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ABSTRACT
Geotechnical Behavior of Shell Foundations

Mohamed Abdel-Rahman, Ph.D.

Concordia University, 1996

The geotechnical behavior of shell foundations was investigated experimentally, numeri-
cally, and theoretically. Experimental investigation was carried out on nine prototype foun-
dation models in loose, medium, and dense sands. Experimental set-up was organized and
instrumnented to perform the testing program. Loading tests were conducted on surface as
well as embedded footings. Triangular, conical, and pyramidal shell models were tested
against conventional strip, circular, and square flat counterparts, respectively. The influ-
ences of shell configuration on the ultimate bearing capacity, settlement, contact pressure
distribution, and stresses within the soil mass, were investigated. Special loading tests using
colored sand layers in a Plexiglas tank were performed to determine the failure mechanism
of shell foundations. Numerical modelling, using the finite element code “CRISP”, was
conducted to simulate the experimental tests conditions of the plane strain models. Elastic
perfectly plastic soil model, employing Mohr-Coulomb’s yield criteria, was adopted to
simulate the behavior of the tested sand. Deformed meshes, displacement vectors, stresses,
strains, and displacements of the plane strain models are analyzed and presented. A theo-
retical mode! to predict the ultimate bearing capacity of shell foundations was developed.
The theory provides kinematically and statically admissable solution. The effects of shell
configuration on the shape of rupture surface and accordingly on the ultimate bearing ca-
pacity were incorporated. A computer program “BC-Shell” was developed to perform the
mathematical calculations of the theoretical analysis. The program “BC-Shell” was then
designed in an interactive mode for an easy application to predict the ultimate bearing ca-
pacity. Parametric study was conducted to examine the sensitivity of the goveming param-
eters on the ultimate bearing capacity. Design charts and design tables are also presenicd to
determine the bearing capacity coefficients and depth factors. In addition, the theory was
extended to predict the ultimate bearing capacity of shell foundations in axisymmetrical
and threc dimensional conditions by introducing shape factors for shell founaations. The
results of this study support that shell foundations should come into wider use in the geo-

technical ficld as a serious alternative to shallow and deep foundations.
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CHAPTER 1

INTRODUCTION

1.1 Historical Background

Shells are structures which derive their strength from geometry rather than mass.
This quality enables them to obtain maximum structural integrity with minimum consump-
tion of construction materials. In structural engineering, shells are widely used to replac:
flat slabs in covering large arcas. In Germauy, roofs made of shell structures showed re-
markable resistance against bombing during World War I1. The damaged roof parts of sev-
eral industrial plants were cut-away and rebuilt repeatedly after successive bombing
incidents, where a total collapse was almost inconccivable. About one decade later, the per-
formance of shells in roof structures initiated the idea of using shells as foundations. The
con.ept is to transmit the loads from the superstructure to the soil through a spatial system
which can resist the loads through membrane forces. Although shell foundations are con-
sidered newcomers to the field of foundation engincering, some buildings constructed dur-
ing ancient civilizations showed that inverted brick arch structures were used as foundation

elements (see Figurel.l).

It has been less than five decades since the Mexican architect, Felix Candela, de-
signed the first reinforced concrete shell footing and poured it on Mexican soil. Since then,
the use of shells in the field of foundation engineering has drawn considerable interest in
different parts of the world. They were proven to provide higher bearing capacity, less set-
tlement, and higher resistance to lateral loads as compared to their conventicnal flat coun-
terparts. Shell foundations were employed effectively in situations involving heavy loads
transmitted to weak soil, or for towers subjected to high lateral forces due to wind or carth-

quake loads such as telecommunications towers, silos, and chimneys.



Brick Column

Figure 1.1 Inverted Brick Arch Foundation

On the other hand, shells can hold prospect for adoption in foundation engineering
only if they can provide a global economical alternative to conventional flat foundations.
Therefore, the initial enthusiasm for shell foundations, generated by the scope for large
scale savings in construction materials, should be tempered by the extra cost of construction

due to the complexity in their geometry.

However, shell foundations hold considerable economical promise specifically for
developing countries, as high material-to-labour cost ratio is one of the typical characteris-
tics of their economy. This is why shell foundations enjoyed the widest use in Latin Amer-
ica, in particular Mexico, as well as in China, India, Eastern Europe (such as Poland and
Hungary), Russia, and some African countries. Nevertheless, shell foundations have also
been employed effectively in some developed countries such as: Germany, France, Japan,
and U.S.A,, where they have high labour costs. However, their use was proven to provide

more effective and economical foundations when compared to the flat ones.



1.2 Classification of Shells

Shells are broadly classified as singly and doubly curved. Singly curved shells are
defined as developable shells, i.e.. the shell can be developed into plane surface, whereas
doubly curved shells are non-developable. Thercfore, doubly curved shells ae more rigid
than singly curved shells. Doubly curved shells are subdivided into sy nclastic and anticlas-
tic, based on whether the curvatures of the shell are in the saumic or the opposite directions,
respectively. Further subdivisions depend upon whether the shell surface is either revolu-
tion, translation, or ruled. All shells which have ruled surfaces, whether singly or doubly

curved anticlastic, are described to possess the straight-linc property.

1.3 Shells in Foundation Engir.eering

Although a variety of shells have been widely vsed in roof structures, those that can
be judiciously adopted for the use as foundations are far too few. The followings arc the
most common types of shells which can be employed effectively in the ficld of foundation

engineering:

The hyperbolic paraboloid (hypar) is a shell which is known to combine great ele-
gance and versatility. It is a doubly curved anticlastic shell, which has translation as well
as ruled surfaces. Hypar shells, as compared to the other shells employed in foundation en-
gineering, have the widest applications in the construction field. Hy par shells as shown in
Figure 1.2,can beused in different forms such as: isolated, combined footings, or raft foun-

dation.

The corical shell is the most simple form of shell which can be employed in foun-
dation engineering due to its singly curved surface. However, due to its circular plan, the
use of conical shell foundation is limited to isolated footings. A conical shell can also serve
as the substructure for towers to link the tower shaf't to its ring foundation. Figures 1.3 (a),

(b), and (c) illustrate di fferent applications of conical shell foundations.
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A pyramidal combination of four inclined trapezoidal plate elements, (see Figure
1.4), is a typical folded plates structure which can be used as a foundation clement. Since
the pyramid can be portrayed as square or rectangular in plan, multiple units of pyramidal

shell foundation can be jointly integrated to act as combined footings or raft foundation.
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Folded Plates

I

Plan View

Section A-A

Figure 1.4 Pyramidal Shell Foundation

Spherical shell, (see Figure 1.5), is another type of shell foundations which can only
be used as an isolated footing. It does not possess the straight-line property as compared to
the above mentioned shells which makes its construction process more costly and complex.
However, for circular or overhead structures, such as water tanks, supported on a circular
row of columns located on the perimeter of a ring beam, the thin inverted spherical dome
was proven to provide an overall economical alternative to a thick circular raft foundation,

(see Figure 1.6).
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Figure 1.5 Spherical Shell Foundation
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Figure 1.6 Inverted Dome Shell Foundation

The elliptic paraboloid shell is a doubly curved synclastic shell. Its translational sur-
face is obtained by moving one parabola over another, where both parabolas are curved in
the same direction. An inverted elliptic paraboloidal shell bounded by parabolas and edge
beams can be used as a single unit foundation to support several columns built on the pe-

rimeter of the edge beams as shown in Figure 1.7.
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Figure 1.7 Elliptic Paraboloid Shell Foundation

A funicular shell is a type of shell foundations for which the design objective is to
determine the best geometrical configuration in order to achieve good performance. In the
case of a regular shell foundation, the shell geometry is predetermined, and for specific
loading and boundary conditions, the state of stress is to be determined. Whereas in the case
of funicular shells, the analysis process is reversed. The shell configuration that would give
a specific state of stress for the given loading and boundary conditions is to be developed.
However, a funicular shell is considercd to be funicular only under an assigned set of load-
ing and boundary conditions which were prescribed in the analysis. A funicular shell is not
limited in shape; it can serve the same purpose as an inverted dome and elliptic paraboloid

shell foundation. It can be used to act as either single or multiple shell footings.

The paraboloid and hyperboloid of revolution shells are two other examples of shell
foundations which can be utilized in foundation engineering especially for tower-shaped

structures as shown in Figures 1.8 (a), and (b), respectively.



It should be mentioned here that the above description is limited to those shells,

which can be employed effectively in foundation engineering.

a) Paraboloid of Revolution

Tower Shaft

b) Hyperboloid of Revolution

Figure 1.8 Paraboloid & Hyperboloid Shell Foundations




CHAPTER 2

LITERATURE REVIEW & SCOPE OF THE THESIS

2.1 General

Shells were introduced to modern foundation engineering during the mid fifties in
Mexico. Like many other new developments in civil engineering, their application in the
field preceded the research. In the early days, the construction of shell foundations was
made of reinforced concrete using the traditional cast-in-place technique. Duting the last
two decades, there was a rapid advances in the efficiency and reliability of precast concrete
technology, which already has been effectively employed in the construction of conven-
tional flat foundations. Therefore, utilizing precast units for shell foundations could lead to
reduce the gap between the construction cost of shell and flat foundations. Furthermore, the
employment of robotics on construction sites is expanding. It can be programmed to per-
form soil excavation with great accuracy to the required shapes, elevations, and tolerances.
This development can turn the excavation process for shell foundations into a routine op-

eration and consequently a more cconomical one.

2.2 Field Applications

Mexico is the original home of shell foundations, particularly the hypar type, where
the largest number of shell foundations were constructed. The first hypar footing in the his-
tory of modem foundations was built by Candela in 1953 for the Customs Warehouse in
Mexico City. The original design was a conventional strip footing of width 1.20 m. How-
ever, due to the poor soil bearing capacity encountered at the site, increasing the width to
3.30 m was necessary. By introducing the shell concept to the flat footing, it was possible
to adopt the original width and substantial economy was achieved as the final construction

cost was considerably lower than that of the original design (Candela 1955).



The Nonoalco-Tlaltelolco project was an interesting example of employing shells
as foundation clements in Mexico. Several buildings in the project were founded on hypar
isolated footings. A barrel shell raft was used for the Nonoalco Tower, an office building
128 m high resting on the top of 27.43 m of a soft clay layer. Part of the tower's weight was
supported by cast-in-place friction piles, while the rest of the weight was compensated for
by the excavation. The net load was transmitted to the soil by means of the transverse barrel
shells as illustrated in Figure 2.1. The circular barrel shell with a thickness equal to 1/50 of

the span has provided overall savings of 50% as compared to conventional flat foundations

(Enriquez and Fierro 1963).

X

Retaining Wall

N

N

Z

=
\

¥
RF o8
’

,

|
l
|
|
I
1
I
|

oundation 7 7
Girder i

Barrel Shell

Piles

Figure 2.1 Barrel Shell Foundation, Mexico
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Several other hypar shell foundations were constructed in Mexico, and two exam-
ples of these foundations are shown in Figures 2.2 and 2.3. In spite of the soft clay domi-
nating the Mexican soil, shell footings had to be an economical and potential alternative to

conventional flat foundations (Kurian 1982).

|< 350 m >'

Figure 2.2 Hypar Footing for St-Vincent Chapel, Mexico
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Figure 2.3 Hypar Shell for Shed in Lamex S.A., Mexico




In India, there are also several applications of shell foundations. The first example
is the Shalimar tar products factory project near Calcutta, where hypar shells were used as
isolated footings. The thickness of the shell footings was 229 mm which were founded on

a weak soil deposit with a low bearing capacity of 55 kPa (Kurian 1982).

An inverted continuous cylindrical shell foundation was constructed for a yeast fac-
tory at Konnagar near Calcutta, India. The reinforced concrete shells were poured on stabi-
lized soil, which was prepared to the exact shape required for the foundation. Then, the
brick stiffencrs were provided as shown in Figure 2.4. This shell foundation was proven to
provide savings of 72% in comparison with the conventional raft foundation and 55% in

comparison with pile foundation (Kurian 1982).
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Figure 2.4 Inverted Cylindrical Shell Foundation, India
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Another application from India was the foundation of the water tower at Adityapour
in Blhar. The tower was supported on a single columi founded on a 305 mm thick hypar
shell foundation resting on a sandy clay soil. The hypar shell foundation was provided with
heavily reinfo:ced ribs to account for the high bending moment transmitted from the col-

umn to the foundation (Kurian 1982).

Hypar shell footings were used for an apartment building in a housing project in
Madras, India. The soil was a medium beach sand with an allowable bearing capacity of 56
kPa. The hypar footings were proven to provide an economical alternative to the conven-
tional trapezoidal and combined footings which were used for other buildings in the same

project (Kaimal 1967).

Another interesting example was the hypar shell footings used for the Caustic Soda
factory at Khardah, India. The soil was soft clay. Timber piles were first driven in groups
below each column to control the settlement (see Figure 2.5). Then, a concrete mat was
placed at the top level of these piles, over which a cement brickwork was laid down to form

the core below the 381 mm thick reinforced concrete shell (Anon1965).

R.C. Column

R.C. Shell
/\ Brick Core
R.C. Raft rg Filling
Timber Piles
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Figure 2.5 Hypar Shell Footing on Timber Piles, India
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In France, a 1000-seat underground amphitheater for Ecole Nationale d’Ingenieur
des Arts et Meticrs, an engineering college in Paris, was built beneath the campus court-
yard. Because of the existence of abandoned mine tunnels under the site, a 25 m deep pier
foundation would have been necessary for a flat base raft. The designers shaped the under-
ground chamber like an egg, as shown in Figure 2.6, to distribute the weight over a larger
area. The curved base slab transmitted less than 2.4 kPa to the soil underneath (Engineering

News Record 1964).

Existing Building
z > N

Projection Room

Emergency
Exit
New Lobby
Mechanical ’_J—I—J/_——‘
Equipments

508 mm Main Entrance

Figure 2.6 Egg Underground Amphitheater in Paris, France

In U.S.A., Sumner High School in Washington had a 2000-seat stadium assembled
from precast prestressed concrete units. The site was a fill underlain by a deep deposit of
soft mud. Thin reinforced concrete hypar shell footings were adopted for this project to sat-
isfy the engineering requirements in addition to the savings in construction materials

(Anderson 1960).
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Literature from Russia abounds with examples of various types of shell founda-
tions. The most famous one is the conical shell used as a substructure for the Moscow tele-
communications tower at Ostankino. The tower has a height of 533 m and weight of 550
MN. The conical shell was used in order to connect the tower's shaft to the prestressed ring

foundation (Kurian 1982).

A worldwide celebrated hollow conical foundation is the one designed by Prof. F.
Leonhardt for the Stuttgart TV tower in Germany which was built in 1956 (see Figure 2.7).
The conical reinforced concrete shaft is 161 m high. The truncated hollow conical founda-
tion of the tower was constructed over a prestressed circular slab. It was reported that this
foundation was able to take up to 2.5 times the design wind loads, keeping the contact sur-
face of the foundation base under compression stresses. The factor of safety against over-
turning was varied from 8 to 14 under different loading conditions. The vertical pressure
on the soil at a depth of 8.0 m from the tower does not exceed the pressure from the soil
own-weight prior to excavation. The average contact pressure on soil was 353 kPa and the

maximum one was 392.3 kPa (Jumikis 1987).

Prestressed Circular Slab

Hollow Space
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Figure 2.7 Hollow Conical Shell Substructure for Stuttgart TV Tower, Germany
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In Mombasa, Kenya, several isolated and combined hypar shell footings were used
for a two-stories building. The soil at the site was soft clay which is highly susceptible to
moisture variation. The hypar footings were utilized as they were proven to perform better

than the conventional flat counterparts (Kurian 1982).

From Poland, it was reported that a reinforced concrete raft foundation needed to
support a 200 m high chimney would be 35.0 m in diameter and 4.0 m in thickness. A con-
ical shell foundation was used instead of the proposed raft foundation where a savings of

about 50% in the construction materials was achieved (Ciesielski 1966).

In China, the hollow conic shell foundation “hcs” was primary introduced to the en-
gincering practice by He Chongzhang in 1969. This shell foundation consists of a normal
conical shell and an inverted one as shown in Figure 2.8. It is especially applicable to chim-
neys and telecommunications towers. The use of “/ics” in China has resulted a savings of
50% in concrete and steel reinforcement as compared to the conventional flat foundations

(He Chongzhang 1984; 1985).

Tower Shaft

Upper Shell

Lower Shell

Figure 2.8 Hollow Conic Shell Foundation, China
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In Japan, the term Shell Foundation was named by Prof. J. K. Minami to represent
a combination of thin hollow cylindrical shell installed underneath an ordinary shallow
spread footing. This concept was developed in order to minimize the settfement and in-
crease the bearing capacity of the footing (Minami 1949). However, in recent years, the
same design concept is being utilized more frequently under the name of “Skirted Founda-
tion or Tubular Foundation”. This system was effectively used in countriecs which often
suffered from devastating earthquakes such as Japan and India. The effectiveness of this
type of foundations in resisting the liquefaction of foose sandy ground due to carthquakes
is particularly appreciated in Japan (Kotoda and Numakami 1987). Morcover, top-shaped,
T-shaped, and conical concrete blocks were used recently in Japan as foundation for small
structures. They were proven to increase the bearing capacity and reduce the settiement of

the structures (Yasuda et al 1994).

2.3 Research on Shell Foundations
The research on shell foundations can be divided into two main categories: struc-

tural performance and geotechnical behavior.

The first category is concentrated to study the structural performance of shell foun-
dations with respect to membrane stresses, bending moment, shear, deflection, and ultimate
strength of the shell itself as a reinforced concrete structural element. The results of the re-
search in this category can be further translated into a savings in concrete and steel rein-

forcement as compared to conventional flat foundations.

The second category involves the geotechnical behavior of shell foundations to de-
termine the soil response with respect to settlement, ultimate bearing capacity. contact pres-
sure distribution, lateral and vertical stresses, and displacements induced within the soil
mass. It should be mentioned here that while the first category has received lots of attention

from researchers in the literature, the second category has received little attention.
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2.3.1 Structural Performance

Although the structural performance of shell foundations is out of the scope of this
study, it is essential to highlight some research results and their impact on the geotechnical
behavior of shell foundations. Several research reports are available in the literature on this
subject, where different types of shell foundations such as: hypar, conical, spherical, funic-

ular, and cylindrical shells were investigated.

Experimental and theoretical investigations were reported to evaluate the stresses
and straining actions on the shell structure such as membrane stresses, bending moment,
shear, and deflection. In the theoretical studies, mathematical formulations, finite differ-
cnce technique, and finite elements analyses were utilized. In some reports, linear Winkler
and Pasternek soil models were uscd to simulate the soil behavior under different types of
shell foundations. In a few reports, the distribution of the soil contact pressure on shell
foundations was also examined. The results indicated a non-uniform contact pressure dis-
tribution along the soil-shell interface. However, the structural design of shell foundations
is currently based on -nembrane theory, in which the soil contact pressure distribution is
assumed to be uniform (Pandian and Ranganatham 1970; Kurian and Varghese 1971; Bhat-
tachary and Ramaswamy 1977; Jain et al. 1977; Das and Kedia 1977; Fareed and Dawoud
1979; Dierks and Kurian 1981; He Chongzhang 1984; Huang-Yih 1984; Nath and Jain
1985; Paliwal et al. 1986; Paliwal and Sinha 1986; Paliwal and Rai 1987; Melerski 1987;
and Dierks and Kurian 1988).

The uitimate strength of shell foundations was also investigated both experimental-
ly and theoretically; and comparisons were performed with conventional flat foundations.
Ali studies reached the same conclusion confirming the savings achiev.d in the construc-
tion materials and the admirable structural performance of shell foundations. The findings
of the these investigations have direct impact on the construction cost of shell foundations

as compared to the conventional flat counterparts (Kurian 1971; Kurian and Varghese
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1972; 1973; Kurian 1973; Kurian and Mohan 1980; Dierks and Kurian 1981; Kurian 1983;
and Dierks and Kurian 1988).

Sharma (1973) conducted a field investigation on a spherical shell (3.0 m in diam-
eter) used for the foundation of a water tower. The results revealed that a reduction of 32%
in the maximum deflection was achieved due to the replacement of a flat raft foundation

with a shell one. Also, a savings of 30% in concrete and steel reinforcement was reported.

Sharma (1984) reported that conical and hypar shell foundations were investigated
theoretically versus circular and square counterparts, respectively. The results indicated a
savings of 38% and 45% in construction materials when conical and hypar shell founda-

tions were used to replace circular and square flat ones, respectively.

Kurian and Shah (1984) perforined cost analyses on conical and inverted dome
shell foundations. The results of this study demonstrated the advantages of shell founda-

tions especially in situations involving higher loads to be transmitted to a weak soil.

Wang Chunxiao (1985) reported that “M” shaped shell foundation was ¢sed in-
stead of pile foundation for a water tank constructed in China. This resulted in a savings of

24.30% in concrete and 22.80% in steel reinforcement.

2.3.2 Geotechnical Behavior

The research conducted on the geotechnical behavior of shell foundations has been
considerably lagging behind the one conducted on their structural performance. Few re-
search reports were directed to investigate the influence of shell configuration on the geo-
technical behavior. However, there are no theories or empirical design formulas availabie
in the literature to predict ultimate bearing capacity of shell foundations with the exception
of the theoretical model reported by Abdel-Rahman (1987); and Hanna and Abdel-Rahman

(1990). They are currently assumed to behave identically to the conventional flat oncs.
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Nicholls and Izadi (1968) performed an experimental investigation on conical and
hypar shell footings to determine the contact pressure distribution as a function of the ulti-
mate load. The conical and hypar shell models were compared with circular and square flat
models, respectively. The diameter of the conical and circular models was 304.8 mm and
the width of the hypar and square models was 355.6 mm. The results indicated that the con-
tact pressure increased near the perimeter of the shell models about 1.5 times the contact
pressure measured at the center. This increase was contributed due to the arching action.
The ultimate bearing capacity as well as the settlement of the shell models were significant-
ly improved as compared to the conventional tlat counterparts. In addition, Kurian and
Varghese (1969), in a discussion cn this study, confirmed that the use of shell elements in

rafts in place of the conventional flat clements was proven to be more economical.

Iyer and Rao (1970) reported a detailed experimental study conducted on the feasi-
bility of using a funicular shell footing resting on sand as a replacement to a flat raft foun-
dation. Precast funicular shell models were developed in two different sizes: 150 mm and
400 mm. The results showed that the bearing capacity of the shell footing was considerably
greater than that of the flat footing of the same plan dimensions. Furthermore, under the
same applied load, the shell footing provided lower settlement than the flat one. This sig-

nificant differences were attributed to the shape effect and the stiffness of shell elements.

Kurian and Jeyachandran (1972) conducted an experimental investigation directed
to study the influence of shell geometry on bearing capacity, settlement, and contact pres-
sure distribution. Four types of shell foundations models were examined in normal and in-
verted positions. These shell models were: circular cylindrical, folded plates, cone, and
hypar. The models were made of perfectly rigid cast iron plates providing a constant width
ordiameter of 360 mm. The contact surfaces of the models were machine-ground and hand-
polished to a high degree of smoothness. The results of this study indicated a marginal in-

crease in the bearing capacity. The settlement of shells were relatively higher than the flat
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models, however the variation of the initial tangent moduli was not consistent with this be-
havior. The distribution of contact pressures generally showed a tendency for edge concen-
tration for the upright shells and the square flat model. However, an opposite behavior was
reported for the case of inverted shells and the circular flat model. Contrary to the conclu-
sions of other reports, the authors stated that the advantages of shells in foundation engi-
neering are more structural than can be derived in terms of soil response. These

controversial results may be attributed to the smooth interface of the shell models.

Jain et al. (1977) studied the general behavior of conical shell footings under ver-
tical load using linear solid axisymmetrical finite elements analysis. The effects of several
parameters such as the modulus of elasticity of the soil, half vertex angle of the conical
shell, and the provision of a toe at the footing edge were examined. A mathematical idcal-
ization for the contact pressure distribution was introduced. The results indicated that the
presence of an edge toe reduced the soil pressures and increased the bearing capreity. For
the same value of elastic modulus of soil, the pressures within the soil mass were higher for

footings with wider spread.

Kurian and Mohan (1981) conducted an experimental study in order to measure the
contact pressure distribution under different hyperbolic paraboloidal models at the elastic
and ultimate loading stages. The plan dimensions of the models ranged from 300 x 300 mm
to 600 x 600 mm. The results indicated substantial deviation from the linear distribution
assumed in the current design method. The contact pressure distribution showed a definite
tendency for edge concentration in the elastic stage and exhibited a definite tendency for

progressive shift of concentration towards the central region at the ultimate stage.

Agarwal and Gupta (1983) conducted an experimental investigation on the soil-
structure interaction of conical and hypar shell models on different sand states. The behav-
ior of the shell models was compared to that of circular and square flat models having the

same plan dimensions. The width or diameter of the models ranged from 150 to 250 mm.
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The ultimate bearing capacity of the shell models was reported to vary from 11% to 22%
higher than that of the flat ones. The increase in the ultimate bearing capacity was attributed
to the increasc in the angle of friction between the core soil under the shell models and the

soil below.

Hanna and Hadid (1987) conducted a theoretical study to determine the optimum
geometrical configuration which gives a uniform contact pressure distribution below foun-
dation base for plane strain condition. The harmonic sine curve function was found to sat-
isfy this requirement under a prescribed loading and boundary conditions. However, it
should be mentioned that, if these conditions were changed the contact pressure distribution

would become a non-uniform one,

Araietal. (1987) investigated the settlement of top-base foundations by conducting
plate loading and long term consolidation tests on soft clay soil in Japan. The in-situ plate
loading tests indicated that the one layer top-base foundation has 1/3 to 1/2 of the immedi-
ate settlement of the primary non-treated ground and 1/3 of the consolidation settlement.
Another study conducted by Arai et al. (1988) confirmed that this type of foundation tends
to disperse stress concentration and the bearing capacity of the foundation increased up to
50% to 100% in comparison to the primary non-treated ground. Moreover, it was pointed
out that the combination of top-shaped concrete blocks and filling gravel has the trend to

prevent the lateral deformation and to control the surface settlement of the foundations.

Abdel-Rahman (1987); Hanna (1988); Hanna and Abdel-Rahman (1990) per-
formed experimental investigation to study the ultimate bearing capacity of triangular shell
strip models on sand. The results indicated that the triangular shell models provide higher
bearing capacity and produce less settlement under the same loading condition as compared
to the strip flat model. Empirical expression was introduced to account for the change in
the triangular shell angle (8). Design charts for the modified bearing capacity cosfficients

were presented as a function of the shell angle (8) and the angle of shearing resistance (¢).

22



Yasuda et al. (1994) performed experimental and numerical studies to examine the
effectiveness of three types of foundations in preventing the settlement of small structures
built on loose sandy ground subjected to seismic conditions.The foundations were top-
shaped, T-shaped blocks, a1d conical concrete blocks. The results indicated that the final
settlements of the structure were considerably lower when these foundations were used.
According to the distribution of the mean effective principle stress obtained from a finite
elements elastic analysis, the confined stress increased within a larger ground area under
the top-shaped foundation than that without any countermeasure. The stresses were report-
ed to be relatively widely dispersed when using the top-shaped foundation and the lique-

faction resistance was increased.

Abdel-Rahman and Hanna (1994) conducted parametric study using finite clements
analysis to examine the vertical displacement induced in soil by conical shell foundations.
The effect of shell configuration, depth of embedment, Poisson’s ratio, and the modulus of
elasticity on the vertical displacement were investigated. The numerical results showed that
shell configuration caused a reduction of 16% in the vertical displacement.This reduction
trend was similar for both surface and embedded foundations. When Poisson’s ratio in-
creased, the vertical displacement decreased for about 10% for surface foundations. How-
ever, this effect was not significant for the embedded foundations. Also, it was reported that
the modulus of elasticity has a significant effect on the vertical displacement and an empir-

ical relationship for this effect was developed.

Kurian (1994) examined the behavior of different types of shell foundations under
subsidence of core soil using finite elements analysis and compared them with identical flat
plates under partial contacts. It was reported that in respect of all shell models, the differ-
ence between full and 75% contact was very marginal. The shell system was proven to be
more stable than the flat plates. The author emphasized the use of shell foundations wher-

ever conditions are favorable for their economic adoption.
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Based on the above, it can be concluded that shells werc employed effectively as
foundation clements in different parts of the world. This is mainly due to their cost effec-
tiveness and admirable structural performance. However, it is clear that the research con-
ducted on the geotechnical behavior of shell foundations is still lagging behind the research
conducted on the structural performance, and the subject of soil response for shell founda-
tions is still not well defined and further research is warrant. While Kurian and Jeyachan-
dran (1972) concluded that the advantages of shell foundations with respect to soil response
are marginal, the other reports indicated considerable increase in the bearing capacity and

reduction in settlement of shell foundations as compared to their flat counterparts.

2.4 Scope of The Thesis

The objective of this research program is to conduct a comprehensive investigation
on the geotechnical behavior of shell foundations and to examine their performance against
the conventional flat ones. To achieve this objective, the ultimate bearing capacity, settle-
ment, and contact pressure distribution of different shell and flat foundations are investi-
gated experimentally, numerically, and theoretically. In addition, it is intended to develc >
a theory to predict the ultimate bearing capacity of shell foundations. This study will lead
to position shell foundations in the ficld of geotechnical engineering as a serious alternative

to conventional shallow flat and deep foundations.

2.4.1 Experimental Phase

An experimental testing program was developed to investigate the geotechnical be-
havior of shell foundations. Three types of shell foundations namely, triangular strip, con-
ical, and pyramidal shell models were examined against strip, circular, and square flat
models, respectively. These models represent the plane strain, axisymmetrical, and three
dimensional ficld conditions. In order to investigate the effect of shell configuration on the
geotechnical behavior, two shell configurations were examined for each shell model. Fur-

thermore, in order to study the effect of embedment, the models were tested on the surface
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and at embedment ratio of D/B= 0.75. The soil used in the present investigation was a dry

sand tested in loose, medium, and dense states.

Load-settlement data and contact pressures on the soil-foundation interface were re-
corded up-to failure for all loading tests. In addition, the lateral and vertical stresses within
the soil mass were recorded for the loading tests conducted on the axisymmetrical and three
dimensional models. All experimental results were measured using calibrated clectrical
measuring devices such as load cell, LVTD’s, and pressure transducers. All devices were

connected to Data Acquisition System for data registration.

Special tests were conducted in a Plexiglas tank using colored layered sand to in-
vestigate the failure mechanism in the soil underneath the foundation models. Photographs
were taken during different loading stages until failure occurred. This technique allowed
the capture of the movement of the colored sand layers and accordingly the prediction of

the shape of the rupture surface.

2.4.2 Numerical Phase

Finite elements analyses using the program “CRISP”, devcloped by the geotechni-
cal group at Cambridge University, were conducted for the plane strain models. Elastic per-
fectly plastic soil model using Mohr-Coulomb’s yield criteria was employed to represent
the behavior of the tested sand at its thiee states. The deformed meshes, displacement vec-
tors, stresses, strains, and displacements for the strip flat model as well as the two shell strip
models were investigated. The deformed meshes and displacement vectors were used to

predict and check the shape of the rupture surface obtained from the ex perimental phase.

2.4.3 Theoretical Phase
A theoretical model using the limit equilibrium method of analysis to represent the
failure mechanism of strip shell foundations was proposed. The rupture surface suggested

from the results of the experimental and numerical investigations in the present study was
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employed in the theoretical analysis. The proposed rupture surface composed of circular
and plane surfaces, which provides a kinematically and statically admissable solution. K&t-
ter’s differential equation was considered to simulate the shear stress distribution along the

circular and plane parts of the rupture surface for the passive stress state.

Shell Ratio (SR) was proposed to take into account the effect of shell configuration
on the failure mechanism, the shape of rupture surface, and the ultimate bearing capacity
(q,)- A computer program “BC-Shell” was developed to perform the theoretical analysis to
identify the rupture surface, which satisfies the equilibrium equations. A parametric study
was conducted to examine the influence of the parameters involved in the analysis on the
ultimate bearing capacity of shell foundations. The bearing capacity coefficients (N, Nq,

Ny) for shell foundations were determined using the program “BC-Shell”. Design tables

and design charts for the bearing capacity coefficients were also presented.

To validate the proposed theoretical model, a comparison between the experimental
results for the plane strain cases and the respective theoretical results was conducted. The
theoretical values for the bearing capacity coefficients, obtained from the program “BC-
Shell” for the plane strain models were employed to establish relationships for depth fac-
tors fy, and fy, as a function of the angle of shearing resistance (¢), shell angle (8), and em-
bedment ratio (ER). By employing these depth factors and the experimental results

measured for the plane strain models, the bearing capacity coefficients Nq and N, were de-

termined. The experimental results for the axisymmetrical and three dimensional models

were employed to originate empirical shape factors: f,, and f;,.
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CHAPTER 3

EXPERIMENTAL INVESTIGATION

3.1 General

The objective of the present experimental investigation is to examine the behavior
of different types of shell foundations as compared to the conventional flat ones; and to pro-
duce valuable experimental data which will be employed in the next stages of the present
investigation. An experimental testing program was developed to investigate the influence
of shell configuration on the ultimate bearing capacity, settlement, contact pressure, lateral
and vertical stresses. An experimental set-up was organized to perform the testing program.
Load-settlement data was recorded up-to failure by means of load cell and LVTD in order
to establish the ultimate load. Contact pressures were measured at soil-foundation interface
by pressure transducers to determine the nature of the distribution at any loading stages.
Furthermore, lateral and vertical stresses were measured within the soil mass to investigate

the effect of the foundation models on their distribution.

3.2 Foundation Models

Three types of shell foundations were used in the present investigation namely, tri-
angular strip, conical, and pyramidal shell models, which simulate the plane strain, axisym-
metrical, and three dimensional field conditions, respectively. Two different shell rises
were chosen for each shell type to examine the effect of rise-to-half width ratio (a/b) on the
behavior. The ratios of 1/2 and i were used in this investigation as they provide practical
range for construction purpose. Strip, circular, and square flat models with the same plan
dimensions, were compared with triangular strip, conical, and pyramidal shell models, re-

spectively. Sketches of these foundation models are illustrated in Figures 3.1 through 3.9.
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Figure 3.2 Triangular (1) Strip Shell Foundation Model (a/b=1/2)
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The models were fabricated from high quality stainless Atlas Alloys (Type 60061
T651) using the Computer Numerical Control “CNC™ Vertical Milling Machine (Mazak
VQC-15/40), which is shown in Plate 3.1 To avoid using any bolts or welds i the structue
of the models, each mode! was fabricated fiom a single picce of alloy. Detailed shop draw
ing including dimensions and locations of holes requited for pressute transducers was pre
pared for each model. These data was provided as an mput tile to the computer connected
to the machine, which precisely shaped each model fiom the given prece ot alloy Sand pa

pers were glued to the basc of the models to provide 1ough surface condition

Matatrew W12

Plate 3.1 “CNC " Vertical Milling Machine (Mazak VQC-15/40))

Plates 3.2 and 3.3 show one of the pyramidal shell models during fabrication pro-
cess and after completion, respectively. An overall view of the nine foundation models after
fabrication is shown in Plate 3.4. Close-up views of the strip flat and tniangular shell mod-
els, the circular flat and conical shell models, and the square flat and pyramidal shell mod

els are shown in Plates 3.5, 3.6, and 3.7, respectively.
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Plate 3.3 Pyramidal Shell Model after Fabrication Completed
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Plate 3.5 Close-Up View of Strip Flat & Triangular Shell Models
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Plate 3.6 Close-Up View of Circular Flat & Conical Shell Models

Plate 3.7 Close-Up View of Square Flat & Pyramidal Shell Models
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3.3 Experimental Set-Up
An overall sketch of the experimental set-up is illustrated in Figure 3.10, and the

followings are the description of the elements used in the testing set-up:

3.3.1 Testing Tanks

Two testing tanks were used in this investigation. A plexiglas tank was used for test-
ing plane strain models and also for special tests on colored layered sand. A steel tank was
used for testing axisymmetrical and three dimensional models. The first tank was made of
two plexiglas walls of one inch thickness (25.40 mm), sce Plate 3.8. The base and sides
were made of wooden sheets of two inches thickness (50.80 mm). The tank has internal di-
mensions of 800 x 165 x 640 mm for length, width, and depth, respectively. The thickness
of the plexiglas walls was chosen to provide lateral supportin order to prevent or to mini-
mize the lateral buckling of walls during testing. The tank width was chosen to be almost

equal to the width of strip models (a difference of 5 mm) to assure planc strain condition.

The second tank was made of steel plates of 6.50 mm thickness for the base and
walls, (see Plate 3.9). The tank has internal dimensions of 1000 x 1000 x 1250 mm for
length, width, and depth, respectively. The tank walls were braced with four steel angles (L

50 x 50 x 5), located at mid height, to prevent lateral buckling of the walls during testing.

3.3.2 Loading System

The loading system composed of a gear box device which generates a downward
displacement with a constant rate of 2 mm/minute. This displacement was transformed into
a force through a steel arm positioned at the centre of the foundation model. A load cell of
5000 Ibs capacity (22.24 kN) was connected to the gear box to measure the applied load.
Linear Variable Displacement Transducer “LVDT” was mounted on the gear box device to
record the movement of the model during testing. Plate 3.10 shows a close-up view of the

gear box device together with the load cell and the LVDT.
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Plate 3.9 Steel Testing Tank
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/|
Plate 3.10 Close-Up View of The Loading System

3.3.3 Pressure Transducers
Two different models of pressure transducers were used in the present investiga-

tion. Both models of the pressure transducers were of high stiffness and insensitive to tem-

peratute variations.

The first transducer (Model 1) is shown in Figure 3.11, which was screwed at the
base of the foundation models to measure the contact pressures on the soil-foundation in-
terface during testing. The surface of the transducer was flush with the foundation base to
avoid the existence of any pockets of higher or lower soil densities which could lead to ei-
ther stress concentration or stress reduction, respectively. The electrical cables of these
pressure transducers were connected directly to Data Acquisition System for contact pres-

sure registration.
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Figurc 3.11 Pressure Transducer Model (1)

The vertical and lateral stresses developed within the soil mass were measured for
the axisymmetrical and three dimensional models by another pressure transducer (Model
2). Figure 3.12 illustrates a detailed sketch of this transducer. An alloy box unit of 40 x 40
x 60 mm for the height, width, and length, respectively, was designed to accommodate two
pressure transducers (see Figure 3.13). The transducers were located in the vertical and hor-

izontal directions in order to measure the pressures acting normal to its surface.

Each transducer was protected against stress concentration by a surrounding inac-
tive area and was sealed into the metallic box to prevent any fine sand particles from enter-
ing the box unit. Flexible O-rings were used to ensure firm contact between the pressure
transducers and the unit. Inside the steel tank, each unit was attached to a thin hollow bar,
through which the electrical cables of the two transducers were connected to Data Acqui-
sition System for lateral and vertical stresses registration. A typical arrangement of these

units inside the steel tank is shown in Figure 3.14.
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Table 3.1 presents the cartesian coordinates (x and y) as well as the radial distances

of each transducer: rp,.., r., and rp,;;,,, with respect to the foundation model. The units were

placed in staggered positions. In plan, they were located at the center of tank and on the
perimeter of two circles of 160 and 320 mm in diameter from the center. In elevation, the

vertical spacing between any two consecutive rows of units was 80 mm center to center.

Table 3.1 Coordinates of Pressure Transducers Units

Depth DE Coordinates Radial distances Key Sketch
X y Imax Teenter | Tmin
! [ 1.00B | 050B | 1.58B | 1.21B | 0.7l B
0>B 1508 | 050B | 206B | 1.58B | 1.12B
3 0 1.00B | 1.12B | 1.00B | 1.12B
LOB 1008 | 100B | 180B | 141B | 1.12B
5 | 1.00B | 1.50B | 2.12B | 1.80B | 1.58 B
5B 1508 | 1508 | 250B | 2.12B | 180 B
7 | 1.00B | 200B | 250B | 2.24B | 206 B
20B 11508 | 2008 | 2828 | 2508 | 224 B
25B | 9 | 1.00B | 250B | 292B | 2.69B | 2.55B
10 | 0.50B | 3.00B | 335B | 3.04B | 3.04 B
308 1508 | 3008 | 361B | 335B | 3.16B

Before the installation procedure began, each pressure transducer was calibrated in-
dividually by using incremental application of air pressure passing through a closed circuit.
By measuring the applied air pressure on the transducer and recording the voltage output
from the transducer by a voltmeter, a calibration factor was determined for each transducer.

Plate 3.11 shows a calibration process for a pressure transducer in progress.

Throughout the testing process, a routine checkup was performed to calibrate the

transducers all in one shot to check if any damage occurred dv:ing testing. Having all units
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fixed in place inside the tank, the upper surface of the tank was closed firmly by a heavy
steel plate, which was surrounded by a rubber coat at its circumference to prevent any air
leakage. Air pressure was then applied inside the tank through an assembly with adjustable
valve connected to a sensitive pressure gauge. The O-rings which were installed between
the contact area of the pressure transducers and the box units act to prevent any air pressure

dissipation through the unit.

All transducers were connected to Data Acquisition System, which registered the
voltage for each transducer separately and gave the pressure according to its calibranon fac-
tor. By reading the air pressure applied inside the tank from the pressure gauge and com-
paring it with the output from the Data Acquisition System for cach transducer, any

damaged transducer was easily identified and replaced.

Plate 3.11 Calibration Process of Pressure Transducer
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3.3.4 Data Acquisition System

The data recorded for each loading test were measured by a variety of electrical de-
vices namely: load cell, LVDT, and pressure transducers. All devices were connected to an
HP Data Acquisition Sy stem, which register voltage changes. A computer program was de-
velopedio convertthese voltage readings into load, displacement, and pressure using a spe-
alic calibraton factor for each individual device. The program allows the data registration
process to be set either to manual or automatic modes. While the manual mode gives the
freedom to regaster all readings at any desired point of time, the automatic mode records
the data ata predetermined time interval. Manual mode was used for data registration dur-
ing compaction process and the transducers routine checkup; the automatic mode was used
during all loading tests for systematic data output. Plate 3.12 shows a general view of the

Data Acquisition System connected to a computer during a loading test.

Plate 3.12 Data Acquisition System
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0.75) were tested. Table 3.2 summarizes the testing program.

Table3.2 Experimental Testing Program

-

3.4 Experimental Testing Program
A total number of 54 tests were conducted on the prescribed foundation models us-

ing three different sand states. Surface and embedded models at embedment ratio of (D/B=

Foundation Model Test Surface Tests Test { Embedded Tests
No. (D/B =0) No. (D/B =0.75)
Strip Flat Model 1 | Loose Sand 4 | Loose Sand
" 2 | Medium Sand 5 | Medium Sand
) 3 | Dense Sand 6 | Dense Sand
o
= | Trian gular (1) Shell Model 7 Loose Sand 10 | Loose Sand
'g 8 Medium Sand 11 { Medium Sand
7 9 | Dense Sand 12 | Dense Sand
(9]
& | Triangular (2) Shell Model | 13 | Loose Sand 16 | Loosc Sand
A 14 | Medium Sand 17 | Medium Sand
15 | Dense Sand 18 | Dense Sand
Circular Flat Model 19 | Loose Sand 22 | Loose Sand
° 20 | Medium Sand 23 | Medium Sand
é 21 | Dense Sand 24 | Dense Sand
§ Conical (1) Shell Model 25 | Loose Sand 28 | Loose Sand
5 26 | Medium Sand 29 | Medium Sand
e 27 | Dense Sand 30 | Dense Sand
=
2 | Conical (2) Shell Model 31 | Loose Sand 34 | Loose Sand
:é 32 | Medium Sand 35 | Medium Sand
33 | Dense Sand 36 | Dense Sand
| Square Flat Model 37 | Loose Sand 40 | Loose Sand
-zc; 38 | Medium Sand 41 | Medium Sand
> 39 | Dense Sand 42 | Dense Sand
g Pyramidal (1) Shell Model | 43 | Loose Sand 46 | Loose Sand
g 44 | Medium Sand 47 | Medium Sand
QE) 45 | Dense Sand 48 | Dense Sand
% Pyramidal (2) Shell Model | 49 | Loose Sand 52 | Loose Sand
E 50 | Medium Sand 53 | Medium Sand
= 51 | Dense Sand 54 | Dense Sand
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3.5 Sand Characteristics

Three different sand states were used in the present investigation namely, loose,
medium, and dense states. A mixture of well graded sand was obtained from five different
gradation of 99.9% high silica sand imported from the United States. The sand mixture con-
sisted of percentage passing by weight from mesh #10: #16: #24: #40: #140=2:1: 3: 2: 2,
Based on the Unified Soil Classification System, the tested sand was classified as well

graded and has a uniformity coefficient C,= 9.50, coefficient of curvature C.=2.13, and an
average specific gravity (G,) of 2.68. Figure 3.15 shows the mechanical sieve analysis

graph of a sample of the mixture sand used in this investigation.

A sand placing technique was developed and calibrated several times before start-
ing the testing program to ensure the reproducibility of a predetermined unit weight inside
both testing tanks. This technique was achieved by placing the sand in layers and applying
mechanical compaction by means of an air pressure hammer using constant air pressure.
By changing the duration of compaction, as an external controlled factor in the compaction

process, different unit weights of the sand were produced.

In the plexiglas tank, three layers of 160 mm thickness each were poured and the air
pressure was sct constant to 40 psi (275.79 kPa), and four layers of 160 mm thickness each
were poured in the steel tank and the air pressure was set constant to 37 psi (255.10 kPa).
Figures 3.16 and 3.17 show compaction time versus sand unit weight at different layers in-

side the plexiglas tank and the steel tank, respectively.

Direct shear box tests were performed on different sand samples of the unit weights:
16.0, 17.0, 18.0, and 19.0 kN/m?. The shear box test results are presented in Figures 3.18
through 3.20. Tables 3.2 and 3.3 summarize the physical and mechanical characteristics of

the sand used in the testing program inside the plexiglas and the steel tanks, respectively.
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Figure 3.17 Compaction Time versus Sand Unit Weight inside Steel Tank
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Table 3.3 Physical and Mechanical Characteristics of Sand in Plexiglas Tank

Sand State U;i[&ii«f-‘m An[if::il\;gl ng | Rel ati;')cr (l;cnsily
Loose 1641 33.56 19.57
Medium 17.55 37.37 53.66
Dense 1843 4031 71.09

Table 3.4 Physical and Mechanical Characteristics of Sand in Steel Tank

Unit Wei ght Angle of Shearing Relative Density
Sand State Y kN/m3 Resistance ¢° D%
Loose 16.50 33.86 2244
Medium 17.66 37.73 56.72
Dense 18.52 40.61 79.36
3.6 Embedment Depth

In order to study the effect of embedment on the geotechnical behavior of the foun-
dation models, two embedment ratios (depth/width) were used in the present investigation

namely, surface models, i.c., at D/B =0, and embedded models at D/B=0.75.

3.7 Experimental Test Procedure

The sand mixture was prepared to the prescribed gradation and pumped up by a vac-
uum machine to the sand reservoir, located above the testing tank, see Plate 3.13. The sand
was poured into the tank through a funnel asscmbly, sec Plate 3.14, which was moved by
hand in a consistent way overthe testing tank to achieve a uniform sand distribution. When
the sand surface reached the top of first layer (160 mm), the compaction was then applied
using the air pressure harnmer, see Plate 3.15. The air pressure was sct constant and the
compaction duration was applied according to the required sand state. Spreading and com-

paction process were repeated for other sand layers until t'ie foundation level was reached.
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For the surface loading tests, i.e., at D/B=0, the flat model was placed at the center
of the testing tank then the load application started. In order to prepare the soil core under
the shell surface for axisymmetrical and three dimensional models, the shell model was
filled with a specified calculated volume of sand according to the desired sand state in order

to achieve the requisite unit weight.

Plate 3.16 shows the sand filling process of a shell model. A thin steel plate was then
placed on the top of the shell model and transferred to its location at the center of the tank,
see Plate 3.18. Finally, the steel plate was removed from underneath the shell and good care
was taken to insure full contact between the sand and the shell surface. In addition, the top
part of the shell model was removed and some extra sand was added to compensate for what

might be lost during the removal process of the steel plate.

For the triangular shell strip models, the sand was poured through three holes locat-
cd at the top portion of the model and by looking through the sides of the plexiglas tank,

the full contact between the sand and shell surface was easy verified.

For embedded loading tests, i.e., at D/B = 0.75, the sand spreading continued until
the upper surface of sand was reached and then the compaction was applied carefully at the

top surface outside the area of the foundation model.

After the testing tank was prepared, the Data Acquisition System was initialized and
achecking stage for all electrical devices was performed to check the existence of any wire
disconnection. When the checking stage was completed, then the load application stage
started. Vertical load, settlement, contact pressures, and lateral and vertical stresses within
the soil mass were automatically recorded during testing. The loading tests were cornunued
beyond failure point, i.e., when the settlement was increasing rapidly and the load either
decreased or remained almost constant. Plates 3.18 and 3.19 show the circular foundation

model at the beginning of a loading test and duiing the loading process.
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Plate 3.14 Funnel Assembly Used for Sand Spreading Technique
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Plate 3.16 Process of Sand Filiing under Shell Model
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Plate 3.18 Circular Foundation Model before Testing
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Plate 3.19 Circular Foundation Model during Loading Process

3.8 lixperimental Tests Results

3.8.1 In-Site Stresses in Sand

The lateral carth pressure at rest (o) for normally consolidated soil ¢ an be calcu-

lated theoretically using the well known coefficient of lateral earth pressure at rest (k) giv-

cn by Jahy i 194 as follows:

6.» = Gfk(’(lh)
where:
0. = 7Y?
k(’(”() =

(3.1)

(3.2)

1 -sin(¢) (3.3)

In the present investigation, the vertical and lateral stresses within the sand mass

were measured during and after the completion of sand placing in the steel testing tank by



means of the pressure transducers. During the compaction process of sand layers, the addi-
tional pressure resulted from the vibration of the air pressure hammer caused a remarkable
increase in both the vertical and lateral stresses within the sand mass as compared to the
theoretical values calculated for the sand before compaction, i.e., for normally consolidated
soil. However, when compaction process terminated, the vertical stresses gradually de-

creased until they reached values slightly above the overburden pressure (o,) and lateral
stresses also decreased but they remained relatively higher than (c,,). Based on this, it can

be deduced that compaction process leads to produce overconsolidated sand.

The measured coefficient of lateral earth pressure at rest of an overconsolidated

sand layer (k,;,) was calculated as the ratio between the lateral stress (0y,,) and the vertical
stress (Oypy,) measured at a given depth of embedment immediately after placing and com-

pacting the sand layer. The overconsolidated ratio (OCR) of the sand depends on the ap-
plied compaction effort and on the depth of embedment. The values of (OCR) at different
sand layers were calculated using the relationship given by Wroth in 1974, which is as fol-

lows:

v A
ko(oC) = ko(nC)OCR—(]_—V)(OCR -1 (3.4)

where: k() is coefficient of lateral earth pressure for overconsolidated soil;
Ko(ne) 18 coefficient of lateral earth pressure for normally consolidated soil;

OCR is overconsolidation ratio; and v is Poisson’s ratio.

This expression was employed in a reverse way in order to determine the value of

the overconsolidation ratio (OCR). Since (k) can be calculated trom the theorctical re-
lationship given by Jaky and (k) in equation 3.4 is the one measured from the experi-

ment, Wroth’s expression can be applied as follows:
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(fwen~(75))

OCR = (3.5)

(rano=(755))

The value of (v) usually has a relatively small effect on the calculated (OCR). Nev-

crtheless, proper values for Poisson’s ratio for different sand states were adopted from the
literature (Harr 1966) as 0.25, 0.20, and 0.15 for loose, medium, and dense states, respec-
tively.The experimental results and the calculated values of (OCR) for loose, medium, and

dense sand in the steel tank are reported in Tables 3.5 through 3.7.

From the data shown in these tables, it can be observed that for a given sand state
the (OCR) increases as the soil depth increases. Moreover, for a given depth of embedment,
the (OCR) increases with the increase of compaction effort. The comparison between the
theoretical values of (Kyc)) and the measured values of (ko)) indicates that there was a
rclative increase in the magnitude of lateral stresses due to the compaction process. This
increase becomes greater as the depth of embedment increases due to the increase in the

(OCR), i.e., the sand was slightly overconsolidated.

This can be explained in terms of the applied compaction effort induced in each lay-
er of sand. A lower layer was subjected to a higher compaction effort than a higher one.
Furthermore, greater residual stresses were locked-in at the lower sand layers due to the re-
flection of vibration from the side walls of the steel testing tank. This can also explain the
increase of (OCR) as the depth of embedment of sand increases, contrary to what is usually

observed in natural soils.

Figure 3.21 shows the measured vertical and lateral stresses with respect to the the-

oretical values for normally consolidated sand. Figure 3.22 shows the distribution of (k)

and (OCR) for the three sand states inside the steel testing tank.
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Table 3.5 Compaction Results for Loose Sand (¢ = 33.86") in Steel Tank

Depth (m) | &, (kKPy) | o, (KP2) Koo OCR
0.08 1.39 0.62 0.446 1.03
0.16 2.82 1.28 0.454 1.10
0.24 4.12 1.90 0461 a7
0.32 5.46 2.58 0.473 1.28
0.40 6.82 3.27 0479 1.33
0.48 7.72 32 0.482 1.36

Table 3.6 Compaction Results for Medium Sand (¢ = 37.73°) in Steel Tank

Depth (m) | ©,,, (kPa) O 1 (kPa) Kogoc) OCR
0.08 1.52 0.68 0.447 1.38
0.16 2.93 1.34 0.457 1.45
0.24 4.46 2.08 0.466 1.51
0.32 5.78 2.76 0.478 1.59
0.40 734 3.55 0.484 1.63
0.48 8.69 4.22 0.486 1.65

Table 3.7 Compaction Results for Dense Sand (¢ = 40.617) in Steel Tank

Depth (m) | ©,,(kPa) | o, (kPa) kococ) OCR
0.08 1.60 0.72 0.450 1.58
0.16 3.15 1.45 0.460 1.64
0.24 4.66 2.18 0.458 1.69
0.32 6.13 2.95 0481 1.76
0.40 7.56 3.68 0.487 1.80
0.48 8.96 4.39 0.490 1.82
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3.8.2 Load-Settlement Curves

In the present experimental investigation, the settlement of the foundation models
(8) and the corresponding applied load (Q) were recorded and plotted for all loading tests.
The ultimate load (Q,) was defined at the point of maximum load obtained from the load-
settlement (Q-3) curve, at which the load starts to decrease while the settlement continues

o increase.

The values of the ultimate load (Q,) and the corresponding settlement (8,) were de-

termined from the experimental tests results and presented in Tables 3.8, 3.9, and 3.10 for
the plane strain, axisymmetrical, and the three dimensional conditions, respectively. The

load-settlement curves for the tests are presented in Figures 3.23 through 3.31.

Table 3.8 Ultimate Load (Q,,) & Settlement (3,) for Plane Strain Condition

.%" . Surface Footings (D/B= 0) Embedded Footings (D/B=0.75)
g Q) 8, (mm) QM 5, (mm)
33.56 2081 12.42 4813 17.83
'VE; 37.37 4613 19.71 9278 24.64
40.31 8572 21.76 15875 31.44
= 33.56 24717 13.05 5321 16.48
%h 37.37 5241 17.13 10036 22.29
s 40.31 9567 19.26 16880 29.86
S 33.56 2811 14.13 5699 16.24
%b 37.37 5816 18.06 10666 22.18
& 40.31 10336 20.02 17837 29.48
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Table 3.9 Ultimate Load (Q,) & Settlement (8,)) for Axisymmetri<al Condition

%" . Surface Footings (D/B=0) Embedded Footings (D/B=0.75)
é ? Qu(\N) 8, (mm) Q. (N) &, (mm)

. | 3386 1794 11.57 4673 17.23

3| 3173 3727 17.12 8638 572 |
SR TYS 6730 21.05 14557 32.61

= | 3386 2153 11.13 5215 17.66

S| 3173 4287 16.62 9444 26.16

é 40.61 7730 20.45 15665 33.14

S| 3386 2457 12.09 5619 17.41

s | 37173 4816 16.74 10122 25.39

S [ 4ol 8414 20.78 16731 33.54

Table 3.10 Ultimate Load (Q,;) & Settlement (3,) for Three Dimensional Condition

%” ] Surface Footings (D/B=0) Embedded Footings (D/B=0.75)
gl ° Qu(N) 8, (mm) Q) 8, (mm)
o 33.86 2370 12.07 6103 17.43
§- 37.73 4959 16.62 11273 26.68
A

40.61 9035 22.45 19018 32.08
= 33.86 2854 11.25 6790 17.19
g 37.73 5686 16.04 12304 25.92
o;.:’ 40.61 10179 22.97 20391 30.37
a 33.86 3272 11.03 7318 16.79
§ 37.73 6351 16.72 13173 26.15
% 40.61 11111 23.86 21708 32.06
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The load-settlement data are summarized and presented in rigures 3.32, 3.33, and
3.34 as curves of the ultimate load (Q,,) versus the angle of shearing resistance (¢) for the
plane strain, axisymmetrical, and three dimensional conditions, respectively. It can be ob-
served from thesc curves that the ultimate load (Q,) increases with the increase in the angle
of shearing resistance (9). Also, it can be seen that shell footings have higher ultimate loads
than conventional flat ones. The ultimate load (Q,) increases as the depth of embedment
increases for flat as well as shell footings. The relationship between the ultimate load (Q,)

and the angle of shearing resistance (¢) has similar trend for the three prescribed conditions.

The increase in the ultimate load of a shell footing as compared to its flat counter-
partis recognized in the present study as the shell efficiency factor (n). Itis defined as given
in equation (3.6) as the ratio between the difference in ultimate loads of shell and flat foot-

ings over the ultimate load of the flat footing.

Qus - Quf
n = (3.6)
Q"f
Where: n : shell efficiency factor;

Q.s :ultimate load of shell footing;

Q,,f : ultimate load of flat footing.

Table 3.11 presents the calculated shell efficiency factors () deduced in the
present experimental investigation. In general, it can be concluded from Table 3.11 that
shell efficiency factor () decreases with the increase in the angle of shearing resistance (¢),
i.e., the effect of shell configuration diminishes when the soil becomes denser. Moreover,
the shell efficiency factor () reduces remarkably for the tests conducted on the embedded
footings as compared with the surface ones. This trend holds true for all the shell footings
at any sand state. Also, it can be noticed that the shell efficiency factor (n)) for the conical

and pyramidal footings are higher than that of the triangular ones. The comparison between
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Figure 3.32 Ultimate Loads (Q,) for Plane Strain Condition
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Figure 3.33 Ultimate Loads (Q,,) for Axisymmetrical Condition
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Figure 3.34 Ultimate Loads (Q,) for Three Dimensional Condition
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the conical and pyramidal footings shows that the factors (n) for the conical footings are
slightly higher than that of the pyramidal ones for all tests except the ones conducted on the

surface shell footings on loose sand.

In order to examine the scttlement characteristics of the shell footings versus that of

the conventional flat counterparts, a non-dimensional settlement factor (Fg) was intro-
duced. The settlement factor (Fg) was calculated at the ultimate Joad (Q,) to reflect the set-

tlemeni characteristics of the footings throughout the loading process. The settlement factor

(Fg) 15 presented in equation (Z.7). It should be noted that a lower value of the settlement

factor (Fg) indicates better scttlement characteristics.

3, YA,
Fo = —_ 12 (3.7)
8 Qll
Where: 8,  :settlement at ultimate load;
Y : soil unit weight;
Ay :area of footing in horizontal projection;
Q, :ultimate load.

The calculated settlement factors (Fg) deduced from the present experimental inves-
tigation are given in Table 3.12. In general, for any footing, the settlement factosr (Fg) de-

creases for denser sand. The comparison between the surface and embedded footings shows

that the settlement factor (F5) decreases remarkably for the embedded footings specially for

loose sand. The comparison between shell and flat footings for any a given sand state indi-

cates that the shell footings possess lower settlement factor (Fg) which demonstrates better

settlement characteristics for shell footings. The relationships between the settlement factor

(Fsy and the angle of shearing resistance (¢) are presented in Figures 3.35, 3.36, and 3.37

for the plane strain, axisymmetrical, and three dimensional conditions, respectively.
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Table 3.11 Shell Efficiency Factor (n)¢e

surface Footings (D/B=0)

Embedded Footings (D/B= 0.75)

Plane Strain

Angle of Shearin

g Resistance (¢°)

3356 | 37.37 40.31 33.56 | 37.37 | 403
Triangular (1) | 19.03 13.61 11.61 10.55 8.7 | oy
Triangular (2) 35.08 26.08 20.58 18.41 14.96 12.36
Axisymm. & Angle of Shearing Resistance (¢°) T

3 Dimensional ™0™ T 3773 | 4061 | 3386 | 3793 | 4001
Conical (1) 20.01 15.03 14.01 11.60 9.33 701
Conical (2) 3696 | 2922 | 2410 | 2024 17.18 1493
Pyramidal (1) | 20.42 14.66 12.66 11.26 915 | 722
Pyramidal (2) | 3806 | 2807 | 2298 1991 1685 | 1414

Table 3.12 Settlement Factor (Fg) at Ultimate Load (x 10°%

Surface Footings (D/B= 0)

Embedded Footings (D/B= 0.75)

U

Angle of Shearing Resistance (¢°)

Plane Strain - ™ 53's6™ | 3737 | 4031 | 3356 | 3737 | 4031
Strip 2.51 1.92 1.20 1.56 1.19 093
Triangular (1) 2.21 1.47 095 1.30 1.00 0.83
Triangular 2) | 2.11 1.40 091 1.20 0.93 0.78

Axisymm. & Angle of Shearing Resistance (¢°)

3 Dimensional ™0 37.73 40.61 33.86 37.73 40.61
Circular 2.14 1.63 1.16 1.22 1.06 0.83
Conical (1) 1.72 1.38 0.99 1.12 0.98 0.79
Conical (2) 1.63 1.23 0.92 1.03 0.89 0.75
Square 2.15 1.52 1.18 1.21 1.07 0.80
Pyramidal (1) 1.67 1.28 1.07 1.07 0.95 0.71
| Pyramidal (2) 142 1.19 1.02 0.97 0.90 0.70

84



Settlement Factor (Fg) x 1073
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Figure 3.35 Settlement Factor (F;) for Plane Strain Condition
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Settlement Factor (Fs) x 107
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Settlement Factor (F5) x 10
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3.8.3 Contact Pressure Distribution

In the present experimental investigation, the contact pressures were measured at
predetermined locations on the soil-foundation interface by means of pressure transducers.
The results of these measurements were recorded by the Data Acquisition System for cach
transducer. The contact pressures measured by each transducer were plotted versus the cor-
responding applied load for all tests. The pressure envelope, which is the domain envelop-
ing the lower and upper limits of the recorded contact pressures, was established and shown

on these plots.

The contact pressure measurements versus the applied load until the ultimate load
are presented in Figures 3.38 through 3.40 for strip flat footing, in Figures 3.41 through
3.43 for triangular (1) shell footing, in Figures 3.44 through 3.46 for triangular (2) shell
footing, in Figures 3.47 through 3.49 for circular flat footing, in Figures 3.50 through 3.52
for conical (1) siieli reoting, in Figures 3.53 through 3.55 for conical (2) shell footing, in
Figures 3.56 through 3.58 for square shell footing, in Figures 3.59 through 3.61 for pyra-
midal (1) shell footing, and in Figur=s 3.62 through 3.64 for pyramidal (2) shell footing. A
key plan of the soil-foundation interface including the pressure transducers is shown on

these figures. Each pressure transducer (T,) is identified with a different symbol which is

used in plotting the data.

In general, it can be observed from these figures that the contact pressures increcase
with the increase in the applied load in nearly a linear fashion. However, some curvature
exists near the region of the ultimate load. The existence of a pressure envelope on these
figures indicates that the contact pressure distribution is not a uniform one. A more con-
fined domain for the pressure envelope demonstrates less variation in the contact pressures

over the base of footing.

For the plane strain condition, the contact pressure envelopes of the embedded foot-
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ings were generally more confined than that of the surface ones. The pressure envelope for
a given footing was more confined for a denser sand state. The comparison between the
strip flat and the triangular shell footings indicates that the later possessed relatively more

confined pressure envelopes.

For the axisymmetrical condition, the pressure envelopes for the embedded and sur-
face footings had almost the same degree of confinement. However, it can be seen that the
pressurc envelope of the embedded conical (2) shell footing was more confined than that
of the surface one at any sand state. The pressure cnvelopes for tiie conical shell footings
were more confined for a denser sand state. However, this trend was not satisfied for the
circular flat footing, where the pressure envelope at the medium sand state was less con-
fined than that at the loose sand state. The conical shell footings possessed relatively more

confined pressure envelopes than that of the circular flat counterpart.

For the three dimensional condition, there was a significant difference as compared
to the trend described for the plane strain and axisymmetrical conditions. The pressure en-
velopes of the surface square flat footing were more confined than that of the embedded
one for the three sand states. The pressure envelopes for the dense sand state were less con-
fined than that for the loose and medium sand states. The pressure envelopes of the surface
pyramidal (1) shell footing at the loose and medium sand states were more confined than
that of the embedded one. However, at the dense sand state, they had almost the same de-
gree of confincment. The same trend applied for the pyramidal (2) shell footing with the
exception that the pressure envelope of the embedded footing at the dense sand state was

remarkably more confined than that of the surface one.

It can be concluded from the above that the picture cf the contact pressure distribu-
tion for the axisymmetrical and three dimensional conditions is not well defined. However,
some general trends were deduced for the plane strain condition which might help in un-

derstanding the overall behavior with respect to contact pressure distribution.
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In order to examine the development of the contact pressure distribution, the contact
pressures were established at three different loading stages. The load-settlement curve for
cach test was divided into three main regions (Lambe and Whitman 1979). The first stage
was defined at the load causing local shear failure (Q;) where major non-linearity appeared
in the load-settlement curve. The second stage is at the bearing capacity load (Qy) which

was defined where the slope of the load-settlement curve first reaches a steady minimum
value, or in other terms, when the rate of settlement increases rapidly due to a gradual in-

crease in the applicd load. The third stage was defined at the prescribed ultimate load (Q,).

The values of Q; and Q,, were determined from the load-settlement curves, and the
ratios (Q)/Q,) and (Q/Q,) were calculated to check the validity of the comparison between
footings. The ratios (Q/Q,) are varied from 38% to 45% and the ratios (Q,/Q,) are varied

from 67% to 75%. The calculated ratios are given in Tables 3.13, 3.14, and 3.15 for the

plane strain, axisymmetrical, and three dimensional conditions, respectively.

Table 3.13 Ratios of (Q;/ Q,,) & (Qy, / Q,) for Plane Strain Condition

%" Sand Surface Footings (D/B= 0) Embedded Footings (D/B= 0.75)
2| 5 | om [ora, | o [y | om | era, | e | ave,
Loose 845 0.41 1533 | 0.74 | 1903 | 040 | 3361 | 0.70
';,é; Medium 1889 | 041 | 3225 | 0.70 | 3897 | 042 | 6454 | 0.70
Dense 3380 | 039 | 5603 | 0.68 | 6685 | 0.42 | 10869 | 0.68
= Loose 1034 | 042 | 1697 | 0.69 | 2107 | 040 | 3711 { 0.70
%b Medium | 2044 | 0.39 | 3596 | 0.69 | 4370 | 0.44 | 7373 | 0.73
& | Dense 4036 | 042 | 6632 | 0.69 | 6718 | 040 | 11262 | 0.67
S Loose 1265 | 045 | 2073 | 0.74 | 2192 | 0.38 | 3836 | 0.67
%b Medium | 2567 | 044 | 4332 [ 0.75 | 4205 | 039 | 7661 | 0.72
~ | Dense 4106 | 040 | 7481 | 0.72 | 7589 | 0.43 | 13001 | 0.73
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Table 3.14 Ratios of (Q;/ Q) & (Qy, / Q) for Axisymmetrical Condition

.‘é‘) Sand Surface Footings (D/B= 0) Embedded footings (D/B= 0.75)
u% SRe | Qo QQu | Q™ | QYQu | QN | Q/Q, | Qo™ | QYQy
. Loose 800 045 | 1200 | 0.67 1972 | 042 | 3432 | 0.73
g Medium 1679 | 045 | 2749 | 0.74 | 3426 | 040 | 6233 | 0.72
e Dense 2899 | 043 | 4972 | 0.74 | 5581 | 0.38 {10609 | 0.73
= | Loose 862 040 | 1620 | 0.75 | 2014 | 0.39 | 3694 | 0.71
E,’ Medium 1883 | 0.44 | 3060 | 0.71 3800 | 040 | 6536 | 0.69
5 Dense 3385 | 044 | 5693 | 0.74 | 6287 | 040 | 10812 [ 0.69
& | Loose 1052 | 043 1730 | 0.70 | 2482 | 044 | 3970 | 0.71
E Medium 1982 | 041 | 3546 | 0.74 | 4376 | 043 | 7180 | 0.71
é Dense 3560 { 042 | 6324 | 0.75 | 7056 | 0.42 | 11577 | 0.69

Table 3.15Ratios of (Q;/ Q,) & (Qy, / Q) for Three Dimensional Condition
,%D Sand Surface Footings (D/B=0) Embedd J Jootings (D/B=0.75)
g1 Sae Q| Queu | @ | v, | am [ er, | e [ ave,
o Loose 1047 | 044 | 1724 | 0.73 | 2463 | 040 | 4287 | 0.70
g Medium | 2088 | 042 | 3678 | 0.74 | 4526 | 040 | 7784 | 0.69
%

Dense 3864 | 043 | 6628 | 0.73 | 7972 | 042 | 13656 | 0.72
-~ Loose 1200 | 0.42 | 2051 0.72 | 2611 | 0.38 | 4697 | 0.69
g' Medium | 2299 | 040 | 4157 | 0.73 | 5217 | 0.42 | 8803 | 0.72
o;..‘ Dense 4012 | 039 | 7309 | 0.72 | 7973 | 0.39 | 14287 | 0.70
S Loose 1400 | 043 | 2300 0.7(; 2825 | 039 | 5182 | 0.71
§ Medium | 2718 | 043 | 4509 | 0.71 5195 | 039 | 9463 | 0.72
o‘i’ Dense 4324 | 039 | 7878 | 0.71 8949 | 041 | 15797 | 0.73
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The contact pressure at the edge of the footings was determined by equating the giv-

en applied load (Q), Q. or Q,) with the integration of the contact pressure diagram over the

surface area of the base of footings using the measured contact pressures at the predeter-
mined locations of the pressure transducers. It should be admitted that the pressure diagram

connecting any two points was assumed to be linear.

For the plane strain condition, an average reading of the contact pressures measured
by pressure transducers located on the same axis was used in the pressure diagram. Since
the contact pressure distribution for the three dimensional conditions is indeterminate, an
assumption was made to determine the contact pressures at the edges. The total contact
pressure at the edges was distributed according to the distance from the center of footing.
A zero valuc at the edge indicates that the volume of the measured contact pressure diagram
was greater than the total applied load. This suggests the existence of a lower pressure read-
ing located in between 1wo consecutive pressure transducers than that assumed due to the
linear relationship. The locations of the points, at which the contact pressures are measured,
are given in Table 3.16. The values of the contact pressure mzasured at the three loading
stages and the calculated values at the edge of footings are presented in Tables 3.17 through

3.22 for all loading tests.

Table 3.16 Locations of Reference Points from The Center of Footing (in mm)

Plane Strain Axisy mmetrical Three Dimensional

S ) N = | € & S

A& &S] S|S | & |&]| ¢

Point (1) 30 30 40 30 30 40 30 30 40

Point (2) 60 60 80 45 45 60 45 30* 40*

Point (3) --- 60 60 80 50 45 60

Point (4) --- --- - --- 60 60 80

Point (5) --- --- --- 80 60* 80*
¥ measured on the diagonal
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Figures 3.65 through 3.70 present the contact pressure distribution over the base of
the footings at the three defined loading stages. For the plane strain and axisymmetncal
conditions, the contact pressure distribution is presented only in two directions since it is
constant in the third one. However, the contact pressure distribution for the three dimen-
sional condition is presented in an isometric view showing the variation of the contact pres-

sure over a triangular area representing one-eighth of the footing.

Figures 3.65, 3.66, and 3.67 show the contact pressure distribution for the plane
strain condition: strip flat, triangular (1) shell, and triangular (2) shell footings, respective-
ly. The surface strip flat footing had zero pressure at the edge throughout the three loading
stages for the case of loose sand. However, for medium and dense sand, although the con-
tact pressure decreased remarkably towards the edge, it did not reach a zcro value at the
edge. The maximum pressure occurred at (2/3B) from the center for medium and dense

sand, and at (1/3B) for loose sand.

The contact pressure distribution for the embedded strip flat footing had different
trend than that of the surface one. The maximum contact pressure occurred at the edge of
footing at the bearing capacity and the ultimate loading stages. Howcver, at the first loading
stage, it reached the maximum pressure near the edge and then decreased again at the edge.
The difference between the contact pressure at the center and at the edge for loose and me-
dium sand was relatively small. However, for dense sand, the contact pressure at the edge

was remarkably higher than that at the center, specially at the bearing capacity stage.

The contact pressure at the edge of the surface triangular (1) shell footing was ncar-
ly zero for the case of loose sand. The maximum contact pressurc occurred at (2/3B) from
the center. This trend also held true for both medium and dense sand states, however, the
contact pressure at the edge was almost half the pressure at the center. However, for the first

loading stage for medium sand, the contact pressure distribution was nearly uniform.
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The contact pressure for the embedded triangular (1) shell footing on loose sand
was nearly uniform at the first loading stage. Then, by increasing the applied load, the con-
tact pressure increased with some concentration near the edge. The maximum contact pres-
sure occurred at (2/3B) from the center. This trend was similar for both medium and dense
sand, however, when the contact pressure reached its maxirnum value, it decreased remark-

ably at the edge, specially for dense sand.

The configuration of the contact pressure distribution for the surface and embedded
triangular (2) shell footing was almost similar to the one descrited for the triangular (1)
shell footing. The maximum contact pressure occurred at (2/3B) from the center for almost
all cases, except for the contact pressure of the embedded footing on loose sand, which in-
creased linearly from the center towards the edge for during first and second loading stages.
The contact pressure at the edge was approximately equal to the one at the center, except

at the ultimate stage, the contact pressure decreased remarkably at the edge.

Figures 3.68, 3.69, and 3.70 show the contact pressure distribution for the axisym-
metrical condition: circular flat, conical (1) shell, and conical (2) shell footings, respective-
ly. For the surface circular flat footing, the maximum contact pressure occurred at (1/3B)
from the center and decreased gradually until it reached a zero value at the edge. This trend

held true for all sand states at the three loading stages.

The maximum pressure for the embedded circular flat footing occurred at the center
and decreased gradually towards the edge. However, it did not reach a zero value at the
edge. The contact pressure at the edge was almost (2/3) the pressure at the center. The dis-

tribution for dense sand was nearly uniform and had a linear relationship.

The maximum contact pressure for the surface conical (1) shell footing occurred at
(2/3B) from the center for all cases, except for the first stage for medium sand, where the

contact pressure increased linearly from the center towards the edge.
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The contact pressure distribution of the embedded conical (1) shell tooting varied
according to the sand state. The maximum contact pressure occurred at the same location
as for the surface footing. However, for loose sand, the pressure incieased gradually until
itreached the maximum value and then decreased again at the edge. The same trend applied
for medium sand, however, the contact pressure remained constant from the point of max-
imum pressure until the edge. For dense sand, the contact pressure, after it reached its max-
imum value, decreased remarkably towards the edge. The contact pressure at the edge for
loose and medium sand was higher than that at the center. This trend was reversed for dense

sand, where the contact pressure at the center was relatively higher than that at the edge.

The behavior of the conical (2) shell footing was similar to that of the conical (1)
shell footing. However, at the ultimate stage for the surface footing on medium sand, the
contact pressure remained constant from the point of maximum pressure up to the edge. Al-
so, the contact pressure at the edge of the embedded footing at the first loading stage was

nearly the same as that occurred at the center.

Figures 3.71, 3.72, and 3.73 show the contact pressure distribution for the three di-
mensional condition: square flat, pyramidal (1) shell, and pyramidal (2) shell footings, re-
spectively. For the surface and embedded square flat footing, the maximum contact
pressure occurred at the centre and decreased towards the edge with more reduction on the
diagonal. It can be noticed that the contact pressurc at the edge of the surface footing

reached a zero value for all sand states during all loading stages.

For the two pyramidal shell footings, the trend was almost the same. The maximum
contact pressure occurred at the centre, however, there was an area around the centre of
footing having the same contact pressure. The only exception case was the embedded foot-
ing on dense sand, which was similar to the square footing with maximum pressure at the

centre and decreased towards the edge.
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Figure 3.65 Contact Pressure Distribution for Strip Flat Footing

129




£ Local Failure
M Bcaring Capacity
B Ultimate Load

Units in kPa

Surface Footing

A A AR A ANA

AAAQthA

100

Illllll lllJ;,

200

100

200

300

100

200

300

400

500

Medium

Dense

100

200

300

100

200

no

400

500

100

200

300

400

500

700

800

Figure 3.66 Contact Pressure Distribution for Triangular (1) Shell Footing
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Figure 3.67 Contact Pressure Distribution for Triangular (2) Shell Footing
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[Z=1 Local Failure
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Figure 3.68 Contact Pressure Distribution for Circular Flat Footing
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Figure 3.69 Contact Pressure Distribution for Conical (1) Shell Footing
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Figure 3.70 Contact Pressure Distribution for Conical (2) Shell Footing
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Figure 3.71 Contact Pressure Distribution for Square Flat Footing
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Figure 3.72 Contact Pressure Distribution for Pyramidal (1) Shell Footing
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Figure 3.73 Contact Pressure Distribution for Pyramidal (2) Shell Footing
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3.8.4 Vertical & Lateral Stresses

The vertical and lateral stresses induced within the sand mass during the loading
process of the axisymmetrical footings (circular flat and conical shell footings) and the
three dimensional footings (square flat and pyramidal shell footings) were measured by the
pressure transducers located inside the box units. There are eleven box units (1 to 11) ar-
ranged in a staggered position inside the steel tank as shown in Figure 3.14, The coordinates
of these box units inside the tank were given in Table 3.1. Each box unit contains two pres-
sure transducers, one to measure the vertical stress and the other to measure the lateral
stress acting perpendicular to the surface of the transducers. The measurements were re-

corded throughout the loading process and until failure occurred, i.e, at the ultimate load.

The vertical and lateral stresses acted on each pressure transducer are presented
herein using vertical and horizontal bar charts, respectively. The test results at a particular
sand state for each footing are grouped in one figure, which includes the tests conducted on
the surface as well as the embedded footing. Each figure includes two charts: charts (a) and
(b), showing the vertical and lateral stresses for each transducer at the ultimate load, respec-
tively. Figures 3.74 to 3.76 show the tests results for the circular flat footing, Figures 3.77
10 3.79 for the conical (1) shell footing, Figures 3.80 to 3.82 for the conical (2) shell footing,
Figures 3.83 to 3.84 for the square flat footing, Figures 3.86 to 3.88 for the pyramidal (1)
shell footing, and Figures 3.89 to 3.91 for the pyramidal (2) shell footing.

In general, it can be noticed from these figures that the vertical and lateral stresses
for the embedded footing are higher than that for the surface one. The maximum vertical
stress occurred at the pressure transducer unit number (3) for all tests, which is located at
the center line of footing at depth equal to the width of footing. However, the maximum
lateral stress occurred at the pressure transducer unit number (1) for all tests, which is lo-
cated at a distance equal the width of footing from the center line at a depth equal to half

the width of footing.
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Figure 3.74 Vertical & Lateral Stresses for Circular Flat Footing on Loose Sand
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Figure 3.75 Vertical & Lateral Stresses for Circular Flat Footing on Medium Sand
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Figure 3.76 Vertical & Lateral Stresses for Circular Flat Footing on Dense Sand
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Figure 3.77 Vertical & Lateral Stresses for Conical (1) Shell Footing on Loose Sand
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Figure 3.78 Vertical & Lateral Stresses for Conical (1) Shell Footing on Medium Sand
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Figure 3.79 Vertical & Lateral Stresses for Conical (1) Shell Footing on Dense Sand
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Figure 3.80 Vertical & Lateral Stresses for Conical (2) Shell Footing on Loose Sand
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Figure 3.81 Vertical & Lateral Stresses for Conical (2) Shell Footing on Medium Sand
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Figure 3.82 Vertical & Lateral Stresses for Conical (2) Shell Footing on Dense Sand
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Figure 3.83 Vertical & Lateral Stresses for Square Flat Footing on Loose Sand
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For Positions of Transducers Refer to Figure 3.14
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Figure 3.84 Vertical & Lateral Stresses for Square Flat Footing on Medium Sand
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Figure 3.85 Vertical & Lateral Stresses for Square Flat Footing on Dense Sand

150




For Positions of Transducers Refer to Figure 3.14

100

oe
(=]

(=]
[==]

E-N
(=]

Vertical Stress (kPa)

[
o
1

] 2 3 4 5 6 7 8 9 10 i
Transducers Unit Number

a) Vertical Stresses at Ultimate Load

Transducers Unit Number

Lateral Stress (kPa)

b) Lateral Stresses at Ultimate Load

Figure 3.86 Vertical & Lateral Stresses for Pyramidal (1) Shell Footing on Loose Sand
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Figure 3.87 Vertical & Lateral Stresses for Pyramidal (1) Shell Footing on Medium Sand
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For Positions of Transducers Refer to Figure 3.14
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Figure 3.88 Vertical & Lateral Stresses for Pyramidal (1) Shell Footing on Dense Sand
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Figure 3.89 Vertical & Lateral Stresses for Pyramidal (2) Shell Footing on Loose Sand
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Figure 3.90 Vertical & Lateral Stresses for Pyramidal (2) Shell Footing on Medium Sand
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400
B  Surfuce ||
B Embedded
300
6\
a,
=
2
S
2 200
<
L
=
(]
100
0
1 2 3 4 5 6 7 8 9 10 11
Transducers Unit Number
a) Vertical Stresses at Ultimate Load
11 | | |
10 B Surface
Embedded
9

Transducers Unit Number

- N W h U NN

60

Lateral Stress (kPa)

b) Lateral Stresses at Ultimate Load
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3.9 Special Lozding Tests

In order to predict the shape of the rupture surface for flat and shell footings, special
foading tests were conducted for the plane strain condition. The strip flat and the two trian-
gulai shell footings were tested in a plexiglass tank usin, colored loose sand layers. The
results were captured by time limit exposuie photographs throughout the loading process.
Plates 3.20 through 3.22 show the test in progress up to the ultimate stage for the strip flat
footing, and Plates 3.23 and 3.24 show the tests for the aiangular shell footings at the ulti-
mate stage. The predicted rupture surfaces were idealized and represented using circular
and plane surfaces as shown on the transparencies over the photographs. It can be noticed
that the wedge of the rupture surface for the triangular (1) shell footing is deeper than that
for the flat footing, and shallower than that for the triangular (2) shell footing, which indi-

cates that the shell footings have higher bearing capacity than the flat one.
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CHAPTER 4

NUMERICAL MODELLING

4.1 General

In this investigation, numerical modelling was conducted to examine the failure
mechanism of strip shell foundations. Numerical analyses were performed for the cases of
strip flat, triangular (1) shell, and triangular (2) shell footings using the finite element
package, CRltical State Program *“CRISP”, developed by the geotechnical group at
Cambridge University (Britto and Gunn 1987). Mesh deformations, displacement vectors,
distributions of strains, stresses, and displacements were rccorded during loading process

and at failure.

The program “CRISP” uses the incremental tangent stiffness approach in the anal-
ysis, in which the load is divided into a number of small increments, which arc applicd si-
multaneously. During each load increment, the stiffness properties appropriate for the
current stress level are employed in the numerical calculations. The lincar simultancous

stiffness equations are solved using the frontal solution method.

4.2 Mesh Design

The geometry of the mesh for the plane strain condition is symmetrical about the
centre line, so the proposed mesh in the prescnt investigation represents only one half of
the cross section passing through the axis of symmetry of the footing. The nodes along the
bottom boundary were considered as pinned supports, i.c., no movement was allowed in
both vertical and horizontal directions, whereas the nodes along the vertical boundary and

the axis of symmetry were considered to be rollers, i.c., free to move only in the vertical
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direction. The soil and the footings were modelled using eight-noded Linear Strain
Quadrilateral elements “LSQ" with quadratic variation for the displacement along the sides
of the element. Smaller sizc elements for the soil were selected in the vicinity of the
footings whr.e the variations in stresses and strains are expected to be more significant.
Figures 4.1, 4.2, and 4.3 show the finite element meshes of the surface and embedded
footings; strip flat, triangular (1) shell, and triangular (2) shell footings, respectively. Table

4.1 presents the number of nodes and elements employed for each mesh in the analysis.

Table 4.1 Number of Nodes & Elements in F.E. Meshes

Surface Footings Embedded Footings
Footing
No. of Nodes No. of Elements No. of Nodes No. of Elements
Strip Flat 232 199 262 229
Triangular (1) Shell 250 214 280 244
Triangular (2) Shell 250 214 280 244

4.3 Soil & Foundation Modelling

In this study, in order to simulate the laboratory conditions for all sand states,
extensive investigation was performed to select the appropriate soil model. Critical state
soil models such as: cam-clay, modified cam-clay, and Schofield model, and elastic
perfectly plastic models using different yield criteria such as: Mohr-Coulomb, Von Mises,
Drucker-Prager, and Tresca, were examined. The tested sand was properly represented and
idealized using an ¢lastic perfectly vlastic soil model employing Mohr-Coulomb’s yield
criterion. The numerical results showed that the critical state soil models resulted in mesh
deformations far from the ones deduced from the experimental investigation. The
foundation models were modelled by a linear elastic model using the elastic properties of
Atlas alloy. The physical and mechanical properties of the three sand states: loose, medium,

and dense, were determined from the experimental phase as presented in Table 3.3.
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4.4 Loading Scheme

The loading scheme used in this investigation consisted of two main loading stages
(load blocks). The first stage simulates the construction of a footing which was considered
in the anal ysis as a single load increment. In case of the embedded footings, the first loading
stage also included the backfilling, i.e., the embedment depth, until the final ground surface
was reached. This additional load was incorporated in the first loading stage in the form of
three load increments. The second loading stage simulates the loading on the footings up to
the failure which substituted by a uniformly distributed vertical pressure acted over the top
of the footings. This stage was incorporated in the form of several load increments (10.00

kPa cach) which depends on the ultimate load of the testing fouting.

4.5 Finite Element’s Qutput
The results of this numerical investigation were introduced through the post
processing feature of the program “CRISP” in the form of several plots and contour lines

for the following parameters:

1. Deformed/undeformed mesh
2. Displacement vectors

3. Horizontal strain (g,,)

4. Vertical strain (syy)

5. Horizontal stress (G, )

6. Vertical stress (oyy)

7. Horizontal displacement (3,)

8. Vertical displacement ( By)

Typical plots for the numerical results are presented for the case of surface and em-
bedded triangular (1) shell footing in Figures 4.4 through 4.7, and in Figures 4.8 through

4.11, respectively.
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The deformed mesh and displacement vectors for the surface footing are presented
in Figure 4.4. The figure shows that the footing moves downwards with the soil below
while the soil outside the footing specially near the ground surface moves upwards. The
rupture surface is shown in the figure according to the deformed mesh. It can be seen that
the shape of the rupture surface has the same configuration as the one predicted experimen-
tally from the photographs taker for the special loading test (sec Plates 3.22 to 3.2.4). The
comparison between the flat strp and shell footings indicated that the rupture surfaces for

the shell footings are deeper than that for the strip flat counterpar:.

The contour lines for the distribution of the horizontal and vertical strains are pre-
sented in Figure 4.5. The horizontal strain distribution is presented by contour lines (A) to
(L) for the negative strain region and by contour lines (M) to (V) for the positive region,
The maximum negative strain occurred at the edge of footing and reduced for lower soil
depth. The region for the positive horizontal strains existed outside the footing region with

a maximum value near the edge of footing and the ground surface.

The vertical strain distribation is presented by contour lines (A) to (N) representing
the positive strain region and by contour lines (O) to (Z) for the negative region. The max-
imum positive strain occurred at the edge of footing and reduccd for lower soil depth. The

region for negative vertical strain existed at the same region for positive horizontal strain.

The distribution of the horizontal and vertical stresses are presented by contour
lines (A) to (N) in Figure 4.6. The maximum horizontal and vertical stresses are located at
the edge of footing. The horizontal and vertical displacements arc presented by contour
lines (A) to (N) in Figure 4.7. The maxiinum horizontal displacement occurred near the
edge of footing. The vertical displacement of the footing and the soil below were down-
wards (negative), while the vertical displacement of the region outside the footing and near

the ground surface were upwards.
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There is a major difference between the mesh deformation and displacement vec-
tors for the embedded footings and that for the surface ones. The deformed mesh and dis-
placement vectors for the embedded footing are presented in Figure 4.8. The soil particles
mn case of the embedded footing at the ground surface moved downwards with the footing,
while for the surface footing it moved upwards. This confirms what was observed during

the experimental phase for the case of embedded footings.

The contour lines for the horizontal and vertical strains of embedded footing are
presented in Figure 4.9. The horizontal strain distribution is presented by contour lines (A)
to (I) representing the negative strain region and by contour lines (J) to (N) for the positive
region. The maximum negative strain occurred at the edge of footing and reduced for lower
soil depth. The region for the positive horizontal strains existed outside the footing and the
soil below with a maximum value at the region above the footing. The vertical strain dis-
tribution is presented by contour lines (A) to (H) to represent the negative strain region and
by contour lines (G) to (N) for the positive region. The maximum negative strain occurred
at the edge of footing and reduced for lower soil depth. The region for positive vertical

strains existed at the same region for negative horizontal strains.

The distribution of the horizontal and vertical stresses are presented by contour
lines (A) to (N) in Figure 4.10. The maximum horizontal and vertical stresses occurred at
the edge of footing. The horizontal and vertical displacements are presented by contour
lines (A) to (N) in Figure 4.11. The negative horizontal displacement are presented by con-
tour lines (A) to (H) and the positive one by contour lines (I) to (N). The maximum negative
displacement occurred at the ground surface and the maximum positive displacement near
the edge of footing. occurred near the edge of footing. The vertical displacement of the
footing and the soil in the mesh were all downwards (negative). Summary of the numerical
results for the prescribed parameters are presented in Tables 4.2 through 4.7. The tables

present the governing limits for the contour lines.
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CHAPTER 5

THEORETICAL MODELLING

5.1 General

The ultimate bearing capacity of a flat strip foundation has been the subiect of in-
vestigation of several researchers during the past century. The basic fundamentals of the
ultimate bearing capacity theories are based on the work of Prandtl (1921) and Reissner
(1924). They investigated the problem of penetrating a metal punch into another softer, ho-

mogenous, isoiropic material by applying the theory of plastic equilibrium.

Terzaghi (1943) was the pioneer to develop the first generalized ultimate bearing
capacity theory and applied it to the field of geotechnical engineering. Since then, several
contributions and modifications have been made by other researchers to refine and improve
the bearing capacity theory. The solution of the ultimate bearing capacity is theoretically
correct only if the system is statically and kinematically admissable. Statics conditions are
satisfied when all limit equilibrium equations are satisfied (£ X=0, £ Y=0, X M=0), i.e., the
shear stress on a soil clement is equal to the shearing resistance of the said soil along the
rupture surface. The conditions of Kinem atics are satisficd if the movement and displace-

ment of soil elements along the rupture plane are feasible.

The most common rupture surface uscd in the bearing capacity theories is com-
posed of a soil wedge immediately located below the footing’s base. The wedge is arigid
body which moves integrally with the footing during loading and remains in an elastic con-
dition. A logarithmic spiral is originated from the point of intersection between the foun-
dation’s axis of symmetry and the eclastic soil wedge. The logarithmic spiral is then

connected with a plane surface until it intersects with the ground surface. The assumptions
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used in these theories lead to that the final result does not satisfy the basic requirements tor
either statics or Kinematics conditions However, these shortcomimgs are probably justificd
due to the fact that there are still a lot of uncertainties in the evaluation of the basic soil pa-

rameters ~:nployed in the calculation process of the ultimate bearing capacity.

5.2 Theoretical Meodel for Shell Foundation

The rupture suifaces deduced from the experimental and the numerical modellng
in the present investigation were idealized and represented by a rupture surfiace composed
of circular and plane surfaces. This rupture surface should satisfy the requirements for both
statics and kinematics conditions for shell foundations. It is of interest to note that this

mechanism was used by Balla (1962) for strip flat foundation.

The proposed rupture surface originates from the apex of the soil wedge and inter-
sects with the footing’s axis of symmetry and the ground surface at angles which satisticd
the statics equilibrium. In order for the rupture surface to be kinematically admissable, only
circular and plane surfaces were considered in its formation. The proposed rupture surface
shown in Figure 5.1 is composed of two parts, mainly a circular surface starts from point
(h), which is the point of intersection of the foundation’s axis of symmetry with the edge
surface of soil wedge (eh), then connected with a plane surface (mn), which is tangent to

the circular surface at point (m), and finally intersects with the ground surface at point (n).

The objective of the present theoretical analysis is to determine the circle which sat-
isfy the equilibrium of all forces acting on the rupture surface. The deduced rupture surface
will be used to determine the bearing capacity coefficients (N, N, and N,) and consequent-

ly the ultimate bearing capacity (q,).

In the present analysis, a Shell Ratio (SR) was introduced which represents the foot-
ing’s configuration in the vertical direction as given in equation (5.1). This ratio is selected

to reflect the effect of shell configuration on the failure angle (o). The two extreme limits
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for (SR) are: SR= 1 for flat footings, i.c., (8 = 0°) ; and SR= 2 for pile foundation, i.e.,

(8 = 90°) . The values for (SR) which lie between | and 2 are for shell foundation.

SR =

T+20
- (5.1)

where: 6 is shell angle between shell surface (fe) and the horizontal level (ge).

The failure angle (o) depends on the shell configuration represented by the shell ra-
tio (SR), and the angle of shearing resistance (¢). The following is a proposed empirical re-
lationship for the failure angle () based on the experimental results deduced from the

special loading tests conducted in the present investigation:

- m_2¢0
a—¢+(SR—l)(4—3) (5.2)
where: a is vertical angle between horizontal level (ge) and the surface (eh) of

the soil wedge (egh).

According to equation (5.2), the failure angle (o) for the case of a flat footing, i.e.,
SR=1, is equal to ine angle of shearing resistance (¢); for shell footing with shell angle
(8 =45°),ie., SR= 1.5, the angle (&) is equal to (n/8 + 2¢/3); and for deep foundation,
i.e., SR=2and (8 = 90°) , the angle (o) is equal to (/4 + ¢/3). However, the present in-

vestigation is limited to shallow foundation where the shell angle (0) is less than 90°.

In order to determine the value of angle (), which satisfies the conditions of limit
equilibrium, Molir-Coulomb’s envelope, (see Figure 5.2), is used to establish the slope of
the tangent of the rupture surface at point (h) located on the axis of symmetry and point (n)
on the ground surface. From the figure, the shear stress (1,,) can be presented as a function

of the shear stress (1) existed on Mohr’s circle as follows:

__cos($+2vy)
v T cose (5-3)
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Figure 5.2 Mohr-Coulomb’s Failure Criteria

The shear stress (T,,) on the axis of symmetry and on the ground surface, must be
equal to zero, which is satisfied when cos (¢ + 2y) = 0, i.e., when the angle (¢ + 2 ) is
equal to (+ /2). According to the active and passive stress states, the slope of the tangent

at points (h) and (n) can be given by the following:

v = (5+3) (54)
v, = Git - %’) (5.5)

where: Y, and y, are the slope of the tangent at point (h) and (n), respectively.

The distribution of soil pressure and shear stress along an arc of a given rupture sur-
face was investigated by Kotter (1888). He derived a mathematical solution which can be
employed for any rupture surface (plane or curve). This solution can be adopted to define
more accurately the location and shape of the rupture surface. However, due to the rigorous

mathematical formulation, Kotter’s differential equation was rarely used by researchers in
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predicting the ultimate bearing capacity of a foundation.

In the present investigation, in order to determine the distribution of shear stress act-
ing along both parts of the rupture surface, Kotter's differential equation for the passive
stress state will be utilized. Using the notations shown in Figure 5.3, Kétter's equation can

be written as follows:

g—:+%ls(2tan¢t)+ysin¢sin(w+¢) =0 (5.6)

For the plane part (mn) of the rupture surface: %—‘—g = 0. Substituting with this

boundary condition in Kétter's differential equation, the following can be obtained:

anl . .

m——'ysm(bsm(\y+¢) =0 5.1

dt,, = ysingsin(y +¢)ds (5.8)

Ty = ysinsin (y + ¢)s + A, (5.9)
where: A, is constant
From Figure (5.3a), and substitute by s = —ﬁ\; thus:

sin(y + ¢)

Tt = YSi ind siny 2+ A (5.10)

Substitute for the angle y by ( i 2) as established from equation (5.5):

T, = 751n¢tan(4 g)z-l-kl (5.11)

Where A,is equal to the shear stress (1) at the ground surface, i.c., at z= 0.
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(a) (b)

Figure 5.3 Equilibrium According to Kotter’s Equation

A= o = ¢(1 +5ing) (5.12)
T, = ysind)tan(g +g)z+c(l + sind) (5.13)

For the circular surface: aa-Ts’ = —R ; muitiplying the first and second terms of Kot-

ter’s equation by i—?_\—; and the third term by (-R), the following equation can be obtained:
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Jt;

Ir

-a—“T+2lan(btc“ = —Rysindsin(y + ¢) (5.14)

In order to solve this equation, the following substitutions are employed:

M = 2tan¢ (5.15)
= —Rysin@sin(y + ¢) (5.16)

Substitute with equations (5.15) and (5.16) in equation (5.14):

a1, + (Mt ,—N)ody =0 (5.17)

Multiply equation (5.17) by p(y,T,,)-

not,,, + (Mt - N)pot,;, = 0 (5.18)

In order to obtain exact solution of equation (3.18), the following rclationship must

be satisfied:

au _ d(Mz,,=N)

a—‘l’ -——a’t—c;——u (5.19)
o _ .

" Mp = 2tanop (5.20)
a—f = 2tandoy (5.21)
In(p) = 2tandy ;ie., p = e-¥*" (5.22)
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The final solution of the differential equation can be obtained as follows:
ut,;, = [uNay (5.23)

ezwanTC" - —Iezw‘“"¢R7sin¢sin (y + )y (5.24)

To determine the shear stress for the circular part of the rupture surface (1), the

integration in the right-hand side of equation (5.24) is substituted by the following:

I = =[Y"™ Rysingsin(y + $)dy (5.25)

To solve the integration (I) in equation (5.25), the following steps are performed:

2ytan¢
: ]
I'= 2tan ¢ sm(\y+¢)-2tan¢je2""“"¢cos(w+¢)aw (5.26)
ez‘lﬂﬂmb eZ\Vtantb
= Smg SIN(W +0) = fomoeos (v +9)
— 2 fez“’“‘“"sin(w+¢)6\v (5.27)
4tan”¢
I(] 1 ) elVtand ¢) glviand ( 5 28)
+ = sin(y + ¢) - cos(Y+¢) .
4mn2¢ 2lan¢ v 4tan2¢ v ¢
e2\ylan¢ i
I'= ranzg(2tandsin(y +0) - cos(y +6)) + 1, (5.29)
where: A is constant
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Substitute by the integration (I) in equation (5.24), the shear stress (T,,,) can be pre-
sented in the following form:
Rysin¢

T = AleV™) - =28 Qangsin(y + ) - cos(y+ ) (5.30)
1 +4tan”¢

In order to determine the constant (A;), equate the shear stress from the plane part
and the circular part,ie., T,, = T, at the junction point (m), where the slope of the tan-

gent is equal to (/4 - ¢/2), and the depth (z) at point (m) is equal to (H).

ysm¢tan(4 2)H+c(l +sing) = A,e -2yuan¢
———-—RYS]MP (2tan¢sin(y + ) — cos(y + ¢)) (5.31)
I+ 4tan ¢

- ez(4 ta"¢(ygm¢tan(:: g)y+c(1+s|n¢)) +

2(4 3)m¢______RYS'"¢ (Ztancbsm(7t ¢) cos(’t ¢)) (5.32)
1 +4tan ¢ 42 42

To simplify the expressions used in the present analysis, constants which are func-

tion only of the angle of shearing resistance (¢) will be substituted by factors (£,), where:

&, = (1+sin¢) (5.33)

sm(z d2>) cos(z 2) (5.34)

&2
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§3 = sind)tan(%t + g) (5.35)
g, = | +4tan’0 (5.36)
Z(g + g)lanq»
Es = e (5.37)
E = sin¢(2tan¢sin(§ + %’)- cos(g + %’)) (5.38)
&7 = &2&3 '*‘% (5.39)
4

The soil depth (H) at point (m) on the rupture surface can be written as follows:

- (T, .9
H = Df+ btano + R(sm(4 + 2) - 005(4 + 2)) (5.40)
be = Df+ btano (541)
H = DJ,,,+R&2 (542)

The constant (A,;) can be presented in the following simplified form:

Ay = Es(YDpE5 +YRE; + &) (5.43)

Figure 5.3c shows the vertical and horizontal components of the resultant force, T,

and T, respectively, which can be derived as follows:

T = c+0tand (5.44)
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T-c = otand = ¢sm¢ Tsing (548
T—-¢

T = o (5.46)

T, = 1= 5.47

v © smq>cog(w+¢) (5. )

T, = — 5.48

h= S,n¢51n(\|f+¢) (5.48)

The partial derivative of the vertical component (JT,) acting on an element of the

rupture surface as shown in Figure 5.3a can be presented as follows:

aT, = :m §Cos(y + ORIV (5.49)

For the plane part, substitute with the shear stress (Ty) in equation (5.49):

3T, = (ytan(;f g)z+c)Rcos(\y+¢)a\|l (5.50)
0z = Rcos(y +¢)ovy (5.51)
aT (‘ytan(g g)z+c)az (5.52)
T, = ita (4 qz’)z ez (5.53)

where: T, is the vertical component of the resultant force acting on the plane

part of the rupture surface.

For the circular part, substitute with the shear stress (1,,) in equation (5.49):
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. (tCll_ c)
o, = | —Sio—cos(y+0)Rdy (5.54)

3
T,.= > 1, (5.55)
n=1
hze—2\vlan¢
1, = J-WRCOSW""WW (5.56)
= —[—"X5-(2tan¢sin(y + ¢) - cos (y + §)) cos (y + $)dy  (5.57)
1 +4tan
cR
I, = -jmcos(\uw)aw (5.58)

The solution of equations (5.56), (5.57), and (5.58) was performed as follows:

(-3)

;"ZR —2\|nan¢
= Sin¢(1 +4tan2¢(sm(\v+ ¢) - °tan¢608(w+¢))] (5.59)

-2(%t - g)tanQ

/ A Re (112 )
= COsS
: sin(1 +4tan2¢) 42

(em""tan 2(:: g) + tan (I 42)) 2tan ¢) (5.60)
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, 59

I, = -—————YR” (sm (v+0) +\y+ 7(;V+¢)) (3.61)
1 +4tan ¢ “
{i+9)
YR2 T cosd .
I, = ~ -+ ~ tandsin 5.62)
1 +4tan24)(4 2 " ¢) (
Iy = 51n¢(5’"(‘V+¢)>|( 1) (5.63)
*2
_ cRﬁ
3 = qu) s( ) (5.64)

Substitute with the values for I}, I,, and I3 given in equations (5.60), (5.62), and

(5.64), respectively, the expression for (T,.) can be presented as follows:

N -

T
= cos(— +
sind(1 +4tan29) 4

(m"q’t nz(;t +2)+t "G g) Ztamb) ¥

2
YR > Czt + cos¢ _ tan¢sin¢)—d.eﬁcos(9) (5.65)
I +4tan’d 2 si

{5~

& = cos(4 g (5.66)
2
g = emanq’tan G+g)+tan(z g) 2tan¢ (5.67)
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€\ = ;—E + E%Sj’ - sin¢tan (5.68)

2 cos (g)

= T e (5.69)

Substitute with (&) through (€;,) in equation (5.65), the following can be obtained:

MREE, TR’Ey,
T, = S oL, + E, + cRE |, (5.70)

&, = é—_—f:sg? (5.71)
i3 = %;_qufg+§§._;) (5.72)
. €,E5EE

Giq = 'ﬁ*én (5.73)

The vertical component of the resultant force acting on the circular part of rupture

surface (T,.) can be represented by the following expression:

T,c = YRDyE), + YR’E|3 + cRE 4 (5.74)

The rupture surface shown in Figure 5.1 was divided into soil prisms, with the no-
tation (w,) to represent the soil weight, and (Iw,) for the corresponding lever arm from the
center of gravity of the soil prism to the center of the sliding circle, point (0). The expres-

sions for the soil weights and the corresponding lever arms can be given as follows:
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Wy = %yb:tana: for sotl prism (hie) (5.75)
9
Iy, = Rsinc—:+ %))-— :,-;b (5.76)
wy = YD, | Rsin| = ¢ b) ; for soil prism (ijqu) (8.77)
2 fb 4 2 A Soul prism (1jq J.
. = Yp ¢) ;,) 5.78)
wy = 2( sin 4 2 (5.
w, = YHRcos| = 2 ¢ ; for soil prism (kmpq) (5.79)
3 4 2
_ 1 t.9
lwy = 2Rcos(4 2) (5.80)

w, = iszc_lt + g - sin Cl_t + i)cos(g + -2-)) : for soil prism (hlj) (5.81)

2 (1—%cosc—1t g)+ lcosq(§+%)))

(5.82)

= 2p (5.84)
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W, = %sztan(§+ %’) ; for soil prism (mnp) (5.85)
_ T 9,1 t ¢
Iwg = Rcos(4+2)+3Htan(4+2) (5.86)

The total weight (w,) of the soil prism (uehlmn), and the corresponding moment

(Mw) at the center of the circle (0) are given by the following equations:

6
w, = 2 w, (5.87)

n=1

5
Mw, = Z w,lw, (5.88)

n=1

In order to normalize the effect of the foundation width (B) on the calculation of the

radius of the rupture circle, a factor (p) is introduced as follows:

Soti- ]

o = (5.89)

where: R is the radius of the circle

b is half of the foundation width

Employing the factor (p) in the calculation and solving equation (5.88), the moment

(Mw,) at the center of the circle (0) can be presented in the following form:

Mw, = (;7—2(4 - COS¢)sin(g)+ -“é—ivb%inz(;-‘ - %’)sin@)}f +
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y

(%sz(Df+ b t:lna)(sin-(g _ %)_ Sinz(g , %D)pl )
(Yb qm( XDI b a))p

Yo (b
_T(Df+ §tan (x) (5.90)
The weight of the foundation (wp) is divided into three parts (wg, Wp, and wg) hav-

ing lever arms (Iwy,, Iwp, and Iwg), respectively. The notations used for the following cal-

culations are shown in Figure 5.4.

wp = d.ay; (591)
where: d. is the height of column
a is the width of column

¥ is the unit weight of the foundation

lwﬂ = Rs ln(4 g) %a (5.92)
22

Wp = 5—tan67f (5.93)

Iy = Rsin(§+9)_§a (5.94)

Wp = by, (5.95)

lwf3 = Rsm(4 2) %b (5.96)
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3
wp = z Wy, (597

n=1

The moment resulting from the weight of footing can be determined as follows:

3
Mw, = 3 wplw, (5.98)

n=1|
. (¢ a t
wa = (—ayjbsm (3 + -2-Xdc + Etane + Zpr +

d 2
2 (%  a(tan@) b~ «
a 71(2 + B — + 2a2J (5.99)

Figure 5.4 Equilibrium of Forces under Shell Foundation
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In the present investigation, an embedment ratio (ER) was introduced as follows:

ER = 5

= 7 (5.100)
For footings located directly on the ground surface, i.¢., D= 0, the embedment ratio

(ER) will be equal to zero. However, for (ER > 0), the weight of the backfill (w,,), resulting

from the soil prism (cdur) shown in Figure 5.1, will be divided into two zones (wy,;and wy,;)

having lever arms (Iwy,; and lwy,,), respectively. Thus, the following relationships can be in-

troduced:

d, = Df—t—(b—a)tan() (5.101)

lwy, = Rsin(§+%))—l(a+b) (5.103)
1 2

Wy, = Ey(b-—a) ian@ (5.104)

(o) |

lw, = RS‘“(Z+§)_ §(a+2b) (5.105)
2

wp = Y Wy, (5.106)

n=1

The moment resulting from the weight of backfilling can be determined as follows:

2

n=1



Mw,,:((b a)'ybsm( de (b- a)tanGDp +
(b-a)yd,,(g 24 (b- a)tan9(6 ’;)) (5.108)

The horizontal earth pressure (E,) acting on surface (pm) shown in Figure 5.1 con-
sists of two components, E. which is due to the cohesion, and E, which is due to the soil
unit weight, having 1E_ and 1E, as the lever arms from the horizontal forces E, and E, to the

center of the circle (o), respectively.

E, 2cHtan( 3 g) (5.109)
IE, = Rsm(g g’) %H (5.110)

- %sztan2(§+%’) (5.111)
IE, = Rsm(z+g)— %H (5.112)
E, = E +E, (5.113)

The moment resulting from the lateral earth pressure can be determined as follows:

ME, = EIE +E.IE, (5.114)

sin +

_—(Zc + gHtan(4 g))

cos| 5 +

NS
[\ n=g

~—\|—
13 |'a1a
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-H~ tan(4 g c+gHtan(g g)) (5.11%)

i (G Dl 5
(el oz )y -

(nybbztan (Z g (sm&t i) %Dp +
(Zc-bDﬂ,tanCl—t + g sin(g + g)— éz))p +

+2 Y ¢
betan(4 > c+6betan(4 2)) (5.116)

While the normal stress acting on the circular part of the rupture surface has no mo-

ment at the center of the circle (0), the moment caused by the shear stress is given by the
following equation:

=)
| Ry (5.117)
_(’_‘+ ‘2)

MT =

—€

T _R212[e—2tan¢(z-:-%) 2(an¢(4 g)J
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_Rl——————sjzi:at;/j(%and)sin(g)— cos(g)) (5.118)

Substitute in equation (5.118) for the terms which depend on () by the following:

&5 = -2tand (5.119)

16 = Es —-e€ (5.120)

&7 = -_—Zi%q-)ﬁ(Ztambsin(g)— cos(%)) (5.121)
MT = R* (M8 ¢+ RYE,;) (5.122)
MT = R2§,6§5(nyb§3 +Ypb&; + k) +R3Y§r/ (5.123)
Cis = &17+ 858816 (5.124)
E1o = &38581 (5.125)
G20 = &858 17 (5.126)

The moment due to the shear stress can be presented in the following form:

MT = Yb°8,5p” + YD Db 10p” + cbEgp” (5.127)

Considering the vertical equilibrium of the soil prism (uehlmp), the following equi-

librium equation can be obtained:
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5

P.=T, +T,,-c,- 3w, (5.128)

n=1

Substitute for all terms in the right-hand side of equation (5.128), and presenting ad-

ditional constants (£;), the following expression for (P,) can be obtained:

Su = 7'25- 2Sin(§ + %)COSG + %) (5.129)
€ = §13—§2c08(§+%)—%—' (5.130)
83 = §‘2—sin(§+%)— COSC{+%) (5.131)
Ea = §+ 84 (5.132)
P, = YR*Ey + YRDEy3 + cRE y, +¥bDy, - %ybztana (5.133)

Substitute for the radius of the circle (R) by (pb) in equation (5.133), thus:

P, = ybz(ngzz +ptanag,; + %tana) +
YEDApEp3+1) +ch(pyy) (5.134)

From Figure 5.4, the following relationship can be derived from the cquilibrium in

the vertical direction:
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1
q,b = P, +cbtano - %ybztana—- iybztane

Substituting for (P,) in equation (5.135), thus:

q, = yb(§22p2 + &,z tanop - %tan 9) +

YD(E,3p + 1) +c(E,4p + tana)

(5.135)

(5.136)

The moment of the resultant force (P) which is acting on the base of the footing can

be presented as follows:

MP = —q“b(Rsin(g : %’)_g)

2
1o (i (T, ) 0
- (Rsm(4+2)—3)(tana+tan9) +

2
ch(tanasinG + g)— cost'E + g))

MP = (_yly3sin(§ + %’)ﬁzz)p3

—(bzsin(%r + q5))(“y§23(D +btana) + cE,,) + gb3§22)p2

3
—Gb sin(§+g tan6+tana+2§))p +

szﬁzz(D + btanat) + cbz(%i - cos(g + g)))p +

Y2 b
6b (3D + btan a-2tan 9)
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In order to determine the rupture circle which satisfies the moment equilibrium of
all forces acting on the system, the summation of the moments taken at the center of the

circle (o) must be satisfied, thus:

Mw, + Mw,+Mw,+ ME, + MT+ MP = 0 (3.139)

As shown from the formulation of Mw,, Mw,, Mw,, ME,, MT, and MP, cquation
(5.139) is a third degree equation in factor (p), and when solved, the ultimate bearing ca-
pacity (g,) can be predicted. The coordinates (x, z.) of the center of the rupture circle (0)

can be calculated as follows:

e
I

¢ = Pbsm(4 ;'_’) (5.140)

2, = H- pbsm(4 g) (5.141)

Putting equation (5.136) in the form of the general bearing capacity cquation,
q, = ch+nyNq+beY (5.142)

The bearing capacity coefficients (N, Ny, and NY) can be substituted from equation

(5.136) with the following:

N, = E,4p + tana (5.143)
N, = &yp +1 (5.144)
N, = &22p2+ €,stanap - %tane (5.145)



Equations (5.143), (5.144), and (5.145) indicate that the bearing capacity coeffi-
cients are not only a function of the angle of shearing resistance (¢) but also of the failure
angle (o), the vertical shell angle (), and the factor (p). The factor (p) is a function of the
radius of the rupture circle (R) which depends on the cohesion of soil (c), soil unit weight
(), embedment ratio (ER), and shel! ratio (SR), and consequently the bearing capacity co-

efficients (N, Ny, and N,).

The above analysis proceeds by trial and error until a factor (p) is obtained to satisfy
the cquilibrium conditions. Then utilize the value of factor (p) to determine the bearing ca-

pacity coefficients (N, N, and N,) and the corresponding ultimate bearing capacity (q,).

However, in order to facilitate this procedure, the mathematical formulations were
coded in a computer program “BC-Shell”, which stands for Bearing Capacity of Shell
Foundations, to perform the calculations involved in the analysis. The listing of the pro-

gram is presented in Appendix (I).

5.3 Program “BC-Shell”

The program “BC-Shell” was designed for easy application to allow data input
through an interactive session to determine the ultimate bearing capacity of shell founda-
tions (q,). The parameters used in the data input are given in Table 5.1. The data input al-
lows the user to predict the bearing capacity for a given case as well as for a given range of
shell angle (0), soil unit weight (y), cohesion of soil (c), and angle of shearing resistance
(¢). When the interactive session is completed, the program runs and locates the rupture
surface which satisfies the equilibrium condition for the given data input, then utilizes the
rupture surface to calculate the bearing capacity coefficients and the corresponding ulti-
mate bearing capacity (q,). The program stores the final result of the analysis in an output

file together with the data input.
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Table 5.1 Data Input for Program “BC-Shell™

Total Width of Strip Shell Footing (B) = eeeee- meters
Minimum Horizontal Shell Angle (8,4 = eeeen degrees
Maximum Horizontal Shell Angle (8,,,,,) = oo degrees
Interval for Horizontal Shell Angle R degrees
Depth of Foundation Level (Dy) = - meters
Minimum Unit Weight of Soil (Y,;,,) = -meae kN/m?
Maximum Unit Weight of Soil (Y,;,4) = eeeee- kN/m"*
Interval for Unit Weight of Soil S kN/m*
Minimum Cohesion of Soil (Cryi,) 2 emmmm kPa
Maximum Cohesion of Soil (¢ ,y) = e kPa
Interval for Cohesion of Soil = e kPa
Minimum Angle of Shearing Resistance (¢,;5,) = e degrees
Maximum Angle of Shearing Resistance (¢y,,) = emee degrees
Interval for Angle of Shearing Resistance = mmeem degrees

5.4 Comparison between Theoretical & Experimental Results

In the present investigation, the theoretical results obtained from the theory de-
scribed above using the program “BC-Shell” were compared with the experimental results
given in Chapter 3 of this thesis. The comparison was conducted for the plane strain con-
dition (flat strip, triangular (1) shell, and triangular (2) shell footings). The results are pre-
sented in Figures 5.5 and 5.6 for the surface and embedded footings, respectively. The two
figures indicate that good agreement between both experimental and theoretical results was
achieved. It can be noticed that the theoretical values calculated for the ultimate load are

slightly conservative.
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5.5 Parametric Study

A parametric study was conducted to examine the effect of the governing parame-
ters on the factor (p), which influences the bearing capacity coefficients (N, Ng, and N,).
The description of these parameters and their limits are shown in Table 5.2. The parametric
study was conducted on a flat strip footing, i.e., SR= 1.0, to examine the effect of soil co-
hesion (c), width of footing (B), unit weight (y), and the embedment ratio (ER). The effect

shell configuration was examined by the shell ratio (SR).

Figure 5.7 shows that the cohesion (c) has insignificant effect on the factor (p) spe-
cially for higher angles of shearing resistance (¢). Figure 5.8 shows that the factor (p) in-
creases duc to an increase in the foundation width (B) for lower values of (¢), however, at
higher values of (), the effect of (B) seems to be insignificant. Figure 5.9 shows that unit
weight (y) has no cffect on the factor (p). Figure 5.10 shows that tie effect of the embed-
ment ratio (ER) is consistent for the entire range of (¢) and the factor (p) increases for high-
er embedment ratio. The effect of shell configuration is demonstrated in Figure 5.11. Seven
foundation models with different horizontal shell angle (8), varied from 0°, i.e., flat footing,
to 60°, were examined. The existence of shell action appears to increase the factor (p) and
consequently the bearing capacity coefficients, however, this contribution is decreased for

soil with a higher angle of shearing resistance (¢).

Table 5.2 Parameters Used in The Parametric Study for Factor (p)

P:;ramet.er u_nder Units Range of Parameter
nvestigation

Cohesion of Soil (c) kPa 0.00 2.00
Width of Footing (B) meter 0.10 2.00
Unit Weight of Soil (y) kN/m? 15.00 21.00
Embedment Ratio (ER) 0.00 1.00
Shell Ratio (SR) 1.00 1.67
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5.6 Design Charts & Tables

In order to facilitate the use of the above theory for practical applications, the pro-
gram"BC-Shell” was employed to develope design charts for the bearing capacity coeffi-
cients (N, Ng, N,) for shell foundations. As concluded from the parametric study conducted
in the present investigation, the width of foundation (B) for the range of practical use (0.50
to 2.00 m) and the unit weight of soil (y) have no effect on the factor (p) and consequently
on the bearing capacity coefficients, see Figures 5.8 and 5.9, respectively. The design charts
were developed as a function of the angle of shearing resistance (¢), the shell angle (8), and
the Embedment Ratio (ER). Although the present investigation deals with cohesionless ma-
terial, a small value for the cohesion of soil {¢) was used to incorporate the bearing capacity

coefficient (N,). The data input used to develope the design charts are given in Table 5.3.

Table 5.3 Data Input Used for The Design Charts

Range
Parameter Units
Min. Max. Interval

Foundation Width (B) meters 1.00
Shell Angle (8) degrees 0° 60° 10°
Embedment Ratio (ER) 0.00 0.75 0.25
Unit Weight of Soil (}) kN/m?> 18.00
Angle of Shearing Resistance (¢) degrees 10° 50° 10°
Cohesion of Soil (c) kPa 0.10

The design charts for the bearing capacity coefficients (N, N, N,) are presented in
Figures 5.12 to 5.14 for Embedment Ratio ER= 0.0; in Figures 5.15to 5.17 for ER= 0.25;
in Figures 5.18 to 5.20 for ER= 0.50; and in Figures 5.21 to 5.23 for ER= 0.75. For precise
values for the bearing capacity coefficients (N, Ny, N,), design tables are also given in Ap-
pendix II. Aninterval of 1° for the angle of shearing resistance (¢) and 10° for the shell an-

gle (8) were used to produce these tables.
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5.7 Depth & Shape Factors

The developed theoretical model together with the experimental results were em-
ployed to introduce depth factors (fy,. f,) and shape factors (£, £,.) for the axisymmetrical
and three dimension conditions. The depth factors (fy,,fi,) determined from the present ex-
perimental investigation are presented in Figure 5.24. By employing the calculated depth
factors and the experimental results recorded for the plane strain condition, the correspond-
ing bearing capacity coefficients (Ng, N,) were determined. The experimental results for the
axisymmetrical and three dimensions conditions were then used to calculate the shape fac-
tors (fig. fy)- Figures 5.25 and 5.26 present the shape factors (f,, f;y) for the axisymmetrical

and three dimensional conditions, respectively.

In addition, the program “BC-Shell” was used to develope design charts for depth
factors (fy, fgy) for cohesionless material as a function of the angle of shearing resistance
(9°), the shell angle (8°), and the embedment ratio (ER). The design charts for the depth
factors (fy,, f3,) are presented for the shell angle (0) equal to 0°, 30°, and 60° in Figures 5.27,
5.28, and 5.29, respectively.

The ultimate bearing capacity equation for cohesionless material can be presented

in the traditional form as follows:

9y = qNfagfsq + YON S0 f oy (5.146)

where: q, is the ultimate bearing capacity
Ng, N, are the bearing capacity coefficients for ER=0
Jfaq fayare the depth factors
fsqr fiy are the shape factors
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CHAPTER 6

CONCLUSIONS & RECOMMENDATIONS

6.1 General

A literature review demonstrated that shell foundations have been employed effec-
tively in different parts of the world because of their admirable performance and cost effec-
tiveness. However in most cases, enthusiasm for using shell foundations, generated by the
large saving in construction materials and better geotechnical performance, is restrained by
the high cost of labor needed for their construction. The reliability and development of pre-
cast concrete technology and the use of robotics in excavation and soil molding can con-

tribute to the optimization of the use of shell foundations.

6.2 Conclusions

In the present research work, the geotechnical behavior of shell foundation was in-
vestigated and compared with the conventional flat counterparts. Experimental, numerical,
and theoretical investigations were carried out on nine foundation models, which represent
plane strain, axisymmetrical, and three dimensional loading conditions. Based on the re-

sults of the present investigation, the following conclusions can be drawn:

1. The ultimate bearing capacity of shell foundations are remarkably higher than that of

the conventional flat counterparts with the same plan dimensions.

2. For a given shell foundation, the ultimate bearing capacity increases due to an increase
of the shell angle (6). An increase of 19° of the shell angle (8) led to an increase in the

ultimate bearing capacity of 8 to 15% depending on the sand state.
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3.

A shell efficiency factor (n) was introduced to represent the increase in the ultimate

load of shell foundations as compared to the flat counterparts.

The shell efficiency factor () decreases for higher angle of shearing resistance (9),

i.e., the effect of shell configuration reduces as a results of the increase in soil strength.

The shell efficiency factor (n) decreases remarkably for the embedded shell footings
as compared to surface ones. This trend held true for all sand states used in the present
investigation and the reduction in (n) varied from 37 to 45%. This shows that the depth
of embedment seems to undermine the positive contribution of shell configuration on

the ultimate bearing capacity.

The shell efficiency factor (1) for the conical and pyramidal shell footings were slight-
ly higher (about 3%) than that for the triangular strip footings for all tests. This indi-
cates that the confinement of the sand underneath the shell surface has relatively a

positive effect on the ultimate bearing capacity.

The shell efficiency factor (n) for the conical shell footings was marginally higher than
that for the pyramidal shell footings with the exception of the tests conducted on sur-

face footings on loose sand.

The shell efficiency factor (17) in the present investigation varied from 6%, for thc em-
bedded triangular (1) shell footing on dense sand, up to 38% for the surface pyramidal

(2) shell footing on loose sand.

A non dimensional settlement factor (Fg) was introduced to examine the settlement

characteristics of shell foundations against the conventional flat counterparts. The re-

sults of the calculated settlement factor (Fg) deduced from the present experimental in-

vestigation demonstrate that shell foundations have better settlement behavior than the

conventional flat ones.
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The contact pressure distribution showed that the contact pressure increases due to the
increase of the applied load in nearly a linear fashion throughout the loading stages.

However, some curvature existed at the ultimate stage.

The contact pressure envelopes for the triangular shell footings were relatively more
confined than that for the strip flat one, which demonstrates less variation in the contact

pressures over the base of the ' 21l footings.

The trend of the contact pressure distribution for the axisymmetrical and three dimen-
sional footings was not consistent with the above finding, where in some tests the con-
tact pressure envelopes for the circular and square flat footings were more confined

than that for the conical and pyramidal shell footings, respectively.

In gener::l, the maximum contact pressure occurs at/or near the edge of the flat strip
and triangular shell footings and at the center for the square flat and pyramidal shell

footings.

The comparison between the circular flat and conical shell footings shows that while
the maximum contact pressure occurs at/or near the center of the circular footing, it oc-

curs at/or near the edge of the conical shell models.

The special loading tests conducted using colored sand layers in a plexiglas tank to
monitor the movement of the sand particles during loading has proven to be an effec-

tive tool to predict the shape of the rupture surface.

The results deduced from these tests demonstrate that the rupture surfaces for the tri-
angular shell footings are deeper than those for the flat one, which leads to the increase

in the ultimate load for the shell footings.

In the numerical modelling, the elastic perfectly plastic soil model using Mohr-Cou-

lc:nb’s yield criterion proved able to provide a realistic representation of the behavior
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10.

of cohesionless soil as predicted form the present experimental investigation.

The comparison between the rupture surface determined from the results of the numer-
ical modelling and the one deduced from the experimental results showed good agree-
ment. This mechanism was used in the theoretical model to develop a thr-ory for the

ultimate bearing capacity of shell foundations.

The rupture surface employed in the theoretical analysis was composed of circular and
plane surfaces; it provides a kinematically and statically admissable solution. Kiit-
ter’s differential equation was employed successfully (o simulate the shear stress d:s-

tribution along the circular as well as the plane parts of the rupture surface.

The Shell Ratio (SR) was proposed and incorporated in the analysis to take into ac-
count the effect of shell configuration nn the failure miechanism and accordingly the

ultimate bearing capacity.

The developed ultimate bearing capacity coefficient (N, Nq, Ny) are not only functions,

of angle of shearing resistance (¢) but also of the foundation width (B), Shell Ratio

(SR), Embedment Ratio (ER), unit weight of soil (y), and cohesion of soil (c)

The above finding might be the reason for the discrepancies in the results of the exist-
ing theories for the ultimate bearing capacity of flat foundations, in which the bearing

capacity coefficients depend only on the angle of shearing resistance (¢).

A computer program “BC-Shell” was developed to predict the ultimate bearing capac-
ity of shell foundations. The program was designed for easy application through an in-

teractive mode.

A comparison between the experimental and theoretical results for the plane strain

condition were presented and showed good agreement.
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12.

The results of the parametric study conducted to examine the sensitivity of the govern-
ing parameters on the factor (p), and consequently on the bearing capacity coefficients

(N., Ny, Ny) showed that the angle of shearing resistance (¢) has the most significant

effect on the factor (p).

The foundation width (B) has a relatively significant effect on the factor (p) for small
size footings, however, this effect becomes negligible for larger footings. The effect of

foundation width (B) diminishes at higher angles of shearing resistance (¢).

The factor (p) increases due to an increase in the Shell Ratio (SR), and consequently
the ultimate bearing capacity increases. However, this contribution decreases for soil

with higher angles of shearing resistance (¢).

The effect of the embedment ratio (ER) was consistent for the entire range of the angle
of shearing resistance (¢). The factor (p) increases due to an increase of the embedment

ratio (ER).

The factor (p) increases due to an increase of the cohesion of the soil (c), however, at

higher angles of shearing resistance (¢), the effect is relatively insignificant.

The unit weight of soil (y) had no effect on the factor (p) and consequently on the bear-

ing capucity coefficients for all sand states.

In order to facilitate the use of the developed theory for practicing engineers during the
preliminary design phase of shell foundations, design charts and design tables for bear-
ing capacity coefficients (N, Ny, Ny) and depth factors (fy, f;;) were also presented
within the range of practical use. In addition, the developed theory was utilized to pre-
dict the ultimate bearing capacity of shell foundations in axisymmetrical and three di-

mensional conditions by introducing shape factors (fg, fy)-
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13. The results of the present investigation support the contention that shell foundations

should come into wider use in the geotechnical field in the future as a serious alterna-
tive to shallow and deep foundation, whenever the scope exists to employ them effec-

tively.

6.3 Recommendations for Future Research

Although the results of laboratory tests are always questioned due to the scale ef-

fects and boundary conditions, they can provide an economical altemative to field tests and

can be a good source of information. However, in order to enhance the knowledge of the

geotechnical performance of shell foundations and encourage their applications in practice,

future research should be directed to the following:

1.

Conduct field tests to examine further the theoretical model developed in the present

investigation.

Study other shapes of shell foundations which might provide more uniform contact

pressure distribution.

Develop theoretical models or empirical formulas to determine the settlement, contact

pressure, and stress distributions within the soil mass for shell foundations.

Further investigations should be directed to study the effect of the parameters af fecting
the bearing capacity coefficients deduced from the present investigation to minimize
the discrepancies in the results of the existing bearing capacity theories for flat foun-
dations. The overconsolidation represented by the overconsolidation ratio (OCR)

should also be investigated.

Examine the performance of shell foundations in resisting lateral forces to simulate
wind or earthquakes loading conditions as the passive earth pressure developed on the

side of the shell surface will have positive contribution.
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Investigate the use of strip shell foundations in retaining walls to resist sliding forces

and overturning moment due to earth pressure.

Investigate the use of transverse multiple units of strip shell foundations as concrete
pavement elements in roads and highways especially on weak soils, which might con-

tribute insavings in their construction cost.

Develop new construction techniques in order to economize on the construction cost

of shell foundations.
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APPENDIX I

Computer Program “BC-Shell”
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CLS

LOCATE |’ 14- PRINT Ao ook o o ok ko ok ok ok ok . ok ok ok ok ko ok ok kR kb ok koo ok ko ok kT

LOCATE 2, 14- PRINT "* ULTIMATE BEARING CAPACITY OF SHELL FOUNDATION  **
LOCATE 3, 14- PRINT " * PROGRAM BC-Shell *"

LOCATE 4, 14 PRINT " * © Mohamed Abdel-Rahman 1995 o

LOCA’I‘E 5' 14. pRIN’T o o o e o ok ol o A o o o ok o sk ROK R o kol ok Rk kR e kol ok ok k) ke ok ok ok kol ok ok ok ok ke
LOCATE 6, 14: INPUT "* Enter Total Width of Strip Footing (2b in meters) , W

LOCATE 7, 14 INPUT "* E.ter Min Forizontal Shell Angle (6,°0.0 if Flat) . ", thetal

. "

LOCATE 8, 14: INPUT "* Enter Max Honzontal Shell Angle (8,°) .M theta2
LOCATE 9, 14' INPUT "* Enter Interval for Honzontal Shell Angle - ", acct
LOCATE 10, 14: INPUT "* Enter Depth of The Foundation Level (Dgin meters) ", D
LOCATE 11, 14: INPUT "* Enter Min Unit We1ght of Soil (y; in kN/m3) : ", gamal
LOCATE 12, 14 INPUT "* Enter Max Unit Weight of Soil (v, in kN/m3) : ", gama2
LOCATE 13, 14° INPUT "* Enter Interval for Umt Weight of Soil 1" accg
LOCATE {4, 14. INPUT "* Enter Min Soil Cohesion (c; in kPa) . ", cohl
LOCATE 15, 14: INPUT "* Enter Max Soii Cohesion (¢, in kPa) 1", coh2
LOCATE 16, 14: INPUT "* Enter Interval for Soil Cohesion : ", acce

LOCATE 17, 14 INPUT "* Enter Min Angle of Soil Shearing Resistance (¢°)) : ", fil

LOCATE 18, 14. INPUT "* Enter Max Angle of Soil Shearing Res.stance (¢°p) : ", fi2

LOCATE 19, 14: INPUT "* Enter Interval for Angle of Soil Shearing Resistance : ", accf

LOCATE 20' 14: PRINT ok o o o o0 o o o oo oo e ke o ok e 2 ol e o ook o ok ok e 2ok ook e o ok o o o ook e sk ok ol ok kol ook k] ke
OPEN "CIR out" FOR OUTPUT AS #3

CONSTPI=3.141593

IFD>0! THEN EMB=1ELSEEMB =0

b=w/2

'w is the total width of the foundation

PRINT #3, "-meeeennn-

PRINT#3," Far Theta SR alfa x¢c 2 Ro R L Nec Nq Ng quQut”
PRINT #3, "~av --

FOR i=fil TO fi2 STEP accf

fai = (i /180) * PI

cst=(Pl/4)-fai/2)

cit = (PI/4) + (fai / 2)

FOR j = thetal TO theta2 STEP acct

th=(j/180)* PI

'th is the horizontal shell angle;i.e. the vertical shell angle =PI - 2*th

'th for flat footi:g = 0 and the vertical angle = 180

o ool o o o oo o o o el o ol e o o o ok o o o sk ol o o ol e o oo o ok o ol o ool o ok kol ke o ol o ke ok ook ok ok o ok ol ok ok ook o ok s o okl ok ok ook sk ol sk ok ok ok
'Data for the geometry of footing

gamac = 20

a=.02

t=.04

Dt=.16

dbs=D-1-(b-a) * TAN(h)

dc=Dt-t-b*1TAN(th)

® e o o oo oo o oo ol ol ol ok oo o o o e ok o ok o ol ol ol o o ol oot o o e o e ok ok o ok ook ok 3l e o ek ok e ok ool ok ok o ok ok o 2k ok o ol o o ok o ol e ok ok ok ok ok
SR=PI+2*th)/PI

alfa = fai + (SE. - 1) * ((P1/4) - (2*fai/3))

alfi = alfa * 180/ P1]

‘SR is Shell Ratio and it lies between 1 and 2

'1 for flat footing and 2 for pile foundation

"alfa is the horizonial angle of the faiiure surface from the edge of the footing

*it varies from (fai) to (cit),i.e P1/4 + fai/2
Y T T I L T T P T T T
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*Get the value of Ro which satisfies equilibrium: (Ro = Rof)

FOR gama = gamal TO gama2 STEP accg

gq=gtma*D

FOR ¢ =coh] TO coh2 STEP accc

cbg =c/ (b * gama)

Rl1=1

R2=9

acer = .01

FOR Ro =R1 TOR2 STEP acer

R=Ro*b

okl koo ol ok ok o ol ook o ok ook ol ol ok e Rk sk ok kool o ok ok skl o ok kol okl ok kb sk kb skok skolokskok ok akoloR ik ak ok okl Xk kR
D2b=D/w

db=D/b

Dbf = db + TAN(alfa)

Dbt =D + b * TAN(alfa)

H=Dbt + (R * (SIN(cit) - COS(cit)))

2 s ol e o ok 2ok o e o ook ok o ok R o o i oK ok 3 okl ok Aok o o ol K R A R ORI R ROK R RO R R R RN RN
xc =R * SIN(cit)

zc = -R * COS(cit) + b * TAN(alfa)

'R is the radius of the sliding circular failvre surface

*xc¢ and zc are the corrdinates of the certer of the circle

SRR R R R R AR KRR R ORI KR A R
*Constants to solve the shear stress equation:

C1 = (1 +SIN(fai))

C2 = SIN(c**) - COS(cit)

C5 = SIN(fa1) * TAN(cit)

C4 =1+ (4 * TAN(fai) ~ 2)

C5 = EXP(2 * cst * TAN(fai))

C6 = SIN(fai) * ((2 * TAN(fai) * SIN(cit)) - COS(cit))
C1=(C2*C3)+(C6/C4a)

C8 = (EXP(-2 * cst * TAN(fai))) * COS(cit)

C9 = (EXP(PI * TAN(fai)) * (TAN(cit) ~ 2)) + TAN(cit) - (2 * TAN(fai))
C10 = (P1/ 4) + (COS(fz1) / 2) - (SIN(fai) * TAN(fai))

C11 = -(SQR(2) * COS(fai / 2)) / SIN(fai)

C12=(C3 *C5* C8 * C9)/(C4 * SIN(fai))

Cl3=((C5*C7*C8 *C9)/(C4 * SIN(fai))) + (C10/ C4)

Cl4=((C] *C5*C8 * C9)/(C4 * SIN(fa1)))+ C11

C15 =(PI/2) -2 * SIN(cit) * COS(cit)

Cl16=C13-C2* COS(cit) - (C15/2)

C17 =C12 - SIN(cit) - COS(cit)

Ci8=C2+Cl4

€™ =-2 * TAN(fai)

C20 =(1/C19) * (EXP(cst * C19) - EXP(-cit * C19))

C21 = (-SIN(fai) / C4) * (SQR(2) * ({2 * TAN(fai) * SIN(fai / 2)) - COS(fai / 2)))
C22=(C5*C7*C20)+C21

C23=C3*C5*C20

C24=Cl1*C5*C20

Pakokok ok ok ok ok ok kR R R AR ARk AR AR AR IR RBRERBEA RS E AR A SR oAb RN
*Weights of soil blocks and lever arms to calculate "MW™:

W1 =(gama/2)* (H ~ 2) * TAN(:t)

W2 =(gama/2)* (b "~ 2) * TAN(alfa)

W3 = gama * Dbt * (R * SIN(cit) - b)

W4 =H *R * gama * COS(cit)

WS = (gama/2) * (R * 2) * (cit - SIN(cit) * COS(cit))
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W6 = (gama/ 2) * (R * 2) * (cst - SIN(cst) * COS(cst))

Wt=WIl+W2+W3+W4+W5+W6

Yo o o o ol R s ok ok oK sk AR KR R ook o ok kol sk ok sk ok ok o kb ksl ok Rk okl ok Aok koK Rk R koK
x1 = ((H * TAN(cit)) / 3) + (R * COS(cit))

x2=(R * SIN(cit)) - (2*b /3)

x3 = (R * SIN(c1t)) -b) /2

x4 = (R * COS(cit)) /2

xSa=1-(3/72)*COS(cit)) +((1 /2) * (COS(cit) * 3))

x5b =cit - (SIN(cit) * COS(cit))

x5=(2/3)*R * (x5a/x5b)

x6a=1-(3/2)*COS(cst))+ ((1/2)*(COS(cst) ~ 3))

x6b = cst - (SIN(cst) * 0S(cst))

x6=(2/3)*R * (x6a/x6b)

R T T T T e R e e et 2
Mwf] = -gamac * a * dc * (R * SIN(cnt) - (a/ 2))

Mw{2 = -(gamac /2) * a * 2 * TAN(th) * (R * SIN(cit) - (2 *a/3))

Mwf3 = -gamac *t *b * (R * SIN(cit) - (b/2))

Mwsl = -gama * (b - a) * dbs * (R * SIN(cit) - (a/2) - (b/2)) * EMB

Mws2 = -(gama/ 2) * ((b - a) * 2) * TAN(th) * (R * SIN(cit)-(a/3)-(2*b/3))* EMB

Mwfs = Mwfl + Mwf2 + Mwf3 + Mws] + Mw :2

¥ ok o kR ok ook ok ok oKk sl o ook R ok Aok oo o ko ko o ok ok okl oK Skl o e kol ok oK ok

MW = ((W4 * x4) + (W6 * x6)) - (W2 * x2) + (W3 *x3) + (W5 * x5)) + MwSs

oo ook ok K ok K ok ko koo ook oK ok ok o K R A AR A K R AR
'Horizontal Earth Pressure =h and lever amns to calculate "ME"

Ec=2%*c* H* TAN(cit)

Eg = ((gama/ 2) * (H ~ 2) * (TAN(ait) * 2))

Eh=Ec +Eg

zec =R * SIN(cit) - (H/ 2)

zeg =R * SIN(cit) - (H/ 3)

ME =Ec * zec + Eg * zeg

kORI R ORIk R oKk Rk R Iok kR R kR kol ok K ok Rk R Rk R
*Shear siress Tao and Moment "MT" :

Taol =c *Cl

Tao2=C5* (R*gama*C7+gama*Dbt*C3 +c *Cl)

R P T e P L PR P R A B e e e s e T T
*Shear Stress at plane part Taop:

Taop = gama * SIN(fai) * TAN(cit) * H + Tao1?

Sl Rk ok ok R R ok bk ok ok ook ok ok R Kk 30k Bk R KR kol o ok Sk ko K o sk
*Shear Stress at circular part Taoc:

Taoc = Tao2 * EXP(-2 * cst * TAN(fai)) - (R * gama * C6/C4)

MT =R "2)*Tao2 * C20+ (R " 3) * gama * C2]

o oot ek s ok o o koo oo Ak kR ok A K K sk ok ok Tk kol R sk ok ko
Cv =c * Dbt

Tpv =(gama/2) * TAN(cit)y* (H"2)+c*H

Tev=(gama *R *Dbt * C12) + (gama* (R~ 2) *C13)+c*R *C14
T T g T T e P e P 22 2
'Different Values of "P":

M = (Tpv +Tev - Wi-Cv)

Pvfg = gama * b ~2 * ((Ro ~ 2) * C16 + Ro * TAN(alfa) * C17 + (TAN(alfa) / 2))
Pviq=gama*D *b* (Ro *Cl17 + 1)

Pvfc=c*b*Ro*Cl8

Pvf = Pvfg + Pvfq + Pvfc

oot oo el oo o ks ook o ol ok o ol o ol o o ok o ok ek ol ok ol o ool ok ok ol ol o o oo ook ok ol ale ol koK ok ak kool ek ol ok e o e ook sk ok ok ko ok

qug = gama * b * ((Ro ~ 2) * Cl6 + Ro * TAN(alfa) * C17 - (TAN(th) / 2))
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qug=gama*D *(Ro*Cl17 +1)

quc =c * (Ro * C18 + TAN(alfa))

qu = qug +quq + quc

Pvg=qu*b+(gama/2) * b~ 2 * (TAN(alfa) + TAN(th)) - ¢ * b * TAN(alfa)
'PRINT Pv; Pvf, Pvq. .. for check

TREREREREREE R RN REE RN R AR R E KRR IR R ARk hh SRS AR e d IR R BB

"Note that the final Pv does not depends at alli on theta

9 s e o e ok ol o o o o ok o ke ok ofok sk ok ke sk stk ok ok sk ok ok dokoR ok doR ok Rk ok kR Rk kR KRR kR AR KR AR RN kB E ek bR RS
Ph = Pv * TAN(alfa - fai)

*Ph is the horizontal component

sk ok ko Ao ok sk ok okl ook bk ok sjokok okokokok ok ok ok ok kokokk Rk ok ok kR kR kR ok Rk Rk R R Rk kR kR R RGN
Mpl=-qu*b* (R * SIN(cit) - (b/ 2))?

Mp2 = -(gama / 2) * (b * 2) * (TAN(aifa) + TAN(th)) * (R * SIN(cit)) - (b / 3))

Mp3 =c *b * ((TAN(alfa) * R * SIN(c1t)) - R * COS(ct))

MP = Mpl + Mp2 + Mp3

# sl o e o g ook ok 3k o o o ok ok ok okl ok e o ke ok ok ok ol ok ok ok ok sk dkokok sk koK kR ok ok kb ok kol sk oK o ko ok kR ORIk ok ok R ok bRk

Mtot =MW + MT + ME + MP

R T T T T TR T T RR T DA P PP P P LAY SRR T S L AP RS T T T
*The factors required to calculate Ror

FRow3a = -(gama / (6 * SQR(2))) * (b " 3) * (4 - COS(fai)) * SIN(fai / 2)

FRnw3b = (SQR(2) / 2) * gama * (b ~ 3) * SIN(fai / 2) * (SIN(cst) * 2)

FRow3 = FRow3a + FRow3b

L T T T P e T T T P TS P P TP PR P TR R TR P R P T AP TP T Y e T L]

FRot3 = gama * (b~ 3) * C22

» sk o e o ke ofe o o ook ol ok ok o e ol o ok o 3 ofk o oK ko oo e age ok kol ok ook kR R R Bk R B Rk R R kRN R AR R
FRoe3a = Mf * (gama / 2) * (TAN(cit) *~ 2) * SIN(ci) * (b~ 3) * (C2 " 2)

FRoe3b = -Mf * (gama/ 6) * (TAN(cit) *2)* (b~ 3) *(C2 ~ 3)

FRoe3 = FRoe3a + FRoe3b

Yo gk ok Aol o kR ok kA R o R AR kKR kAR ok R AR R B R R R SRR R b
FRop3 = -(gama) * (b ~ 3) * SIN(cit) * C16

T e ST S T T Ll Lt Ll e L P AP P T PR T PR Y
FRo3 =FRow3 + FRot3 + FRoe3 + FRop3

¥ 3k e o 3 A K Ao oo o Ao o o S Rk R R Kook ook ks kR A Kok o KRR KR R R Rk R
FRow?2a = -(gama/ 2) * (b~ 2) * D * (SIN(cit) * 2) - (gama / 2) * (b~ 3) * TAN(alfa) * (SIN(c1t) ~ 2)
FRow2b = (gama /2) * (b " 2) * D * (SIN(cst) * 2) + (gama / 2) * (b ~ 3) * TAN(alfa) * (SIN(est) *2)
FRow2 = FRow2a + FRow2b

»ajok oo oo 3 KoK 30 o o ok ok K o o ok ok ok ok ok Aok R ok Rokok kol kSR R ROk Ok ROk kR R A kRN R R Rk kR bR

FRot2a = gama * (b ~ 2) * Dbt * C23

2 sk o o afe oo e o o ok o e o e o o ol o o ok ok o ook o Kk o o ok R R ok ok kR o ko o kR R R kol ok ok Rk ok R R kR R Rk S
FRot2b=c*(b"2)* C24

FRot2 =FRot2a + FRot2b

¥ oo sl kol o ool ok ok ool ok sk ok ok ok akkok ko sk ok ko kol ob ok ok bk ook sk ok kR ok bk ko Ak R
FRoe2a = Mf * gama * (TAN(cit) * 2) * SIN(eit) * Dbt * (b * 2) * C2

FRoe2b = -Mf * (gama/2) * (TAN(cit) ~ 2)* Dbt * (b~ 2) * (C2" 2)

FRoe2c = 2 * Mf * ¢ * TAN(cit) * SIN(cit) * (b~ 2) * C2

FRoe2d = -Mf * ¢ * TAN(cit) * (b~ 2) *(C272)

FRoe2 = FRoe2a + FRoe2b + FRoe2c + FRoe2d

ok Aok Rk R Rk Rk kR R A kR KRRk T kR Rk kR Rk Rk kAR AR AR SRS E RSN SRA SRS
FRop2a = -(gama) * (b * 3) * SIN(c1t) * TAN(alfa) * C17

FRop2b = -(gama) * (b~ 2) * D * SIN(cit) * C17

FRop2c=-c* (b "2)*SIN(cit) *CI8

FRop2d = (gama / 2) * (b ~ 3) * C167

FRop2 =FRop2a + FRop2b + FRop2c + FRop2d

B LIt e e e P22 A PR R 2R P 2 L2 2R S22 2R SR R R RS R 2 d TI A R4 s dd It L ld ]
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FRo2 = FRow2 + FRot2 + FRoe2 + FRop2

HEBSAREIN AR RR bRk dokkkdok kR kR Rk kb kR kR Rk kR kR Rk kokk kR Rk
FRowla =gama * (b~ 2) * D * SIN(cit) + (gama/2) * (b ~ 3) * TAN(alfa) * SIN(c1t)

FRowlf = -gamac * b * SIN(cit) * (a*dc+(a~2/2) * TAN(th)+ b ¥ t)

FRow!ls = -gama * b * SIN(cit) * (b - a) * (dbs + ((b - a) * TAN(th) / 2)) * EMB

FRow!l =FRowla + FRowlf + FRowls

St ok ok ok ok o ok ok o o oo o ol e ok ol ol o sk ok ok ook ook o skt ok ok bl o ok o ok ok o o o e e o o o o ok ok af ok ok ok ok e ok ok sk o ok ko

FRotl =0

Tﬁgluuuuuuuuu»n T T T T T TP PE T TS P P
FRoela = Mf * (gama / 2) * (TAN(cit) » 2) * SIN(cit) * b * (Dbt » 2)

FRoelb = -Mf * (gama/ 2) * (TAN(cit) *2) * (Dbt~ 2) *b * C2

FRoelc =2 * Mf * ¢ * TAN(c1t) * SIN(cit) * Dbt * b

FRoeld=-2 *Mf*c * TAN(cit) * Dbt *b * C2

FRoel = FRoela + FRoelb + FRoelc + FRoeld

L T T T Ll R L L L LT T e S T e T e T
FRopla = gama * (b~ 3) * SIN(cit) * TAN(th) /2

FRoplb = -(gamaj * (b~ 2) * D * SIN(cit)

FRoplc=-c * (b * 2) * SIN(cit) * TAN(alfa)

FRopld = (gama /2) * (b  3) * TAN(alfa) * C17

FRople=(gama/2)*(b"2)*D *C17

FRoplf=(c/2)*(b"~2)*Cl8

FRoplg = -(gama / 2) * (b ~ 3) * SIN(cit) * TAN(alfa)

FRoplh =-(gama/ ") * (b~ 3) * SIN(cit) * TAN(th)

FRopli=¢ * (b~ 2) * SIN(cit) * TAN(alfa)

FRoplj=-c * (b " 2)* COS(c1t)

FRopl =FRopla + FRop1b + FRoplc + FRopld + FRople + FRop!f + FRoplg + FRoplh +

FRopli +FRoplj

P o oo o o oo o o ol ool o o ok o ol o o o o o o o o o o o o ok ok ok ok ok o ok ok ok ok ok ok ko s ok ook ok o o ol ok e ok o ook o o ok e ko ok ok ok s ok ok ok ok ok ok ok

FRol =FRowl +FRotl + FRoel + FRopl

L T T e P T e T T T T P T T L PR T R e T T T T T
FRowOQa = -(gama / 6) * (b ~ 3) * TAN(alfa) - (gama/2)* (b *2)* D

FRowOf = gamac * ((a*2*dc/2)+(a”3 * TAN(th)/3) + (b "2 *t/2))

FRowOs = gama * (b - a) ¥ ((dbs * (a + b) / 2) + (TAN(th) * (b - a) * ((a / 2) + b) / 3)) * EMB

FRow0 = Row0a + FRowOf + FRow0s

S ool o ok o ok o o o ok ok o ok kol sl s okokoke ofoioR e ok sk ok o o e ok o ok o ok sk ol o e sk ok kol e o ol ok o sk okl e o e ok ok ok ok sk e o ok ok kol ok

FRot0 =0

AR R AOR A KRR % AR Rk ok ROk Ok R ok ok KR kR ok kR ko ok ko
FRoeOa = -Mf * (gama/ 6) * (TAN(cit) ~ 2) * (Dbt ~ 3)

FRoeOb =-Mf * ¢ * TAN(cit) * (Dbt ~ 2)

FRoc0 = FRoe0a + FRoeOb

PR Ak oKk ok R R R kbbb Rk Rk bk ok kR ok ok sk ok A ok
FRopOa=-(gama/4) * (b ~ 3) * TAN(th)

FRopOb =(gama/2)*(b~2)*D

FRopOc =(c/2) * (b~ 2) * TAN(alfa)

FRopOd = (gama / 6) * (b » 3) * TAN(alfa)

FRopOe = (gama / 6) * (b ~ 3) * TAN(th)

FRop0 =FRop0a + FRopOb + FRopOc + FRop0d + FRopOe

Pk ROk Rk ek ok gk ok ok ok ok ok kR sk ok ok ok ok dok ok ok ok Rk kR ok ok bk Rk ko Kok Rk Kok R ok kR

FRo0 =FRowO + FRoi0 + FRoeO + FRop0

PR Rk Rk kR koK ok ok ko Ok ok KRk oKk ok ok ok ook ok o ok ok 3ok kol R ok sk ok ok ok kokok ok ok ok

FRo = ((Ro ~ 3) * FRo3) + ((Ro ~ 2) * FRo2) + (Ro * FRol) + FRo0
'PRINT, Rs, FRo, Mtot .. for check

N T T T L L L Al L T LR L P TP A

FRodl =3 * (Ro ~2) *FRo3 + 2 *Ro * FRo2 + FRol
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DRo =-FRo / FRod1

Rof =Ro

IF ABS(DRo) < acer THEN GOTO Root

AL L L g R T L LI oI m
qufg = gama * b * ((Rof ~ 2) * C16 + Rof * TAN(alfa) * C17 - (TAN(th) / 2))

qufq=gama * D * (Rof *C17 + 1)

qufc = ¢ * (Rof * C18 + TAN(alfa))

quf = qufg + qufq + qufc

Pvq=quf * b+ (gama/2)*b ~ 2 * (TAN(alfa) + TAN(th)) - ¢ * b * TAN(alfa)

L =b * (Rof + Dbf * SIN(cit)) / COS(cit)?
L T T I LTI wey
Ng=(Rof ~ 2) * C16 + Rof * TAN(alfa) * C17 - (TAN(th) / 2)

Ng=1+Rof*C17

Nc = Rof * C18 + TAN(alfa)

AR AR AR R KRR KR ACOK KK Kb ok Aok ook ks Sk S AR KK A R bk
qux=c * Nc+D * gama * Nq + b * gama * Ng

Qut=qux * (w"2)

B T T T T T L Lt L e U,
NEXT Ro

PR R AOR HKOKROR ok O SRk Rk kR AR A R R S R R
GOTO jump

Root:

Rof =Ro

Rf=R

FRof =FRo

Mtotf = Mtot

GOTO Finish

‘PRINT FRof, Mtotf .... for check

jump:

L T T T T T L L L Ll Dup e g
PRINT #3," "

PRINT #3, "**NO SOLUTION** For : Fai ="; i, " ", "Gama =", gama, " "; "cb/g =", ¢bg, " "; "Ro =";
R1; "To"; R2; "(acc =", accr, ")"

PRINT #3, " "

¥ ook e ok ook ok ok ok ok Ak ook o ke ok ok e ok ok Ak Ok K R R RO R AR R RN R LR R Rk Ry
GOTO Cont

Finish:

kool o e sk ool skok ook ok e ok ok ok ok o o koo ok ok ok okl ko ok ok ook R R Bk kR R R R R AR SRR R LA
qufg = gama * b * ((Rof * 2) * C16 + Rof * TAN(alfa) * C17 - (TAN(th) / 2))

qufg = gama *D * (Rof *C17 + 1)

qufc = ¢ * (Rof * C18 + TAN(alfa))

quf = qufg + qufq + qufc

'Fht=quf * b * TAN(th)-c *b

'PRINT Fht; Ph... for check

Pvg=quf *b +(gama/2) * b » 2 * (TAN(alfa) + TAN(th)) - ¢ * b * TAN(ai"a)

L =b * (Rof + Dbf * SIN(cit)) / COS(cit)

Pk kR kkok kR kR ok kR kR kR AR Rk Rk ARk AR SRR IR BN SR kA ER RSSO B S
Nz =(Rof ~2) *C16 + Rof * TAN(alfa) * C17 - (TAN(th) / 2)

Nq=1+Rof *C17

Nc =Rof * C18 + TAN(alfa)

Rl iig 222 12t 2d PR R i it T R PR I Iy Py 2 s TR IT T T YT Y ]
qux=c*Nc+D* gama* Nq+h*gama* Ng

Qut=qux * (w"2)

kbR kRRok kR kR kR RN R RN BERERE SRR E AR R ES SNSRI A AN B NSRRIV RS HSHEIS980 4
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PRINT #3, USING "##### ##° 1, ), SR; alfi; xc; zc; Rof;, Rf;, L; Ne¢; Ng; Ng; qux; Qut

T I YT s PP YR R PP SR S22 ER R S22 2221 222222 22222222222 R 22 22t
Cont:

NEXTc

NEXT gama

NEXT j

NEXTi

Mxw = (Rof ~3) * FRow3 + (Rof ~ 2) * FRow2 + Rof * FRow1 + FRow0

Mxt = (Rof » 3) * FRot3 + (Rof ~ 2) * FRot2 + Rof * FRotl + FRot0

Mxe = (Rof ~ 3) * FRoe3 + (Rof ~ 2) * FRoe2 + Rof * FRoel + FRoe0

Mxp = (Rof ~ 3) * FRop3 + (Rof ~ 2) * FRop2 + Rof * FRopl + FRop0

Mixt = Mxw + Mxt + Mxe + Mxp

> oot s ool ol ol o ok ook o o oo ook o oo e o e ool ok o o o ook o ok o ook o 3 e o ol oo ok o o 2ol o o o o o o o o ol oo o o o ok e e e o ok ook ok ok ek ok ok ok
‘For check only

PRINT ; MW, Mxw

PRINT ; MT; Mxt

PRINT ; ME, Mxe

PRINT ; MP; Mxp

PRINT ; Mitotf, Mtxt, FRof

T L T T Ll L L e s T LT e S e P P T
PRINT #3,"
CLOSE #3
END

Sk ook ook ko o ok ol ok ok ok ok kol okok ol skokokokoi sk sl ok e ok ok gkl ok sk ok kbR skl o ok kol ok R ok ok ok ok

260



APPENDIX II
Design Tables for N, Ng & N,
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$° 0° N N, N, N, N, N,
Embedment Ratio = 0.0 Embedment Ratio = 0.25

10 0 6.56 2.13 0.88 7.47 229 1.12
10 7.02 2.19 0.99 842 2.44 1.40

20 7.54 227 1.12 9.36 2.59 1.72

30 8.10 2.35 1.27 10.36 2.75 2.11

40 8.67 2.44 1.44 11.41 2.92 2.56

50 9.25 2.52 1.59 12.66 3.13 3.14

60 9.89 2.62 1.70 14.21 3.38 3.90

11 0 7.12 2.35 1.14 8.06 2.53 1.43
10 7.59 2.42 1.28 8.93 2.68 1.74

20 8.07 2.50 1.43 9385 2.85 2.11

30 8.60 2.59 1.62 10.77 3.01 2.54

40 9.13 2.67 1.81 11.80 3.19 3.05

50 9.73 2.77 2.02 12.99 3.40 3.69

60 10.38 2.88 2.20 14.48 3.67 4.54

12 0 7.66 2.58 1.42 8.62 2.79 1.77
10 8.14 2.67 1.60 9.52 2.96 2.15

20 8.63 2.76 1.80 10.36 3.12 2.56

30 9.12 2.84 2.02 11.26 3.30 3.04

40 9.67 2.94 2.27 12.27 3.49 3.63

50 10.27 3.05 2.53 13.38 371 4.32

50 10.89 3.16 2.76 14.82 3.99 525

13 0 8.22 2.84 1.76 9.27 3.09 2.20
10 8.72 2.94 1.99 10.08 3.26 2.61

20 9.16 3.03 2.21 10.95 3.44 3.10

30 9.72 3.14 2.51 11.82 3.62 3.64

40 10.23 3.23 2.79 12.75 3.82 4.27

50 10.80 3.34 3.09 13.85 4.05 5.04

60 11.43 3.46 3.39 15.22 4.34 6.05

14 0 8.82 3.14 2.16 9.96 342 2.70
10 9.33 3.24 2.44 10.74 3.60 3.16

20 9.78 3.34 2.72 11.57 3.79 3.7

30 10.30 3.45 3.04 12.42 3.97 4.32

40 10.82 3.56 3.38 13.32 418 5.01

50 11.41 3.68 3.76 14.39 4.42 5.88

60 12.00 3.80 4.10 15.69 4.72 6.96

15 0 9.50 3.47 2.66 10.62 3.77 3.26
10 9.97 3.58 2.97 11.43 3.97 3.81

20 10.44 3.68 3.30 12.23 4.16 4.42

30 10.97 3.80 3.69 13.04 4.36 509

40 11.45 391 4.06 13.91 4.57 5.85

S0 12.05 4.04 4.52 14.96 4.82 6.81

60 12.66 4.18 4.95 16.24 5.14 8.00
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o> e Ne Nq N, N, N, N,
16 0 10.17 3.83 322 11.39 418 394
10 10.65 3.95 3.58 12.15 438 455
20 1113 4.07 3.97 12.92 4.58 5.22
30 11.62 4.18 4.40 13.70 478 5.95
40 12.17 432 488 14.60 501 6.83
50 12.73 4.45 5.38 15.62 5.28 7.88
60 13.35 4.60 5.91 16.82 5.59 9.15
17 0 10.94 4.25 3.90 12.19 463 4.75
10 11.37 436 4.29 12.92 4.84 5.41
20 11.87 4.49 4.75 13.72 5.05 6.19
30 12.37 4.62 5.25 14.46 526 6.98
40 12.93 4.76 5.82 15.32 5.49 7.94
50 13.44 4.89 6.36 16.31 571 9.08
60 14.09 5.05 6.99 17.55 6.11 10.54
18 0 11.69 4.69 4.66 13.05 5.13 5.68
10 12.20 4.83 5.16 13.80 5.36 6.45
20 12.64 4.95 5.65 14.50 5.56 7.24
30 13.16 5.09 6.23 15.32 5.80 8.20
40 13.67 5.23 6.84 16.15 6.04 9.24
50 14.26 5.40 7.53 17.10 6.32 10.49
60 14.86 5.56 8.2 18.26 6.66 12.00
19 0 12.55 5.20 5.58 13.96 569 6.76
10 13.01 534 6.12 14.67 591 7.59
20 13.53 5.49 6.74 15.45 6.15 8.56
30 14.06 5.64 7.41 16.17 6.37 9.53
40 14.59 5.80 8.13 17.02 663 10.72
50 15.13 5.95 8.87 17.95 6.92 12.06
60 15.75 6.13 9.68 19.14 7.29 13.79
20 0 13.47 5.77 6.66 14.99 632 8.07
10 13.94 591 7.28 15.66 6.54 8.97
20 14.47 6.08 8.00 16.39 6.78 10.00
30 14.95 6.23 871 17.13 702 111
4 15.50 6.40 9.53 17.95 7.29 12.39
50 16.06 6.56 10.39 18.90 760 13.91
60 16.69 6.76 11.33 20.06 7.98 15.79
21 0 14.51 6.42 1.97 16.09 7.03 960
10 14.99 6.58 8.69 16.77 726 10.63
20 15.48 6.74 9.45 17.47 7.50 1173
30 15.97 6.90 10.27 18.23 176 13.00
40 16.53 7.08 11.21 19.00 8.03 14.36
50 17.11 7.26 12.20 19.92 834 16.00
60 17.69 7.45 13.21 21.05 8.74 18.02
2 0 15.55 7.12 9.43 17.18 7.78 11.28
10 16.05 7.29 10.25 17.89 804 12.46
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T‘«, 0° N, Ny N, N N, N,
20 16.55 746 1113 18.61 8.30 13.71
30 17.05 764 12.06 19.33 8 56 15.06
40 17.64 7.84 13.14 20.12 8.84 16.60
50 18.23 8.04 14.28 21.07 9.19 18.46
60 18.83 8.24 15.44 2217 9.59 20.64
23 0 16.73 7.92 11.20 18.50 8.67 13.41
10 17.24 8.11 12.14 19.16 8.92 14.66
20 17.76 8.30 13.15 19.83 9.18 15.99
30 18.28 8.49 14.22 20.57 9.46 17.51
40 18.81 8.67 1535 21.39 9.77 19.26
50 19.42 8.89 16.65 22.30 10.11 21.24
60 20.04 9.11 17.99 23.43 10.55 23.71
24 0 18.00 8.8 13.26 19.84 9.63 1578
10 18.53 9.02 14.33 20.52 9.91 1719
20 19.06 9.22 15.48 21.21 10.18 18.70
30 19.60 9.43 16.70 21.97 10.49 20.44
40 20.14 9.63 17.99 22.75 10.79 22.29
50 20.77 9.87 19.48 23.68 11.17 24.53
60 21.41 10.11 21.02 24.78 11.61 27.18
25 0 19.43 9.84 15.75 21.35 10.74 18.63
10 19.90 10.03 16.87 22.05 11.03 20.25
20 20.45 10.25 18.17 22.76 11.33 21.97
30 21.01 10.48 19.56 23.48 11.63 23.79
40 21.57 10.70 21.03 24.28 11.96 25.89
50 22.22 10.96 22.73 25.17 12.33 28.27
60 22.88 11.22 24.49 26.30 12.82 31.26
% 0 20.97 10.99 18.66 22.96 11.96 21.94
10 21.45 1119 19.93 23.69 12.29 23.78
20 22.02 11.44 21.42 2435 12.57 25.57
30 22.52 11.64 22.85 25.09 12.89 27.64
40 23.18 11.92 24.68 25.92 13.26 30.01
50 23.77 12.16 26.45 26.84 13.66 32.70
60 24.45 12.45 28.46 27.93 14.15 35.90
27 0 22.63 12.27 22.04 24.79 13.37 25.94
10 23.13 12.49 23.49 25.46 13.68 27.86
20 23.72 12.75 25.18 26.14 13.99 29.89
30 24.23 12.97 26.81 26.90 14.34 32.23
40 24.83 13.24 28.71 27.68 14.69 34.72
50 25.52 13.55 30.90 28.63 15.13 37.75
60 26.23 13.85 33.19 29.68 15.61 41.16
28 0 24.50 13.74 26.14 26.75 14.94 30.58
10 25.02 13.98 27.78 27.45 15.28 32.76
20 25.54 14.22 29.53 28.15 15.61 35.07
30 26.16 14.51 31.57 28.86 15.95 37.52
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0 N, Ny N, N, Ny N,
40 26.78 14.80 33.73 29 66 16.33 40.33
50 27.41 15.08 36.02 30 56 16.76 43.53
60 28 14 15.42 38.63 314 17.34 47.61

29 0 26.52 15.39 30.91 28.96 16.75 36.18
10 27.06 15.65 32.79 29.60 17.06 38.45
20 27.69 15.97 34.98 30.33 17.43 41.06
30 28.24 16.23 37.09 31.06 17.79 43.83
40 28.89 16.54 39.54 31.90 18.21 47.01
50 29.54 16.85 42.14 32.83 18.68 50.63
60 30.30 17.22 45.11 33.87 19.20 54.72

0 0 28.80 17.30 36.70 3136 18.77 42.72
10 29.36 17.58 38.83 32.02 19.11 4529
20 29.92 17.86 41.09 32.68 19.45 48.00
30 30.49 18.15 43.48 33.44 19.85 51.13
40 31.16 18.49 46.27 3431 20.30 54.72
50 31.84 18.83 49.22 35.19 20.76 58.53
60 32.63 19.23 52.59 36.37 21.38 63.43

310 31.28 19.43 43.46 33.95 21.04 50.33
10 31.86 19.74 45.89 34.64 21.41 53.24
20 32.44 20.05 48.46 35.33 21.78 56.32
30 33.14 20.42 51.46 36.12 22.22 59.87
40 33.73 20.73 54.34 36.92 2265 63.62
50 34.44 21.10 57.€9 37.94 23.21 68.24
60 35.26 21.54 61.5 39.07 23.82 73.46

32 0 34.07 21.90 51.66 36.88 23.65 59.51
10 34.68 22.24 54.44 37.59 24.06 62.82
20 35.29 22.58 57.36 38.31 24.46 66.31
30 35.90 22.91 60.45 39.14 24.94 70.34
40 36.63 23.32 64.05 39.98 25.41 74.60
50 37.37 23.72 61.86 40.93 25.95 79.47
60 38.11 24.13 71.88 42.00 26.55 84.99

30 37.23 24.76 61.62 40.18 26 67 70.60
10 37.75 25.05 64.45 40.81 27.04 74.01
20 38.39 25.42 61.77 41.56 2748 7197
30 39.03 25.79 71.29 42.43 21.99 82.54
40 39.7y 26.23 75.38 43.19 28.44 86.96
50 40.56 26.67 79.71 44.18 29.02 92.47
60 41.33 27.11 84.27 4541 29.76 99.14

40 40.69 27.99 73.34 43.78 30.08 83.62
10 41.23 28.31 76.57 44.56 30.56 87.91
20 41.89 28.71 80.36 45.23 30.96 92.00
30 42.56 29.11 84.36 46.02 31.44 96.75
40 43.36 29.59 89.02 46.93 32.00 102.21
50 44.04 30.00 93.51 47.85 32.57 108.00
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$°  ©° Ne¢ Ng N, N, Nq N,
60 44.85 30.48 98.70 49.14 33.37 115.55
35 0 44.59 3173 87.59 47.85 34.02 99 37
10 45.16 32.08 91.27 48.54 34.46 103.79
20 45.85 32,52 95.61 49.37 34.98 108.92
30 46.55 32.96 100.18 50.19 35.51 114.33
40 47.26 33.40 105.00 51.02 36.04 120.03
50 48.10 33.93 110.60 51.99 36.65 126.59
60 48.95 34.46 116.52 5321 37.44 134.60
36 0 48.88 35.99 104.42 52.32 38.49 117.93
10 49.48 36.37 108.63 53.18 39.06 123.51
20 50.21 36.85 113.58 53.91 39.54 128.81
30 50.94 37.33 118.79 54.78 40.12 134.96
40 51.68 37.81 124.29 55.65 40.70 141.45
50 52.56 38.39 130.67 56.66 41.37 148.90
60 53.45 38.97 137.41 57.81 42.14 157.39
37T 0 53.75 40.93 124.91 51.52 43.78 141.05
10 54.51 41.46 130.32 58.29 4431 146.81
20 55.14 41.88 135.39 59.05 44.83 152.86
30 55.91 4251 141.34 59.96 45.46 159.87
40 56.69 42.94 147.63 60.88 46.10 167.26
50 57.47 43.46 154.26 61.81 46.73 175.06
60 58.40 44.09 161.94 63.02 47.57 184.70
38 0 59.27 46.70 149.90 63.27 49.82 168.49
10 60.08 47.28 156.10 64.08 50.40 175.09
20 60.74 47.74 161.91 64.88 50.98 182.00
30 61.55 48.32 168.74 65.70 51.56 189.26
40 62.37 48.9 175.93 66.66 52.25 197.68
50 €3.19 49.48 183.52 67.64 52.95 206.56
60 64.17 50.17 192.30 68.91 53.87 217.54
39 0 65.56 53.43 180.45 69.80 56.87 201.91
10 66.25 53.94 186.79 70.49 57.38 208.65
20 67.10 54.58 194.25 71.35 58.01 216.56
30 67.80 55.09 201.26 72.20 58.65 224.86
40 68.67 55.72 209.49 73.22 5941 234.47
50 69.54 56.36 218.17 74.25 60.18 244.60
60 70.57 57.12 228.21 75.60 61.20 257.14
40 0 72.72 61.32 217.88 77.07 64.96 241.78
10 73.45 61.88 225.19 77.97 65.66 250.47
20 74.19 62.44 232.85 78.70 66.23 258.57
30 75.09 63.14 24].84 79.61 66.93 - 268.08
40 75.84 63.70 250.33 80.69 67.77 279.09
S0 76.76 64.40 260.28 81.77 68.61 290.68
60 77.85 65.24 271.78 83.03 69.59 303.95
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¢ 6 N, N, N, N, N, N,
a 0 80.72 70.42 262.82 85.54 74 60 293.60
10 81.50 71.04 27124 86 31 7522 300.50
20 82.28 71.66 280.06 87.27 75.99 310.94
30 83.24 72.43 290.41 88.05 76.61 320.73
40 84.21 73.21 301 28 89.20 77.54 333.37
50 85.00 73.83 31159 90 35 78.47 346.65
60 86.16 74.75 324.80 91.51 7940 360 64
2 0 90.08 81.30 31929 95.03 85.76 351.51
10 90.90 81.98 32904 95.86 86.44 361.77
20 91.73 82.67 339.24 96.88 87.30 373.81
30 92.56 83.36 349.93 97.71 87.99 385.07
an 93.59 84.21 362.46 98.74 88.85 398.25
50 94.44 84.90 37432 99.96 89.88 413.50
60 95.67 85.93 389.52 101.38  91.08 430.94
43 0 10062  93.9 387.64 10593 9891 425.18
10 101.50  94.72 398.94 10681 9967 437.04
20 U238 95.48 410.74 10769 10044  449.43
30 10327  96.25 42309 10878 10139 463.94
40 104.16 9701 436.07 10988 10234 479.14
50 10526  97.9% 451.25 11098 10329  495.11
60 10637  98.91 461.23 11229 10444  513.54
4 0 11298 10917 473.87 11847 11448  516.09
10 11370 10981 48534 11941 11532 529.84
20 11465 11066  499.03 12036 11617  544.18
30 11559 11151 51335 12130 11702 559.18
40 11654 11236 52837 12248 11808 57673
50 11772 11342 54594 12365 11914 59514
60 11891 11448 56441 12506 12042 61638
as 0 12704 12704 57917 13296 13296 62869
10 12781 12775 59252 13397 13391  644.67
20 12882 12870 60845 13498 13486  661.33
30 12984 12965 62509 13600 13581  678.72
40 13086 13059 64252 13702 13675 656.94
50 13202 13178 66291 13828 137.94 71823
60 133.15 13273 68220 13979 13936 74278
6 0 14335 14837  710.43 14976 15501  768.69
10 14444 14944 72831 15085 15607 78733
20 14527 15023 74459 15168 15687  804.30
30 14636 15129 76399 15277 15793 82451
40 14746 15236 78429 15387 15899  845.64
50 148.56 15342 80557 15523 16032  870.34
60 14993 15475 83041 15685 16192  898.80
41 0 16264 17426 87141 16933 18143 943.5]
10 16354 17516 89567 17022 18233 962.49
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¢0

48

49

10

11

12

o° N, Ng N, N, N, N,

20 164 43 176 05 914 70 171 46 18352 985 14

30 165 62 177 25 937.39 172.30 184 42 1005 83

40 166 80 178 44 961 09 173 76 1859 1033 37

50 167.99 179 64 985.90 174.96 187 11 1059 17

60 169.19 180.83 1011.93 176 43 188.60 1089 25

0 184.93 205.15 1084.45 19222 21325 1162 85

10 185.90 206.16 110590 193 19 214.26 1185.10

20 186 87 207 17 1128.23 194.16 21527 1208 27

30 188.15 208 52 1154.85 195.44 21662 1235 86

40 189.13 209.53 1179.25 196.42 21763 1261.17

50 190.42 210.88 1208.24 198 02 21932 1294 71

60 191.72 212.23 1238.60 199.31 22067 1326 &4

0 211.15 242.57 1346.02 218.80 251 38 1435 44

10 212.20 243.72 1371.31 21986 25253 1461 60

20 21326 244.87 1397.60 220.92 253.68 1488 79

30 214.66 246.40 1428 94 222.31 255.21 1521 19

40 215.72 247.55 1457.59 223.38 256.36 1550 81

50 217.13 249.08 1491.61 224 78 25789 1585 98

60 218.54 250.61 1527.19 22653 259.80 1626.97

0 242.53 288 62 1682.84 250.59 298.22 1785 25

10 243.69 289.93 1712.80 25175 299.53 1816 16

20 244.85 291.24 1743.91 252.90 300 84 1848 25

30 24601 292.55 1776.28 254.07 302.15 1881 63

40 247.18 293.86 1810.03 255.23 303.46 1916 44

50 248.35 295.17 1845.30 256.77 305.21 1957.76

60 249.89 296.91 1887.09 258.31 306.95 2000 88
Embedment Ratio = 0.50 Embedment Ratio = 0.75

0 829 2.43 1.36 8.82 2.52 153

10 9.09 2.56 1.62 967 2.66 1.82

20 9.99 2.70 1.95 10.51 2.79 2.16

30 10.94 2.85 235 1146 295 2.58

40 11.94 3.02 2.81 12.47 311 3.06

50 13.14 3.21 3.35 13.67 330 367

60 14.69 3.46 418 1522 3.56 4.50

0 8.85 2.68 1.69 949 281 193

10 9.67 2.83 2.02 10.26 294 2.26

20 10.49 2.97 2.39 11.09 3.09 2.65

30 11.42 313 2.84 11.96 324 3.11

40 12.40 3.31 3.37 12.89 3.40 3.64

50 13.53 3.51 4.01 14.03 3.61 4.3]

60 14.93 3.76 4.83 15.47 3.87 5.19

0 9.49 297 2.11 10.15 311 2.39

10 10.28 3.12 2.49 10.89 3.25 2.1
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¢ 0° N, N, N, N, N, N,
20 1107 3.28 291 11.69 341 322
30 11.92 344 3.40 1248 3.56 3.71
40 12.88 3.62 3.99 1339 373 4.30
50 1395 3.83 4.69 14.45 3.94 5.03
60 15.33 4.10 5.61 15.84 421 5.99

15 0 10.17 3.29 2.60 10.90 3.46 2.96
10 10.93 3.45 3.03 11 61 3.61 3.39
20 11.69 3.6 350 12.32 3.76 3.86
30 12,51 3.78 4.05 13.09 391 4.41
40 13.38 3.9 4.68 13.96 4.09 5.07
50 14.43 4.18 5.46 14.95 4.30 5.85
60 15.74 4.46 6.47 16.27 4.58 6.89

14 0 10.88 3.65 317 11.64 3.84 3.59
10 11.60 381 365 1231 3.99 4.07
20 12.33 3.97 4.18 13.04 4.15 4.64
30 13.12 4.15 4.79 13.77 431 5.24
40 14.02 435 5.53 14.57 4.49 5.93
50 14.99 4.57 6.35 15.53 4.70 6.79
60 16.23 4.85 7.43 16.77 4.99 7.92

15 0 11.63 4.04 3.84 12.47 4.27 437
10 12.32 4.1 437 13.11 4.42 4.90
20 13.07 4.39 4.99 13.74 4.57 5.48
30 13.83 4.57 5.67 14.50 4.75 6.19
40 14.64 4.76 6.43 15.26 4.93 6.94
50 15.63 5.00 7.39 16.19 5.15 7.89
60 16.80 5.29 8.54 17.36 5.44 9.08

16 0 12.43 4.48 4.63 13.29 4.73 5.23
10 13.14 4.66 5.25 13.95 4.90 5.86
20 13.79 4.83 5.88 14.60 5.06 6.53
30 14.57 5.09 6.66 15.26 5.23 7.26
40 15.35 5.23 7.50 16.04 5.43 8.13
50 1631 5.48 8.54 16.89 5.64 9.11
60 17.46 577 9.81 18.03 5.94 10.42

17 0 13.27 4.96 5.53 14.17 5.24 6.24
10 13.94 5.15 6.21 14.84 5.42 6.96
20 1461 5.33 6.94 15.45 5.58 7.69
30 15.35 5.53 7.79 16.13 5.77 8.52
40 16.16 575 8.75 16.87 5.97 9.47
50 17.09 6.00 9.89 17.68 6.19 10.53
60 18.21 6.31 11.28 18.80 6.50 11.97

18 0 1422 5.52 6.64 15.15 5.82 7.45
10 1485 5.70 737 15.78 6.00 8.23
20 15.55 5.90 8.22 16.35 6.16 9.00
30 16.24 6.10 9.13 17.05 6.36 9.96

269




o o N, N, N, N, Ny N,
40 1701 6.32 10.16 1775 050 10 98
50 17.91 658 1140 1859 6 80 1220
60 1900 6.90 12.91 1968 712 1377
19 0 15.17 6.11 7.86 1619 646 8 85
10 15.82 6.30 870 16.78 663 968
20 16.47 6.50 961 17 36 681 10 58
30 17.19 6.12 1065 1802 701 1160
40 1792 6.94 11.76 1875 723 1276
50 18,84 7.23 1317 1954 747 1407
60 19.90 7.56 1481 2061 780 1578
20 0 16.25 6.78 9.34 17.31 717 10 47
10 16.85 6.97 10.23 17.91 736 1143
20 17.52 7.19 11.27 18 44 753 12.37
30 18.19 741 12.38 19.12 774 13 54
40 18.94 765 13.64 19.80 796 14.78
50 19.83 7.94 15.16 20.62 8.23 16.27
60 20.92 8.30 17.03 2165 856 18.12
21 0 17.39 7.53 11.05 18 49 7.95 12.35
10 18.01 7.74 1208 19.11 816 13.44
20 18.63 7.95 13.17 19 66 8.34 14.51
30 19.33 8.19 14.44 20 29 855 1575
40 20.10 8 45 15.88 20.99 879 1716
50 20.95 8.74 17.50 2171 9.05 18.75
60 22,01 9.11 19.52 22.76 940 20.74
2 0 18.61 8.35 13.02 19.82 8 84 14.60
10 19.25 8.58 14.20 20.38 9.04 15.75
20 19.89 8.81 15.45 20.96 924 16.97
30 20.54 9.04 16.78 21.53 945 18.27
40 21.26 9.30 18.31 22.26 970 19.87
50 22.14 9.62 20.15 22.99 9.96 21.55
60 23.16 9.99 22.32 24.02 10.34 2381
23 0 19.98 9.30 15.40 21.23 983 17.20
10 20.57 9.52 16.64 21.75 10.02 18.40
20 21.16 9.74 17.95 22.34 10.24 19.79
30 21.82 9.99 19.46 22.93 10.46 21.26
40 22.57 10.27 21.18 2361 10.71 22,94
50 23.40 10.58 23.14 24.36 10.99 24.85
60 24.46 10.99 25.59 25.35 11.37 27.26
24 0 21.37 10.32 18.04 22.75 10.93 2021
10 21.98 10.56 19.44 23.28 11.14 21.57
20 22.66 10.83 21.06 23.89 11.37 23.15
30 23.28 11.07 2264 24.43 11.58 24.61
40 24.05 11.37 24.60 25.12 11.85 26.58
50 24.91 11.72 2681 25.91 12.16 2874
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4> 0° N, Ny N, N, N, N,
60 25.93 1213 29 44 2685 1253 3132
25 0 22 94 1148 2121 24.37 12,15 2368
10 23 57 11.74 22.81 2492 1237 25.22
20 24.20 12 00 24.49 2547 12.59 2685
30 24.9] 1230 26.43 26.11 12.85 28.74
40 25.63 12.59 28.49 26.75 13.11 3073
50 26 44 1293 30.84 27.56 13.45 33.17
60 27.50 13 37 33 81 28.53 1386 36.08
26 0 24.70 12.81 25.03 2620 13.54 27.83
10 25.35 1309 26.84 26.76 13.78 29.59
20 25.92 13.34 28.60 27.33 14.02 31.44
30 26.58 13 62 30 62 27.91 14.27 33.39
40 27.33 13.94 32.94 2857 14.55 35.64
50 28.17 14.31 35.59 29.33 14.87 38.21
60 29.18 14.75 38.75 30.34 1532 41.50
21 0 26 60 14.29 29.45 28.16 15.09 32.64
10 27.19 14.56 31.33 2874 1535 34.63
20 27.86 14.87 33.50 29.33 1561 36.72
30 28.55 15.17 35.79 29.93 15.88 38.93
40 29.23 15.48 38.23 30.53 16.14 4127
50 30.10 15.88 4121 31.31 16.50 44.17
60 31.07 16 32 44.57 32.28 16.94 47.66
28 0 28.64 15.95 34.58 30.36 16.86 38.41
10 29.25 16.23 36.71 30.87 17.10 40.44
20 29.95 16.57 39.16 31.49 17.38 42.81
30 30.57 16.86 41.54 32,10 1767 4531
40 31.28 17.19 44.28 32.73 17.96 47.95
50 32.19 17.62 47.65 33.54 18.34 51.22
60 33.19 18.10 51.44 34.45 18.77 54.92
29 0 30.94 17.84 40.74 32.73 18.83 45.10
10 31.57 18.16 43.15 33.27 19.09 47.40
20 32.21 18.47 45.70 3381 19.36 49.83
30 32.85 18.78 48.39 34.45 19.67 52.65
40 33.59 19.15 51.49 35.09 19.98 55.62
50 34.43 19.56 55.03 35.94 20.40 59.32
60 35.47 20.09 59.30 36.88 20.87 63.49
30 0 33.42 19.96 47.91 35.29 21.04 52.85
10 34.08 20.30 50.64 35.85 2133 55.46
20 34.74 20.65 53.52 36.51 2167 5848
30 35.41 20.99 56.56 37.08 21.95 61.38
40 36.18 21.38 60.06 37.75 2229 64.75
50 36.96 21.78 63.77 38.53 22.69 68.61
60 38.04 22.35 68.60 39.51 23.20 73.31
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e N, N, N, Ne Ny N,
310 36 22 2240 56 52 3817 2358 02 15
10 36 90 227N 5962 3876 2389 6510
20 37.49 23.08 62 58 39 34 2419 68 21
30 38.18 23 45 66 02 4003 2457 71 81
40 38.98 23.89 69 98 4073 2494 7561
50 39.79 24.32 7417 4144 2531 7963
60 40.82 24.88 79.27 42.46 25.86 8494
20 39.25 25 14 66.57 a1 4l 26.49 73.32
10 39.97 25.54 70 08 4202 26 82 7667
20 40.58 25.88 73 44 4263 27.16 80.19
30 41.30 26.28 77.33 43.24 27.50 83.90
40 42.03 26.69 81.44 43.86 21.83 87 82
50 42.98 21.23 86 55 447 28.31 9274
60 43.94 21.77 91.94 4567 2885 98.34
30 42.67 28.29 78 66 44 94 29.76 86.36
10 43.30 28.66 82.27 45.57 30.13 90 16
20 44.05 29.10 86 47 46 09 30.42 93.74
30 44.69 29.47 90.48 46.73 30.79 97.93
40 45.45 29.91 95.13 47.49 31.23 102.78
50 46.33 30.42 100.48 48.26 3167 107.91
60 41.45 31.08 107.00 49.26 32.26 11423
30 46.52 31.92 93.25 48.90 3353 102.05
10 47.18 32.33 97.36 49.44 33.85 105.91
20 41.85 32.73 101.68 50.11 34.25 110 42
30 48.52 33.13 106 23 50.78 34.66 11517
40 4931 33.61 111.50 51.45 35.06 120.19
50 50.23 34.17 117.56 52.26 35.54 125.99
60 51.28 34.8 124.45 53.30 36.18 133.15
3350 50.74 36.04 11039 53.25 37.79 120.45
10 51.43 36.48 11507 53.81 38.14 124.82
20 52.12 36.91 119.98 54.51 38.58 129.94
30 52.83 37.35 125.14 55.08 38.93 134.79
40 53.66 37.88 131.12 55.91 39 46 14101
50 54.50 38.41 137.45 56.75 39.99 147.59
60 55.59 3911 14525 57.73 40.60 155.11
3% 0 55.36 40.70 130.55 58.14 42.72 14262
10 56.09 a1.18 135.86 58.74 43.10 147.59
20 56.82 41.66 141.44 59.33 43.48 152.81
30 51.56 42.14 147.30 60.07 4397 158.92
40 58.43 42.72 154.10 6081 44.45 165.35
50 59.31 43.29 161.27 61.69 45.02 172.80
60 60.46 44.06 170.13 62.71 45.70 181.33
310 60.74 46.20 155.55 63.54 483) 168.73
10 61.36 46.62 160.96 64.16 4873 174.38

272




0 N, Ny N, N, N, N,
20 62.13 4715 16731 64.93 49.26 181 01
30 62.90 47 68 173.99 65.56 49.68 187.25
40 63 68 48 20 18101 66.34 50.21 194.56
50 64 74 48 94 189 87 67.26 50.84 203.02
60 65.82 49.68 199.20 68 19 5147 211.94
38 0 66.68 52.48 185.16 69.79 54.91 201.06
10 67.33 52.95 191 34 7044 55.38 207.52
20 68.14 53.52 198.59 7110 5584 214.28
30 68.95 54.10 206.20 7177 56.30 221.39
40 69.77 54.68 21421 72.59 56.88 229.71
50 70.75 55.38 223.47 7341 57.46 238.48
60 71.87 56.19 234.09 74.54 58.27 249.47
390 73 42 59.80 221.13 76.72 62.47 239.42
10 74.11 60.30 22820 77.25 62.85 245.90
20 74.80 60.81 23561 77.95 63.36 253.61
30 75.66 61.45 244.28 78.80 64.00 262.63
40 76.52 62.09 253.41 79.51 64.50 27117
50 7155 62.85 263.97 8038 65.14 281.15
60 78.74 63.74 276.06 81.41 65.90 292.66
0 0 80.91 68.19 263 94 84.42 7113 285.01
10 8164 68 75 272.04 85.15 71.70 293.44
20 82.55 69.45 281.53 85.89 72.26 302.26
30 83.29 70.01 290.43 86.63 72.82 311.52
40 84.20 70.71 300.86 8737 73.38 321.25
50 85.28 71.56 312.92 88.29 74.08 332.63
60 86.38 72.40 325.63 89.39 74.92 345.76
a0 89.64 78.16 317.27 $3.38 81.42 341.65
10 90.41 78.78 326.58 93.98 81.88 350.13
20 91.19 79.40 336.32 94.76 82.50 360.23
30 91.97 80.02 346.52 95.54 83.12 370.82
40 92.94 80.80 358.47 06 23 83.74 381.94
50 93.92 81.57 371.04 9730 84.52 394.95
60 9525 82 66 386.81 98.46 85.45 409.95
2 0 99.42 89.70 381.28 10342 9331 409.51
10 10024 90.39 392.00 10405 9382 419.25
20 10107 91.08 403.19 10488 94.51 430.85
30 10190 9176 414.91 10571 9520 442.99
40 10293 92.62 428.63 10655  95.88 455.74
50 103.96  93.48 443.05 107.39  96.57 469.17
60 10520  94.51 459.69 10863  97.60 486.32
430 11063 10329  459.82 11492 10729 49261
10 11151 10406  472.18 11559  107.87  503.82
20 1219 10463  483.50 11627 10844 51554
30 11328 10558  498.58 11716 10920 52949
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o° o° N, N N, N, Ny N,
40 11417 10634 51275 1805 1099 54412
50 11527 10729 52930 1915 11091 36120
60 11658 10844 54840 12020 11187 $7917
4 0 12353 11935 55651 12792 12360 59287
10 12425 11999 56900 12864 12423 o0STY
20 12519 12084 58389 12958 12508 62119
30 12614 12169 599.46 13031 12572 63535
40 12709 12254 61578 13126 12657 65218
50 12827 12360 63484 13222 12741 669 86
60 12945 12466 654.87 13340 12848 69048
45 0 13817 13817 673.91 14315 14315 71853
10 13908 13902 690.49 143.92 14386  733.49
20 13996 13983  705.62 14469 14457 74911
30 14097 14078  723.62 14547 14528 765.46
40 14199 14173 742.47 14649 14623 78488
50 14326 14291  764.48 14752 14718 80526
60 14453 14410  787.59 14879 14836 8290
%6 0 15540 16085  821.83 160.53 16616 87166
10 15623 16165  838.65 16136 16696  889.02
20 15732 16271  858.71 16219 16176 907.12
30 15816 16351  877.09 16303 16855 92604
40 15926 16457  898.93 16413 16962 94852
50 16036 16563  921.82 16523 17068  972.08
60 16172 16696  948.51 16634 17174  996.82
a7 0 17518 18771 1003 30 18075 19368 1061 93
10 17607 18860  1022.91 18164 19458 108214
20 17725 18980 104629 18254 19547  1103.18
30 17815 19069 1067.65 18344 19637 112516
40 17934 19189  1093.05 18435 19726 114816
50 180.53 19308  1119.63 18554 19846 117545
60 18200 19458  1150.61 18674 19965  1204.06
8 0 19860 22033 1233.66 20437 22674 129950
10 19957 22135 125662 20504 22742 131957
20 20054 22236 1280.52 20601 22843 1344.09
30 20152 22337 1305.44 20699 22944  1369.66
40 20250 22438 1331.50 20797 23046  1396.40
50 20379 22573 136242 20926 23181  1428.1)
60 20539 22742 139846 21055 23316 1461.32
49 0 22579 25942 1519.56 23178 26631 159355
10 22685 26057  1546.52 23284 26746 1621.19
20 22757 26133 157040 23390 26861 164991
30 22863 26248 1599.54 23463 26937 167555
40 23003 26401 1634.19 23569 27052 170674
50 23111 26516 1666.07 23710 27205 174374
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o Ne Ny N, N, N N,
) 23252 26669 170382 23817 27320 177801

50 0 25792 30695 188094 26451 31481 196918
10 25870 30783 190783 26530 31568  199%.73
20 25986 309.13 194077 26646 31699 203047
30 26102 31044 197502 267.25 3178  2060.47
40 26219 31175 201074 26842 31917 2097.00
50 26336 31306 204804 26959 32048 213515
60 26490 31481 209222 27113 32223 218032
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