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NOTATION
Symbol Represents
A Area of footing
B : Width or diameter of footing
e i Circumference of footing
Ca 8 Adhesion on the footing side
c Undrained Shear strength
u .
D Depth of footing
Dlo Diameter at which 10% of the soil is
3 finer :
D60 ' ' Diameter at which 60% of the soil is
finer
Dr Relative density of sand
dq . ' Depth factor
E Modulus of elasticity
e . Void ratio of the soil
B Void ratio of the soil in loosest
condition ‘
Mg Void ratio of the soil in densest
min g P
condition
G Specific gravity of soil
H Thickness of upper layer
h o ‘ Thickness of upper layer below
footing base
h h h Failure Depths
£ ey’ Py P .
i; i : Inclination factors in the load direction
q :
i i . Vertical components of i' i' respectivel
il Y 'q 4

K ‘ Coefficient of earth pressure .
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Ya' cq \ :
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?
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Pl ' Total passive earth pressure

~ Weight component

) P2 ’ Total passive earth pressure
- Surcharge component
Q .Ultimate load
q ; . Unconfined compressive strength of
the soil )
q, Ultimate bearing capacity
qQ, Vertical component of the ultimate

bearing capacity

Ultimate bearing capacity of footing
at the interface of two layer soil
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strip footing on homogeneous lower layer
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Y 4d .
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Sz 'S Shape factors
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T ‘
g d & u% . D
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’ D
10
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z ) Depth of a point
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Y Bulk density of upper layer soil
Yo Bulk density of lower layer soil
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a
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2 . resistance on the assumed failure
planes
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shearing resistance on the assumed
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Sand

sand/L. Sand
Sand/C. Sand
Sand/Clay
Sand/D. Sand

Sand/D. Sand
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Shear

'Represents

stress

Porosity of sand

Compact sand

Dense

Loose

Dense
Dense
Dense

Loose

sand

sand

sand overlying loose sand
sand overlying compact sand
sand overlying clay

sand overlying dense sand

Compact sand overlying dense sand
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ABSTRACT

The bear;ng capacity of shallow foundations under axial
vertical and inclined loads has been investigated for model strip and
circular footings on layered soils. Two main cases have been considered,
first, when the subsoil consists of a strong layer overlying a deep
weak layer, and second, when a weak layer is overlying a deep sﬁrong

layer.

Extensive theoretical and experimental studies have been
found in the avéilable literature on footings unaer vertical loads on
a strong layer overlying a deep weak layer. Except for Meyerhof's theory .
(1974) for the case of footings under vertical loads on a weak layer
overlying a strong layer, no other attempts have been made to develop a
rational solution. Further, there does not appear to be any theoretical
analysis or experimental data reported on footings on layered soils

subjected to inclined loads.

In this investigation, the case of a strong layer overlying a
weak layer was simulated in the laboratory by testing footings on a
dense sand layer overlying loose sand, compact sand, and clay
respectively. In the case of a weak layer overlying a strong layer,
loose sand and compact sand overlying a dense sand were tested res-
pectively. Homogeneous soils used in layer combinations were tested
with the proposed footings under vértical and inclined loads. Results
of these tests were verified according to established theories, and
were used in the analyses of the test results of footings on layered

systems. Further, these results provided an evaluation of the behaviour



xxii
of the test materials.

The wultimate bearing capacity of footings on the mentioned
soil layers was noﬁed to vary between the ultimate bearing capacities
of the homogeneous upper anq lower layers, Increasing the load in-
clination resulted in a decrease in this ultimate bearing capacity.
New approaches for the analysis were developed by extending Meyerhof's
theories (1974). The present test results, test results of other
researchers, and the available data were found to be in reasoﬁable

agreement with proposed theories.

As a concluding part of the study, suitable design procedures
are suggested for predicting.the footing capacity in two layered soils

and further research points on the subject are recommended.



Chapter 1

INTRODUCTION

5 % | General

Foundation problems necessitate two different studies: one
dealing with the ultimate bearing capacity of the soil under the
foundation, the second concerned with the limit of the $oil deformation..
The study of ultimate bearihg capacity has the purpose of determining
the load under which a foundation with given dimensions and depth sinks
indefinitely into the soil; in other words, the study of_the‘foundatioﬂ
failure in shear associated with plastic flow of the soil material
underneath the foundation. The study of the limiting deformatién has
the purpose of determining the load causing éuch deformation of the soilw.
The corresponding total and differential settlements of the structure
should not exceed the limits of the allowable deformation for stability,
ﬁunction and aspects of construction. These are the two indépendént

foundation stability requirements which must be met simultaneously.

The ultimate bearing capacity problem may be solved by two
different approaches: analytical solutions using such techniques as
theory of plastiéity, method of characteristics, and finite element
method, or experimentally by conducting model and full-scale tests.

A rational and satisfactory solution is found only when theoretical
results agree with those obtained experimentaily of from actual field

data.



Analytical and experimental studies pertaining to bearing
capacity of foundations resting on homogéneous soils are extensive
and well documented. However, a literature survey on the subject
showed that a study of the bearing capacity of shallow foundations,
where the subsoil consists of two or more layers of soil having
significéntly different strength and deformation properties and
with the emphasis on experimental research, would lead to results
of interest to practicing foundation engineers. This may be explained
from the fact that soil mechanics is the branch of applied mechanics
which depends on the idealization of material properties, boundary
conditions, loads, etc., for the formulation of theoretical solutions.
However, the requirement of using a suitable stress-strain relationship
for the soil imposes the greatest obstacle for obtaining an exact
solution, especially in the case of iayered soil with different shear
strength properties which do not obey the Mohr—Coulomb failure criterion
and do not fail simultaneously along a given failure surface. Therefore,
the theories put forward depend, to a large extent, on the experimental

results and observed modes of failure.

In addition, it is now generally accepted that the bearing
capacity of a foundation depends not only on the properties of the
soil but also on the dimensions, shape and depth of the foundation, as

well as on the inclination and eccentricity of the foundation load.



1.2 Purpose and Scope

The main objectives of the present investigation are:

a. To review and discuss the existing bearing capacity
theories suggested by various investigators for footings
subjected to axial vértical or inclined loads and
supported on a suﬁsoil having two layers.

b. To develop a siﬁple'and rational procedure
for the use of practicing foundation engineers for
designing footings on.two .layers of soils with
different shear strengths and subjected_to

~axial vertical or inclined loads.

To achieve the ébove objectives, an expérimental program hés been

organizeé especially to give answers to some of the field problems.

The followingbparameters have been considered in the present

investigation.

121 Thickness of the Upper Laver

‘Based on the fact that the influence of fhe lower layer will
be felt by the footing for sméll thicknesses (H) of the upper layer,
the bearing capacity was investigated for a series of increasing
thicknesses of the upper layer, until no further change in the
ultimateiload was observed where the upper layer can theoreticallf
accommodate a classical fajlure for uniform soil. It was assumed
that the thickness of the lower layer would be such that it simﬁlate&
the condition of a deep homogeneous £hick layer. Based on theoretical

considerations and available experimental data (Valsangker; 1977y,



it was concluded that the soil below the footing base should have
a minimum thickness of 4B for clay and 6B for sand, to avoid any

boundary effect from the bottom of the experimental box.

1e2:2 Shape, Size and Fmbedment of Footing

The present investigation was restricted to the basic cases
of strip and circular footings, as they represent the extremes of sﬁapes
for bearing capacity problems. Only footings with rough bases were
considered, - The experiments were conducted on strip and circﬁlar
footings having dimension; of width and diameter . (B) .of two inches
respectively., 1In order to study the variation of the ultimate bearing
capacity with the embedment depth (D) the latter has been varied

to give D/B ratios of 0.0, 0.5 and 1.0,

1.3 Organization of Thesis

A brief literature review of the subject of this thesis
is presented in Chapter 2. The present investigation was basically
experimental and a description of the various types of equipment,
materials, test set-ﬁp and proéedures:are given in Chapter 3.
The test results of strip and circular footings, each under vertical
and inclined loads for the cases of a strong layer overlying a weak
layer and a weak layer overlying a strong layer are summarized in
Chapter 4. Typical load settlement curves are also included. The
-analysis and discussion of results for the two cases stated above
- are preseﬂted in Chaptefs 5 and 6 respeétively. A deéign procedure
is also given for each case in these chapters. Conclusions drawn from

the present study and recommendations for future work are given in



Chapter 7.




Chapter 2

REVIEW OF PREVIOUS WORK

2.1 General

‘The ultimate bearing capacity problem of shallow found-
ations occupies a position of great importance in the field of soil
mechanics. Although~ﬁumerous studies have been reported by researchers,
rational approaches are still neéded for special problems such as
footings on.two-layered soils subjeéted.to axial verticél or inclined

loads.

From the earliest studies on the problem, knowledgé of
this behaviour has led to concentration of interest in 'ultimate'
methods of analysis involving the use of some failure criterion for
the soil. The most commonly used condition is that failure Wiil
occur at a point in a soil mass when the shear stress reaches a limiting
vaiue dependent. on the.narmalnstress (Coulomb, 1776); These solutions 
are usually based on failure surfaces, either assumed or derived from a
hypothetical condition. Solutions of this type have been used to pravide
answers with.aéceptable accuracy ta a great variety of bearing capacity
analyses of homogeneous soils. Considerably less work has been published
on shear failure in two layered soils. These studies are briefly discussed

in this chapter.



2.2 Discussion of Results of Previous Studies

2152 T Footings Subjected to Vertical Loads

A significant contribution in this area is that of the
problem of a two-layered clay which has been well documented by Meyerhof
and Chaplin (1953), Brown (1967), and Brown and Meyerhof (1969). Some
researéh.work.has been .done on two-layered sands with different shear
strengths Gﬂeyerhof-and Valsangkar, 1976) or a sand layer overlying a
clay 1ajer (Commisiong, 1968; Ho, 1973; Meyerhof, 1974). However, the
availahle theories in this area are for vertical loads and.include
assumptions regarding the failure mechanism of nonhomogeneous subsoils.
It is of interest to note tﬁat such theories have resulted in widely

different answers.

The first work of direct interest to the subject were those
of Taylor (1948) followed by Terzaghi and Peck (1948). They considered
the case of footings founded at:er near the surface of a gtrong layer over-
lying a weak layer. The solution was obtained b§ considering mainly the
bearing capacity of the. lower, weaker 1éyer, as if it were a surface
stratum. The upper. layer serves principally to spread the load, and hence |
reduces its intensity on the lower layer. The empiri;al formulae
presented in these analysis for both circﬁlar and strip footings ‘depends
mainly on the assumed load distribution through the upper layer. In fact,
Taylor's solution seems to be conservétive because he ignored the shearing
resistance of the upper layer. 1In othef words, the fact that some rupture
surface must develop in the upper layer if it is to deform with the lower

layer up to failure was ignored.



Tcheng (1956) developed a bearing capacity formula, based.
on test results on a long strip footing supported by a sand layer
;verlying a clay layer. He considered that the footing punches
straight down without any lateral disfribution of load, and he included
the shearing resistance developed on the vertical planes through the

top layer.

Yamaguchdi. (1963)4attempted to improve Taylor's solution (1948)
by consideriné the case of a sand layer resting on a soft clay layer,
agsuming that the ioad spreads with a slope having the ratio of two
vertical to one horizontal from the footing.level through the upper layer
to the upper boundary of the.clay layef. Then he considered a complete
development of bearing capacity of the lower level as a surface stratum.
He extended his solution to take into account the shearing resistance
developed along the vertical pianes in the upper layer at the end of
Prandtl's sliplines. However, his choice of a shear plane was quite_

arbitrary, and it is difficult to establish the accuracy of this approximation.

It is notable that the works of Taylor, Tcheng and faﬁaguchi
were restricted to the case of a firm stratum overlying a soft stratum. In
addition, these methods offer no assistance in assessing the case of the
lower layer being the stronger. In this case the assumption of a 30 degree

load spread is no longer correct.

Recently, Desai and Reese (1970) applied the finite element
analysis technique for circular footings on layered clay with non-

homogeneity and nonlinear stress-strain behaviour. It is of interest



to note that the computed bearing capacity values agreed well with
£he results of earlier researchers (Brown, 1967) with a maximum
difference of 3%. It is hoped that further development of the gbility to
apply this féchnique to the case of.two'sénd'layexs will allow a more |

accurate prediction of compressibility effects.

Myslivec (1971) proposed empirical formulae? based on

* his experimental results of model strip footing tests sn various
combinations of fwo—layered soil. His work may be considered as £he
first attempt to'work on twq sand layérs, as well as‘considgrétion

of the lower layer being the stronger. However, he failed to shew any

~ theoretical evidence for his formulae.

To aid in understanding the layer effect on bearing capacity,
theoretical approaches have been proposed by assuming idealized
conditions (Nagaoka, 1971 and Purshotamraj et al., 1973). The main
difficulty with these solutions is thét they depend mainly on some
simplifying assumptions, which may not be valied in the field.
However, it is of interest to note that a comparison between model
test results (Bazan, 1976 and Sastry, 1976) and theoretical values
proposed by Nagaoka (1971),shows that the theory leads to an over-
estimation of Fhe bearing capacity due to compressibility and othe?

factors.

Meyerhof (1974) presented rational approaches to solve
cases of circular or strip footings resting on subsoils consisting

of two layers.. These cases were dense sand on soft clay and loose
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sand on stiff clay. The theoretical deductions were supported by
experimental results and some field observations. The theory could
be extended with equal validity to combinations of cohesionless layered

materials with different shear strengths.

It is significant that while Taylor and Meyerhof have
extendea their solutions to square éna circular footings, other workers
deal only with long strip footings. However, there does not appear
to be any justifiéation in applying the shape factors used in the bearing

capacity theories of homogeneous soils to the nonhomogeneous case.

3.2.5 Footings Subjected to Inclined Loads

It is often the case that the base of the footing is set
in a foundation material consisting of two layers and the loads on
these footings are frequently a combination of vertical and horizontal
loads resulting in inclined resultant loads. Problems of this type
have not yet been investigated and the available theories for
estimating the ultimate bearing capacity;of footiﬁgs set in homogeneous

’éoils cannot be applied.
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Chapter 3

TEST APPARATUS, PROCEDURE AND MATERIALS

3.1 General

In the study of foundation engineering problems, full scale
field tests are the ideal method for obtaining data. However, practical
difficulties and economic considerations either eliminate or considerably
restrict the field tests' scope. As an alternative to full scale
field tests, carefully conducted model tests may be employed with
advantage. Such model tests can provide useful qualitative and some
quantitative data which could later be supplemented with some field
tests. In addition, there are a number of variables which influence
the behaviour of foundations and these can be isolated and studied in

detail by means of model tests.

Shallow foundations, for example, are usually subjected to
vertical as well as horizontal loads, the resultant of which is an
inclined load with eccentricity acting on the footing base. However,
it is generally accepted in the design of footings under eccentric load
to consider the equivalent footing width (Meyerhof, 1953; Brinch-Hansen,
1970). This case is not included in the present investigation. The
study of such problems, though.quite complicated, can be simplified
by conducting model tests to study the effect of load inclination

separate from eccentricity effects.

In the present investigation, several attempts have been
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made to determine the adaptability of suitable instrumentation to
study the bearing capacity of model strip and circular footings located

in two layers of sand under axial vertical or inclined loads.

3.2 Model Footings for Vertical Loads

The strip and circular model footings for testing under
vertical loads were machined from aluminum sections. 2 thregded hole
in the centre of the footing allowed rigid connection to a loading
ram through which the loads were applied (Figure 3.1). Thé bases of
the footings wére roughened by éementing fine grain sandpaper onto them
using epoxy resin glue. The Qertical sides of the footing were left

smooth.

Two strip footings were used in this investigation. The
first one was a solid aluminum section 2 inches wide by 8 inches long
and 1% inches thick (Figures 3.1 and 3.2).' To minimize friction at
the interface of the footing aﬁd the glass sides of.the testing box, a
'cqt,0.25'inch thick, was made in the fquiné material and replaced Qith
flexible foam. One side of the foam was glued to the footing, while

the other side was covered with polyethylene.

The second footing was also fabricated from an aluminum
section with the shape and dimensions given in Figures 3.3 and 3.4.
The bottom of the footing was 8 inches lon§ (thé same as the inside width
of the test box) to ensure plane strain conditions. The footing base
was divided into three sections, where the_loads were measured from the

middle section to eliminate any increase of the measured loads due to



FIGURE 3.1

MODEL FOOTINGS FOR VERTICAIL, LOADS
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FIGURE 3.3 MODEL STRIP FOOTING FOR VERTICAL LOADS

(3 SECTION FOOTING)
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friction forces between the footings and the box sides. Footing

calibration is given in Appendix ITI.

The model circular footing was an aluminum section with

2 inches diameter and one inch thick (Figure 3.1).

3.3 Model Footings for Inclined Loads

In order to maintain the line of action of the applied
inclined loads at the centre of the footihg base without using fixedi
connections betwéen the loading rod and the footing, a steel ball was
fixed to the footing base with different cones providing angles of

.inclination of 0, 10, 20 and 30 degrees (Figuré 355 s

The model strip footing was built-up of a U section made
from % inch thick aluminum plates with the dimensions shown in
Figures 3.6 and 3.7. Six pressure transducers, 0 to 100 psi range,
were installed to measure the stresses at predetermined locations on
the footing boundary. The transducers were located such that they were
not displaced.nor did they significantly influence the stress. conditions
at the footing‘boundary. The transducer; were connected to a stréss
iﬁdicator through a switch box, as shawn in Figure 3.8. Due to the
limitations of the apparatus and difficulty in placing footings buried
to D/B > 1, only.two transducers in thé footings sides were used in

t

addition to two transducers in the footing bottom.

The model circular footing for inclined loads consisted of

a hollow aluminum cylinder, 5 inches in length and 2 inches in

diameter, with a vertical cut 4% inches long by one inch wide to
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allow angular inclined loading. Both ends of the cylinder were capped
with aluminum discs. The footing base and side were covered by

sandpaper (Figure 3.7).

3.4 Model Test Boxes

Two main boxes were used in this investigation for both
vertical and inclined load tests: rectangular for strip footing tests

and circular for circular footing tests.

Plane~-strain conditions were simulated by using a glass-
sided soil box, similar to that used by Ko (1973) in his investigations.
The basic concept used in the design and construction of the box was
rigidity. The length, width and depth inside the box were 24, 8 énd
20 inches, respectively. Each side wall was constructedvof L inch thick
plate glass. A cross-section through the box is shown in Figure 3.9
and the assembled box is shown in Figure 3.10. The glass walls were
held securely by welded steel grids, each composed of two 1 x 1 x 24
inch steel runners with four % x 1% x 22 inch steel bars used as
vertical spacers at 8 inch centres. 1Inclined steel struts were placed
at each vertical spacer to provide rigidity. The grids were bolted to
the floor plate and turnbuckles were used on all eight of the wvertical
alignment of the glass walls and to provide additional rigidity. To
provide a continuous bearing surface between the top of the grid and
the glass walls, a plaster material was poured between the grid and
the glass and allowed to harden. Four steel rods each % inch diameter
were placed across the top of the box between the vertical spacers to

prevent expansion.
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FIGURE 3.10 MODEL STRIP FOOTING BOX

24



25

The use of plate glass on the long sides of the strip foot-
ing box was based on the fact that the glass would define the inter-
mediate principal stress plane along which soil movements would occur.
The glass was relatively stiff and exhibited negligible friction;
also, it enabled observations of relative movement along the inter-
mediate principal stress plane during the test and inspection of rupture

surfaces after failure.

The horizontal movement of the glass sides was measured at
the mid~-span points. The results showed that at the stress levels
attained, the glass sides were inflexible. The friction between the
sand and the glass sides was measured by means of a_direct shear box
test. In these tests the bottom half of the shear box was packed with
dense sand, while the upper half consisted of a piece of glass attached
to a block of wood, hoth having the same inner dimensions of the shear
box. The results indicated that the angle of friction between the
glass and the dense sand varied from 4.91 to 7.84 degrees for normal
pressures of 9.58 psi and 3.26 psi respectively. Since the stress on
the intermediate principal plane varies through the failure plane both
in the wvertical and horizontal directions, an accurate assessment of
its f;ictional contribution to the ultimate bearing capacity is difficult.
However, if we assume that the stress on the intermediate principal
plane is about half way between the major and minor principal stresses
(Shibata and Karube, 1965), an estimate of the gtress component due

to friction contribution would be small and negligible.
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A steel drum was used for circular footing tests under axial
vertical or inclined loads. The drum measured 19 inches in height and

20 inches in diameter (Figure 3.11).

3.5 Test Set-Up and Procedures

Every effort was made to prevent any vibration or other
disturbances to the sand'duriﬁg the proéess of moving the sand #ox to
the testing machine, in order that the sand density would not be
affected. This was achieved by keeping the sand box at the same level
of the platform of the testing machine during the sand-pouring process,
and by means of rollers the box ﬁas pushed easily and smoothly to the
loading system. This proved to be a relatively satisfactory technique.

This is partiéularly important in-the case of cohesionless soil.

3.5, Vertical Load Tests

In this series of tests a loading frame of a triaxial
compression machine was used. In order.to maintain the load in a
vertical direction during the footing tests, the loading ram was passed
through a lubricated ball bearing guide. Proving rings, each Having
a different sensitivity and maximum capacity, were used to measure
the applied loads. In the case of the three-piece footing tests, the
total load was measured using-a proving ring and the load per cell was
recorded by connecting the load cells to a Solartron Data Acquisition
sy;tem, where the electronic signals were displayed and recorded by
a printer (Figure 3.12). The proviné‘rings and the load célls
(individually and as a group) were calibrated prior to testing using

an Instron Universal Testing Machine. Dial gauges, accurate to
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FIGURE 3.11 MODEL CIRCULAR FOOTING BOX
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0.001 inch, were used to measure vertical displacement.

All tests were conducted at a nqminal rate of feed of 0.01
inch/min. The load readings were recorded at predetermined strain
values which were defined as the ratio (%) of settlement to the footing
Width:or diameter (S/B)% in increments of 8/B = 0.5%Z. Figure 3.13 shgws

. a typical set-up.

Bu52 Inclined Load Tests

For this series of tests a rigid steel reaction frame was
used to support the loading system during the loéding process. The frame
was attached to the floor and a system of bracing was used on all sides
to prevent any member buckling or swaying. The loading system consisted
of a hydraulic jack, 4" travel, figed upside down to the frame, connected
to a priving riug to which was attached a 1/2 inch .diameter steel rod with
a pointed end (Figure 3,14). The pointed end of the steel rod fitted
like a hinge into a .set of cones drilled intO'the'speel.ball fixed to the

footing base (Figure 3.5).

Two types of connections were used between .the proving ring
and the jack. The first type was a rigid connection, which allowed
the rod to transmit to the proviné ring, both axial load and bending
moment. The latter was due to the horizontal displacement of the pointed
end of the rod with the footing causing eccentricity of the éxial load
across the rod cross section. The ﬁoment value being a function of the
rod'length, soil uplift and angle of inclination or the horizontal
moﬁement. This fixed connection was used only in some tests with

the circular footing for comparison purposes. The second type



FIGURE 3.12 SOLARTRON DATA ACQUISITION SYSTEM
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FIGURE 3.13 TYPICAL TEST SET-UP

FOR VERTICAL LOADS
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of connection was a hinged connection, used for both strip and circular
footing tests, made by means of a ball bearing inserted between the
jack and the proving ring (Figure 3.14). The hinged connection proved
to be the ideal connection to test footings subjected to inclined

loads without eccentricity because it provided a hinged condition

which ensured that the rod was subjected only to axial compression.

In fact, most of the field connections would lie between these two

extremes.

The passive earth pressure exerted on the footing side and
the normal stress distribution underneath the footing base were
recorded periodically only for the case of buried strip footing tests
(D/B = 1) by the system of transducers (Figufe 3.6). The transducers
were calibrated inaividually prior to testing by the following method:
each transducer was fixed to a triaxial test apparatus and its wires
were connected to the switch box (with maximum of 10 channels) using
a full bridge connection. The switch box was connected to a stress

indicator box. This connection utilized the actual testing system,

The vertical displacement was measured by means of one dial
gauge in the case of circular footing tests and two dial gauges in
the case of strip footing tests. The gauges were mounted directly on
the footing top. The horizontal displacement was measured for both
circular and strip footing tests by a horizontal dial gauge. Due to
experimental difficulties of testing under the proposed inclination
angles of 10, 20 and 30 degrees, the initial and final angles were

measured (Figure 3.l4.a) and recorded for each test. Approximately
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the same rate of feed as used in the vertical load tests was used in

the inclined load tests. A typical set-up is shown in Fugre 3.15.



FIGURE 3.15 TYPICAL TEST SET-UP FOR INCLINED LOADS
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3.6 Materials

The materials used in this investigation were sand and clay. The
sand. was air+dried, and ;~q®1ﬁpe§éd of "arfg'filar'paft"i‘éies?rénging' in size from
medium to coarse. The clay was'obtaingd from Lantz, Néva Scotia, ‘Canada,

where it.is used in brick manufacturing.
: :

3651 Sand Properties and Placing Technigque

The predominant minerals of this sand were quartz and feldspar.
The grain size aistribution'is ?epresented in Figupe 3.16 which shows a
uniformity coefficient equal to 2.76. The specific gravity of the par-
ticles was found to be 2.64. ILaboratory tests on this sand indicated
maximum and minimum void rétios of 1,010 and 0.395'respectively, corres- .
ponding to maximum and minimum porosities of 0.502 and 0.283 respéctively,.
and an effective size of 0.38 mm. The angle of internal friction ¢ has
beeﬁ determined from both triaxial test results (Sastry, 1976) and shear
box test results (Bazan, 1976). A summary of these results is included

in Appendix I.

In order to assure reproducibility of the sand density thfoughﬁ
out the testing program, it was necessary that a sand placing technique
be developed. After several trials with different methods, a definite
procedure was developed by raining the sand from a certain height to
give uniform and desired density. For the purpose of this investigation,
thelﬁeight of fall versus densitf relationship was established in the
laboratory for the sand used (Figure 3.17). Dense packing was achieved
by raining the sand from a height of 36 inches for each 3-inch layer by

means of a metallic sieve, 18 inches in diameter; compact packing was
\I\_,
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achieved by raining the sand from a height 6f’§Lg;”Qes fér each one inch
layer by means of a funnel with a rubber tube with an end sieve; and
loose packing was obtained by pouring the sand slowly f;om a one-inch
height for each one—incﬂ layer, using the same funnel used for cbtaining

compact sand.- The average dry density, porosity and relative density of

the sand used in this investigation are given in Table 3.1 and Figure 3.18.

Since it was not feasible to check the sand density for every
test, the density was checked after each 10 tests from the ratio of
measured weight to volume of the sand to ensure that it was within the
permitted range which was predetermined earlier. The observed densitiés
were qlose to the values listed in Table 3.1 indicating the suitability
of the filling techniques adopted. It should be pointed out tha£ the
terms "dense", "compact”" and "loose" as described above are used to
distinguish the state of the sand used in this investigation. It is of

interest to note that the corresponding relative densities aéreed well

with the general definition of these terms.

Table 3.1

Properties of the Sands

SEaa Dry Density Porosit§ Relativg Density
Y (pcf) n (%) b,
Dense ) } 104.0 0.369 0.691
Srmpaett Sl 0.420 0.465
Loose ' 87.8 0.467 0.218
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3.6.2 Properties and Placing of the Clay

The clay was obtained from Lantz, Nova Scotia, Canada.
If was classified as an inorganic clay pf'medium plasticity, brown
in colour, and the dominant clay mineral is iilite with quartz and
feldspaf making up the non-clay minerals. -The specific gravity.wag ®
2,74 aﬁd the water content varied from 25% to 30%.The liquid limit,
.plastic limit, and plasticity index were 43%, 23% and 20%, respectively.

The clay, silt and sand fractions were 35%, 64% and 1% respectively.

In this investigation the clay was used as the lower weak
layer where the upper strong layer was dense sand. The consi;tency
of the clay was soft to medium. Since the failure strain of dense
sand is less than of plastic clay, the simultaneous occurrence of
shearing failure can hardly take place, rendering interpretation of the
pressure at the lower clay layer surfacé at the point of the upper

dense sand failure rather difficult and questionable.

Based on the study made on this clay (Kwaku, 1964; Brown,"
1967), treatment of the cla§ with'hydratéd lime can reduce the
plasticity index and decrease the deformation and volume change; in
other words, étabilized specimens failed at low strain..4Also, thé
shear strength increases with increasing lime content. In the present
investigation 3% lime of fhe dry weight of the clay was added and a

period 3 to 5 days was allowed for curing.

. A Simpson ‘Porto-Muller' mixer which stirred and kneaded

the clay thoroughly was utilized to produce a uniform mix. Before
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mixing, the initial water content of the stored raw clay was determined
and the amount of the clay to be used was weighed, thus the requiréd
amount of lime ;nd water were estimated to bring the mix up to 52%

water content, taking into consideration the amount éf water loss during
the mixing and curing period. A 52% water content was chosen as giving .
the softest clay that'could be conveniently worked in the mixer and.

suitable for packing the footing boxes.

The mixed clay was placed in the festing box by tamping
molded balls in la&ers of about 2 inches thickness. Each layer was
compacted (two cycles per layer) by means of a tamper with rectangular
base of 1% width and 8 incﬁes length. The inside and seams of the
footing test box Qere sealed with petroleum jelly to prevent loss of
water and adhesion of the clay that was in contact with the ng. After
packing, the surface was covered with a double laygr of saran wrap ;nd
the box waé stored for curing. The procedure was determined in advance
in order to maintain the clay strength within a limited range for all
footing tests. The specific gravity of £he mixed clay was 2.76, the
bulk density as obtained in all tests varied 104.7 and 108.4 lb/ft?,
with water content of 48.9% and 56% respectively. .The degree of

saturation varied between 97.9% and 98.9%.

Since 98% saturation was achieved, the clay may be treated
as fully saturated (Bishop, 1966); which meant that the shear strength
was independent of the confining pressure, and the ¢ = 0 concept applied

to the analyses of results. Therefore, the shear strength was measured
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by conducting unconfined compression tests on a sample 3 inches long

and 1.5 inches diameter, trimmed from a block of clay cut from the

box immediately after each footing test. At least two vertically-
trimmed test samples were obtained for each footing test. The uncon-
fined tests were conducted at a ceonstant rate of 0.06 inch/min. The

load waé applied through a proving ring sensitive to 0.23 1b/division

and deformations were measured to the nearest 0.001 inch. Typical
stress-strain curves for the unconfined compression tests are illustrated

in Figure 3.19.
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CHAPTER 4

‘TEST ' RESULTS

4.1 Scope

The testing program was ' conducted on different groups in
whigh.the effecté,of similar variables were studied. A testing
schedule was selected for each group, such that each test would have a.
éefinite combination of the group variables (H and D in verticai load
teéts, and H, D and 0 in inclined load tests, see Figure 4.1) while
the strengths of the upper and lower layers were kept constént.' Each
group was subdivided into a series of tests. In each series only one
factor was varied in or@er to study its influence on the ultimate bearing
capacity of the footing, while the other variables were kept constant., A
summary of these groups is given in Tables 4.1.a and 4.1.b for verticél _

and inclined load tests respectively.

In this investigation, the depth of footing base from the soil
interface (h) was varied from a minimum value of zero (footing at the
interféce) up to a maximum value, at which the influence of the lower
layer was believea to be ingignificant. The footing depth‘(D) in the
.upper layer was selected to give D/B ratios of 0, 0.5 and 1.0. The first
of these ratios (D/B = 0) was used to study the effect of the upper
layer aepth; the other two ratios indicated the influence of .surcharge
strength on the ultimate bearing capacity. The inclination'aﬁgle o was
varied within the range of b to 30 degrees, this range may be of interest

to practicing engineers.
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Tests on footings under vertical loads were conducted in
eight groups, designated A through H. In group A tests were performed
in homogeneous soils which were later used in tests on layered systems.
Groups B through H tests were performed on two-layered soils. In these
groups the total load carried by the footing and its settlement were
recorded for each test. The details of these groups (A to H) are
presented in Tables 4.l.a and the corresponding ;esults are given in

Tables 4.2 to 4.9.

Tests on footings under inclined loads were conducted in five
groups, designated I through M. Group I was for footing tests in homo-
geneous soils, and groups J through M were for footings in layered soils.
In these groups, similar data were recorded as in the cases of footings
under vertical loads; in addition, in the case of buried strip footing
tests with D/B ratio equal to 1.0, the normal pressure on the footing
base and the passive pressure on its side were measured by means of
transducers Nos. 1, 2 and 3, 4 respectively. Also for inclined load tests,
thé initial and final inclination angles and the horizontal displacement
of a point 6 inches above the footing base (strip and circular) were
recorded. The details of these groups (I to M) are presented in Table

4.1.b and the corresponding results are given in Tables 4.10 through 4.14.

Whenever possible, an attempt was made to record the slip lines,
and the deformation of the interface between the two layers by tracing

from the glass face of the strip footing box, or by taking photographs

at the end of each test.




Table 4.1l.a

Summary of The Experimental Programme

For Footings Under Vertical Loads

47

g Results
Noup Type of Footing Description Table No.
A strip D. Sand 4.2
circle D. Sand
1]
strip L. Sand e
2 u
o
circle L. Sand & 5
g @
strip C. Sand o
strip Clay
B strip D. Sand/L. Sand 48
“
)
C strip D. Sand/C. Sand ol 4.4
212
D - strip D. Sand/Clay > : 4.5
o
S|
E circle D. Sand/L. Sand & 12 4.6
)
F strip L. Sand/D. Sand e 4.7
> |3
G strip C. Sand/D. Sand 3 oo 4.8
H circle L. Sand/D. Sand Q|8 4.9




48

Table 4.1.b
Summary of the Experimental Programme

For Footings Under Inclined Loads

Group Type of Footing Description RESH152
No. Table No.
1 strip D. Sand A 4.10

o
o
strip L. Sand i
[42]
2
strip Clay o
5
circle D. Sand 4
5
circle L. Sand =
Ll
)
J strip D. Sand/L. Sand | o | &l  4.11
ik
K circle D. Sand/L. Sand SRl bell
wAalo
=
-
)
L strip L. Sand/D. Sand Es’ w0 4.13
~ |89
M circle L. Sand/D. Sand g |5 x 4.14
= 3
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Arrangements were made for taking time exposure photographs
(2 minutes) of the strip footing box side for different sand layer
combin&tions. The sand used for this purpose was the same sand used
in the present investigation, 50% of this sand was coloured with
éreen food colouring dye. These photographs wére useful in under=
standing the sand motion beneath the footing. Some of these are in-

cluded in Chapters 5 and 6.

4.2 Ultimate Bearing Capacity - (Failure Load)

"The failure load is defined as the ultimate value of the
average contact pressure, or load intensity transmitted by the footing

base to the soil causing the soil mass to rupture or to fail in shear.

The failure load is usually determined from load-settlement
curves similar in shape to a stress-strain curve. The shape of the
load-settlement curve and éonsequently the mode of failure generally
depends on the size and .shape of the footing, the-compositioh of the
supporting soils, and character, rate and frequency of the loading.
In addition, in tﬁe case of footings on two-layered soils, the mode
of failure is influenced by the shear strength of the uéper and lower
1ayérs, location of the weaker layer and upper'layer thickness below
the footing base. The three principal modes of shear failure under
foundations have been described in thé literature as general, local
and punching shear failures (Caquot, 1934, Buisman, 1935, Terzaghi,

1943, DeBeer and Vesic, 1958 and Vesic, l9§3a).
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General shear failure is characterized by the existence of a
well-defined failure pattern. Under stress-controlled conditions,
footing failgre is sudden and catastrophic, and in strain-controlled
conditions, a'visible decrease of load necessary to produce footing
movement after failure may be observed. 1In this case, the strain prior
to failure is relatively small and the load settiement curve exhibits

a peak load which is defined as the ultimate bearing capacity.

In contrast with general shear failure, punching shear failure
is characterized by a failure pattern which is not easy to observe.
As the load increases, the footing sinks gradually. Continued pene-
tration of the footing is made bossible by ver£ical shear around the
footing éerimeter and there is practically no movement of the soil on
the sides of the footing. in this case, the strain prior to failure is
relatively large and the load—settlement curve does'not exhibit a peak
load. Finally, local shear failure truly represents a transitional
mode.. It retains some characteristics of both general and punching mode

" of failure. o ‘ < \

In the case of general shear failure, there is no difficulty
in determining the failure point, whereas for local and punching shear
" failures, it becomes less clearly defined and ié often difficult to
establish. In the latter cases, £he ultimate load is selected arbitrarily,
and different methods for selecting the ultimate'load have been
‘published, bésed on the author's expérience. Terzaghi (1943) defined

the ultimate load in these modes of failure as the point where the

load settlement curve becomes relatively steep and straight. Brinch
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Hansen (1963) has defined the failure point as the stress, for which

the strain is twice the strain at a 10% smaller stress. Vesic (1963)
defined the failure point as the point where the slope of the load-
settlement curve first reaches zero or a steady, minimum value.
Christiaens (DeBeer, 1967) found, by plotting the settlement against

the load on a log-log scale, that the diagram consisted of an upper
curved part and a lower part which is a straight line. The intersection
of these two lines is considered as the rupture point. DeBeer (1970)
reported that Christiaens' method was in close agreement with the

criterion defined by Brinch Hansen.

In the present investigation both Terzaghi and Christiaehs'
criteria were used extensively to determine the failure point in cases
of local and punching shear failure of footings. However, from a
practical point of view, it may be preferrable to establish some
other criterion, such as critical settlement. Such a criterion is
- no doubt justified by the basic philosophy of foundation design, which
considers excessive settlement as failure of the foundation. It is
of interest to note that in the present investigation the magnitude
of settlement of surface footings on loose sand based on the previous

criterion to mobilize the ultimate load is 30% of the footing width;

in the case of the same footing on dense sand, the settlement was 9%.
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4.3 Typical Test Results

In this section typical results of loading tests on footings
are illustrated by load-settlement curves. Representative curves from
each group are given in Figures 4.2 to 4.14 to show the general trend
of the test groups. The failure loads for individual tests in each
group and the observed settlement at failure are given in Tables 4.2

to 4.14.

Based on the observations in footing tests and from Figures
4,2 to 4.14, distinct features were observed and the salient trends
were drawn for all test groups, which are summarized in the following

jtems.

(i) For all footings in homogeneous and layered soils, the
settlement at failure decreased with increasing load
inclination, 0. Also the settlement at failure for the strip

footing was slightly higher than for the circular footing.

(ii) For footings in a strong layer overlying a weak layer under
vertical loads, the load settlement curves were found to
possess a peak value at higher h/B ratios where the mode
of failure was general shear. The degree of curvature of
the load settlement curves decreased with a decrease of the
h/B ratio while the mode of failure changed to local shear
failure.

For footings in a weak layer overlying a strong layer

under vertical loads, for high h/B ratios the load-~settlement



(iii)
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curves did not exhibit a peak load and the mode of failure
was local shear. The degree of curvature of the load-
settlement curve increased with decreasing h/B ratio, where

a peak load could be found.

For footings under inclined loads in homogeneous or layered
soils, whenever the mode of failure was defined by general
shear, the failure was usually accompanied by continuous
footing sliding. On the other hand in cases of local shear
failure, failure was accompanied by footing rotation. These
observations and by means of dial gauge and transducer
readings (see Chapter 3) provided the criteria for determining
the failure load of footings under inclined loads. It should
be noted that the method of evaluating the failure load varied
with the general behaviour of the layered system, the h/B

ratio, and the inclination angle, .
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Table 4.2
Group A

Test Results: Footings in Homogeneous Soils Under Vertical Loads

Type of Type of Test Footing Depth D | Ultimate Load |Settlement
Footing Soil No. Footing Width B q, (psi) at Failure
(S/B)%
Strip D.Sand 1 0.0 . 34.32 9.0
¢ = 47.7 2 . 0.5 a47.77 14.0
3 1.0 59.59 15.5
Circular {D.Sand 4 0.0 : 15.66 8.0
5 i 0..5 27.10 10.0°
6 1.0 40.42 12.0
Strip L.Sand 7 0.0 . ) 2.60 30.0
¢ = 34,0 8 0:5 3351 31.0
9 5.8 4.47 32.5
Circular |L.Sand | 10 0.0 ' 2.21 25.0
11 0.5 3.16 26.5
12 1.0 4.06 29.0
Strip C.sand | 13 0.0 - ' 13135 14.5
6 = az.a| 14 0.5 16.42 16.0
15 1.0 20.67 18.0
5 *
Strip Clay 16 0.0 14.76 16.5

* .
Undrained shear strength Cu = 2.77 psi




Test Results:

Table 4.3

Group B
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Strip Footing in Dense Sand* Overlying

Loose Sand Under Vertical Loads**

Series Test| H D h Ultimate Settlement Footing
- No. No. . B B B Load At Failure Location
(psi) (8/B)%
i\ 17 {o.25 | ‘0.8 (025 2.93 30.0
18 {0.5 | 0.0 lo.5 1,69 28.0
1[4}
19 1.0 | 0.0 1.0 5.32 26.0 E
(@]
20 f2.0 g0 |2.0 10.55 24.5 2
La]
21 {3.0 0.0 {3.0 17.54 21.5 é
22 (4.5 0.0 |4.5 33.61 17.0 2
23 |5.0 0.0 |5.0 34.50 16.0
2 24 {0.5 0.5 |0.0 4.06 31.0
25 |1.0 0.5 |0.5 5.26 28.5
se. 1.8 | 9.8 15.0- 4 ma.A 26.0
57 145 0.5 |3.0 2466 - 24.5
28 |5.0 0.5-14.5 44.01 20.5 o
. 3
29 15.5 0.5 |5.0 46.97 19.0 g
) O
=3}
3 30 1.0 1.0 |o0.0 5.02 33,5 g
31 1.5 ] 1.0 {ous 7.02 31,5 R
37:15.5 1.0 418 14.48 28.0 s
33 4.0 1.0 |3.0 31.85 31.0
34 |5.5 1.0 {4.5 56.82 - 24.0
35 |80 1.0 |5.0 59.82 23.0
.* = o * % = o
¢l 47.7 ¢2 34.0
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Table 4.4
Group C
Test Results: Surface Strip Footing on Dense Sand*

Overlying Compact Sand Under Vertical Loads**

Test H h Ultimate Load Settlement at
Yo. B B qa, (psi) Failure (S/B) %
36 0.5 ~ | 0.5 16.12 . 14.0
.37 1.0 1.0 - 22.67 13.0
38 % L 1.5 30.48 " 12.0
39 . 2.0 2.0 33.95 11.5

O
* ¢l— 47.7.0
*% ¢2= 42.4




Table 4.5

Group D

Test Results: Surface Strip Footing on

Dense Sand Overlying Clay Under Vertical Loads

57

Test H h Ultimate Load % Settlement At C (clay)
No. B B (psi) Failure (S/B) % (psi)
40 3 1 8.28 18 1.28
41 1 1 11.90 16 1.80
42 2 2 | 29.01 13 3.09

. o
* ¢.=47.7
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Table 4.6

Group E
Test Results: Circular Footing in Dense Sand¥*

Overlying Loose Sand Under. Vertical Loads**

Series Test H é_ h Ultimate Séttlement éooting
No. No. B B B Load g At Failure Location
(psi)™  (s/B)3
1 43 | 0.5 | 0.0 | 0.5 3.77 . 20.5 %
44 1655 0) 0.0 : 1:0 6.98 170 g-
45 1.75 | 0.0 1.75 | 14.30 14.0 3
46 2.0 0.0 2.0 15.86 13.5 %
0
2 47 ||| 8.5 {048 | ©-8 4.12 25.5
48 | 1.0 | 0.5 |0.5 | 6.13 23,5
49 2.0 0.5 1.5 17.49 18.0 &
56 3.5 0.5 | 2.0 | 25.18 16.5 g
51 3.0 0.5 2.5 26.78 15.0 -
3 52 1.0 1.0 0.0 6.05 26.5 =
53 3.0 1.0 L0 15.24 - 23.0 g
54 2.5 1:0 1.5 23.95 '22.0 )
55 3.0 Tl 2.0 34.16 21.5
56 3.5 1.0 2.5. | 40.64 | 18.0

* ¢y=47.7°

o
** ¢,= 34.0
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~Table 4.7
Group F
Test Results: Strip Footing in Loose Sand*

Overlying Dense Sand Under Vertical Loads*#*

Series Tegt H é. h Ultimate Settlement Footing
No. No. B B B Load q At Failure Location
(psi)’ ( s/B)%
1 - 57 0.25 {0.0° | 0.25 | 22.13 |- 13.5 o
58 0.5 0.0 | 0.5 15.10 168 - g
) 50 | 0.5 |0.0] 0.5 15.77 18.0 2
60 .| 1.0 |0.0 | 1.0 5.59 27.0 §
61 2.0 o;o: 2.0 267 30.0 %
2 62 0.5 |0.5 | 0.0 45.54 15.0
63 | 0.5 |0.5] 0.0 45.02 15.0
64 1.0 o.5- 6.5 3,18 170
65 1.5 V0.5 | 1.0 10.19 - 24.5
66 | 2.0 |o.5] 1.5 . 5.57 29.0 %
67 2.5 (0.5 | 2.0 © 36T, 30.0 §
3 | 88 | 1.0 {1.0] 0.0 57.10 16.0 g
69 | 1.5 |1.0 | 0.5 31.68 19.0 A
70 2-8 i85 2.8 16.23 29.0
71 2.5 10 1.5 8.30  30.0
72 3.0 1.0 ] 2.0 a.85 | 31.0
‘ (o]
= 8 3§'O

* = 439"




Table 4.8

Group G

Test Results: Strip Fboting In Compact Sand

Overlying Dense  Sand Under Vertical Loads

60

Series | Test E_ D h Ultimate Settlement Footing
No. No. | B B - B Load At Failure | Location
- q_ (psi) (S/B) %
1; 73 0.5 0.0 0.5 25.40 11.0
B O
‘ O =
74 1.0 0.0 1.0 17.53 1225 g =
: 5 8
75 1.5 0.0 | 1.5 12.31 13.5 L
2 76 0.5 0.5 0.0 46.48 13.5
77 1.6 {lo.53 |85 ] 85,11 ' 14.5 o
- H
£
78 2.0 0.5 ] 5 19.74 16.0 8
' R
o
3 79 1.0 1.0 } 0.0 58.23 16.0 =
0
: B
80 2.0 1.0 1.0 30.51 T 5. M
gl [2.5 | 1.0 |1.5 26.35 18.5
82 355 1.0 235 21.33 19.0
o
: = 42.4
L) 2.4
6. = 47.7°
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Table 4.9
Group H
Test Results: Circular Footing in Loose Sand

Overlying Dense Sand Under Vertical Loads

Series | Test H D h Ultimate | Settlement | Footing
No. No. B B B Load . At Failure | Location
q, (psi) (s/B) %
: O]
1 83- | 0.25] 0.0 |0.25| 10.72 . 18.0 Z
. _ B4
. : : Q -
84 | 0.5 |0.0 | o0.5 7.43 20.5 o
85 | 1.0 | 0.0 [1.0 | '3.48 22.5 M
; i ; . &
86 ' { 2.0 |o.0 } 2.0 2.39 24.0 E
" . . . m
2 87 0.5.10.5 | 0.0 22.74 10.0
88 .| 1.0 | 0.5 | 0.5 | 12.49 | 16.0 S
. 2 H
. - B
89 .| 1.5 | 0.5 | 1.0 6.97 19.0 Q
. By
3 90 1.0 {1.0 | 0.0 32.50 10.0 a
-
A
- 1.0 {10 | 0.0 32.81 - 11.0 2
91 1.5 ] 1.0 | 0.5 17.75 16.5
92 2.0 ti1.0 | 1.D 11.02 ' 24.5
) (o]
¢1 = 34,0
o = a47.7°
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Table 4.10.a

Group I

Test Results: Strip Footing In Homogeneous Dense Sand Under

Inclined Loads

Series Test D Inclination Angle O o (S/B)%
No. No. B Initial Final (psi)
Co (degrees) | (degrees) | ~~
1 93 0.0 0.0 0.0 . 35,21 9.5
94 0.0 4 8.5 9.0 18.50 8.0
95 0.0 13.0 14.0 13.85 6.5
96 0.0 20.0 21.0 7.45 55
97 0.0 24,6 25.7 5,47 3.0
98 0.0 '29.5 30.6 3.20 2.5
) . 99 0.5 9.5 ~10.0 29.11 8.5
100 0.5 16.0 16.6 19.65 6.0
101 0.5 20.0 20.5 15.48 5.5
102 0.5 28.5 29.3 S 9.47 | 4.0
3 | 103 1.0 9.5 10.5 40.74 9.0
104 1.0 17.0 18.0. | 29.00 8.0
105 1.0 20.0 21.1 24.80 7.5
106 | 1.0 25.4- 25.%6 20.27 | 5.5
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Table 4.10.b
Group I

Test Results: Strip Footing In Homogeneous Loose Sand Under

Inclined Loads

Series Test P Inc%i?ation‘A?gle o qu(psi) (s/B)%
e i : (dogrecs) | (Gsgrees)

1 107 0.0 9.0 10.0 1.24 |27.0

108 | 0.0 24.6 25.8 0.32 |19.0

2 109 0.5 10.0 11.1 1.61 |27.5

110 0.5 18.0 19.3 0.89 |23.0

3 111 1.0 9.0 10.1 2.55 {29.0

112 1.0 2000 | 212 1.15 {22.5

113 1.0 27.0 28.4 0.56 |18.0
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Table 4.10.c

Group I

Test Results: Surface Strip Footing In Homogeneous Clay

Under Inclined Loads

Series] Test Inclination Angle O C Ultimate Settlement At
No. No. Initial Final - u' Load g Failure (S/B)%
. (psi) (psi)®
(degrees)| (degrees) ML

1 114 0.0 '0.0 3.75 20.30 155

115 8.9 9.8 3.95 16.82 11.5

116 . 20.0 21,1 3.82 11.70 8.0‘

117 29.0 30.4 3.56 T:25: . 5:5
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Table 4.10.d

Group 1
Test Results: Circular Footing In Homogeneous Dense Sand Under

Inclined Loads

Series Test i iiitiﬁitioé A;zizla qu(psi) (s/B)%
No. No. B (degrees) (degrees)
1 118 0.0 0.0 0.0 16.46 9.0
119 .| 0.0 8.0 8.6 9.81 8.0
120 0.0 11.0 12.0 7.70 74
121 0.0 24.0 25.0 3.70 5
122 | 0.0 29.5 30.5 2.26 B
2 123 0.5 9.6 10.1 19.49 9.5
124 0.5 18.0 18.5 14.21 6.0
125 0.5 -| 26.0 26.7 5.81 3.0
3 126 1.0 9.7 | 10.0 3211 | 1.0
127 1.0 20.0 20.7 24,44 8.0
128 1.0 98,3 29.2 197 5.5




Table 4.10.e
Group I
Test Results: Circular Footing In Homogeneous Loose Sand Under

Inclined Loads

66

S;ries Test D Inclination Angle Q. qu__' (S/B)%

o. No. B A £ 5

Initial Final (psi)
(degrees) (degrees)

1 - 129 0.0 10.3 191 1.29 20.5
130 0.0 19.2 0.2 0.51 - 16.5
131 0.0 29.0 30.1 0.22 10.0
2 132 0.5 9.8 10.5 1.95 22.0
133 0.5 19.5 20.4 " 0.99 18.5
3 134 1.0 Bel - 9.6 | 2.83 - 23.5
135 T, B dB.E - 21.0 1.44 19.5
136 1.0 -} 29.4 30.5 0.86 13.0




Test Results:

Table 4.11

" Group J

Strip Footing in Dense Sand

Overlying Loose Sand Under Inclined Loads

67

Series| Test| H D EJ.A.Inclinatipn Angle O | Ultimate| Settlement at
No. No. B B B Tnitial Final Loag ; 29 Failure (S/B)%
(degrees) | (degrees) {psi)
2 137 1ice ku.0la.n 8.0 9.3 3.44 18.0
138 | 1.0 (0.0 {1.0 19.4 20.8 1.70 12.5
139 { 1.0 {0.0 {1.0 29.1 30.7 1.10 10.5
140 | 2.0 [0.0|2.0] 10.0 11.2 6.81 13.0
‘141 2.0 {0.0 | 2.0 17.5 19.0 4.15 10.5
142 | 2.0 0.0 |2.0 23.0 24.5 2.82 7.5
143 | 3.0 |0.0 |3.0 (o o) 12.0 10.23 10.0
144 | 3.0 |0.0 |3.0 18.0 19.2 7.51 8.5
145 | 3.0 |0.0 3;0 27.5 28.8 3.10 5.5
146 |5.0 [0.0 |5.0 | 10.0 10.8 16.11 7.5
147 | 5.0 [0.0 |5.0 1B 19.2 9.02 4.0
¥ 148 {0.5 {0.5 |0.0 | 10.0 10.9 2.10 27.0
149 | 0.5 |0.5 |0.0 19.8 20.9 1.00 24.0
150 {0.5 |0.5 |0.0 30.0 - 31.3 0.44 16.5
151 [2.5 {0.5 |2.0 9.6 10.5 9.55 16.5
152 | 2.5 {0.5 [2.0 20.0 21.0 6.13 12.6
153 [2.5 {0.5 |2.0 | 20.7 30.9 4.33 9.0
154 |3.5 {0.5 |3.0 0.0 0.0 25.10 23.5
155 |3.5 |0.5 [3.0 10,1 13.3 15.81 14.5
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Table 4.11 (cont'd)
Group J
Test Results: Strip Footing in Dense Sand

Overlying Loose Sand Under Inclined Loads

Series | Test " D h Inclinati;)n Angle 0 | Ultimate | Settlement
No. No. B B B Initial Final Load g at Failure
(degrees) | (degrees) (psi)” (s/B)7
2. 156 335 105 |30 200.5 2.5+ 10.75 10.5
157 3.5 10.5 §:3:0 29,5 30.8 17.84 8.0
158 | 5.5 {0.5]5.0] ~ 12.0 ;- e 25.11 7.0
3 159 1.0 1.0 070 Ll 5 12,56 .2.22 28.0

160 1.0 {1.0 0.0 20.0 . 2La3 1.39 25.0
16l 1.0 {1.0}0.0 28.5 29.9 0.97 18.0
i62 2.5 11.0 1.5. 12.0 12.6 :8.70 22.0
163 | 2.5 ]1.0}1.5 18.0 18.8 6.76 R 7 5
164 25 10025 29.0 _ 30.0 3.49 1225
165 4.0 1.0 | 3.0 10.5 .11.2 " 20.42 éO.S
166 . 4.0 {1.0{3.0] 16.6 17.3 16.77 - 17.0
167 4.0 11.01 3.0 30.0 ' 31.0 10.20 11.5
168 5.0 1.0 4.0 9.6 - 10.1 | 32.10 i Ao
169 5.0 {1.0 .4.0 20.0 - 20.8 ' 21.45 13f5
170 | 5.0 |1.0] 4.0 29.2 30.3 15.71 9.5

¢, = 47.7°

o

34 .0

e
N
I
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Table 4.12
‘Group K

Test Results: Circular Footing In Dense Sand

Overlying Loose Sand Under Inclined Loads

Series | Test H D h Inclination Angle of Ultimate|Settlement
No. No. B B B Initial Final | Load q |At Failure
(degrees) | (degrees) (psi)u ( S/B)%
1 171 1.0 {0.0)1.0 9.9 10.6 4.89 12.5
172 | 1.0o0.0|1.0 20.0 20.8 2759 : 8.5
173 1.0 (0.0 12.0 29.5 30.5 1.70 4.0
174 2,0 0b 2.0 10.0 10.6 9.10 8.0
175 2.0 (0.0 (2.0 19.7 20.4 - 4.52 ) 1Bl
176 2.0 {0.0] 2.0 28.9 29.8 2.25 2.5
2 7% | o5& (0.8 {0 8.7 10.4 3.01 21.0
178 | 0.5 (0.510.0 20.0 26.9 1.85 © 16.5
179 0.5 {0.5 | 0.0 29.0 ° 30.1 0.96 13.5
180 1.5 0.5 1.0 10.0 10.6 7.88 155
181 1.5 0.5 |1.0 19.5 20.3 5.62 - 12.5
182 18 0.5 |1.6 29.5 30.5 3.90 8.0
183 2.0 [0.5 |1.5 | 9.6 | 10.2 12.76 13.0
184 | 2.0 {0.5 |1.5 20.0 20.7 9.11 8.0
185 2.0 0;5 1.5 29.7 ' 30.7 6.49 5.5
186 2.5 (0.5 |2.0 10.1 10.7 17.55 10.5
187 2.5 (0.5 |2.0 19.5 = 3 12.48 6.0
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Table 4.12 (continued)
Group K
Test Results: Circular Footing in Dense Sand

Overlying Loose Sand Under Inclined TLoads

ééries Test H D h Inclination Angle d Ultimate | Séttlement
No. No. B B B Initial Final - Load At Failure

(degrees) (degrees) 9, (psi) (s/B)=%

3 188 | 1.0 |1.0} 0.0 9.4 . | 10.1 4.74 23.5

189 | 1.0 {1.0{ 0.0 19.5 20.6 3.32 18.5

190 | 1.0 [1.0]0.0 28.9 30.1 1.85 14.5

191 | 2.0 |1.0]1.0° g1 10.7 11.36 17.5

192 | 2.0 |1.0]1.0 20.0 | 20.9 8.27 135

193 [2.0 j1.07f 1.0 29.3 130.3 6.19 9.5

194 | 2.5 [1.0] 1.5 10.0 10.6 18.01 15.0

195 | 2.5 {1.0]1.5 19.7 1 20.6 | 13.39 3.8

196 | 2.5 [1.0]1.5 28.5 29.4 10.20 7.5

157 | 3.8 Jl:0}.2.8 10.8. 10.6 25.94 | 13.0

198 | 3.0 {1.0] 2.0 20.17A 20.9 19.68 | 9.5

199 | 3.0 (1.0} 2.0 29.5 30.5 14.50 6.0

200 ] 3.5 1.0' il 16.1 16.9 28.51 "~ 9.5

201 | 3.5 {1.0] 2.5 24.5 25.5 19.80 78




Test Results:

Table 4.13

Group L

Strip Footing in Loose Sand Overlying

Dense Sand Under Inclined Loads

71

Series Test H - D h ;ngiégzté?n S vt Settl?ment
No. Yo. T 'E', B — - T Load.qu At Failure
, initial Joal (psi) (S/B)%
(degrees|) grees)
1 202 | 0.5 0.0 0.5 9.0 9.7 9.36 13.0
203 | 0.5 0.0 0.5 20.1| 20.9 3.51 9.0
200 | 0.5 00§ . DS 29.0| 30.0 1,43 5.5
205 | 1.0 0.0 1.0 10.0| 10.8 2.49 22.0
206 | 1.0 0.0 1.0 19.3| 20.1 1.35 16.0
207 | 1.0 0.0 1.0 28.7| 29.8 0.76 9.5
3 208 | 0.5 0.5 0.0 9.1| 9.7 | 26.01 8.0
209 | 0.5 0.5 0.0 19.6 | 20.2 | 12.16 5.0
210 | 0.5 0.5 0.0 | 20.5 30.5 4.37 3.5
211 | 1.0 0.5 0.5 9.9 10.5 | 14.42 12.5
212 | 1.0 0.5 0.5 20.0 | 20.7 6.50 9.5
213 | 1.0 0.5 0.5 29.2 | 30.1 3.00 7.5
214 | 1.5 0.5 1.0 10.1 | 10.9 6.22 18.5
215 | 1.5 0.5 1.0 19.4 | 20.3 3.48 | 14.0
216 1.3 0.5 1.0 29.6 | 30.6 1.38 10.5
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Table 4.13 (cont'd)
Group L
Test Results: Strip Footing in Loose Sand Overlying

Dense Sand Under Inclined Loads

Inclination
Series Test H D h Angle O Ultimate Settlement
No. NOo.. B B B initial |final Load qu At Pailure
(de— 1 o
(degrees) grees) (Psl) (S/B)o ] -
3 . 217 1:0° 1.0 0.0 9.8 10.5 31.4¢6 9.0
218 1510 1.0 0.0 20.2 21.0 15.39 G5
219 1.0 1.0 . 0.0 30.0 31.0 .6.40 3.5
220 135 1.0 @5 10.0 10.7 18,25 - 14.5
220 Iu8 1.0 0.5 19.8 | 20.6 9.61 10.0
222 1.5 1.0 0.5 29.7 30.7 4.74 7.0
223 2:50 1.0‘ 1.0 9.1 10.0 9.38 . 22.5
224 2 .0 1@ 1.0 19.7 20.6 5.52 16.0
225 2.0 1.0 1.0 28.5- 29.6 2.84 Al 5
o
= 34,0
<,)1
6. = a7.7°
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Table 4.14
Group M
Test Results: Circular Footing In Loose Sand

Overlying Dense.Sand.Under Inclined Loads

éeries 'i’est H p_- .1_1_ I.nclination Angle O iJltimate ‘Settlement
No. No. B B B Initial Final Load gq At Failure
(_d_egr'ees),' (degrees) (psi)" (s/B)%
1 226 i 0.5}0.0]0.5 9.9 10.7 4.31 16.5
| 227 | 0.5]0.0 o;s 19.0 20.0 - | 2.52 13.5
228 | 0.5]0.0{0.5 29.6 30.7 | 1.40 .6.01 '
2 229 | 0.5]0.50.0 9.6 . 0.2 | 15.44 . es
230 0.5]0.5]0.0 19.6 20.4 10.76 6;0
231 | 0.5[0.5]0.0 29.5 30.5 6.23 2.5
232 1.0]0.5{0.5 10.0 10.7 8.98 - 13.0
233 | 1.0{0.5{0.5 19.9 20.8 '6.30 "~ 10.5
234 | 1.0(0.5]0.5 30.0 - 3L 4.11 8.5
235 | 1.5}0.5 /1.0 8.9 9.6 5.08 16.0
23 | 1.5]0.5[1.0 | 20.0 20.9 | 3.35 4.0
237 1.5]0.5}1.0 28.8 29.9 2.26 10.0
3 238 | 1.0{1.0|0.0 9.8 10.4 22.65 10.0
239 | 1.0|1.0 0.0 | 20.1 20.9 | 16.19 8.0
240 | 1.0]1.0 |0.0 28.9 30.0 10.36- 5.0
241 | 1.5|1.0 |0.5 9.9 10.6 | 13,77 14.0
242 15010405 20.0 20.7 10.02 | 10.5
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Table 4.14 (cont'd)
Group M
Test Results: Circular Footing in Loose Sand Overlying .

Dense Sand Under Inclined Loads

Series | Test H D h Inclination Angle O | Ultimate | Settlement
No. No. & B B Initial Final 1oad'qu At Fai;ure
(degrees) | (degrees) (psi) (s/B)%
3 243 1.5 1.0 0.5 22.6 30.7 6.98 T
244 12.0 [1.0}1.0 10.0 10.6 8.51 20.0
245 |2.0 {1.,011.0 | I9.8 20.6 .6.45 17.0
246 | 2.0 {1.0}1.0 $29.9 31.0 3.67 10.5
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CHAPTER 5

ANALYSTIS AND DISCUSSION OF TEST RESULTS ON

A STRONG LAYER OVERLYING A WEAK LAYER

LS | General
A number of theories, each based on different Simplifying

assumptions, have been devéloped for predicting the ultimate bearing
capacity of shallow foundations under vertical loads and resting iﬁ
stratified soils having a strong layer overlyiﬁé a weak laye;. A
review of these metﬁoas is given in Chapter 2. However, prior to fhis
study, no research had been reported on the problem of similar foundations
subjected to inclined loads. This may be due to the largé number of
unknowns and to the mathematical complexities involved in the problem.
Also, any theory for inclined loads should be applicable for vertical
loads (i.e. when the inclination anéle, 0, is equal to zero). In view
of the inherent complexities, this problem can only be solved by

approximate methods based on certain simplifying assumptions.

Results from tests on homogeneous dense, compact, loose sands
and clay are verified in this chapter according to eétablished theories.
These results were used_in the analyses of the test results on the
layered systems. They also served as a cﬂeck of the performance of
the apparatus and techniques used, and to give an evaluation on the
behavior of the material used in these experiments. It is of interest

to note that the test results for surface and buried circular footings

on homogeneous dense and loose sands under inclined loads showed a
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behavior which was not similar to those under vertical load. Thus,
the foundation designer can no longer use the classic shape factors

for circular footings under inclined loads.

In this chapter an analysis, based on observations of the
upper layer deformation in the strip footing tests and on cerfain
simplifying assumptions is presented fo; the cases of footings on .
dense sand over loose sand, dense sand over compact sand and dense
sand over clay. Uéiné the results of these analyses, in addition tq
the test results of previous researchers, a rational solution was
developed for the ultimate bearing capacity of footings in a two~layered
soil consisting of a strong layer overiying a weak layer under axial

vertical or inclined loads.

Due to the restriction to one footing width or diameter
(2 inches) in this investigation! it is admitted that the test results
could not be precisely quantified, even though the influence of the
different parameters on the footipg behaviour was qualitatively

established.

5.2 Footing Tests on Homogeneous Soils Under Vertical Loads

The test results of this groué are summarized in Table
4.2, and presented in graphicél form in Figure 5.1. It was foupd
that the ultimate bearing capacity increased linearly with depth (D)
for shallow depths. Equation 5.1 was used to evaluate the bearing

capacity factors, NY and Nq' for strip footing tests, after adding

the footing settlement at failure to the initial buried depth (D)
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= 1 :
g, = % YB Ny+YD Nq (5.1)

Tests No. (1), (2) and (3) on a strip footing'on dense'sana
yielded beariﬁg capacity factors of NY = 535 and Nq = 199. The
corresponding angles of internal f?iction were ¢Y = 48.0o and
¢q = 47.4?, rgspectively (Meyerhof, 1955), and an a&erage value of
¢ = 47.7° was used as the effective plane sfrain value. Tests No. (7),
(8) and (9) 6n a strip footing on loose sand yielded bearing capacity
factofs of NY = 41.5 énd Nq = l§.0. Thé corresponding angles of internal
friction were ¢Y = 35.5o and ¢q = 30.0° or a weightgd average value of
34.0°. It was remarkable that ¢q was less-than.¢y obtained from Meyerhof's
curves. This difference was possibly due to the compressibility effect in
the case of local shear failure. Tests No. (13), (14) and (15) on a strip
footing on compact sand yielded average bearing capacity factors of
NY = 176.0 and Nq = 83.0. The corresponding angles of internal friction
were ¢Y = 42.8° and ¢q'= 42.0° respectively (Meyerhof, 1955). An average
value of ¢ = 42.4° was used as the effective plane strain value. These
" values a?e summarized and combafed with-the values measured from direct
shear tests (Bazan, 1976) and triaxial tests (Sast?y, 1976) under a
normal stress equal to one-tenth of the ultimate bearing capacitf
(Meyerhof, 1948) in Table 5.1. The difference in ¢ values for strip
footing tests on dense sand was attributed to Ehe plane strain effect,
which ieads to increased angles of shearing resistance, particularly

in dense sand (Cornforth, 1964).

At the surface of homogeneous clay

g =CN - (5.2)




Tabl

e 5.1

Angle of Internal Friction

Comparison'Between the Deduced and Experimental

Deduced Angle of

Experimental Angle of

State Internal Friction Internal Friction -
¢ ¢q Average | Shear Box Triaxial. -
(denges) (degrees) (degrees)| (degrees) (degrees).
Dense 48.0 47.4 47.7 48.5 46.0
Compact 42.8 42.0 42.4 —_— ¥ 51
Loose 35.5 34.0 = 34.0

30.0

92
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which was used to evaluate the bearing capacity factor, Nc’ for a
surface strip footing. Test No. 16 yielded a bearing capacity factor,
Nc, for a surface strip footing on homogeneous clay of 5.33. When
compared with the theoretical value of 5.14, it was found to be 1.04

times greater (Cu = 2.77 psi).

It has been well established that the bearing capacity factor
Nq in the case of deep founéations is.greatgr than‘for shallow
foundations (Terzaghi, 1943). The reason for thié has been attributed
to the depth effect, or to the effect of the shear strength of the
soil above the footing level. However, for shallow foundations, the
assumption of constant Nq values, which has its implication for
engineering practice, is reasonable and confirmed by thé test results

of the present investigation (Figure 5:1) 5

Tests No. (4), (5) and (6) on a circular footing on dense

sand yielded an average bearing capacity factor of SY NY = 224, The
éorresponding shape factor sY was found fo be equal to 0.42 (less than
the customary 0.6); this was probably dué to the higher value of the
angle of internal friction, ¢, for this type of sand (Meyerhof, 1950;
Bazan, 1976). Also, for sq Nq = 198, the corresponding shape factor,

Sq, was found to be equal to unity, (less than 1.7, according to De Beer,
1970) . Tests No. (10), (11) and (12) on a circular footing on loose
sand yielded average bearihg capacity factors of sY NY = 34.05 and g

N

g

-8 = 1.0.
q

16.0. The corresponding shape factors were SY = 0;82 and

This behavior of the dense, compact, and loose sands and
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clay was sufficiently predictable to justify using the strength meésured
from footing tests in homogeneous soils as reference values in the

layered foundations tests.

5.3 Footing Tests on Homogeneous Soils Under Inclined Loads

. The test results of this group are summarized in Table 4.10
and presented in graphical form in Figures 5.2 to 5.6. As indicated
by Meye;hof (1953), the ultimate bearing capacity of the footings
decreases rapidly with increasing loading inclination angle, C.

F d = 0.5 N ) 5.3
or sgn q, YB - ( )

C N (5.4)
v u cq

and for clay q
Where: 94, is the vertical component of the ultimate bearing capacity,

- il.e. = c
i.e qv qu os 0,

¢ is the load inclination with the vertical,
and Cu is the undrained shear strength of the clay.
Equations 5.3 and 5.4 were used to determine the bearing capacity

factors, N & and Ncq' for homogeneous sand and clay, respectively, for

strip footing tests. The results are given in Tables 5.2 and 5.3.

In order to compare the experimental beariﬁg capacity factors
to the thgoretical values proposed by Meyerhof (1953) and Brinch Hansen
(1961), it was decided to superimpose them on the theoretical éurvés in
Figures 5.7 and 5.8. These figures indicated that Meyerhof;s.theory
(1953) gives a closer agreement with experimental results as compared

to Brinch Hansen's theory (1961), except in the case of loose sand at

D/B equal to 1.0 where the degree of compressibility of the material
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Table 5.2

Bearing Capacity Factor - NYq

From Surface and Buried Strip Footing Tests In

Homogeneous Sand

Average D/B l—)ense Sand Loose Sand
(deggees) c}u(psi) NYq Ciu(psi) NYq
0 0.0 34.32 570 2.60 51.17
10 0.0 17.20 281 1.18 22.87
20 0.0 8.00 125 0.40 7.40
30 0.0 3.20 46 0.10 15770
0 1.0 59.59 990 4.47 87.97
10 4 1.0 40.50 663 2.50 48.45
20 1;0 26.00 406 1.20 22.19
30 1.0 15.30 220 0.51 8.69
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Table 5,3

Bearing Capacity Factor - Nc

From Surface Strip Footing Tests on Homogeneous Clay*

Average O Ultimate Load Bearing Capacity
(degrees) a4, (psi) Factor Ncq
0 20.55 5.33
10 16.25 4.15
20‘ 12.00 2.92
30 7?5 1.74

* In this Table the ultimate bearing caﬁacities (qu) have been read
from Figure 5.4, where the test points (Table 4.10.c) were
plotted after correcting the ultimate loads for an undrained shear

strength of 3.86 p.s.i.
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becomes of increasing importance, and it is not yet possible to

estimate precisely the change in the ¢ value due to this compressibility.

As shown in Figures 5.5 and 5.6, the behavior of circular

footings under inclined loads differs from that of strip footings.

This is possibly due to higher passive pressures mobilized in circular
footings as compared to strip footings. The ultimate bearing capacity
of a circular footing is conventionally represented as a ratio of the
ultimate bearing capacity of a strip footing under the same conditions.
This ratio is called the shape factor. The test results of strip and
circular footings in homogeneous dense or loose sands under inclined
loads were analyzed to determine the shape factor. The following

equations were used:

To employ equation (5.5), the ultimate bearing capacity from
the test results of strip and circular footings in dense and loose sands
were replotted against the buried depth after adding the settlement at
failure to it, (Figure 5.3.b and 5.6.b for strip and circular footings,
respectively, in loose sand). From these figures the average bearing
capacity factors, NY' Nq and SY NY' Sq Nq were computed for inclination
angles of 0, 10, 20 and 30 degrees (Table 5.4). These values were used
in the analysis of the layered system. For footings under vertical

loads (o = 00), these bearing capacity factors are the same as those

given by Meyerhof (1955). As the inclination angle, o, increases,
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Table 5.4.a

Bearing Capacity Factors - N N and S N S N
AR YY “qq

From Footing Tests in Homogeneous Dense Sand

- Strip Footing Circular Footing Shape Factors
Degrees NY Nq SYNY Squ SY Sq
0 535 199 224 198 0.42 1.00

10 258 179 . 116 174 0.45 0.98
20 ' 125 135 61 141 0.49 1.05
30 55 g8 30 105 0.54 1419
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Table 5.4.b

Bearing Capacity Factors - N , N and S N , S N
Y a YY a

From Footing Tests in Homogeneous Loose Sand

o Strip Footing Circular Footing Shape Factors
Degrees
N N S. N S N S S
Y q Y qq Y q
0 41.50 16.00 34.05 16.00 0.82 1.00
10 17.52 11.5% 21.26 12.99 1.21 113
20 5.90 6.69 7.87 8.86 1.33 1.32
30 1.57 4.03 2.26 6.00 1.44 g 1.49
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Table 5.5.a

Deduced Shape Factor =~ SYq

From Circular Footing Tests in Homogeneous Dense Sand

Avifage qu {psi) qu {psi) .Shape
(degrees) b/B Circle Strip Fgctor
Ya
0 0.0 ' 15.66 34.32 0.45
10 0.0 8.65 17.25 0.50
20 0.0 4.50 8.10 0.55
30 0.0 2.15 3.60 0.59
0] 0.5 27.10 47.77 0.56
10 | 0.5 18.75 28.00 0.67
20 0.5 13.00 15.75 0.82
30 0.5 8.50 9.90 0.94
o) 1.0 40.42 59.59 0.67
10 1.0 31.70 40.50 0.78
20 1.0 24.50 26.00 0.94
30 1.0 15.90 15.30 1.03




Table 5.5.b

Deduced Shape Factor

=08

Ya

From Circular Footing Tests in Homogeneous ILioose Sand

108

Averaée ; 7
@ D/B 2, (e Ty (P iﬁiir

(degrees) Circle Strip =

Ya

0 0.0 2.41 2.60 0.93
10 0.0 1.35 1.18 1.14
20 0.0 0.53 0.40 132
30 0.0 0.21 0.14 1.50
0 0.5 3.26 3551 0.92
10 0.5 2.05 1.75 1217
20 0.5 0.98 0.75 1.30
30 0.5 0.53 0.35 1.51
0 1.0 4.06 4.47 0.91
10 1.0 2.75 2.50 1.10
20 1.0 1:55 1.20 1.29
30 1.0 0.83 0.55 1.50
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N N and S N S N _ decreased rapidly. The deduced shape factors
Y Ta e Gl s e

SY and Sq are given in Tables 5,4.a and 5.4.b respectively for dense
and loose sand and shown graphically in Figure 5.9.a. It should be

noted that these values were computed in the load direction.

The deduced shape factors, SYq, from equation (5.6) a;e.
given in Table 5.5 and shown graphically in Figure 5.9.b. It can be
 seen that the shape factérs, SYq, increased with the buried depth, D, and
increased with an increase in the inclination angle, 0. This can be .
explained by the fact that the mobilized passive pressure increased with
horizontal4movement of the footing, which in turn increaéea with
increasing incliﬁation angle, o, (Meyerhof, 1972). It shouid be noted
that the ultimate bearing capacity at inclination angles of 10, 20 and
30 degrees were read from Figures 5.2, 5.3, 5.5, and 5.6; also the
settlement at failure at these inclination angles were interpolated

between the test points.

5.4 Footing Tests on Two-Layered Systems

The test results of these series are summarized in Tables 4.3
to 4.6 and 4.11 to 4.12 for vertical and inclined load tests, respeétively,
and they are presented in éraphical form in this chapter. For vertical
load tests, Figures 5.10 to 5.12 show the variation of the ultimate bearing
capacity with the ratio of the initial ubper layer thickness below the
footing base to the footing width or diameter, h/B; for inclined loa@
tests; Figures 5;13 to 5.18 show the variation of the ultimate bearing
capacity with the average inclination angle, o, for different ratios of.

h/B. For convenience, Figqures 5.19 to 5.24 are présentedAfor comparing
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the variation of the ultimate bearing capacity with the h/B ratio for
inclination angles of 0, 10, 20 and 30 degrees. It should be noted that

the ultimate bearing capacities are expressed as the inclined load.

As would be expected, the observed ultimate bearing capacity
increase@ rapidly with increasing thickness of the dense sand below the
footing base up to a maximum value, and decreased with increasing angle
of inclination, ®. This maximum value was equal to the ultimate bearing
capacity of the footing in homogeneous dense sand buried at the same depth
and subjected to load having the same inclination angle, but with
relatively higher settlement at failure. Meyerhof (1955), quoted that
for a strip footing on homogeneous sand, the ratio of the maximum deﬁth of
the failure zones to the footing width varies with the angle of internal
friction, ¢. This ratio for the dense sand used in this investigation
(¢ = 47.70) i; equal to 1.7, which gave evidence that the ultimate bearing
capacity was considerably affected by the weaker bottom layer. Thus, a
greater h/B ratio, depending on the relative strength of the layered
system, was necessary in order to achieve complete failure in the dense
sand layer without exceeding a tolerable pressure at the interface with
the weaker la&er. In these series of tests the settlement at failure was
found to increase with an increase in the buried depth, and decreaseé with

increasing inclination angle, 0, while the horizontal movement increased.

Test results of these series are analyzed in this section
according to the punching theory. Punching phenomenon was observed by
Brown (1967) for the case of stiff clay layer overlying soft clay, and

by Meyerhof (1974) for the case of dense sand layer overlying<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>