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SOIL-STRUCTURE INTERACTION WITH FOUNDATION TIPPING

VINOD BATTA* AND A.R. CHANDRASEKARAN**

SYNOPSIS

Strong earthquakes could Induce large overturning moments causing
the base mat:of tha structures to temporarily lift off the ground during some
cycles and results in non-linear Interactive forces between the base of
structure and the foundation, This study incorporates the analysis of a box
type cylindrical structura! system to evaluate the importance of non-linsar
soll-structure interaction. A parametric study invelving various structural
and foundation properties has been carried out incorporating both linear and
non-linear behaviour of the foundation coniact arca. The eftect of modal
damping |s studied and the inHluence of varlous assumptions has been
brought ou!. It is concludad that damping valuas tor the structures founded
on softer solls considerably Influsnce response and therefore sheuld be
carefully selected. Non-linear analysis incorporating sffect ot tipping shoyld
be carrisd out for Impartant structures founded on softer soiis, though for
stiffer toundations linear analysis may be satisfactory,
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INTRODUCTION

Earthquake forces are transmitted to a structure through its foundation,
The method must commonly used by structural engineers for the analysis
of bulildings, essumes the structures to be firmly bonded to a rigid
foundation, By contrast, real foundations provide at best a limited
resistarce to tension and honge the apparent tension side of a raft or footing
foundation could actually lift off the ground due to large overturning
momants caussd by lateral forces on structures.

Under the effact of strong ground motion, the overturning momants
induced may excead the stabilizing moment of the structure due to its own
weight. The interactive forces between the base of the structure and
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foundation would be complex-due to tipping action as the atea of oentect

‘could vary tKonnody, ot al,.1976 and. Beucks, et al. 1883), .

The present study evaluates the importance of non-linear soil- -strjoture
interaction effects resulting from substantial base siab uplift ocguring dl.tring
a seismic excitation. Since structures like nuclear containment structures,
oil storage tanks, silos etc. are of cylindrical box type, ths study
incorporates tha analysis of a typical box type structural system which

) compnsos cvlindncal shell with slabs on its top and bottom,

A simpllﬂed _dynamic mathamattcal mode! is utilized oonsistihq of a

'conthional ‘lumped mass structure with soil - structure  interagtion

accounted for by- trenglational and fotstional - springs, whoss properties

- are determ!ned by elastic haif space theory, and the non- Ilnear behavior
of. sttffness propamas of the gprings is Encorporated to account for the

effect of tipping  Three different .soil conditions (ranging. from soft soil

© o a stiff rock sita) and three different slenderness ratios of the strucfure

.8re” ponsidered to-'take practical variations into gccount. ' An artificlglly

generated edrthquake tims history was applied Ina single harizomtal
direction for obtaining the response. Coupling between vertical gnd

“horizontal response or bestween response in two orthogonal horizonfat

directlons is not considered in this study.

For each of the different combination of sbove parameters both lingsr
and non-linear analysas (accounting for non-linear soil-structure interactii
resulting from base slab uplift) have besn performed Particular attenti§n
hes been paid in this study to- model damping and the effect qj damplﬁg

: due to different’ assumptnons has been brought out. Newmark's const

average accelaratlon method (Bathe, 1976) has been used for the soluti‘n

_of equations of motlon

.. The: #rasent ltm roveals dampang needs careful attention panicuiatw
whon structure is founded on softersoits. - Linear analysis consarvatively

.estimates the important behgviour ‘of strugtures even under conditions gt

substantial uplift. l’\mal&isusf of important structures founded on softef
soils should inVauabtx ugcofrporate the non- Imear ;effect of tipping, though
the " ndar enlysls may be satisfactorily used to gtve ro;ults for attftql

-'foundattons hke that at rock sites. L,

: ANALYSIS . . T

In this study, for the p;ttpose of analysis, a typical box tvpe. .cylindrical
~-structural. system, which compsises cylindrical shell with-slabs on its tep
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and hottom- has been chosen and snalysed considering soil-structure
interaction effect with foundation tipping. |Fo; one set of dats the
structure is congidered to have.the following propertise. - . .

(4). Total haight of the structure _ =500 m Jr *
(i) .External radius of the structure =26.0m

(ili) Thickness of top and bottom slzb _ =2.5m

(iv) Thickness of cylindrical shell wall =06m

(v) Modulus of elasticity for concrete =3x10¢ t/me-

(vi) Poisson’s ratio for concrete =02

(vii) Specitic weighﬁfor concrete - =24t/ms.

Analysis has also been carried out for two othar sets of data. In one
case, the height of the structure is increased to 76 m with radius kept the
same 1o get increased mass and slenderness ratio of the structure. In the
other case height of the structure is kept as 5C m but the radius is reduced

to10m.

In all the above cases the structure is analysed at three different soll
sites, defined as Site-A (Rock), Site-B (Moderately stiff soil), and Site-C

(Soft soil) with properties as given in Table-1. e

_ TABLE—1 :
Material Properties of Sites Considared

Material Property . Site-A ite-B Site-C
' Rock‘ Moderatsly Soft Soil

: stiff Soil
Shear wave velocity m/ssc 1800 580 : 330
Puisson’s ratio 0.30 T 036 0.40
Density t/ms ) 250 A 1.80 1.60

For the dynamic_analysis of these type of system the time history of
the ground matidh'is needed as any other-mathod- of specifyiiig-earthquake
effect in the Torn of selsmic cosltiectent or spectra wilknét do.: The shape
of the spectra given in 15:-1893-1876 has beén chosgen as a mode! and
an artificial time history that maiched the 5%, damping curve of IS Code
has been used. However the emplitude of ground motion has been varied
and the two pesk values considered in the study are 0 1g and 0 2g

| keeping the same waveform of ground motion. It is to be pointed out

that these values are mare severe than suggested by IS Code and are
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more likely during actual earthquake environment in severe zones.

A simplified mathematical model of the stiueture consisting:.of a
conventional finite beam elements is utilized. A schemztic view of the
structure and its model together with the node and beam numbers used
is shown in Fig. 1 & 2 The physical properties of the structural model'are
given in Table 2. Each mass point has both translational and rotationgl
degree of freedom.

h-;c
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t=Thigknes of the Walls, hs=Thickness of Top and
Battom Shb, h = Overall Height of structure
fo= Radius of base 'Slab, D=Dismeter of base slab

Fig. 1. General View of Structure
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Fig. 2. Structural Mode!
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TABLE—2
Structural Model Member Properties

Member Material Area Effective Area Moment of

No No ms in Shear me Inertia m¢

1 1 1963.5 981.7 306796

2-10 1 93.1 46.6 28409

11 1 1963.5 981.7 306796
Material No Material E (t/m?) v
1 Reinforced 3x10s 0.2

Concrete

Soil-Structure Interaction

Soil-structure interaction is most often modelled either by a lumped
parameter finite beam element model or by finite element model, The
finite beam eiement approach is substantially simpler and less costly, and
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enables a much greater variaty of parameteric studies to be performed for
a given time and cost constraint. Furthermore, for conditions where the
soil can be modelled as an elastic halfspace the soil-spring approach is
often considered to be sufficiently reliable model Extensive analytical
and experimental studies are now available for modelling the foundation
soil in the lumped parameter approach. As a resuit, the lumped parameter
approach has been used extensively to model the soil-structure interaction

in this study.,

The elastic base spring properties Kx and K¢ are calculated based upon
spring constants for circular footing resting on elastic half-space (Richart et
al, 1970). These are :

Kx =[32(1-v)Gro1/[7-8v] . 1)

Kg = [8G r?]/3 (1-v) (2)
where,

G = Shear modulus of soil

r. = Radius of circutar footing

v = Poission’s ratio

~ The base slab of box type cylindrical structure with its vertical
petimeter shell walls is assumed to be rigid,
Non-Linear Soil-structure lntaraction

. Tipping Criterion

Tipping occurs - by definition in this study - when and where the
normsl compressive stress under the base mat drops to zero, Tensile
. stresses are not permitted between the base mat and the soil. Thus, with
sufficient overturning moment there is a tendency fora portion of the
base mat to lift off the underlying supporting media. Figure 3 iilustrates
‘the behaviour of base mat under the assumption that no uplift tension can
develop at the soil-glab interface. At the bottom of the slab, the soil-slab
interface is subjected to a vertical load Py, an overturning moment My and

‘the lateral shear V,. The overturning moment M;, and the lateral shear Vy

are the values associated with soil springs Ky and K respectively and
_represent the moment and shear which must be transmitted to the soil
alongwith the vertical load through the base slab.

- Now for a given base moment and vertical force, the contact length
can be c_)btaine_d from equilibrium condition if a stress distebution under the
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base mat is assumed. In this study, it is assumed that the interface
pressure varies linearly across the contact length of the slab as shown in
Fig. 3 Based on this assumption tipping will occur when,

L.
L

|

Fig. 3 Base Slab Rocking Showing Uplift

| Mb l = Mu
wherve, :
M, = Uplift moment
For a circular base slab, My is given by
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Mi=PyD/8 ' (3)
where, D = Diameter of base siab, = '

Prior to uplift initiation { | My | €M,), the entire slab remsins
in cantact ie. d = D; the ba@e spring stiffnesses are givan by (1) & (2y;
and toe pressure is given by

Pt = 4Py / D3 {(1-+8My/D)  (For | My } « M,) (4}
where terms are already defined.

Assuming no interface tensile capacntv. once the abhsolute value of My
exceeds My, only a portion of base siab remains in contact; the toe
pressures rise; and the base spring stiffenesses soften. For a circular base
amouint of stab in contact is piven by

d/D = 4/3—Mp/3M, (1 Mp | =M,) (6)
where, d = Width of contagt area after uplift,

Referring Fig (3), ‘d’ can be written as

d=r,(1- Cosby (6)
where, 1, = Total taditis of base slab and 0, is as shown in the figure.

if ‘A’ is total area of contact after uplifting { | My | >M,) from Fig (3),
can be written as
A o= To3d8, — et Sin e] Cos 91
= 1ot (0, — Sin 20,/2) ' (7)

The moment of inertia of the contact area about the axis perpendrcular
to the direction along which the contact tength is measured, derived from
fundamental prin&iple comes out to be

I= 14 [{1/4) (0, + Sin 26,/2) ~ (5/36) Cost 0, Sin 26; +
(Sin30,/(8, — Sin 20,]2) [Sin 8; {I + Cos? 6,)]]
where 1, and 6, are as defined earlier.

The toe pressure P, is given by

P, = PbJA+ Myy

where terms have usual notations.

The heel uplift 5n' as shown in Fig. (3) would then be written as

Once the base slab uplifts, bage suffenesses soften because
lass area remains in contact. The foundation spring constants can than be
determined by substituting the radius of equivalent circuler contact area in



L]

Sokt-Structure Interaction with Foundation Tioping . 133

the expressions for K, and K¢. The equivalent radius ry to be used for
calculating the translationat foundation spring stiffness Ky is given by

mth = A Ofry = (Afm)ia (11)
Similarly equivalen.t tadius rg, to be used for evaluating the equivalent
rotetional foundation spring stiffness will be given by

(r/4) g =1 or ré = (4im)1e (12)

Thus, the non-linear behaviour of lipping system is accounted for by
calculating the foundation spring constants at esch time step, depending
upon the actual area of contact at that time step. It was assumed that
durirg a particular time step, the contact area does not change substanti-
ally and thus the foundatien spring constants as calculated st the beginnifng
of each time step have buen used during that time increment.

Equation of Motion

Because of the non-linear behaviour it is necessary that a time-higtopy
dynamic analysis be performed instead of a response spectral type of
analysis. The basic equation of equilibrium for n-node system, having two
degrees of freedom per node and subjected to horizontal ground accelera-

tion can be written as
IMI {2} + [C){z} + [K] {z} = — [M] {Ia}}y (13)
‘where, '
[M], [C] end [K] are the mass, damping and system stiffness matrices

{z} is the relative displacement vector
y is the ground acceleration

Ix is a column vector with unit values corresponding to horizontal
direction of excitation and zero value elsewhere.

Damping

Since a soil-structure system involves mare than one material and since
the damping values in soil ara relatively larger than the structural damping
values, a single damping value has been assigned to each moce which
reflects both low damping of the structure and high demping of the soil.
This has bean accomplished by adopting a criterion of weiéMed damping
based on strain energy stored in various materials. The weighted modal

.damping of the system is given by
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n {r)
ZLE
_i=

| [

n {¥)
E;
i=1
where, {1 is the damping in material 4’ having strain energy E,® in rtb
mode. For this study, the following damping values have beeri used
(Chandrasekaran and Singhal, 1983)

Reinforced concrete = 7 %,
Soil in rocking =7%
Soil in translation = 20%,
-Having obtained the weighted model damping, the damping matrix [C] can

be expressed as a linear combination of mass [M] and stiffness [K]
matrices. ‘

Thus, ‘ .

[C] = « [M] + g [K] (18)
where « and £ are multipliers and can be related to damping as

Sr =« / 2pr + BDr/2 (16)

Where p, is the circular natural frequency in b mode
Solution

. Sirce in the present study the non-linear equatians of motion are
formulated at each time step, by change the stiffness matrix, method of their
solution has obviously to be direct integration using numerical step-by-step
procedure. MHere Newmark's constant average acceleration technique has
been used. In this method, in order to obtain the solution at time t+ A t,
equilibrium equations are considered at time t+ At itself, i.e.

Y2 oratt E 3 act K2 ae™Reae a9

This equation after necessary transformation yields

Kz, Lf_\tnrfwat o (18)

wheré, _ _
K* = [(4/A12) M 4 (2/A1) € + K ]=Effective stiffness matrix

CL(2/A1) z.+ 2 }=Effective load vector.

L
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Since in the above equation all other quantities are knowp, z LI can be

directly obtsined. Mowaver, it was observed that such a direct so’Iuﬁdn

“'leads to large numerical instabilities in this case, probably due to quantita-

tively large character of stiffness matrix elements This difficutty ;is
overcome by substituting. ' B
Lo atmEURAL L (19)

and solving the above equation for A z t-i At from which zH At can be

obtained. Time step size used is .01 sec.

RESULTS AND DISCUSSIONS

Table (3) present the results of the various anclyses. In the linear
analysis the initial linear soil-structure interaction stiffnesses are used

throughout the analysis. In the non-linear analysis, on the other hand,

stitfness of the springs depending upon the actual srea of contact of.the
bese siab (whenever base slab is in & state of uplift) at the instant of time

are used.

The tension bearing capacity of the soil-structure Interface is' assumed
to be zero at all sites considered. Also, stresses generated in the soil and
the structure due to impacet have been assumed to be negligible,

The study indicates that the phenomenon of foundation tipping
bec mes more pronounced in softer as compared to a rock, All the

tables (3) show that the softar the soii the greater the uplift of the base
mat due to lateral earthquake load.

TABLE—3 (a)
H=50.0 m, R=25.0 m, Maximum Acceleration=0.1g

SITE-A SITE-B SITE-C

L N L NL LN

Max. Bese Overturning Mom. 2,10 210 2,73 2656 5.94 4556
My, in t-m x 105

Ma&) ?ase Rotation ‘6' Rad. 0.39 0.39 670 7.81 48.70 94,00
X — ' .

Min Slab Contact Ratio d/D  1.00 1.00 0.89 096 089 061

Max. Hes!l Uplift-Height {cm) 0.00 0.00 003 001 148 129

Max. Toe Pressute P (1/m3) 34.84 3484 36.13 34.68 94.63 53.54

+
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' It is also observed that a slender structure has a grester tendency to
upilft than a squatty structure. Looking atthe tables we find that the
structure with a slenderness ratio 2 shows no uplift at rocky site with 0.1 g
earthquake [3 (a)], but at the same site the structure with slenderness

“ratlo 3 loses about 5% of contact [3 (a)], and that with slenderness ratio
& more than 309, (3 (e}].

TABLE 3 (b)
. H =150,0m, R = 26.0 m, Maximum Acceleration = 0 2g

SITE-A SITE-B SITE-C

— — —_——

L NL L NL L NL

.Max. Base Overturning Mom, 420 409 546 480 6584 512
Mpint-mx 10—

- Max. Base Rotation ‘0’ Rad. 0.79 2.43 -13.40 2450 47.90 104.00
x 10-s

Min. Sisb Contsct Retiod/D 0.66 068 046 057 0.40 051
Max. Heel Upiift Height (cm) 0.01 003 0.34 048 142 1.77
Max, Toe Pressure P; (t/m*) 48.36 4897 7603 57.96 89.79 65.19

TABLE 3 (c)

H = 76.0m, R = 25.0 m, Maximum Acceieration = 0.1g

SITE-A SITE-B SITE-C
L N L NL L N

Max Bage Overtuning Mom 280 274 303 300 641 626
Myin t-m x 100 |

Max. Base Rotation ‘0° Rad. 0652 058 748 820 443076.90
x 1075 ,
Min. Slab Contact Ratiod/0 0.95 096 092 092 059 0862
Max. Heel Uplift Héight {cm) 001 0.01 ' 002 003 089 131
Max. Toe Pressure P: (tym?) 4066 40.48 4146 41.35 64.14 (.31_.51
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TABLE 3 (d)

= 75.0 m, R = 25,0 m, Maximum Acceleration = 0.2g
SITE-A SITE-B SITE-C
L NL L NL L N

" Max. Base Overturning Mom. 561 5,56 6.08 5.27 7.03 5.54

Mpint-mx 105

Max. Base Rotation ‘0" Rad, 1.06 2,60 15.00 2400 57.00 10400
x 1073

Min, Slab Contact Retio d/D 0.66 0567 050 061 0.37 0.57

Max Hesl Uplift Heichty, (cm)0.02 005 0.36 0.38 1.80 197

Max. Toe Pressure P, (t/m3) 67.90 66 91 78,26 61.76 116.22 66.48

Comparison beiween linear and non-linear results show that in aimost
all the cases, the non:linear analysls predicts lower base overtuming
moments and higher base rotations than predicted by linear analytis. This
ditference is found to incresse with the softness of sgoil, e.g. in one
particular case the ratio of non-linear to linear bege overturning moment is
observed to be 0.98 at rocky site, 0.86 at moderataly stift soil site and 0.78
at soft soil site. Also, the non-linear anzlysis predicts a preater porticn of
the slab remaining in contact with the supporting soil than linear analysis,
Ditference between linear and non-linesr results increases with the
slenderness ratio of the structure and softness of the soil [Tables 3 (a) &
{b)}] Thus, the portion of the slab which might upliftis never as great
as one would predict based upon linear analysis, which aggin proves to be
conservative '

TABLE 3 (e)
H=50.0 m, R=10.0 m, Maximum Acceleration=0 ig
SITE-A SITE-B SITE-C

L NL LN L LN L

Max. Base Overtuning Mom. 040 037 038 0.30 o'.ss 0.41
My m't “mx10% ’

Max. Base Rotation -a'i,aad 117 2,18 1480 16.60 49 00 60.00
%1074 ' T

Min, Sigb Contact Retio d/D  0.63 0,68  0.66 0.80  0.67 0.6

Max. Heel UplituHaight (gm) 001 002 ~ 0.03 0.06 632 042
Max Toe Pressure Py (t/m?) .72.76 6769 69.19 d6.69 6897 76.30
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TABLE 3 {f)
H=50.0 m, R=10 Om, Maximum Acceleration=0.2¢g

SITE-A SITE-B SITE-C

L NL L NL L NL

Max Base Overturng Mom 048 054 062 036 055 046
Min t-m x 103

,M_a1><bBase Rotation *0° Rad. 1.40 5.90 20.00 30.50 71.60 77.00
"% 10-5

. .Min Slab Contact Ratio d.D 050 0 38 0.42 0.70 0.36 0.62
ng. Heel Uplift Height (cm) 0.01 0.04 023 016 090 0.71
Max..Toe Pressure P: (tym2) 975313450 121.48 64.83 147 80 92.07

 Non-linear analysis always predicts greater uplift height than linear
fmear analysis for site-A. However, for .softer soils linear analysis
generally predicts greater uplift heights Moreover the diffurence grows
wnh slenderness ratio '

Also, the linear analysis aimost alwavs predicts significantly greater
“maximum toe pressures than non-linear analysis, which accounts for
softamng influence of base uplift. The difference is of the order of 60% in
some cases,

Figures 4 (a) and 4 (b) show the variation of contact ratio and uplift
height with tims for a squatty structure at s'te-C. It is seen that out of
total of 27 instances of uplift only 7 or 8 are significant and also that the
duration ' of each uplift is very short. Figures B (a) & (b) show similar
plots for & rocky site and the exhibit too insignificant uplift.
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" CONCLUSIONS

1. Slender structures considered to be resting on ground surface are more
liable to uplift under strong horizontal excitaticn than squatty
structures.
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7.

Softer the foundation soil, the greater is the tendency of structure.to
uplift

Damping of soil-structure system, evaiuated using a realistic approach
should be used in the analysis, instead of using any arbitrary value,
particularly if the structure is founded in soft-soil.

Linear analysis can be used to conservatively estimate the important
behaviour of base slab even if substantial portion of base sisb loses

contact from supporting soil.

Toe pressure calculation based upon the linear analvsléﬁ appear to
always be greater than those based upon non-linear anal_ﬁsis ‘Thus,

it-toe presewre-tiom linesr analysis is not gxcessive, non-linear anslysis

need not be performed even under condition of substantisl uplift:

Heel uplift height appears tn remain small even when the structure is
founded in very soft soil. .

'
rkenns Sy e L,

Tipping is & short tiansisht ghenomeénon.
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