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Abstract- Foundations should be structurally strong to tehis distress, bearing capacity failure and exeess
settlement due to earthquakes. Shallow foundatidrish are generally the first preference in fouraatiesign
under favorable conditions are generally more walble to earthquake damage. Among shallow foundstio
shell foundations are expected to perform bettehag are an economic alternative to plain fourmtetiwhere
heavy super structural loads are to be transmittedeaker soils. Considering the aspects of a $hefidation,
the seismic performance of the inverted spheriball Soundation were investigated by varying ridesbell
(considering different semi-vertical angles) witlffetent contact conditions in both the clayey a@hdy soils
using finite element software ANSYS. Seismic parfance of inverted spherical shell foundation amdudar
footing was compared, considering the Acceleratiore history of Kobe Earthquake of Japan in 1996e T
results give a clear indication of the advantagiésred by the inverted spherical shell foundatiaver the
circular footings in resisting the earthquake stess It was also found that the rise of shell fatiot, shell-solil
contact condition and soil properties have a graaffuence in the performance of an inverted sjga¢shell
foundation. The semi-vertical angles which gives tlest performance in terms of reduced settlemahttess
was also obtained.

Index Terms-  Inverted Spherical  Shell, Semi-vertical Angle, Earthquake Loading.
The design of shell foundation is based on the
membrane theory and ultimate strength theory.
Every civil engineering structure in general wilie Membrane theory helps to determine the membrane
a superstructure and a foundation. The purpose sffesses as a function of the soil reaction and
providing foundations is to transmit the load ofgeometry of shell, while ultimate strength theory
superstructure safely and economically to therovides the maximum load that a foundation can
underlying soil by serving as a media between thgustain under a given set of loading conditions.
structure and soil without affecting the stabiliby Due to its circular plan, the use of spherical Ishel
adjacent structures. During earthquakes, th®oting is restricted to an isolated footing onlgda
foundations should be structurally strong to rethist inverted dome footing for circular arrangement of
distress and excessive settlement. columns. It does not possess the straight-linegatgp
The performance of shells in roof structuresvhich makes its construction process more costtly an
initiated the idea of using shells as foundatid@isell complex. Sector of spherical shell in inverted posi
foundations are economic alternatives to tradifigna can serve as rafts for cylindrical structures sash
plain shallow foundations especially where heavyater tanks, silos, etc. which are supported on a
super structural loads are to be transmitted tokera circular row of columns located on the perimeteaof
soils, or for towers subjected to high lateral &wcue ring beam. It can serve as an economic alternadive
to wind or earthquake loads. The overriding virtie thick circular or annular raft foundations. They
shell foundation is its capacity to distribute Ieaglith  generally have uniform loading effects than thathef
an economy of materials and without introducinglain counterpart.
excessive bending moments and shearing stresses int The important findings obtained from literature
foundation structure. concludes that the shell foundation when subjetded
The performance of shell foundations as &oth horizontal and vertical load the bearing cépac
supporting element mainly depends upon theidecreases, but that decrease is very much less
geometrical shape, quality of construction matsrialcompared to flat footing®. Shell foundations are
used and streamlined continuity to induce strengtiidmirably suited to resist small eccentricities of
and perform efficiently in soil. The major challengf applied load, even when they are designed for aentr
a shell foundation is its non-planar and curvedertical load¥. Membrane theory is a conservative
interface surface existing between the shell anld soaid in the design of these shell foundations inicsta

1. INTRODUCTION
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loading cas€. Ultimate strength gains rapidly with  Kobe earthquake produced significant damages to
the rise in the initial range then followed by aveér the buildings due to failure of underlying soil. i¥h
increas&’. In some cases the inverted shell has bettéighlighted the fact that the seismic behavior of a
load carrying capacity than shell in upright pasifi  structure is influenced not only by the response of
BI 1 Rise to radius ratio of shell footings have arsuperstructure, but also by the response of foiomlat
influence on the seismic resistance. and ground.

The predominant membrane compression in both Only the initial 20 seconds of seismic excitation
the meridional and hoop directions makes thavas considered for the present study, since the
spherical sectors an extremely efficient shell fdom duration of the earthquake was large and the memory
use in foundatioh¥’. The rise corresponding to aas well as the time required for the computer to
semi-vertical angle of 45° is desirable in terms ofonduct the dynamic analysis is high.
design and constructiBhand for spherical shell it is

limited to 45°®. In the numerical analysis, glueds pPESCRIPTION OF SHELL AND SOIL
contact surface of shell footings shows perfect- soi

structure interaction and better performance undé’® geometry of finite element models and propertie
seismic conditiod¥”. Most studies reached the samé&f materials used in the present study are disdusse
conclusion concerning the saving achieved in thRelow.

construction materidf$ *“ and the good structural
performance of the shell footifiy.

Shell foundations which are shallow in nature ar&@he dimensions of inverted spherical shell fouratati
weaker than deep foundations and are momonsidered in the study were fixed with referenze t
vulnerable to failure under unexpected loading.lIShethe design plate 6.2 given by Kurian (2006). The
is supposed to be structurally strong than othatesign was done for 6000 kN load, using membrane
shallow foundations and by virtue of its shapesit theory considering some details from IS: 9456 -0198
able to take high lo&t. Even though shells are safeln the present study the inverted spherical shulia
under vertical load, when a horizontal forceconstant segment diameter 12 m were adopted
(earthquake) comes, the tendency of shell to bigakvarying only the semi-vertical angle of the inverte
more. This project aims to for see these conditiorspherical shells leading to change in the risehef t
and give a solution by finding the applicability ofshells. The shell models created are shown inZig.

inverted spherical shell foundations in seismi@are 7 7
T U= | 1 5

3.1. Shell and soil geometries

2. EARTHQUAKE GROUND MOTION (@ a=20°
Time history method of dynamic analysis (transienﬁ}mm
analysis) considering the acceleration-time histoiry () a=30°

Kobe earthquake (1995) was adopted in the prese

study. Acceleration-time history of Kobe earthquak«VF184m

having duration of 40.96 seconds, Richter magnituc

(0) oL = 40°

of 6.9 and characteristics peak ground acceleratfon

2.386 m/setat 15.16 second is given in Fig. 1. é}mm
(d) a=45°

0 5 10 15 20 45 30 35 40 45

2.5
2.798 m
1.5 |

0.5 [t (© a=50°
“Wﬂ“‘#" i Fig. 2. Model of inverted spherical shells

Acceleration (m/fs?)

The details of the circular footing and inverted
-25 spherical shell foundations used in this study are
Time (Sec) given in Table 1 and Table 2 respectively. The
Fig. 1. Acceleration-time history of Kobe earthgeak dimensions of shell having 40° semi-vertical arage
well as the surrounding soil are also shown in Big.
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Table 1. Dimension details of circular footing. 6 Uniaxial tensile cracking 3.13x10
. . stress, f kN/m?
Diameter (m) Overall thickness (m) 7 | Uniaxial crushing stres$,25x10 kN/m’
12 1.573 f
C

Table 2. Dimension details of inverted spherical The material properties adopted for soil which is

shells. an elasto plastic constitutive Drucker-Prager maalel
Semi- | Rise | Rise | Overall | Ringbeam the present study are given in Table 4.
vertical of tq thickness | dimension, Table 4. Properties of soil.
angle, | shell, | radius | of shell, bxd
a f(m) | ratio, t (m) (mx m) S Properties Homogeneous
fla No. Soil Condition
20 1.058| 0.176| 0.16 0.97 x 0.97 Loose | Soft
30 1.608| 0.268| 0.12 0.72x0.12 Sand Clay
40 2184 0.364| 012 064x084 |1 | Modulus of elasticity, E| 25x10 | 4x10
45 2.485| 0.414| 0.12 0.58 x 0.58 (kN/m?)
50 2.798] 0.466| 0.12 0.54 x0.54 | 2 | Poisson’s ratio 0.3 0.3
3 Density (kg/rm) 1800 1700
4 | Cohesion (kN/f) 0 25
5 Angle of internal friction | 30 0
6 Dilatancy angle 10 0
12m
SOIL 4, ANSYSFINITE ELEMENT MODELING
This research was conducted using finite element
i T T software ANSYS version 15 for modelling, solving

and post processing. ANSYS is a commercial,
sophisticated and comprehensive finite element

The size of soil block was fixed from the free diel Software with capability to analyze a wide range of
response studies conducted in previous wWhtkas problems like static structural, nonlinear, thermal
well as memory and time requirement for solving théechanical, implicit and explicit dynamics, fluid
analyses on the computer. The minimum diameter §PW. etc. Like any finite element software, ANSYS
the soil cylinder thus adopted is 24 m (correspogdi solves governing differential equations by breaking
to twice the diameter of shell) and depth of thié sothe problem into small elements.
cylinder considered is 12 m from bottom of shell [N this project, ANSYS was used as an integrated

(corresponding to the diameter of shell). program with all operations performed under one
GUI. Creating the model, running it, and post

processing the results are all done without leattay

. , . . o ANSYS environment. In the Pre-processor, a model
Concrete is defined as multi-linear isotropic miater . o
can be built and modified and also loads and

which uses Von-Mises failure criterion. To properly

. . : traint b lied. In the Soluti htse,
model the M20 grade concrete, linear isotropic an((::iOnS raints can be applied. In the Solution phttse

. . . A _ . type of analysis to be performed can be specifiéx.
multi-linear isotropic material properties are defi . . .
. results of an analysis can be viewed in the General
and are tabulated in Table 3.

Postprocessor as well as Time History Postprocessor

Fig. 3. Dimensions in sectional view

3.2. Concrete and soil properties

Table 3. Properties of concrete.

4.1. Concrete element type

Sl. Concrete properties Value

No. Concrete was modeled in ANSYS by a solid element,

1 | Modulus of elasticity, & 2-2362X16 SOLID65, which has eight nodes with three degrees

_ , _ kN/m of freedom per node, i.e., translations in x, yd an

2 P0|ss_on S ratio 0.15 directions. SOLID65 can be used for 3D modeling of

3 | Density 2400 kg/m . ) . . . .

2 Shear transfer coefficiento 2 solids with or without reinforcing bars. This eleme
for open crackp, has the capabilities of cracking, crushing and

5 Shear transfer coefficient0.9 deforming  plastically. Usually the concrete
for closed crackf, ’I‘ simulations with this element are very accurater. Fo

reinforced concrete modeling, solid capability bist
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element was used to model the concrete while tie3. Contact

repar capability of e_Iement W_as u;ed f‘?f mOdel'nngually the soil-structure interaction analysesiass
reinforcement behavior. A typical discretized mode(ljl perfect bond on contact surface. But in the actua

of 40° semi-vertical angled inverted spherical shell irl;ystem the separation and sliding phenomena may
loose sand having bonded contact is shown in Fig. 4 oceur during strong earthquake motion, and its

ANSYS response will be greatly different from the resmons
~RI50 with a perfect bond assumption at the interface.
Aﬂ Contact elements introduced to study the interface
friction at the interface brings nonlinearity ineth
analysis. Convergence is a major issue with contact
elements.

Contact occurs when the element surface
penetrates one of the target segment elements on a
specified target surface. The area between thetate
spherical shell foundation and soil was made
TARGE170 to define the surface for the contact
element. CONTAL74 is used to represent contact and
sliding between 3D target surfaces TARGE170 and a
deformable surface, defined by this element. Heee t
analysis were conducted with two extreme cases of
perfect bonding and smooth conditions to give the
limiting results.

5. SEISMIC ANALYSIS

Based on the type of external action and behavior o

(b) Shell and Soil structure, the analyses can be linear static, dinea
. . . dynamic, nonlinear static and non-linear dynamic
Fig. 4. Discretized model 4 4
analyses.
_ . Every structure acts statically and dynamically
4.2. Reinforcement modeling when subjected to displacements or loads. In dymami

Modeling of steel reinforcement in ANSYS can beanalysis, the structure is governed by the addition
done by one of either discrete or embedded dpertia forces produced by the acceleration loads
smeared method. In this work the analyses have be@pplied over small time interval. These inertiacks
done with smeared model, because the mesh was dé@@n @ significant portion of load equilibrium biet
with big finite elements and no individual bars kbu internal elastic forces of the structure. In additia
be inserted. In the smeared method, it is assuhad tdamping factor contributes significantly to the
reinforcement is uniformly spread throughout thétructural response.
concrete element in a defined region of the finite Transient dynamic analysis is a technique used to
element mesh. This approach is used for |arge_scaq§termine the dynamic response of a structure uamder
models where the reinforcement does not signifiganttime-varying  load. In  dynamic analysis the
contribute to overall response of the structure. disturbance travels as a wave in ground affectemy v
Solid 65 element has the capability of adoptin&‘rge area, contrary to static case where loadentte
smeared method by allowing to enter 3 reinforcemeft confined to a limited area around application of
bar materials in concrete, each material correspgnd Point load. Transient dynamic analysis can be done
to x, y and z directions of the smeared element. F§ither by full method or reduced method or mode
this model, parameters to be considered are materfPerposition method. In this work the transient
number, volume ratio and orientation angleand®, analyses were done as full method. The nonlineariti
in x and y directions respectively. Volume ratifers  €an include plasticity, stress stiffening, deflenti
to the ratio of steel to concrete in element. strain, hyper elasticity, contact surfaces, creep.
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6. RESULTSAND DISCUSSIONS Table 6. Displacement of circular footing.

The influence of varying semi-vertical angle leagdin Displacement in Displacement in

to change in rise of shell, the soil condition ahd loose sand (m) soft clay (m)

interface roughness on the seismic response of the Bontde(tj Smt:otT Bontde(tj Sm(:OtT

[ i hell foundation has been stlitie contact | contact | contact | contac

inverted spherical shell foundati 0.01829] 0.03164 0.04395 0.05582

terms of displacement, and resultant stress. A

comparative study of the results is also conduatedi Results shows that for shells having semi-vertical
presented. angle more than 45° displacement have a higheevalu

By conducting modal analysis it was seen thahan the circular footing in both clay and sand
there is no chance of resonance in the invertagbnsidered. Performance of shell in smooth conditio
spherical shell foundations and circular footingds poor compared to bonded condition.
modeled for the Kobe earthquake considered. It can also be noted that when semi-vertical angle
Nonlinear transient dynamic analysis was donetfer t changes from 20to 3@, 3¢ to 4, 4 to 5¢, the
models of inverted spherical shell foundation angercentage difference in displacement for shells in
circular footing embedded in loose sand as well asand with bonded contact are 19.92, 9.88, and 24..82
soft clay for both bonded and smooth contaatespectively, for shells in sand with smooth contac
conditions by providing fixity at bottom of soil. are 22.61, 12.69, and 45.96% respectively, forlshel
in clay with bonded contact are 24.50, 22.66, and
51.08% respectively and for shells in clay with

A typical plot of the displacement-time graphsmooth contact are 37.56, 36.53, and 36.98%
obtained for the analysis of 4@emi-vertical angled 'espectively.
inverted spherical shell in loose sand having bdnde
contact is shown in Fig. 5. From the displacemené'z' Stress Results
time graph, the maximum displacements obtained for A typical plot of the stress-time graph obtained fo
the inverted spherical shell foundations and cacul the analysis of 40 semi-vertical angled inverted
footing due to the earthquake are tabulated in&&bl spherical shell in loose sand having bonded corgact

6.1. Displacement Results

and Table 6 respectively. shown in Fig. 6. From the stress-time graph, the
maximum stresses obtained for the inverted spHerica
T 5 0 2 # 6 8 101214 16 18 20 shell foundations and circular footing due to the
5 earthquake are tabulated in Tables 7 and 8.
A
5 n 0 2 4 6 8 10 12 14 16 18 20
5 -10 - V ﬁ“ﬁﬁ%{h & o4
é‘ 15 w ;Z: 3 MAM Vo 20 v .
A Time (Sec) TE 2
&
= 1
Fig. 5. Displacement-time graph of%4@verted z 0
spherical shell foundation. Time (Sec)

Table 5. Displacement of shell foundations. Fig. 6. Stress-time graph of #lwerted spherical

Semi- | Displacementin | Displacement in shell foundation.

vertical loose sand (m) soft clay (m) . .

angle | Bonded | Smooth | Bonded | Smooth Table 7. Stress in shell foundations.

contact | contact | contact | contact Semi- Stressin loose | Stressin soft clay

20° 0.01001] 0.01265 0.01569 0.01693 | yertical |  sand (KN/m?) (KN/m?)

30° 0.01249 0.0163# 0.02079 0.02112| angle | Bonded | Smooth | Bonded | Smooth

40° 0.01387 0.01872 0.02688 0.04273 contact | contact | contact | contact

45° 0.01703 0.02972 0.03798 0.05225 [ (o 2323 2543 2783 3261

500 0.02383 0.03464 0.05494 0.06779 [ 300 3298 4819 5223 6438
40° 3667 5482 5999 6871
45° 4144 6476 6229 9258
50° 4558 7343 8396 11690
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Table 8. Stress in circular footing.

Stressinloose | Stressin soft clay [1]
sand (kN/m?) (KN/m?

Bonded | Smooth | Bonded | Smooth

contact | contact | contact | contact

4430 | 5764 | 5292 | 7071 [2]

From the results it can be noted that the stresses
for bonded contact is more than the smooth contact. [3]
As in the case of displacement, for inverted spuiabri
shells having semi-vertical angle more than 45° a
higher value of stress was seen than that in tha)
circular footing (for both clay and sand).

It can also be noted that when semi-vertical angle
changes from Z0to 3@, 30 to 40, 4¢° to 50, the 5]
percentage difference in stress for shells in saitlal
bonded contact are 29.56, 10.06, and 19.57%
respectively, for shells in sand with smooth contac
are 47.23, 12.09, and 25.34% respectively, forlshel
in clay with bonded contact are 46.72, 12.94, ank!
28.55% respectively and for shells in clay with
smooth contact are 49.35, 6.30, and 41.22%
respectively. [7]

7. CONCLUSIONS

Seismic performance of the inverted spherical shdf]

foundation was compared with circular footing by

conducting transient dynamic analysis using ANSYS
software. The influence of rise of the shellg)

(considering different semi-vertical angles) with

different contact conditions in both the clayey and

sandy soils were determined in terms of displacémen
and stress. However the conclusions of the stucitxo]
cannot be generalized as they are applicable anly

the specific data used in the analysis. The regidlts

the present study shows that : [11]

(1) It is better to adopt inverted spherical shells
having semi-vertical angle less than 45° for ani’lZ]
type of soil even if it is clay or sand.

(2) Bonded contact surface of shell footings shows
perfect soil-structure interaction and better
performance under seismic conditions than the
smooth contact surface. [13]

(3) Considering the percentage difference of
displacement as well as stress it is better to IadOﬂ4]
inverted spherical shells of semi-vertical angles
in between 30° and 40° having f/a rati6.4.

It is concluded that the inverted spherical shell

foundations having semi-vertical angle less thaf 45

have better performance than the circular footirtty w

different contact conditions in both the clayey and

sandy soils.
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