘=%6(0+~3%-x38.5)B=1.3B M=Fxr =14.16¥SBB
1 = 4.675 B Wy =% 8hl =45 ¥B?
n=-2L(2x93,5)B=3115B M =W xn = 14,06 ¥B°
20 3
ao =0 Wy =0
m =-— M= W2 xm = 0
o = 45,2° r = 0,707 B
r, = 0,32 B M = 10,125 ¥ B’
S = 0,3335 B
TM = 38,9375 §B° hence
1

" i i@
P = R T 38,9375 §B 116.75 6B
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Surface = 5 =
. _ 2 2
h= 23B : F=4% 8h N, = 15.55 B
r=..1-.(-0.6+.2.x46) =1,5B M=Fxr = 23,343 ¥ B>
20 3
1 =5.578 W =4 Bhl = 6.4 ¥B°
. 2 - _ - 3
n=35(-2+ £x111.4) B =3.62 B M=W xn =23.175 8B
a0 = 0,10 B Wp = 0,0325 YB*
m = 0,235 B M=W2xm=+7.75x102533
t3‘(-_--380 r & 0,79 B
r_ = 0,385 B M = 18,6125 ¥ B>
S =0,4335B
SM = 65,139 ¥ B hence
T - ¥8? = 150.5 ¥ B?
5TiEE X 65199 50, 5

From the graph Bpyn ~1is equal tc 80.6 5 Bz,

Now W= g = 45.2° and tan § = 1.007 and ...f.@ztan W =0.252 ¥ B?

So Ny = —32,‘52 ( 2 x 80.6 ¥ B° - 0,252 % B%) = 2 x 160,948 = 321,896

~ Say Ny = 322.



Calculations of the Bearing Capacity Coefficient N for a Plate
for W =45+ Q/z

(Refer to Fig. 38)
N, = tan® ( 45 + #/,) = 5.886
Sin ( 45 = @/ + 45+ ¢/) = 1.0

B = 157,6°

ab = 1,22 B

29
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Surface = 1 =
h = 1,558
- _J.z- +2 2 . B = [}
r T (3 5 E 25,5) 1,25 B
l =3,828B

n =i%(’?+§‘x62)B=3

ao = 0,50 B
-2
m =6,25 x10 B
o = 87,5°
ro = 043025 B
S = 0,278 B
ZM-: 27.8 88°
P = -b—%',-?“gﬁ- x 27,8 KBB

.02 B

101

F=} ¥n° Ny = 7475 ¥ B*
M=Fxr =9.35 §B>
S 3 2
W, =% ¥hl  =3,085 ¥B
M= Wlxn 3—'9.33 GBB

W, = 0,305 & B

=5
M =W, x n== /9,05 x 10 5 B°

r = 1,405 B

M =9.,13 % B

hence

99.914 ¥B
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Surface = 2 =

= 1,72 B F=4Y%hn? N, =8.30 X B°
= L (2+2x27.5) B=1.275B M=Fxr = 10,80 ¥B°
16 2
= 4,18 B W =4 ¥hl =3.595 §B?
= 1 (54 2x67) B =3,106B M =W xn =11,20 ¥B°
16 3
2
=O¢344B W2=O.2095 53
-2

-3 3
W.xm== 6,54 x 10 ¥B

= 13,125 x 10 B 5

=
Il

= 82 r =1,385B
= 0,325 B M = 11.55 5B3
= 0,375 B
= 33,78 & BB hence
1

]

. 2
5o3758 x 33,78 ¥B° = 90,000 ¥B<



ao

1l

I

i

1l

il

1

2.0925 B
2 2
16(1 +3 x 33)

5.03 B

" &
T (2 +&-x 80,

3

0.,1375 B
-2
9,375 x 10 B

Vi
0,366 B

0.5125 B

52.31 & B

— X 52-

ol
0451258

Surface =~ 3 -

B = 1,438 B

5) B = 3.48 B

31?5}33 =

103

=% 3n? N, = 12,55 B2

=Fxr = 18,04 8B
. )
=4 ¥nl = 5,18 ¥B
=W xn = 18,1 55
= 0,084 652

]

]

]

“3
Wp xm = =7,86 x 10 55

1.344 B
16,175 &B>

hence

101,945 §B°




il

1t

=
il

ao

4
I

H
1]

n

]

104

Surface -4 -

24375 B F=4 25h2 N¢ = 16,20 2(132
E(Bxaa)B 1,5¢ B M=Fxr 25,64 G B
5,75 B W =% ¥hl = 6.8, B
& {2 B = 3,835 B = ” X 5>
s ( 4% 92 ) 3.835 M W, xn 26,22 ¥B
= 0 W2 = 0
S M = wzxm = 0
(o]
67.6 ¥ = 1,31238
0,40 B ¥ = 2102 &SBB
0.625 B
72.94 & B3 hence
1 = 2
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Surface = 5 =
R 2
h = 2,655B F = % &h N¢=2o.752fB
r =%€(-l+.§.x42.5) =1,705 B M = Fxr =35.42§BB
1l = 6,508 W =4 ¥hl = 8,64 KBE
n=%é.(-2+§x104)}3=4.2113 M=w1xn=36.3§}33
a0 = 0,1375 B Wy, = 0,084 5132
-3
m = 0,25B M = W,xm=+20,95x 10 §5°
A = 61,75° r = 1,344 B
ro = 0,454 B M = 30,65 %8’
S = 0,71 B
SM = 10243 ¥B° hence
B & i 3 10843 25}33 = 143,900 & B
0.71B

From the graph Ppin, is equal to 89,85 ?S B2
Now W = 45+ @/r = 67,6° and tan W/ = 2,4262
and ‘%ﬁe'tan W = 0.60655 532

S0 N¢ = .—6252( 2 X 89085 X 009245 - O.60655) 6 Ba
Sey Ny = 331
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Steps Used in the

1:-

1=

Determine the
Determine the
Determine the

Determine the

APPENDIX B

Calculation of Relative Density of Sand,

specific gravity of sand

maximum veid ratio

minimim veid ratio

void ratic

e of sand used in the vestigation

5= Determine the relativedensity Dp from the relation
€nax = ©
Dr‘= ..

€ e

max, min,
Specific Gravity Determination
Determination No, g 2 3
WI. Bottle + Water + Soil, Wy, in g 784445 748,40 723.75
Temperature, T in°C 18,30 18,30 18,30
WT, Bottle + Water, Wz, 1 2 828,132 623,232 630,032
WT, Bottle + Dry Soil in g 378,55 323,70 280, 50
WI. Bottle in g, 128,85 123,95 130,75
WI. Soil, Wg, in g 249,70 192,15 149.75
Specific Gravity of Water at Ty Grp 0.998563 | 0.998563 0.998563
Specific Gravity of Soil, Gg 24674 2+ 671 2:6700

G WS
GS. T ¢ s & 2,'672
Wg = Wy + U,

107
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2- Determination of Cnax.

Dry sand is poured gently into a one litre capacity container
through a funnel one centimeter in diameter., The tip of the funnel
is kept always about one inch above the level of the sand, The
experiment was repeated thrice and comparable results were obtained.

The density of the sand in its loosest state is 87.5 1b/ft’.

Xd = G --é“

i
D
o7) b
I
]

S Chax. = 2,672 % §$:5 -1 = 0.908

3= Determination of emin.

Different methods are employed to obtain the most compact
state of the sand, The sar’ was vibrated for different times in
rectangular and wide boxes to avoid arching. The densest state
of the sand in this investigation was obtained by tamping the
sand gently in a cylindrical mould in shallow layers. The

maximum density obtained was 113.1 lb/ftB.



109

= 2,672 x 025 -1 = o,
min, 113,31 8.470
4= Determination of e

The sand used in this investigation has a unit weight of

107 1b/ft>.  Hence

e =2.672 x £2:5-1 = 0.561
107

5= Determination of relative density
_ ®max - e

B e

e -

max, ®min.

o DuT08 - 0861 . g3t . QNGB
0.908 - 0.475 0.435
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TABLE 9 (35)

EXPERIMENTAL VERSUS THEORETICAL RESULTS

(From Selig and McKee)

B i)

Footing Dimensions Average Theoreticai* Ratio of
Shape Bearing Value Using Experimental
Capacity Terzaghi's Theoretical
Load 2 Equations
In. 1b/in, 1b/in.?
Square 2x2 9.3 9 1.03
2 %3 i 7R 3 L3.5 Ligdi
4 X 4 19.1 18 1.06
CiI‘C'ulaI‘ 2'26 9!3 5.3 1075
diameter
3:.39 p 7.95 1,77
Rectangular 3 x 6 15.9 il s 1,36
3 x9 175 i R 1,50
3 x 12 22.5 I 1,92
3 x 15 285 i B 1.92 |
|
3 x 18 2.7 1.9 1,85
3 x 21 23,1 11.7 2,06 |

*Values calculated by R.A, Iliya based on an average angle of 3
internal friction of 39,5 degrees and a mean density of 112,3 1b/ft-.



TABLE 10 (33)

EXPERIMENTAL VERSUS THEORETICAL RESULTS

(From Meyerhoff)

113

%
Footing Dimensiong Average Theoretical Ratio of
Shape Bearing Value Using Experimental
Capacity Terzaghi's >
A Equation Theoretical
1b/ft 1b/ft2
Square T2 %1/2 720 388 1.85
1ex 1 1200 i & 3555
Rectangular | 1/2 x 1 1/2 700 486 1.44
1/2 x 3 1080 486 2.22
/2 = 4 1/2 1560 486 32
/2 x6 1240 486 2456
1x3 1640 972 1.69

*
Values calculated by R.A. Iliya based on an angle of internal

friction of 30.5 degrees, and a density of 106 1b/ft3,
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Table 11 (2)

Significant Results of Loading Tests With
Circular Plates at the Surface

(From Vesic)

»
Plate Ultimate ([Theoretical | Ratio of |Ultimate P
Diameter B| Pressure = (psi) E:gerlmenq Settlement Bo
(P,)
. q, (psi) Terzaghi . s to Theo- o
(in.) retical (in.) (%)
.13 33.8 8.25 e 0.126 5.9
3.94 53.8 15,25 3.53 0,227 5.8
6.00 T3.4 bk 3.14 0,425 Tl
8,00 79.2 3000 2455 0,667 8.3

*
Values calculated by A.S. Najm based on an average angle of internal
friction of 43.4 degrees and a mean density of 96,2 lb/ftB.




TABLE 12 (36)

115
EXPERIMENTAL VERSUS THECORETICAL RESULTS
(From Davis and Woodward)
Footing Dimensions Average Theoretical® Ratio of
‘Shape Bearing Value Using Experimental
Capacity Terzaghi's Theoretical
Load 5 Equation
In., 1b/in, 1b/in.
Rectangular 1x 24 16.0 T T 1.09
16,0 14.7 1.09
14.0 14.7 0395
18.0 P L 23
1> 10 22,0 14.7 1.49
20,0 14.7 1.49
14,0 J48T 0,95
16.0 b ¥ 1.09
22.0 14.7 1.09
Circular 2 21 L7 1.19
diameter
22 7% 1.24
23 i 1.30

*Values calculated by R.A. Iliya based on an angle of internal
friction of 36 degrees and a density of 102 1b/ft3.
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