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ABSTRACT

Lateral Force Resistance for Shell Foundation

Guangjun Ou

Shell foundation has been increasingly used around the world as an economic alternative
to the traditional flat foundation. It provides higher beaagacity and experience less
settlement as compared to its counterpart flat foundation, these beside its high resistance
to lateral pressure. The objective of this thesis is to highlight shell foundation superiorities
in resisting horizontal loading andcaedingly seismic condition.

A comprehensive analytical and numerical investigation were condéatatytically,
a MATLAB code was generated to calculate the lateral resistance for shell and flat
foundations. Numerically, a 2D finite-element model was developed to examine the

governing parameters affecting ssiklell structure interaction, using the commercial

softwarefi PL AXI| So. I n this anal ysi sCoulomie failare i | was

criteria, andhe elastic perfectly plastic model. Mesh deformations, displacement vectors
and failure points diagrams are presented.
The results of this study indicated that shell foundations are superior to resist higher

lateral forces than the flat foundations, whinay advance its use in seismic zones.
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CHAPTER 1

Introduction

1.1General

Foundation design necessitates two different studies: one deals with the bearing capacity
of the soil under the foundation; the second is concerned with the foundation settlements
due to soil comressibility. $iell foundationswere introducedin early fifties as cost
effective alternatives to plain shallow foundation$iich have become more popular in
Mexico, China, and several European countries. Compared with conventional flat shallow
foundations, shell foundations requirkx$s materials to achieve an equivalent ultimate
bearing capacity due to its thin structures. Sirteals are structurally more efficient, it
becomes an advantage in a situation involving heayperstructuréoads transmitted to
weaker soils. Moreover, different geometric characteristics enable them to perform more
efficiently in different situations. khough shell footings are borrowed from various shell
roof designs, only a few geometries and types can beimigedndations.

Figure X1 and Figure 2 present model shell foundation, which were tested in

Concordia University.

Figure 11. Strip, Conical and Pyramidal shell footing modelo(ffront to back)(Hanna & Abdel
Rahman 1998)
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1.2 Problem Statement

SinceCandela poured the first shell foundation on the Mexican soil in 1963, much research
wasfocused on two categories: geotechnical performance and structural performance of
shells as foundationg he studies of shell configuration and embedment depth on the
ultimate bearing capacity and settlemé#diina& Abdel-Rahman 1998) andhe contact
pressure distribution AbdeFRahman & Hanna 2003) can be categorized dise
geotechnical performance. Treportof Conical Shell Foundations Composed of Reactive
Powder Concretd=attah, Waryosh, & AHamdanj 2015), can be categorized as structural
performance However, nostof the report found in thigeraturewere considering only the
performance othell foundationsubjected tovertical force ignoring theearth pressure

and the horizontal loading from the structure.

1.3 Aim of the research

This thesispresentsanalyticaland numericamodels forvarious shell and flat foundatisn
subjected to lateral loading. The lateral force design on retaining walls, Rankine passive

earth pressure, safety against overturning, didéhg-based theories will bpresented



herein Furthermore, comparativanalysis demonstrating thahell foundations have

higher lateral load and overturning moment resistémae the equivalent flat ones

1.4 Scope of the thesis

The objectives of thithesis are:

1. To dearmrdloytoidsdplr edhet st atic | ater al force
types of shell foundati ons, viz strip, p
homogenous sandy soil

2. To conduct par amedati@r ss,t uglo veesr nont teheper f
f oundatsiucrnembaesd mehret odbps b wi,dtthhe age ok (ad ¢
of shelil), fomdhviegt fgaterteshélwhenbe the st al
those footings.

3. Todevel op naumzr i cas$i nuoldeetifeo ttold eudsei mmrgs t h e
commerci aPLaAXd Swar e 0

4. Toconduct compar asthiedd | amalfysuinsdjad d tomds t o

same conadnhteiroensconcl usi on was dr awn

1.5 Organization of the thesis

The thesis has been organized in the following Table 1, which outlined sequentially into

chapter, titles and descriptions.

Table 1. Content of Thesis

Chapter Titles Description

1 Introduction This chapter includes an introductjc
problem statement, aim of the resea
objective of the research and the struct

of the research.




Literature Review

This chapter introduces arrdviews the
research that related to the thesis, provi
information on theories, models a
technique. Moreover, it also includ
some information that relatives to t
research relative to bearing capacity

different types of shell foundation.

Analytical Study

This chapter presentsdetail analytical
analysisfor strip, Pyramidal, and conici
shell footings versus flat footing.
Analytically, a MATLAB code wasg
generated to calculate the late

resistance for shell and flat foundations

Numerical Model

This chaptepreseng a 2-D finite-element
model developed bythe commercia
software A P L A X ItoS éxamine the
governing parameters that affect the s

shell structure interaction.

Conclusionand

Recommendation

This chaptempresentsa summary of the
results obtain from the present
investigation and discussions. Th
chapter also places recommendatiors

futurework.

References

List of references

Appendix

MATLAB code




CHAPTER 2

Literature Review

2.1 Background

In this chapter, a comprehensive review is carried out by gatheringepaatch related to
lateral force theory and providing information on theories, models, and techniques.
Moreover, this chapter also reviewed the geotechnical and structural properties of various

foundations (conventional and alternative foundation) undi@rent circumstances.

2.2 Lateral force in general

The most common types of lateral load are wind load, seismic load, water pressure, and
earth pressure. The dynamic effects of wind and seismic load are usually considered
equivalentto static loads in ms&t small or mediursize buildings lluebkeman & Peting,

1995,199%.

Furthermore, underground water and earth pressure can be regarded as either supporting
or exerting force on the beleground structure, such as shallow foundation, and its

pressure increse with the depth.

Das(2007 Chapter 8§, suggested using Rankine active/passive pressure theory to calculate
the magnitude of earth pressure, which causes an overturning madimese. bsideshe
recommended minimum valuefor thesafety against overtuimg and against slidings2

to 3 and 1.5 to 2, separately. Moreover, most cases of the range of interface friction angle

between concrete and soil are 1/2 to 2/3 times of soil friction angle



(a) (b)

Figure 21. Failure of Retaining Wall: (a) by overturning; (b) by slidibaé, 2007)

Figure 21 presentsthe mechanisms of lateral load resistance for a shallow foundation are
similar to the lateral load resistance mechanisms for retaining wall. Therefore, the methods
of calculating the lateral load resistance for retaining wall candgged to calculate lateral

load resistance for the shallow foundation.

An assumption of lateral load resistance for shallow foundations is commonly considered

as the combination of sliding friction along the base of the footing and passive earth
pressure eing on the embedded foundation elementevertheless,the actual

mechanisms of lateral load resistance for shallow foundations are corGegh and

Duncan( 1991) provided three possible failure m

Under Fadl &dfTeopp, Faai | ureodo, &s shown in Figure
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together.

2.3 Review of Previous Work

2.3.1 Theoretical and Experimental Investigation®n Lateral Resistance

Gadreand Dobry (1998) were interested in how base shear, active/passive forces, and
shearing sides influence a square embedded footing's total lateral response. Thus,
performed seven cyclic lateral loading centrifuge tests on embedded foundations with
different parameters, viztiffness, damping (both radiation and material damping
components), and ultimate lateral capacity, to evaluate the contribution of the base,
shearing sides, and active/passive sides of the foundation to the total lateral response. The

various forces contruting to the lateral resistance and test model showed in FigBire 2
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For all the tests, there is little interaction between the stiffness contribution of the base,
shearing sides, and active/passive sides of the foundation; additionally, for all pesamete

measured in these models, the passive side's contribution accounts for more than half of

the total.
Face. SRS 1, :
STRSTIRST] e [STRSTRG VARV Lo W/K\%
'L h=072m
Adlive Side Shear Passive D=1.14m
Total < Rigid Embedded
H=0.84m
F <} Square
orce Foundation Dry Sand
—b D, = 75%
=162 KNm®
q e
Base J—— 2B=1.14m ———f

Shear

Figu3.e 2quar e FGadr¢ &Dogy MhHa @8 (

McManusand Burdon( 2001) studied two different combi
ongraded and Aslab built on foundation beanm
mechanisms of shallow foundations and the interaction between the passive resistance to

lateral movement,espectively. The results revealed that the actual failure mechanism
under | ater al | oading was similar to the AW
against the foundation beams' vertical face, which caused one side of the structure to be

lifted vettically, as shown in Figure-2. Furthermore, analysis predicted that lateral load

capacity was highly sensitive to the eccentricity of the applied lateral load.
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Theformula forcalculating passive earth pressure also was givens as:

Y 'Y 1@V GO

Y YO

IY - - - -
- n - = —

Where:

w Y Y

Y YO ar:
"N is the internal friction angle of backfill materie® is the interface friction angle
between the base of the foundation beam and subgrade and L is the length of the foundation

beam.

I - 1
I 1
¢

T T

o, e

Nty
Nty
<

«— = ¢

Figure 25. Force acting on the structutdd {Manus &Burdon 2001)

Bohnhoff (2015) presented the theory and assumptions inherent in developing equations

and methods for lateral movement and embedded piers and posts' lateral strength capacity.

Ultimate Lateral Soil Resistanc0 :

O0f O, g0 ¢ -W?d MM A TO

~ ~
g

0fr O, R0 cu B QEA T



Where c is the soil cohesion, b is the face width of foundation at the groun, jias

the effective vertical stress ar0” is the coefficient of passive earth meee.

During the developing formula of the bending moment and shear force for embedded
post/pier foundation in the universal method, Bohnhoff introduced a model of soil behavior

called soil springs, such shown in Figuré.2

+——— Post moves away

——— Post contacts — ./\,. from potential ~~

i\q ground surface ™ ground surface
restraint }ﬁ restraint
2 ? -'vvv\,-E s L MAAN~<
| R : :I‘ YWV
z ot W] z FAAAA~
—— +—

o R ol A=
¢ pvww—h A

> Footing not 7@- F " A t

fastened to post fgstenc;?dh?og post 4 /@
(a) (b)

Figure 26. Modeling an emédding post abutting a skadn-grade when the post movegohnhoff 2019

Minami (n.d.) used a series of laboratory tests and field tests to investigate the shell
foundation's performance under earthquake situation. Based on laboratory tests, results
showed that shell foundations have a higher bearing capacity and more econonflathan a
foundation; additionally, bearing capacity increased with largerrateaor lengthratio.

Under the inclined loading, the shell foundation provided more excellent stability to the

construction by preventing overturning.

Shoukathand Rajesl(2017) nvestigated the seismic performance of the inverted spherical
and hyperbolic paraboloid shell foundation by varying the shell's rise with different contact
conditions. The test is simulated by a finite element software called ANSYS 16.1. The
significant caclusions obtained from the study are that shell footings show perfect soill
structure interaction and better performance under seismic conditions. Furthermore, a
hypershell with a 0.5 to 0.6 ratio of f/a and inverted spherical shell with a ratio ohkass t

0.4 have smaller percentage settlement.

10



2.3.2 Theoretical and Experimental Investigations on different types of shell

foundations

In 1990, Hanna and ERahmanadapted the ultimate bearing capaatyfunction to
contain the friction angle of sarfido and the peak angle of the foundatiepandmodified

bearing capacity coefficientsdy Ngt, and Nt to calculate the ultimate bearing capacity

of shell foundations based on the results of laboratory model testgafoguiar shell
foundations. In 1998Hanna & AbdelRahmaninvestigated various shell foundations'
geotechnical performances, which included triangular strip, conical and pyramidal shell
foundation, by studying the influence of sand, embedment(iati®), and the rise¢o-half

width ratio (a/b).The results deduced that shell foundations have better settlement
characteristics and higher bearing capacity than the conventional flat ones. Besides, the
bearing capacity increases with an increase of shell dagtinermore, they also conduced

that shell foundations provide higher resistance to lateral loading as compared with flat
ones. In 2003AbdelRahman & Hannaextended their work to investigate the contact
pressure distribution between soil and variousétadions. The results can conclude the
following points. First of all, the contact pressure increased almost linearly but has a
curvature at the ultimate stage. Besides, the smaller the domain's size, the less the variation
of the contact pressures ovee flooting base. Furthermore, 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.

Esmaili & Hataf(2008) introduced a shell factor (Skgpresenting the effect of shell
configuration on ultimate load capacity, to investigate the ultimate bearing capacity of
different shell foundations on reinforced and unreinforced sand. In the experimental tests,
eight types of footing models, viz thregés of conical, pyramidal shell foundations, and
two types of flat foundations, were tested to understand the influence of foundation

thickness to capacity on reinforced and unreinforced sand. They developed a unique
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relation to representing the variatgoaf the ultimate load capacity of shell foundations to

their flat counterpartso ratio (Qu shell/ Qu
% @ p TG T8 X XYK P

where

YO p —

a0 is the area of the flat portion of the ba

A6 Iis the base area of counterpart circul ar

According to the resultsthe ultimate load capacity for conical and pyramidal shell
foundations on reinforced saiis greater than that for unreinforced sand; additionally, if
decreasing the shell factor (SF), the behavior of the shell foundation gets closer to that for

flat foundation and the ultimate load capacity decreases.

In 2015,Fattah et alconducted 38 labatory tests to investigate the behavior of reactive
powder concrete (RPC) conical shell foundation with and without a ring beam by using
different fraction values of steel fiber and silica fume. The tests results indicated that adding
steel fibers and rompnbeam would significant enhanced ductility, stiffness and the ability of
absorbed energy for RPC footings, respectively. The load carrying capacity of shell footing
was found to increase when the contenthef steel fiber®r silica fume or the ratio of
height to radius (f/r2) was increased. A month later (July 2GH)ah et alextended their

work from laboratory tests to theoretical study. Based on the membrane theory, they
investigated the effect of the ratio of height to the radius, ring beamtheaadplied load's
eccentricity on shell foundations' behavior. The theoretical results are roughly consistent

with the experimental results.

Rinaldi, AbdetRahmanand Hanna(2017) conducted a laboratory testhich applying

monotonic load on scaledodels of inverted/upright triangular shells and flat foundation

in variable soil conditions andthtroducedt he Shel | Ef fig and them c y

12
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Settlement factorQ ) to analyzes and predittte influenceshell angle and the quality

of the cancrete material to the performance of shell footings.

Where:

dis is shell efficiency factor, Qis is failure load for inverted shell model (kN)s@ilure

load for flat model (kN), Qs ultimate load for shell model (kN) ari@® s settlement

factor] "Qi6 settlement (mm).

The experiment resulishowed that shell footings' performance depends on the shape of
the shell used, inducing a shsdil interface primarily based on shell angle and the quality
of the concrete material employed. Besides, inverted shells have a higheatpadg
capacitythan flat or upright shell foundation. The contact pressure indicates a tendency for

edge concentrations in the elastic stages of loading.

Mohammed, Singland Pandey(2018) designed hyperbolic and conical shell footings to
investigate shell foundations'rgttural efficiency and economy compared with sloped
square footing. The problem is analyzed by calculating the size of the concrete mass and
reinforcing the steel area according to code IS and design requirements. The
data obtained through th&udy is analyzed with data from previous studies to illustrate
the shell foundation's economic and engineering efficiency. The results found that
hyperbolic and conical shell foundations consume fewer materials than the conventional
footing, which hyperblic 48.1%, conical 41%, and gives the greater load capacity and

stability over the conventional footing.

13



2.3.3 Finite element analysis on different types of shell foundations

HuatandMohammed2006) used a nalinear finite element analysis code called PLAXIS

to investigate the influence of adding various edge beams at the bottom of the footing and
depth of embedment of the footings leaairying capacity of the footing. Since the
structures \ere symmetrical, therefore only one half of the cigmstion passing through

the axis of symmetry of the footing is considered. Unlike other studies, they employed the
Mohr-Coulomb model as a soil model instead of a linear WinkePaisternalksoil model.

The soil and the footing were modeled usingnb8led linear strain quadrilateral elements
60LSQd6 with quadratic variations for the di sy
along the bottom and both sides of the section are considered as pinpedssuphe FE
analysis showed a reasonably good agreement with the experimental laboratory results,
with a discrepancy of 11 to 25%. The results found that adding edge beams at the bottom

and increasing the embedment ratio would increase the footing'sdogthg capacity.

Azzam and Nasr (2015) conducted laboratory tests using different sand densities and

different embedment ratios (a/B) to investigate the geotechnical behavior of strip shell
foundation on unreinforced and reinforced sand layers. Thelrexieesults (the failure

pattern and stress behavior), shown in Figuigé %vere verified using the plain strain

elastoplastic finite element analysis program called PLAXIS. The Shell Efficiency factor

(d) and the Settl e me nted Nevarthetess, the Equgtionwfdhee al s
shell efficiency factor was slightly different from the one mentioned ali®veldi et al.,

2017).

Where

0 is ultimate load of shell footingd s ultimate load of flat footing.
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The experiment results indicated that the shelling efficiency and bearing capacity increase
with the increase of mbedment depth. Moreover, the increase in the angle of shear
resistance of the subgrade for reinforced shell foundation reduces the settlement and
increases shell efficiency. The reinforcement can increase the bearing capacity by
significantly changing theollapse pattern's geometry, preventing the mechanism from

reaching deep into the soil.

ThilakanandNaik and(2015) used the finite element code, named Opi2nto simulate

shell strip surface footings on single layer sand. They employed the variousOdolomb

model as a soil model, viz MCoose, MGMedium, and MGdense, to study the strip shell
foundation's geotechnical behavior. Two configurations ohduigar strip models were
considered by varying the rise (a) to hailfith (b). Besides, ®oded triangular Gaussian
elements were adopted for the finite element analysis. The results indicated that strip shell

footings have higher load carrying capacityl dower settlement than flat footings. The

15



shell with a higher rise exhibited a higher lemadrying capacity than the shell with a lower

rise.

Krishnan SivapriyaandNagarajar(2017) used a-P finite element code called PLAXIS

to simulate the HYPAR shefoundation on medium dense sand and investigate the
influence of various edges beams size and embedment ratios to the bearing capacity and
settlement of the footing. In this study, theddded meshes were generated under the
plane strain model with unained soil behaving with MokiEZoulomb properties and the
footing behaving as an elastic element. In general, increasing the edge beam width as
opposed to depth greatly improves the load bearing and settlement characteristics. The
maximum loaebearing chareteristics were observed in shells with full embedment, with

a reduction in loadbearing ability with a decreasing embedment ratio.

Hassan, AlSoud and Mohammed(2018) conducted laboratory tests to investigate the
influence of various peak angles of pyrdali shell foundation models to capacity on
reinforced and unreinforced sand. The experiment results were verified using a computer
program named ABAQUS. The soil model has used the DriRieager model with
different sand densities, namely 15%, 20% and.3096 loadsettlement curves indicated

that the values of numerical analysis are close to those of laboratory test models. In addition,
the bearing capacity ratio (BCR), the settlement reduction factor (SRF), the Shell

Efficiency f ac teotfactdr @Fd)weenntroducadeluriBgehe tomgarison.
00 e
n
~
VAV N
Y'Y ~

Where
N is ultimate load for the foundation rest on reinforced larpiis ultimate load for the
foundation rest on unreinforced layev is the settlement for the foundation rest on

reinforced layer ancYis the settlement for the foundation rest on unreinforced layer.
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The experiment results indicated thia¢ shell efftiency increases with increasing shell

angle. Besides, BCR increases and SRF reduces with increasing the top geogrid depth (u).

2.4 Discussions

Despite all the previous work to gain a better understanding afsta@fgeometric and
structural performance on different types of shell foundations, there is less research on the

lateral force acting on shell foundations.

According to the literatureerview, all the previous workupportsghat embedment depth,
peak angle, and thickness of shell footing significantly influence the bearing capacity and
settlement of shell foundation. Furthermore, adding beam, using better material or
reinforcing soil laye under the shell footing could help shell foundations to gain a higher
bearing and lower settlement. Therefore,séthdactors should be properly taken into

consideration when investigating the lateral resistance of the shell foundation.
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CHAPTER 3
Analytical Study

3.1 General

A comprehensive analysis of strip, pyramidal and conical shell and flat foundations on a
homogenous sand layer was conducted in this chapter. Two factors were employed in the
study, viz a variety of peak shelhgle of footings and different embedded depths, to
investigate how these factors affect the ability of shell foundations to resist lateral forces.
Moreover, a MATLAB code was generated to calculate the lateral resistance for 3x3 m and
0.5 m thick of shelland flat foundations as examples to verify the prediction from

comparative studie$D=0.5m, H=6D, B=6D, b=D, as O where y=fraction)

3.2 Analytical Study Set Up

321 Comparative Study

A comparative study was conducted based on equations that were used to calculate the

sliding resistance and overturning moment of the retaining wall.

The resistance to lateral loading was analyzed for three types of square shell foundation,
viz strip, pyamidal and conical shell modekdditionally, the influence of changes in the
shell angle|() from O to 90 degrees and the embedment ratio (a/B) on lateral loading
resistance was examined. In this research, the flat fostiargarded as a shell footimgth

a shell angle equal todegreeas theschematic sketcpresented in Figure-B (a).In this
analysis sliding resistancalong the baseof the footing, passive earth pressumed

overturning moment resistances were determined for surface embedded footings.

18
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Sliding Resistance

Das(2007)presented a general form{B1) that can use to calculate the total resistance

of the foundation to sliding.

'O 0 O (3-1)
Where:
"O: total resistance to sliding
"O: friction at the base of footing
"O: passives earth pressure
O 006 Bw 0 W (3-2)

Where:

0: the width of the foundation
C: soil cohesion

n: the angle of friction,

B w : selfweight offooting plus weight of backfilled soil above and below the footing

Based on Rankine passive earth pressure theory (1857)

19
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0 b (3-3)

, B, 0O ¢6 0 (3-4)

(3-5)
Where:

. . total horizontal stress

., . total vertical stress

0: soil cohesion

0 : Coefficient of passive earth pressure

Overturning moment due to the horizontal passive earth pressure aneiggif of

footing plus the soil's weight above the footing can be written as.

YO O a (3-6)
0 W W a (3-7)
Where:

a :the moment arm measured from point C

If the foundation rest on a homogenous-+gohesive soil layer, soil cohesian 1t In

this case, formular (2) and (34) can be simplified as:

"0 Bo 6 e (3-8)
” B ” 0 (3'9)

322 Anal yEx amgd!| e

In order to verify the accuracy of tlaoveanalysis, Excel and MATLAB were used to
simulate all thescenariosThe following Table 3L contairs all the soil and foundation
geometrical data. The factor of safety $tiding and foroverturningmoment are equal to

2 and 3, respectively.
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o) S (3-10)

YO S (3-11)

Table 31. Soil andFoundation Geometrical Data

Foundation Geometrical Data Soil Geometrical Data
Unit Weight of Concrete] | 24™Q0fa | Unit Weight of Soil, 17°Qira
Height of Foundation, H 34 Friction Angle of soil,n 30 degrees
Thickness ofoundation, D 0.54 Soil Cohesion, C QL @
Width of Foundation, B 34 Peak Angle of Shell, Various
Width of Column, b 0.54 Value of anglel is from 063 degrees
Embedded Depth, a Various | Value of embedded depth a is froR28m
According to equation ¢8), 0 ; o

Furthermoreit was not necessary to display all the datasheets in this chapter. The reason
for providing the following scenarios was that these scenarios not only verified the
accuracy of the analysis but also indicated that under which circumstances shell foundation
was superior to resist lateral loading. Moreover, the peak angle of shell foundation could
only be up to 63legrees in these examples because once the peak angle was over 63
degrees, the height of the shell would exceed 3 meters, exceeding the height of the

foundation provided in Table-B.

3.3 Anal y tModefl &r t he Strip, Pyrami deat and

Foundsati on

During the comparative study, strip, pyramidal and conical shell models were investigated
against conventional square and circular flat footing, respectively, as shown irsRBgure

2 and 33.
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Figure 34. 2D Flat andShell Footing Models on Ground Level
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In thecase of footing resting on the ground surface (aa®§hown in Figures-3through
3-4,there was npassivesarthpressureince passivearthpressure only acts on embedded

foundations.

” T (3-12)
0 m (3-13)
For strip and pyramidal shell foundatgn
@ I 06 @ 0O —oOo®mE|0 (3-14)
Forthestrip shell foundation
6 r 6 — 00E| (3-15)
Forthepyramidal shell foundation
[ ol 6 W O0WE| (3-16)

Fortheconical shell foundation

W - ‘0o W O —o»we |0 (3-17)
® — 8 Ot (3-18)

When | TT
O W W 0 We (3-19)

When | TT
"0 W OAn (3-20)
0 W - (3-21)

Where:

a1 the width of the column on the foundation
0: the width of the foundation

H: the height of the foundation
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D: the thickness of the foundation
| : the angle of shell footing

a: the embedded depth

3.3.21 Analytical Analysis

Moment Resistance:

A~

A For strip and pysamidal shell foundat.
00 w@dodo w O OoweEgoo w O 0 WE |

Whered @ando G& |1

o O owe |0 0O WE |
Sow W W
Since 0 W —, we ould conclude thatd
0 0
A Fotrhceoni cal shell footing

w o

06 ® O 0dos O owe |0

Whered wando GO& |1

Thusw W
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Since 0 W —, we muld conclude thatd

Sliding Resistance:

~

A For strip and pysamidal shell foundat.

. .0 o %y s
nO o o] oosD%r o] W O0oWwE|
mT 6 6 Cu
Therefore, W 7 w7
w co o
ST 6 @, ., ..p v s
I owgl o . owsD(—pr 0O Wowe|
: o 66 : 6 ® 6w
G o
In order to prove thatO "O ,we need only need to prove that—

According to Figure &, thesmallest dry unit weight of soil was 13 (kNmnand the

typical unit weight of concrete was 24 (KNmThus,

¢8Under the condition
of 8 ¢w, the value off @ would be always less than the value of

[ ——————. Moreover, based on the equationsl@ and (320), it resulted in friction

at the base of footing on shell foundation was at least 1.5 times larger than the friction on
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a flat foundation because OJf—_nn — p®. Thus, it could be conctled as

0 0 0
Type of soil Ysat (KN/m3) va (KN/m3)
Gravel 20 - 22 15-17
Sand 18 - 20 13-16
Silt 18 - 20 14 -18
Clay 16 - 22 14-21

Figure 35. Typical Values of Unit Weight for Soil&Jgit Weights and Densities of SpReviewed at
MATHalino, 2020)

A Fotrhceoni cdlousnhaltli on

nb— E O ® o0ME|

So w T W T

As mentionedabove —_nﬂ PR, 0 ¢k and C
O do
~ ool o 50 Ponr 5 b oo
T Ojf T | P g |
To prove:
¢ ” 5 N [ “ 5 0‘“ 5 6 (I)‘ [
— 0 W OowWE |- w0 — W OWE| T
U] U] U]
Additionally, 6 ¢® and G
If & coandl q
7 85 00E|— WO OME—O YD QO O MOE T
() P CE pPo
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Thus "O O

The analysis revealed that the shell foundation model had larger stebigjances.
Neverthelessthe flat shallow foundation model had the higtheverturning moment
resistance when the foundation rested on the surface. Moreover, the analysis also indicated
that the strip shell foundation model had the largest sliding resistances. To verify the
accuracy of this prediction, an analytical examplauldoe provided in the following

sections.

3.3.12 Analytical Example

According to formulas-32 through 21, MATLAB code was used to compute the sliding
resistance and momemsistanc®f foundations on the surface. The values were shown in

Tables 3-2 and 33.

Table 32. Results of Sliding and Moment Resistance for Strip/Pyramidal Shell and
Square Flat Foundatismvhen @B = 0.

Alpha () (9) | o | 10 | 20 | 30 | 40 | 50 | 60
Square Flat Foundation
Total Friction Resistan¢eO (Q0) 44.77
Total Moment ResistancéY 0 (Q(Bx) | 184.5
Allowable Total Friction Resistan¢gé’O 22.39
(9
Allowable Total Moment Resistance 61.5
YO Q&
Strip Shell Foundation
Total Friction ResistancéO (Q0) 81.61 | 92.9 | 105.71| 121.42| 142.62| 175.06
Total Moment ResistanceY O (Q(RY) 182.52| 180.45| 178.02| 175.05| 171.09| 164.97
Allowable Total Friction Resistan¢géO 40.81 | 46.45 | 52.86 | 60.71 | 71.31 | 87.53
Q9
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Allowable Total Moment Resistance 60.84 | 60.15 | 59.34 | 58.35 | 57.03 | 54.99

YO Qs
Pyramidal Shell Foundation

Total Friction ResistanceO (Q0) 78.01 | 85.45 | 93.9 |104.26| 118.25| 139.64

Total MomentResistance'Y 0 (Q(&Y) 182.52| 180.45| 178.02| 175.05| 171.09| 164.97

Allowable Total Friction ResistangeéO 39.01 | 42.73 | 46.95 | 52.13 | 59.13 | 69.82

Q9

Allowable Total Moment Resistance 60.84 | 60.15 | 59.34 | 58.35 | 57.03 | 54.99

YO Qi

Table 33. Results of Sliding and Moment Resistance for Conical Shell and Circular Flat

Foundatios, when @B = 0.

Alpha () (9) | o | 10 | 20 | 30 | 40 | 50 | 60
Circular Flat Foundation
Total FrictionResistance;O (QJ) 35.16
Total Moment ResistanceY 0 ((Q(8Y) 144.9
Allowable Total Friction Resistangeé’O 17.58
Q9
Allowable Total Moment ResistancéY 0 48.3
QR
Conical Shell Foundation
Total FrictionResistance™O (Q0) 67.35 | 79.68 | 93.69 | 110.86| 134.02| 169.48
Total Moment ResistanceY 0 (Q8Y) 174.99| 207.02| 243.41| 288.03| 348.2 | 440.33
Allowable Total Friction Resistange’O 33.68 | 39.84 | 46.85 | 55.43 | 67.01 | 84.74
Q9
Allowable Total Moment ResistancéY 0 58.33 | 69.01 | 81.14 | 96.01 | 116.07| 146.78
(Quax

Figures 3-6 and 37 werehighly consistentvith the prediction from the analysis. Figure

3-6 showed thaon the surfac€a/B=0), when shell angle increased by 1 degree, the
sliding resistance for strip, pyramidal, and conical would increase by approximately
1.4% to 2.6%, 1% to 2.1%, and 1.9% t8%, respectively. In other words, as the shell
angle increased, this increasing trend would become more and more steep. This was

why the conical shell foundation had a lower sliding resistance than the pyramidal shell
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foundation initially, but after the sl angle reached 30 degrees, the conical shell
foundation had a higher sliding resistance than the pyramidal shell foundation. As
shown in Figure &, with shell angle increased by 1 degree, ttital overturning

momentresistancedor strip, pyramidal, ath conical would decrease by approximately

0.1% to 0.6%.

Total Friction Resistance when a/B=0
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Figure 36. Lateral Friction Resistance of Conical/Strip/Pyramidal Shell Foundations on Surface of Sand
Layer (0° Shell Foundations = Flat Foundatiyns
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332Case2( + )

In the case of embedded deptfual or less than the thickness of the foofimng & O),

as shown in Figure-8.

b
b
H
| |
P =fe

B 1/2 (B-b)

Figure 38. 2D FlatandShell Foundation Model when a=D
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Compared with Case 1, the only difference in this case was that since the soitightthe

side of the footing was compressed laterdlhg shell foundation would bear horizontal
passive earth pressure. Nonetheless, the weight of the footing and the weight of the
backfilled soil below footing were the same as in Cas€herefore, the weight of the
footing and the backfilled soil below the footing would use equatiorist)3o (318).
Moreover, the equations-{[®) and (320) were used for the sliding friction at the bottom

caused by the weight of the footing and the ke soil below the footing.

0 - w U 6 (3-22)
O O 0 (3-23)
YO 0 - (3-24)

0 R - Y0 (3-25)

3.3.21 Analytical Analysis

Moment Resistance:

The pevious analysis from case 1 revealed that:

A D 0 0
A D 0
A O O @)
A O )
YO gy o dy o
- P. .~ P. .~ P
0 Gw:p oo,tp Goo
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Since YO YO YO and 0

0 0 , it could be summarizedas 0
0 0
Additionally,
YO dy o
5 p v 5 p (4
0 - -
GOILJ o

Since YO YO and 0
0 . It could besummarizeds 0 0

Sliding Resistance:

(@) do do
Er L O Br ML O Er L O
C C C
Since 'O O "O and™O O "O , it could be
summarizedhat "O O O
Additionally,
O do
Browos B wos
C C
Since O O and 'O O , it could besummarizedhat
O O
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The analysis revealed that Case 2 had the sam®uson asCasel. The followedsection

took a foundation with a buried depth of 0.5 m as an example to illustratieahgeof the

resistance force of shell foundations when the embedded demth i® .

3.3.22 Analytical Example

According to formulas-32 to 320 and 322 to 325, MATLAB code was used to compute

the total sliding resistance antbtal momentresistanceof foundations with embedment

ratios(a/B) of 1/30to 1/6. The results for the embedmeatio of 1/6 were shown in Tabe

3-4 and 35.

Table 34. Results of Sliding and Moment Resistance for Strip/Pyramidal Shell and

Square Flatoundations whea/B=1/6

Alpha () (9) | o | 10 | 20 | 30 | 40 | 50 | 60
Square Flat Foundation
Total Friction Resistan¢eO (Q0) 63.9
Total MomentResistance'Y 0 ((Q(B1) 187.69
Allowable Total Friction ResistangeéO 31.95
Q9
Allowable Total Moment ResistancéY 0 62.59
Qg
Strip Shell Foundation
Total Friction ResistancéO (Q0) 100.74| 112.03| 124.84| 140.55| 161.75| 194.19
Total Moment ResistanceY O (Q(&Y) 185.71| 183.64| 181.21| 178.24| 174.28| 168.16
Allowable Total Friction Resistange’O 50.37 | 56.02 | 62.42 | 70.28 | 80.88 | 97.1
(9
Allowable Total MomentResistanceg'Y 0 61.9 | 61.21 | 60.4 | 59.41 | 58.09 | 56.05
(Qigy
Pyramidal Shell Foundation
Total Friction Resistan¢eO (Q0) 97.14 | 104.58| 113.03| 123.39| 137.38| 158.77
Total Moment ResistanceY 0 (Q(B1 ) 185.71| 183.64| 181.21| 178.24| 174.28| 168.16
Allowable Total Friction ResistangeO 48.57 | 52.29 | 56.52 | 61.7 | 68.69 | 79.39
Q9
Allowable Total Moment ResistanceY 0 61.9 | 61.21 | 60.4 | 59.41 | 58.09 | 56.05
(Qiax
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Table 35. Results of Sliding andloment Resistance for Conical Shell and Circular Flat

Foundatios when @B=1/6

Alpha () (J) 0 | 10 | 20 | 30 | 40 | 50 | 60
Circular Flat Foundation
Total FrictionResistance;O (Q) 54.29
Total Moment ResistanceY 0 (Q&1) | 148.09
Allowable Total Friction Resistangeé’O 27.15
(2)
Allowable Total Moment ResistangéY 0 49.36
Qg
Conical Shell Foundation
Total Friction ResistangéO (Q0) 86.48 | 98.81 | 112.82| 129.99| 153.15| 188.61
Total Moment ResistangeY 0 (Q&1) 146.55| 144.91| 143.01| 140.68| 137.56| 132.76
Allowable Total Friction Resistangeé’O 43.24 | 49.41 | 56.41 65 75.58 | 94.31
()
Allowable Total Moment ResistangéY 0 48.85 | 48.3 | 47.67 | 46.89 | 45.85 | 44.25
QR

As shown inFigures 3-9 and 310, as long as the embedment depth did not exceed the

thickness of the foundation, the increadepassive earth pressure and the increase of

overturning moment caused by passive earth pressure wgraffadted by the change of

embedmentatio. It had nothing to do with the increase in shell angle. Additionadlyhe

embedmentatio increases, this increasing trend would become increasingly steep.
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The total friction resistance of conical, strip and pyramidal shell foundations with various
shell angles in the situation of a<D was shown in FigBi®l, 312, and 313, respectively.

These figures indicated that the increased magnitude of resistance was proportional to the
rise of shell foundation angles and the increase in embedaientAs the shell angle and
embedmentatio increased, the incase rate of resistance increased slowly at first, only

about 4%, and then increased rapidly, reaching 9% or more.

Total Friction Resistance of Conical Shell Foundations
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195 Flat Foundations

175

155

135

115
—/B=1/30

Total Friction Resistance (kN)
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35
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Figure 311. Total Lateral Friction Resistance of Conical Shell Foundsiigth Various Shell Anglesvhen
a<D (0° ShellFoundations = Flat Foundatigns
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Total Friction Resistance of Strip Shell Foundations
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Figure 314 revealed that square flat foundations had the highest overturning moment
resistance, followed by strip angiramidal shell foundations and flat circular foundations.
The conical shell foundations were minimal. Unlike the total overturning moment
resistancencreased with the increase @hbedment ratiat decreased with the increase

of the shell foundation angl The figure also shows that the rate at which the total
overturning momentesistancencreases with the increasebuaried ratiois much lower

than the rate at which friction increases with the increase in braigx For example,
increasing from a bied ratio of 1/30to 1/6, the overturning momemesistancencreases

by only 1.7%, approximately.

. . e Conical(a/B=1/30)
Total Overturning Moment Resistanceconical(az=1/10)
Conical(a/B=1/6)
185 ||| = Strip/Pyramidal(a/B=1/30)
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160
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140
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©
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Total Overturning Moment Resistance (kN.m)

OJ2 4 6 8 101214161820222426283032343638404244464850525456586062
Peak Angle of Foundationg)(

Fi gur4e. 3Tot al Overturning Moment ResistancRatwiidh Vari
whean @Shel |l Foundatiofns = Flat Foundations

The results showed on Figured3 and 316 werehighly agreed with the prediction from
the Case 2. Moreover, compared with Figurésahd 37, it couldbe concludel that the
sliding resistance and ardverturning moment of shell foundations of Case 1 and Case 2
had the same incraag trend. For instance, in both casesthe sliding resistance of
pyramidal shell foundations wageaterthan that of conical shell foundations before 31
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degreesbut the sliding resistance of conical shell surpassed that of pyramidal foundations

after 31 degrees.

Total Friction Resistance when a/B=1/6
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333Case3 ¢ + 7)

In the case of embedded depitrange fromO to Qg0 & "Qageas shown in Figure
3-17,where Q "Q 0.

b
>

Ground

T~J1l

112 (B-b)

A
v

Figur®. 838811 FoundatDow M®a&’del, when

For strip shell foundation:

@ i — 5 (3-26)

The passive earth pressure could be calculated by using eq@f2)) and the resisting
moment due to the horizontal passive earth pressure could be calculated by using equation

(3-23).

For pyramidal shell foundation:
® I — ¢ -—— (3-27)
For coni@l shell foundation:
A - — -8 — (3-28)
For pyramidal and conical shell foundation:
0 - ®Wo 0 — (3-29)

YO O A (3-30)
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In this case, the weight of the footing and the backfilled soil below the shell footing

remained the same weight as in Case 1, thus equatiddy {8 (318) would be used.

0 @ @ o vt (3-31)
‘0 "0 'O (3-32)
0 @ @ ~ YD (3-33)

For square flat foundation:

@ O 06 ® (3-34)
For circular flat foundation:

& - O 086 O (3-35)

As shown in Figure 38, unlike the shell foundation, the flat foundation did not have to
be divided into two @ses:O & "Qand Qae @ 'O to discuss its influence on the

change of the lateral resistance.

1=

Ground Level

Figur&. 3Fl at FoQ ni a®a rod , RiL gt O
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For square and circular flat foundation:

0 W W - YO0 YO
3.3.31 Analytical analysis for £+ [
MomentResistance
A For stpryirmmmddal shell foundati on
w g
r ’ 5 o ’Od; ©w O ow O
0] w W ——— Q0 ————
oooa|C TOME |
Sincedd QA O Qad O -6 0o WE |
» 5 2 5 » o , ~
o wcgo WO -0
U]
w > q, (O
0 w p—o —w
pPe PO
So w w
w g
O O ® O . owm O
——0 — (0 ———
0O MWE | 0O MWE | TOME |
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0 ¢ IFHE
So @ ® ®
According to equatian 0 W W - and
Thus, 0 0 0

o) qo

gr o HH O gr b & 0 '0c§r GO 6
WO O P w0 O
W O 6 0O
Yo v o
%r o HH 0 & O %r o 60 ai c’o(%r GO B

O oo ¢Oo 6 oo ¢Oo
So 'O O and 'Y 0 YO

Since 'Y O YO and 0 0 , there

is a chance that thetal moment resistance of strip footings will eeaterthan that of

flat foundations.

0o do
v . o o. W O
WO WO ——
0 WEe |
YO dyo0
o Po o P
o
So O 'O and'YO Y O
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Y O YO
®» O ” -
EF VW 0 —— Er 0 OW Er 0 6 o ¢O
0] OWE| @ ®
T 086 & o0 O - UV&H —

Since'0 & Q Oif & QD O -6 0o ME |

w o p . x P, e O, P,
YU YU - 0 0 w -7 -Q0 - -0
0) § q q q
If Q@ O
YO YO 1, which meansY 0 YO
Thus 'Y O YO YO
Since 'Y 0 YO and0 0 h we can
conduct thatd 0
If Q O, YD YO . Since 0 0 it

was difficult to determine whether the pyramidal shell foundation or the flat foundation
had the higher ability toesist the totabverturningmoment. Nonetheless, there was a
chance that theotal momentresistanceof pyramidal shell foundations would lpeeater

than that of square flat foundations.

A Fotrhceoni cal shell foundation
w g
L ., “® O o, W ©
—w O o ood%#—o
T 0WE|C 0 WE |
Sincedd QA O Qad O -6 OO WE|
” 5w 5 ” '?‘on p! 5
00 WO WO wWw-0 —0 W
q q
. P
o0 w O Ew



Sow W ,

YU YU
w O - -
Er W 0 —— Er 0 WW Er 0 06 w o ¢O
(0] OwWeE| @ 0]
- 06 OO o O I V& —

SinceO & Q Oif & QD O -0 GO ME |

YO YO %r 0 6 O %’Q 0O o0 00 ¢O

If Q O

YO YO 1T, which meansyY 0 YO

Since'Y 0 YO ) W and

W W . We can conduct thab

5

If Q O, YO YO . However, O

0 , it was difficult to determine whether the conical shell foundation or

the flat foundation had the higher abilityresist the totabverturning moment. But there
was a chance that thetal momentresistancef conical shelfootings would be bigger

than that of circular flat foundations.
Sliding Resistance

~

A For strip and pysami dal shel l foundati on

As mentioned irCase 1,—; p®. B w included the weight of footing, the weight

of soil below and above the footing.

"0 40
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To proofthat p® @ W W 1

74

o, ® O , 0P v e . e
[ —0———— O — -0 wowe| w O ww O T
C 0O WE | T ¢

Snce’Q -6 OOoNEIQ Q 0andO & Qe

If assumedd Qad O

I -——— -0 0'Q
COWE T
7 5 o 0-'?‘ p T o
r 0Q-0 - -0 wQ
T T T

7 p 5. O-'?‘ Ry

r 0Q-—Ccw -w w0

C T

Thus, "O O

Since 'O O , O O

Similarly, @ W and w W , we could
conclude thatO O

To provethat "O O

"0 O -7 08 OO OO - V& —

Since'0 & Q Oif & QR O -6 0o ME |

O O T 06 -0 M -0
f Q p WO O O and 'O O
Nevertheless, ifQ p W O, "O "O . In this situation, it was difficult

to tell whether the sliding resistance of pyramidal shell footing was higher thaof flzt
footings since "O O
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A For coni cal shel | foundati ons

"0 "0 - 06 OO OO - UV
SincelO & Q Oif @ QM O -6 @O OE |
O O -1 06 O -Q W -0
If Q p WCO O O
As mentioned in Casel% p®, 6 ¢ and C
Since®d Qa O Magd O -6 DO WE |
W -0 =l W 06
— — -6 — - % 0 -6 -&
Besides,-[ & @ 0 GOE |- ©w0o — O —O0 NE |
To Provethat-f 6 @ O & |- ©0 — @
i —O0MEBO ® T
If & coandl q
— 6 0WE|—T 060 NE T 6w O
—8 0 PO CO CO O WE|T
—7 WO WE|—T WO NE|—] DO WE|—OT 0
POWE|T
Thus 'O O
To sum up,’O O
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fQ p WO O "0

Additionally, "O O

In this situation, it was difficult to tell if the sliding resistance of the conical shell

foundation was higher than the flat foundation

The analysis revealed that the strip shell foundation model Iadatgest sliding
resistances. There was a chance that the moment resistance of shell footing would be higher

than the moment resistance for the flat foundation.

Forthe case of embedded deptm r a n gte H (Qr adm "Oh & shown in Figure

3-19.
b
(—
’_‘ _(Eoundu:wl
H|a
1/2 (B-b)
Fi gulr®:D3Shell foundati on Model when h' <a<H
Forthestrip shell foundation
") i -6 6 OOoOMEI O Q 6 @ (3-43)
whereQ -6 ®o ME|O
0 - 0 B ® Q (3-44)
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YO O - Q Q (3-45)
0o -7 0 0 Qaech 10 (3-46)
YO -7 0 0 Q o0 ¢Q (3-47)
Forthepyramidal shell foundation
® I -¢d OO WONE|I O Q b6 O (3-48)
Fortheconical shell foundation

& — —O0MEIE B ® - O Q6 o (349

For conical and pyramidal shell foundatson

"0 T 0 @ ©O 0 (3-50)

YO O -®O Q0 (3-51)

"0 T 0 — Qecd 0 (3-52)
YO o —T 0 6 O Q o 0 (3-53)

According to Figure &7, equations (36) to 3-42) still used to calculate the circular

and square flat foundations under the situatioi©of @ "Q
3.3.32 Analytical Analysis for | + 5

Moment Restance

~

A For strip and pysami dal shel l foundat.

@ oo oo
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Since® Q 'O ,assumew Q O

Also 0

Cc
@)
|
|
Os
€

Therefore, there was a chance thatttital overturningmomentresistancef strip shell

footings would be higher than that of flat foundatiari®en 0 "Qae

Similarly, if the total moment resistance of the pyramidal shell footinggreeater than

that of the square flat foundation, it requitbdt Y O YO YO
YO T

YO YO YO YO -0 Od B0
CQ — U 6 oY ¢cQ - LOO oo ¢Oo

- 06 0O ¢O — 0 6 Do ¢Q @0 10

Since® Q O ,assumed Q O,

— 06 & Q O JdQ0 ¢

If 'Q O, YU YO T

Therefore, there was a chance thattttal momentresistancef pyramidal shell footings

would be bigger than the moment resistance of flat foundation viideroO.

If 'Q O, 0 0

51



To sum up, there was a chance that the moment resistance of strip/ pyramidal footing would
be bigger than that of square flat foundations whken "Qadurthermore, 0 was

always bigger tharvy  when & Qe

A Fotrhceoni c al shell foundati on
w ¢ A
- W 06 OMEICO 60 W — w Qo6
I dp—g XS Tr
)
o o W6 60
Thus w W
To determine whethelY 0 YO large than 0 or less than 0
YO YO - 0RGd oBQ ¢Q  —r 0 6

®OoQ ¢cQ - VOO oo O - V6o O
— 06 QoY ¢Q @O 1O
Sincew Q O ,assumew Q O,
— 0 86 ® Q ©O 0QO0 o"Q
If Q O, YD YO L1
Therefore, there was a chance thattttal momentresistancef conical shell footings

will be higher than that of flat foundation whéna O.
If Q 0,0 0

Sliding Resistance:

~

A For strip and pysami dal shel l foundati on
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As mentioned in case 1—; PR.

"0 40
Dp® ® &) )
W W dod w W
O, v % v ne O 0 P meme e w . 0,06 O,
I 00 WOWEI—-W —0 WOWE|O 60 w -0 0 WE |
C C
O 006 Tt
00 WOME|l - -0 QVOME|I-O 6 @ -06—O0BE| T
Since ® "Qassume® Qe
O, ., = . u. P, a we . = 0,6 @,
-00 WOWE| —0 WOWEID W —-O0——O0wWe T
W7 q q T
0,, ” 5 ” TN [TRY ” 5 by u‘pn p'f‘
00 WO WOWE| O wWOoOweE+rd —w 1
Y Y C
” TN "‘p" 5
6 wo ooa;fo —W T
C
PRI 0 r -0 -0 - 6
PDOME| -0 -0’0 Q T

As mentioned in Case =—— ¢. Under the condition ofd ¢, the value of

00 r S08 b o 6 @6 M|
=T ® 06 OOoWE |
Moreover, O "O "O "O -0 6 OQ

cQ I U6 O ™

Therefore, O O
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Similarly, @ W and @ o , We can

conclude that’O O
Furthermore,
@) do
Er 0 O ® Q Er 0 O W Q
q q
o) do
p . -
Er )] w w O [ 0] w 0w Q
, p . P a e
w O w E 0 wowe|O
So 'O O O
O do
Wheno ®&d —o e |0 -HO "O ,otherwise™O
0
Under the condition oo W& —O0 WE|O -, O "O "O
"O m and O "O . Whendo w0 —Oo we|O -,
O O O O TL

In this situation, it could not confirm whether the sliding resistanckeopyramidal shell

foundation was higher than that of the flat foundation

Moreover, to provéO O T

VO T o U6 O Q-7 0d O
- 06 OO O 1

Since® Q O ,assumed Q O,

54



- 06 WwWQ c¢cQ O
If Q p WCO O O and O O
Nevertheless, ifQ p W O, "O "O . In this situation, it was difficult

to tell whether the sliding resistance of pyramidal shell footing was higher than that of flat

footings, since’O O

A Fotrhceoni cal shell foundati on
0 0 -

0O T o U O Q-7 0d O

- 06 OO O T
Since® Q O,assumed Q 0O,

-1 06 ®©0 ¢ ©

fQ p VO O "0

Moreover,-] 6 @ O ®& |- 0 —r O —OoME| T
Thus,
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—f QO ME | DOWE|— ®O O6® O O0ME|—I @b

~

® —of C @ U OOME T

Thus 'O O

Since 'O O ,0 o ,0 O
f Q p WCO O O

Additionally, "O O

In this situation, it was difficult to tell if the sliding resistance of the constall

foundation was higher than the flat foundation

In summary, the analysis revealed that the strip shell foundation model had the largest
sliding resistances. There was a chance that the moment resistance of shell footing would
be bigger than that dfat foundation.For a clearer understanding, the following section

provided several examples of foundations when the embedded depth is D<a<H.

3.3.33 Analytical Example

Since the above analyticatudiescould not clearly indicate in which circumstances the
shell foundation was superior to resist lateral load, MATLAB coding was used to simulate

all the scenarios whetheembeddedatio (a/B) was from 1/%o 1.

As shown in Tables-8 to 311, theseshell foundation models had higher resistance to
sliding friction than that of flat foundation models. According to Tab8ahd Table 3,
some of strip shell foundation models began to skaperiorityin the total moment
resistanceavhen the embeddedtio reached11/15 nevertheless, pyramidal and conical

shel |l f o u n dtatal mament resistaneclvesedstill smaller than that of flat
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foundations. When the buriedtio reached14/15 all strip shell foundation models
appeared theuperiorityin thetotal momentresistanceadditionally, some pyramidal and
conical shell foundation models also show sheeriority h thetotal moment resistance

as shown in Table-30 and Table d1.

Table 36. Results of Sliding and Moment Resistance for Strip/Pyramiddl &t
Square Flat Foundatisnvhen #@B=1/2

Alpha () (9) | o | 10 | 20 | 30 | 40 | 50 | 60
Flat Foundation
Total Friction ResistangéO (Q0) 207.29
Total Moment ResistancéY 0 (Q(BY) | 440.57
Allowable Total Friction ResistangeéO 103.65
Q9
Allowable Total Moment Resistance 146.86
YO Qi
Strip Shell Foundation
Total Friction ResistangeO (Q0) 290.05| 309.72| 323.45| 328.64 | 339.45| 364.19
Total Moment ResistanceY 0 (Q8Y) 425.69| 410.89| 389.01| 352.29 | 321.35| 295.2
Allowable Total Friction ResistangeéO 145.03| 154.86| 161.73| 164.32 | 169.73| 182.1
Q9
Allowable Total Moment Resistance 141.9 | 136.96| 129.67| 117.43| 107.12| 98.4
YO (Quax
Pyramidal Shell Foundation
Total Friction ResistangeO (Q0) 237.73| 247.65| 254.23| 259.61 | 282.43| 308.28
Total Moment ResistangeY 0 (Q&1) 418.2 | 405.29| 387.11| 360.99 | 337.53| 311.47
Allowable Total Friction Resistange’O 118.87| 123.83| 127.12| 129.81 | 141.22| 154.14
(9
Allowable Total Moment Resistance 139.4 | 135.1 | 129.04| 120.33| 112.51| 103.82

YO QiR
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Table 37. Results of Sliding and Moment Resistance for Conical ShelCandlar Flat

Foundatios when #B=1/2

Alpha () (9) | o | 10 | 20 | 30 | 40 | 50 | 60
Circular Flat Foundation
Total Friction ResistangéO (Q0) 186.06
Total Moment ResistanceY 0 (Q&1) | 353.09
Allowable Total Friction Resistangeé’O 93.03
Q9
Allowable Total Moment ResistangéY 0 117.7
Qi
Conical Shell Foundation
Total Friction ResistangéO (Q0) 210.19| 226.55| 240.62| 255.14| 289.58| 331.76
Total Moment ResistangeY 0 (Q&1) 335.17 | 326.73| 314.11| 294.66| 278.4 | 259.55
Allowable Total Friction Resistangeé’O 105.1 | 113.28| 120.31| 127.57| 144.79| 165.88
Q9
Allowable Total Moment ResistangéY 0 111.72| 108.91| 104.7 | 98.22 | 92.8 | 86.52
QiR
Table 38. Results of Sliding and Moment Resistance for Strip/Pyramidal Shell and
Square Flat Foundatisnvhen @B=11/15
Alpha () (°) | o | 10 | 20 | 30 | 40 | 50 | 60
Flat Foundation
Total Friction ResistangéO (Q0) 322.84
Total MomentResistance’'Y 0 (Q(BY) | 638.82
Allowable Total Friction ResistangeéO 161.42
Q9
Allowable Total Moment Resistance 212.94
YO (Quax
Strip Shell Foundation
Total Friction Resistan¢eO (Q0) 447.44| 487.65| 525.47| 559.18 | 582.93| 594.45
Total Moment ResistanceY 0 (Q8Y) 635.92| 638.24| 642.53| 644.32 | 626.13| 564.14
Allowable Total Friction ResistangeO 223.72| 243.83| 262.74| 279.59| 291.47| 297.23
Q9
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Allowable Total Moment Resistange 211.97| 212.75| 214.18| 214.77 | 208.71| 188.05

YO Qi
Pyramidal Shell Foundation

Total Friction Resistan¢eO (Q0) 363 | 383.17|401.81| 418.37 | 430.06| 465.59

Total Moment ResistanceY 0 (Q&1) 616.88| 612.52| 607.42| 599.56 | 579.19| 547.27

Allowable Total Friction ResistangeéO 181.5 | 191.59| 200.91| 209.19 | 215.03| 232.8

Q9

Allowable Total Moment Resistance 205.63| 204.17| 202.47| 199.85| 193.06| 182.42

Y0 (QBx

Table 39. Results of Sliding and Moment Resistance for Conical Shell and Circular Flat

Foundatios when @B=11/15

Alpha () | o | 10 | 20 | 30 | 40 | 50 | 60
Circular Flat Foundation
Total Friction ResistangeO (Q0) 293.48
Total Moment ResistanceY 0 (QBx) | 517.82
Allowable Total Friction Resistange’O 146.74
Q9
Allowable Total Moment ResistancéY 0 172.61
(Quax
Conical Shell Foundation
Total Friction ResistangeO (Q0) 322.56| 394.17 | 375.31| 401.02| 424.97| 478.94
Total Moment ResistangeY 0 (Q&1) 500.32| 500.45| 500.91| 499.78| 488.26| 469.03
Allowable Total Friction Resistangeé’O 161.28| 174.59| 187.66| 200.51| 212.49| 239.47
(9
Allowable Total MomentResistance'Y 0 166.77| 166.82| 166.97| 166.59| 162.75| 156.34
(Qigy
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Table 310. Results of Sliding and Moment Resistance for Strip/Pyramidal Shell and
Square Flat Foundatisnvhen @B=14/15

Alpha () () | 0 | 10 | 20 | 30 | 40 | 50 | 60
Flat Foundation
Total Friction ResistangéO (Q0) 431.82
Total Moment ResistanceY 0 (Q@&1) | 830.31
Allowable Total Friction Resistange 215.91
00 G a €QY)
Allowable Total Moment Resistance 138.38
YO Qi
Strip Shell Foundation
Total Friction ResistangéO (Q0) 592.3 | 650.11| 708.58| 767.53 | 824.95| 864.6
Total Moment ResistanceY 0 (Q&1) 837.67| 854.7 | 881.38| 918.13| 959.54| 957.88
Allowable Total FrictionResistance™O 296.15| 325.06| 354.29| 383.77 | 412.48| 432.3
Q9
Allowable Total Moment Resistance 139.61| 142.45| 146.9 | 153.02 | 159.92| 159.65
YO Qi
Pyramidal Shell Foundation
Total Friction ResistangeO (Q0) 480.31| 509.29| 538.25| 567.43 | 595.96| 615.24
Total Moment ResistanceY 0 (QU8Y) 808.7 | 811.7 | 817.79| 827.42| 836.87| 818.11
Allowable Total Friction ResistangeéO 240.16 | 254.65| 269.13| 283.72| 297.98| 307.62
Q9
Allowable Total Moment Resistange 134.78| 135.28| 136.3 | 137.9 | 139.48| 136.35
YO (Qiax

Table 311. Results of Sliding and Moment Resistance for Conical Shell and Circular Flat

Foundatios when @dB=14/15

Alpha () (9) | o | 10 | 20 | 30 | 40 | 50 | 60
Circular FlatFoundation
Total Friction Resistan¢eO (Q0) 395.49
Total MomentResistance'Y 0 (Q8Y) 680.56
Allowable Total Friction Resistan¢eO 197.75
(Qy

60




Allowable Total Moment ResistanceY 0 226.85
Qs
Conical Shell Foundation

Total Friction Resistan¢eO (Q0) 428.8 | 464.23| 500.68| 539.02| 579.81| 617.98

Total Moment ResistanceY 0 (Q&1) 663.4 | 670.91| 682.54| 698.92| 717.22| 712.32

Allowable Total FrictionResistance™O 214.4 | 232.12| 250.34| 269.51| 289.91| 308.99
(2)

Allowable Total Moment ResistancéY 0 221.13| 223.64 | 227.51| 232.97| 239.07| 237.44
QiR

In general, with the embedmaematio growth, the passive earth pressure grows rapidly, as
shown in Figurs 3-20 and 321. For example, when the embeddrago increased from

7/30to 1/3, 1/3to 11/15and 11/15to 14/15 the sliding resistance caused by passive
pressure of conical shell faindation at the angle of 4ihcreased by about 45%, 70%,

and 30%, respectivelfhese two figures showed that the embedmagitfrom 1/6to 1/3,

the passive earth pressure of different shell angles was almost the same, especially for strip
shell foundabns. Howeverthe embedment ratistarting from8/15 the differences in

passive earth pressure at different shell angles became obvious.

Moreover, according to Figure 2D, the passive earth pressure of conical or pyramidal
shell foundation had a lowpassive earth pressure than that of flat foundations when shell
angle below 30 degrees. In the shell angle range of 30 to 40 degrees, the passive earth
pressure of shell footings would eventually exceed that of flat footings as the embedment
ratiorise. When the shell angle over 50 degrees, the passive earth pressure of shell footings
would always be higher than that of flat footings. The reason was that in the range of O to
20 degrees, the passive earth pressure decreased as the shell angle increabedsii@fice

angle exceeded 20 degrees, the passive earth pressure would increase with the increase of
the shell angle, as shown in Figur@3 However, flat foundations' passive earth pressure

was the smaller than that of any shell anglafolundation atny shell angle, as shown in

Figure 321.
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Passive Earth Pressure
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Figures 323 to 425 hal similar upward trends as Figure28 and 321. However, unlike
Figure 320, the line of the flat foundation always remains at the bottom, regardless of the
embededratio. In summary, under the situation of a>D, the total sliding resistance of shell

foundations were always larger than that of flat foundation.

Figuz@ &8xhibited that the total sliding resi
upward trend whreanwiatgh eb ebtivbebédnieln3Dbn t he ot her
when the mmhivadme/mB8tO8/,15t he tot al sliding re
foundations revealed a concave upward trend
the total sliding resistance of sttrhign shel]l

ot hewle s t he ernbiedeanemdltlwelésh /. 15
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Conical Shell Foundations
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Pyramidal Shell Foundations
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Referring to Figures-27 to 328, the overturning momemésistanceaused by passive

earth pressure raised with the increase of the embedatemtCompared with the strip

shell foundation, the overturning momeasistancecaused by passive earth prassof

flat foundations was always the lowest. Nevertheless, when the shell angle was less than
10 degrees, the arntiverturning moment caused by passive earth pressure of pyramidal
and conical shell foundations were lower than that of flat foundatioesultl be seen

from these figures théte change in anrtverturning moment (caused by passive pressure)
was dominated by the embedment ragispecially when the buriedtio reachedl1/150r

more.

Strip Shell Foundation
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Conical/Pyramidal Shell Foundations
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Figures 3-29 and 330 indicated that whetheshell angle increased by 10 degrees, the anti
overturning moment, due to the passive pressure, for the strip, pyramidal, and conical
would increase by approximately 16% to 22%, 14% to 18%14%gato 18%, respectively.

In contrast, the overturning momeasistancewhich caused by the selfeight (including

the soil above the foundation), for the strip, pyramidal, and conical by increasing the shell
angle by 10 degrees, would drop by approxetya#t.8% to 18.6%, 5.1% to 11.4%, and
4.9% to 12.8%, respectively. Nevertheless, these rates of the increase of the anti
overturning moment (caused by passive pressure) and the rates of decrease of the anti
overturning moment (caused by the sedight andthe soil weight above the foundation)
varied with the increase dhe shell angle. Therefore, the total overturning moment
resistancemight decrease or increase as the rise of the shell angle, depending on the

embedmentatio.
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Conical/Pyramida V.S. Strip Shell Foundations
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Figures 331 to 336 indicated that the total overturning moment incréeasgh the
increase of embedmerdtio. Figures 332, 334, and 436 were enlarged views of Figures
3-31, 333, and 335 in the range of the embedmeatiofrom 11/15to 14/15 respectively.
According to these figures, for embedmesiio of the strip shié conical and pyramid
shapes foundations readii/15 5/6, and 14/15 respectively, therthe total moment
resistancevas greater than that of the flat foundatibarthermore, as the embedmgatto
increases, the increase in the tatati-overturning moment decreased. Taking a strip shell
foundation with a shell angle of 10 degrees as an example, when thenesnbe€tio
increased fron¥/30to 1/3, 1330 to 8/15 and5/6 to 14/15 the total momentesistance

increased by about 26.1%#.8%, and 12.7%, respectively.

Figures 332 and 334 indicated thatvhenshell angle increased from0 to 40 degrees,

total momentresistanceof all embedmentatios was gradualy increasd. Nonetheless,

total momentesistancelramati@lly decreasg¢ when the shell anglexcee@d50 degres.

It is because the weight of the soil above the shell foundation was significantly reduced in
the higher shell angle as shown in Figuré03 The reduction in the weight of the soil
above the shell fountlan leaded to a reduction in moment resistance (dweetght of

soil above footingsandmoment resistance (duepassive earth pressure). Therefore, the
total moment resistance of thip/pyramidal/conical shell foundation decreased once the

shell amgle exceeds 50 degrees.

For embedmentatio less than11/15 the total overturning momenwas inversely
proportional to the rise of shell anglésowever, if embedmenttio reacled 13/15 the
total overturning moment rises with the increment of shelleamgtially, but it drops again

after the angle reaches 50 degrees, as shown in Figiite 3
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Strip Shell Foundations
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Concial V.S. Strip V.S. Pyramidal Shell Foundations
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Figures 338 and 240 showed that the increased in the backfilled soil above footings/
f oundat iweightdvere inversefproportion to the rise of shell foundation angles. It
could be seemed from these two figures thatftat foundation (O degrees) has the most
massive weight in aspects of seléight and weight of soil above footings. This is vitng
antioverturning moment (caused by the se#ight and the soil weight above the

foundation) was greater than shell fdations, as shown in Figure3®.

Figure 339 showed that the increased in backfilled soil below the footing was proportional
to the rise of shell angles. As the angle increases, the weight difference between the bottom
of the coneshaped shell foundati@nd the bottom of the pyramghaped shell foundation

will increase. This is whythe conical shell foundation had a lower sliding resistance
(caused by seliveight) than the pyramidal shell foundation initially, but after the shell
angle reached 30 degseé¢he conical shell foundation had a higher sliding resistance than

the pyramidal shell foundation, as shown in Figu& 3
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CHAPTER 4

Numerical modeling

4.1 General

Planestrain elastoplastic finite element model was developéaetoases of strip flat and

shell footings with angle 21°&nd 38.66 using the commercial software PLAXIS[2
Connect Edition V20. This analysis aimed to examine the failure mechanism of strip shells
and conventional foundations. Mesh deformations, displacement vectors and failure points

diagrams were recorded during thdlajose.

The program OPLAXI S6 used the increment al
which the load was divided into multiple small increments, which were applied
simultaneously. During each load increment, the stiffebssacteristics suitable for the

current stress level were used in the numerical anal@kiskol 2009).

4.2 Finite Element Model

Normally, sncethe geometry of the mesh for thlanestrainconditionwas axisymmetric
aboutthe centerlingthe usual prace was to divide the footing into two halves and used

the symmetry grid method to analyze only half of the footidgwever, the present
investigation involved modeling of the entire footing to compute the lateral collapse loads
as showing in the followig Figure 41, 42 and 43. The choice of the number of element

and mesh design must reflect a compromise between an acceptable degree of accuracy and
computing costsl'he soil and the footing were modeled usingnb8led triangular element.
Smaller size @ments were selected near the footing of the soil, so that the changes in stress
and strain are expected to be more significant. The total number of elements ranged

between 2360 and 3148, depending on the geometrical parameters
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4.3 Properties ofSoil and Footings

The soil in this analysis was modeled by the M@loulomb failure criteria. The model

involved five parameters, vizoung's modulus, E, Poisson's ratio, v, the cohesion, c, the
friction angle, G4, and t lmekfouddatliomwassmulgtedangl e,
as a linear elastiSince the reinforced concrete foundation is completely rigid, the

modulus of elasticity of the footingsust betaken high enough to simulate the rigidity of

concrete footings

The properties of the adopteand and shell foundation, which were simulated and defined

in the program, were indicated in Tabld 4

Table 41. Material Parameters for PLAXIS 2D

Material Parameters Sand Foundation (Concrete)
Material Model Mohr-Coulomb Linear elastic
Drainage type Drained Nonporous
I [KN/m?] 17 24
[ [KN/m?] 20 -

E [KN/m?] 13e"3 26.6e"'6
v [] 0.3 0.2
C [kN/m?] 0 --
G [ A] 30 --
qQ [A] 0 -

Dilatancy angley =0-3(° (Bolton, M. D., 1986).

Moreover, he Interface value,ifr, had a significant impact on the bending moment. Thus,

it was important to estimate a reasonable value for interface reduction factors. According
to the research of Brinkgreeve and Shen (2011) the interface strepgithh&@ween sand

and concrete should range from 1 to 0.8. TherRf shell footing elements used in this
investigation was taken as 0.8 since the lower the interface value results in the more

massive the bending moment.
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4.4 Boundary Conditions

In order to elminate the influence of the boundary effect, the outer boundary should be

placed as far away as possible from the region subjected to the largest change in the loading.

According toLee, Jeong and Lg2016), to avoid boundary effects, the radial boundarie
of the mesh should have 6B width, and the base of the mesh should also be 6B deep below
the footing.Therefore, various shell models with a size of 3m x 3m and a thickness of 0.5

m are embedded in a soil layer with a representative size of 39m x 20.5m.
4.5 Process Calculation

In this analysis, groundwater pressure was ignored. The loading scheme used in this study
consisted of three main stages. In the first stage (Initial Condition), the lateral earth pressure
coefficient Ko was assigned to be@®auwt,2014) to simulate the condition of the original

soil body without any changes. The second stage was to activate all the structural elements
and reset the displacement to zero. The third stage was to employ an external lateral point
load to the footing. Thpoint forces were concentrated and act on a geometry point at the
center of shell footings. The input values of point forces were given in force per unit of
length (kN/m). The applied point's value was taken according to the obtained value based

on Equatns (41) to (410).

@ I 06 & w0 —owE|0 (4-1)
W I — 0 WE | (4-2)

When 0O<a<ho
W i — (4-3)

When hodo<a<H

@ I 6 & & 0 -6 ©odE| (44
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When | T
W W 0 WE (4-5)

When | T
® w OAln (4-6)
0 - 0 0 4-7)
O O O (4-8)
YO O - (4-9)
W W - YO (4-10)

4.6 Variables Considered

The following parameter were isolated in order to determine their effects on resisting the

lateral loading on homogeneous soils:

4.6.1 Shell Angle {)

In order to study the effeof the shell anglg () on the resistance to lateral loading,
model footings with shell angles of,21.8, 38.66 were taken. Additionally, in order to
facilitate drawing the shell footing in PLAXIS, the height of the shell (h) should be an

integer Thus,the shell angle is calculated by the equation 6 & — .

4.6.2 Embedment Ratio (a/D)

In order to study the effect of the embedment ratio arstiag the lateral loading, the
models were buried in depths of 1m, 1.5m, 2m and 2.5m, respectively. Since the thickness

of foundations was 0.5 meters, the embedment ratio (a/D) would be 1/3, 1/2, 2/3 and 5/6.
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4.7 Verification of Finite Element Analysis

In this section, theomprehensive analyticaésults based on Equationl4to 410 were
compared with the finite element result obtained from the PLAXIS program. The
comparison for the collapse lateral load betwidsem was shown in Table2ithrough 4

5 and Figure 4. These tables and the figure indicated that the resuttee analytical
modelswere consistent with theesults of thenumericalmodels even though there was a
little difference between them. Tlogference was in the range of 0.86% to 13.64%. The
difference might be due to plain strain conditions and boundary effects. According to
Figure 44, the finite element results were slightly higher than those of the numerical
examples in the case of 28.égiees. @ the other hand, the finite elemeamisults,and

comprehensive analyticedsults werenterlaced in the case of 0 and 38.66 degrees.

Furthermore, the collapse lateral load of flat foundations obtained from PLAXIS was
greater than that of shdlbundations, which was inconsistent with #uealyticalstudy.

This was due to the numerical analysis used thediwensional in this research, but the
threedimensional model was studied in thealytical study. In two dimensions, the
overturning momentaused by passive earth pressure of flat and shell foundations were
consistent, but in three dimensions with deep embedment, the overturning moment due to

the passive pressure of shell foundations was much larger than that of flat foundations.

Table 42. Load Resistance Betweémalytical and Numerical Modelshen @B = 1/3

2-D "O Q0 | TotalM | Pointload at 2.9m Critical In PLAXIS %
(kN.m) (kN) (kN)

Angle @ 57.26 130.38 130/2.9=45 L p 11.76
Angle 21.8 | 74.86 114.44 114/2.9=39.5 T0 8.14
Angle38.66 | 76.92 97.47 97/2.9=33.6 (o0 6.67

Table 43. Load Resistance Betwe@nalytical and Numerical Modelshen @B = 1/2
2-D "O Q0 | TotalM | Pointload at 2.9m| Critical In PLAXIS %
(kN.m) (kN) (kN)
Angle @ 96.87 191.44 191.44/2.9=66 X Tt 571
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Angle 21.8 | 119.01 166.5 166.5/2.9=57 QQ 13.64
Angle 38.68 118 141.56 141.56/2.9=49 v p 3.92
Table 44 Load Resistance Betweg@nalyticalandNumericalModelswhen @B = 2/3
2-D "O Q0 | TotalM | Pointload at 2.9m| Critical In PLAXIS %
(kN.m) (kN) (kN)

Angle @ 149.23 | 262.63 262.632.9=91 wC 1.09
Angle 21.8 | 175.9 237.69 237.692.9=82 P w 7.87
Angle 38.68 | 174.89 | 212.75 212.7932.9=73 X P 2.82

Table 45. Load Resistance Betwe@nalytical and Numerical Modelsvhen @B = 5/6
2-D "O Q0 | TotalM | Pointload at 2.9m| Critical In PLAXIS %
(kN.m) (kN) (kN)

Angle @ 214.33 | 359.32 359.322.9=124 ppw 4.2
Angle 21.8 | 245.54 | 334.38 334.382.9=115 PP o 0.86
Angle 38.68 | 24453 | 309.44 309.442.9=107 pTOo 3.88
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Figure 44. The Comparison Betwedmalytical and Numerical Models

83
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The deformed meshes were presented in Fsgdse through 47. These figures showed
that all footings suffered a massive overturning moment during the collapse. The results of
the numericakxamples in Chapter 3 seemed to confirm the prediction, which overturning

momentresistancevas the leading cause of foundations collapse.

During the collapse, the flat foundation made the soil heave significantly along each side
as shown in Figure-8 (a), (b) and (c). In addition, Figure64(a), (b) and (c) indicated that
there was a trivial soil heave along each side of the shell. However, the soil had downward
deformation alongside the footing, as shown in Figdr&, 46 (d) and 45 (d). Thus,
increase the embedmaernattio and shell angle might be beneficial to resist the overturning

moments.

(b)) EmMbedment Ratio=1/2
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(c) Embedment Ratio=2/3

(d) Embedment Ratio=5/6
Figure 45. Finite Element Displacement Vectors felat Foundatioawith Various EmbedmerRRatio

(a) Embedment Ratio=1/3
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(b) Embedment Ratio=1/2

(c) Embedment Ratio=2/3

(d) Embedment Ratio=5/6
Figure 46. Finite Element Displacement Vectors for 21Shell Foundation with Various Embedment
Ratio
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(a) Embedment Ratio=1/3

(b) Embedment Ratio=1/2

(c) Embedment Ratio=2/3
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(d) Embedment Ratio=5/6
Figure 47. Finite Element Displacement Vectors for 38 &hell Foundation with Various Embedment
Ratio

The total displacement vectors diagrams, Figdr8 to 4-10, revealed the flow of the soil
particles for strip flat, 218 and 38.66 shell footings. Observing these figuréise soil
outside the footing on the leffiand side, especially near the ground surface, tended to move
downwards to the foundations. On the other hand, the soil outside the footing on the right
hand side for those near the ground surface tended to maaedstrivially and tended to
move horizontally for those away from the footing. There was a trivial upward deformation
at the lefthand side under the footing, but downwards deformation at thehagia side
under the footings. The soil above the fouratatvas overturning clockwise with the
foundation. It seemed to have the same configuration as the one providddtsys,
Anastasopouloand Gazetaq2015), which was shown in Figureld. Nondheless, the
subtle difference between Figure84ind 410 was that the tipping point of this study was
slightly to the right, rather than the midpoint shown in the reseamdlritgos et al(2015).
Additionally, Figure 49 (d) and 410 (d) indicated that with a steeper shell angle lagar
embedmentatio, the overturningpoint moved to the baekll soil which below the shell
foundation Generally, the comparison between flat and shell foundations indicated that the
shell footing's rupture surface was more profound than that for the stigpdilaterpart, as

shown in Figure 4.2.
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(a) Embedment Ratio=1/3

(c) Embedment Ratio=2/3
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(b) Embedment Ratio=1/2

90



(c) Embedment Ratio=2/3

(d) Embedment Ratio=5/6
Figure 49. Finite Element Displacement Vectors for Z1SBiell Footing with Various EmbedmerRRatio

(a) Embedment Ratio=1/3
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