Chapter 6

Saismic Soil-Structure I nteraction

6.1 Introduction

The scales of socio—economic damages caused lartgeake depend to a great extent on the
characteristics of the strong ground motion. It basn well known that earthquake ground
motions results primarily from the three factoramely, source characteristics, propagation
path of waves, and local site conditions. Also, $wd-Structure Interaction (SSI) problem has
become an important feature of Structural Engimgeriith the advent of massive
constructions on soft soils such as nuclear povant® concrete and earth dams. Buildings,
bridges, tunnels and underground structures mayratguire particular attention to be given to
the problems of SSI. If a lightweight flexible stture is built on a very stiff rock foundation, a
valid assumption is that the input motion at theebaf the structure is the same as the free-field
earthquake motion. If the structure is very massind stiff, and the foundation is relatively
soft, the motion at the base of the structure maignificantly different than the free-field
surface motionFor code design buildings it is important to coesithe effect of the SSI. The
objective of this chapter is to understand the doasncept of the Soil-Structure Interaction,

following the different methods of analysis withms® solved examples.
6.2 Free Field Motion and Fixed Base Structures

Ground motions that are not influenced by the preseof structure are referred as free field

motions.
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Structures founded on rock are considered as fres@ structures. When a structure founded on
solid rock is subjected to an earthquake, the méhe high stiffness of the rock constrains the

rock motion to be very close to the free field rooti

6.3 Soil-Structure Interaction

If the structure is supported on soft soil depdhi, inability of the foundation to conform to the
deformations of the free field motion would cauke tmotion of the base of the structure to
deviate from the free field motion. Also the dynamesponse of the structure itself would
induce deformation of the supporting soil. This qass, in which the response of the soil
influences the motion of the structure and the aasp of the structure influences the motion of

the soil, is referred as SSI as shown in Figurk. 6.

These effects are more significant for stiff andheavy structures supported on relatively soft
soils. For soft and /or light structures foundedstiff soil these effects are generally smallsit i
also significant for closely spaced structure thmty subject to pounding, when the relative

displacement is large.

In order to understand the SSI problem properlig itecessary to have some information of the
earthquake wave propagation through the soil medamtwo main reasons. Firstly, when the
seismic waves propagates through the soil as amt igpound motion, their dynamic
characteristics depends on the modification oftitéérock motion. Secondly, the knowledge of
the vibration characteristics of the soil mediumesy helpful in determining the soil impedance
functions and fixing the boundaries for a seminité soil medium, when the wave propagation
analysis is performed by using numerical technigd@sunderstand the influence of local soll
conditions in modifying the nature of free fieldognd motion it is very essential to understand
the terminology of local site effect. Thereforetlins chapter, the terminology of local site effect

is discussed first and then, seismic SSI problempesented.

The first significant structure where the dynanfie& of soil was considered in the analysis in
industry in India was the 500MW turbine foundatfon Singrauli (Chowdhary, 2009).

182



Structure

Ground Level

/X /AX
Foundatiol

Hnnnnnn
Hnnnnnn
Hnnnnnn
Hnnnnnn

T Pile

O S

Q

©  Soft Soi

AAAAAAAAAAAAA

Earthauake Wauvi

Figure 6.1: Seismic Soil-Structure Interaction.

6.4 Terminology of Local Site Effects

6.4.1 Basin /soil effect on the ground motion characteristics

6.4.1.1 Impedance contrast

Seismic waves travels faster in hard rocks in campa softer rocks and sediments. As the
waves passes from harder to softer rocks they bestow and must get bigger in amplitude to
carry the same amount of energy. Thus, shakingstemtle stronger at sites with softer surface
layers, where seismic waves move more slowly. Iraped contrast defined as the product of

velocity and density of the material (Pisal, 2006).
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6.4.1.2 Resonance

When the signal frequency matches with the fundaahérequency or higher harmonics of the
soil layer, we say that they are in resonance with another. This results in to tremendous
increase in ground motion amplification. Variouse&pal peaks characterize resonance
patterns. The frequencies of these peaks are delatehe surface layer’'s thickness and

velocities. Further, the amplitudes of spectralkgese related mainly to

. The impedance contrast between the surficial lapdrthe underlying bedrock.
. To sediment damping.

. To a somewhat lesser extent, to the characteristitse incident wave-field.

6.4.1.3 Damping in Soil

Absorption of energy occurs due to imperfect etastoperties of medium in which the particle
of a medium do not react perfectly elastically wikir neighbor and a part of the energy in the
waves is lost instead of being transferred througddium, after each cycle. This type of
attenuation of the seismic wave is described bwprameter called as quality factor (Q). It is

defined as the fractional loss of energy per cycle

n_AE

Q E (6.1)
where AE is the energy lost in one cycle aids the total elastic energy stored in the wave. If
we consider the damping of a seismic wave as aiimof the distance and the amplitude of

seismic wave, we have

—7r
A=A exp(WJ =Aexp(-ar) (6.2)

whereqg is called the absorption coefficient and is inegrgroportional to quality fact@.

Damping of soil mainly affects the amplitude offage waves (Narayan, 2005).
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6.4.1.4 Basin Edge Effect

When the seismic waves incident near the basin, eédgeter the basin from its edge and travel
in the direction in which the basin is thickenirigure 6.2 shows that when the wave can
become trapped within the basin, if post criticatident angles develop. Interference of
trapped waves generates surface waves, which patgagross the basin. The generation of
surface waves near the basin is known as basin-effiget (Bard and Bouchon 1980 a & b,
Bakir et al. 2002, Graves et al., 1998, Hatyans.&095, Pitarka et al., 1998, Narayan, 2005) .
Waves that become trapped in deep sedimentary sbasim produce stronger amplitudes at
intermediate and low frequencies than those recoatecomparable surface material outside
basins, and their durations can be twice as lohg Basin edge effect can amplify long period
components of ground motion and significantly imses the duration of strong shaking. Basin
induced surface waves cause intense damage whicmiged in a narrow strip parallel to the
edge.

Flat Layer Case (1D) Basin Case

v
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i <i, (crirical angle) i > i, (critical angle)
energy resonaies, but is not trapped energy is trapped in top layer

Vi
Ve (V2 V)

Figure 6.2: Schematic diagram showing that seism@ges entering a sedimentary layer from
below will resonate within the layer but escapthéd layer is flat (left) but become trapped in the
layer if it has varying thickness and the wave entbe layer through its edge (right) (After
Grave, 1998).
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6.4.1.5 Basement Topography

Irregular basement topography when subjects to baalye incidence below, results in focusing
and defocusing effects. This effects are stronglgeshds on the azimuth and angle of incident

waves.
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Figure 6.3, Shows seismic waves traveling in thearg direction from depth may be redirected
by subtle irregularities at geological interfacés. wave pass from the deeper unit across the
curved interface, their velocity and direction ches, and once again changes at the unit nearest
to the surface. Sometimes they meet at certaintpan the surface. At these points, the
amplification and de-amplification caused due touing and defocusing phenomenon (After
USGS, http://pubs.usgs.gov/of/1996/0fr-96-0263ektdntm ).

The damage pattern caused by the Northridge eakiegquSherman Oaks and Santa Monica

reveals effect of basement topography very well.

6.4.1.6 Trapping of Waves

Due to the large impedance contrast between thesediments and underlying bedrock, seismic

waves trapped over soft sediments. This resulisarease in the duration of ground motion.
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When layers are horizontal this trapping affectty drody waves. While in case of lateral
heterogeneities this trapping also affect the serf@aves. Interference of these waves also leads
to resonance pattern. As discussed earlier, the bdge effect causes the total reflection of the
wave at the base of the layer, making them pot@nirary damaging. As reported by Kawase
(1996) this type of effect was also observed inltiidanuary 1995 Hyogo-ken Nabu earthquake,

which was the most destructive earthquake in Japan though of moderate magnitude (M=6).

6.4.2 Effect of Surface Topography

Surface topography considerably affects the ang#ituhe frequency content and duration of
ground motion (Celebi, 1987 and Geli et al., 1988).

6.4.2.1 Effect of Ridge

The ridge causes strong generation of surface weear the top of the ridge and their
propagation towards the base of the ridge, NarayahRao (2003). Amplification of the ground
motion depends on the slope and the elevationeofitiye.

In India it had observed when it had damaged vediybthe village of Kutri and at Sajan Garh
fort, constructed on a hill near the city of Udaipu

6.4.2.2 Effect of Valley

It has been predicted numerically that in the waltkue to defocusing effect de-amplification of
the amplitude of motion takes place. The intensitya valley may be 1-2 scales lesser as

compared with the surrounding, if it is free frone tsoil deposits.

The effect of valley was observed in the Mand#leyeand Pingala Pani, Unali and Chandrapuri

villages. The damage in the Mandal Proper village the Khalla village was lesser as compared
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to the other villages of the Mandal valley, sinbese villages are situated at the base of the
valley. The houses of the other villages (Sirolgkvbli and Gondi), which were situated at some

elevation suffered much more damage.

6.4.2.3 Slope Effect

Hills with variable slope revels complicated damagéerns. The houses situated on or near the
bank of a steeply sloping hills suffers much moaendges as compare to the houses which were

at some distance away from the steep portion oo@tbe gentle sloping part of the same hill.

6.4.3 Strong L ateral Discontinuity Effect

Lateral discontinuities are nothing but the areasne a softer material lies besides a more rigid

one (for instance, ancient faults, anomalous cesitaebris zones, etc.)

The best example of damage caused by strong ladesebntinuity (softer rock sandwiched

between hard rocks) was observed in the Bhatwanatvillage during Chamoli earthquake of
1999. The village situated on a sloping hill at k& bank of river Mandakini received greater
damage. The hill mass is composed of rounded pglalolé young soil and is surrounded by hard
older quartzite rocks. Amplitude amplification, geation of local surface waves in the softer
medium and larger differential motion caused byrtovavelength of the surface waves may

be reason behind the greater structural damage.

6.5 Degree of Influence of SSI

The degree of Influence of SSI on response of streaaepends on the following factors

* Stiffness of soil.

188



* Dynamic Characteristics of structure itself i.etiNal Period and damping factor.

» Stiffness and mass of structure.

6.6 Interaction between Ground and Structureduring Earthquake

When the seismic waveEgenerated by an earthquake fault reaches the nbottb the
foundation, they are divided into two types as shawFigure 6.4:
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Figure 6.4: Wave propagation during SSI (Miura, 201

Transmission Waves which are entering in the building shown asaBd Reflection Waves
which are reflected back in to the ground showhgas

When the transmission wave enters in to the bugldivey travels in upward direction due to
which the structure subjects to vibration. And thleey are reflected at the top and travel back
down to the foundation of the structure shown asAf this stage Soil-Structure Interaction
phenomenon takes place. Again a part of waveransmitted into the ground, while the rest is

reflected back again and starts to move upwardsugtr the sructure shown as. Fhe wave
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which are transmitted to the ground knowrRasliation Waves shown as R When the radiated
waves are in small amount, the seismic waves omeesritted into the structure continue to
trapped in the building, and the sructure startglioate continuously for a long time, similar to
the lightly damped structure.

The damping caused by radiation waves is popularbwwn asRadiation Damping of the soil.
The radiation damping results in increase of tataimping of the soil-structure system in
compare to the structure itself. Also, under tHtuence of SSI the natural frequency of a soil-
structure system shall be lower than the natuegjuency of the soil.

These interactions results not only in reducingdamands on the structure but also increasing
the overall displacement of the structure as dubdee interactions foundation can translate and
rotate. Basically the dynamic soil-structure intéi@n consists of two interactions, namely,
kinematic interaction and inertial interaction.

6.7 Kinematic Interaction

The SSI effect which is associated with the stgfef the structure is termed as kinematic
interaction. It is explained with the help of Figus.5 (a—d). In Figure 6.5 (a), the massless mat
foundation restricts the vertical movement of theugd motion because of its flexural stiffness.
Due to this, instead of free field ground motioa that foundation moves differently (that is, the
ground motion is away from the foundation) alonghvthe change in nature of ground motion in
the close vicinity and below the foundation. Sim#éaamples of kinematic interaction are shown
in Figure 6.5 (b and c). In Figure 6.5 (b), a \aally propagating shear wave is confined by the
embedded foundation. In Figure 6.5 (c), the axidiness of the foundation slab prevents the
incoherent ground motion produced below the foundat-or vertically propagating purely S-
waves, the rotational movement induced in foundatioe to kinematic interaction is shown in
Figure 6.5 (d).
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(a) (b) (c)

(d)

Figure 6.5: Kinematic interaction: (a) vertical moot modified; (b) horizontal motion modified;

(c) incoherent ground motion prevented; and (dkiragg motion introduced (Datta, 2010).

The tau ¢ ) effect, derived by Clough and Penzien (1993))arp the kinematic interaction due

to translational excitation with reference to tigid slab. In Figure 6.6, the shear wave moving
in the y-direction produces ground motion in thdisection which varies with y. At the site of

slab where the free field earthquake motion vasigsificantly, due to the rigidity of slab these

motions are constrained to some extent.

7

Figure 6.6: Horizontally propagating shear wavéhmy-direction below the rigid slab of

a large structure. (Clough and Penzien, 1993)

191



If r is defined as the ratio of amplitude of harmoromponent of translational motion to the

amplitude of harmonic component of respective figld motion, then it is shown that

r =%1/2(1—cosa) (6.3)

V. :m (6.4)
where,

Mw) = 27V, is the wavelength.
w

D = Dimension of the base in the y-Direction.

Va= Apparent wave velocity.

Also the values of decrease from unity at =0 andld - o to zero ata =2n andd =D. This
means that if the base dimension of the foundasarery small compared with the wavelength
of the ground motion, then the effect is negligible (i.e. the slab will exerttlét constraint on
the soil and the slab motions will be essentialig same as the free field motions at that
location). On the other hand, if the base dimensibthe foundation is fairly large in compared
to the wavelength of the ground motion, then theffect should be considered and the base

motion could be much smaller than the free fielogid motion.

whenever the stiffness of the foundation systentrobts the development of the free-field
motion, kinematic interaction takes place. Whemfitation subjects to vertically propagating S-
waves of wavelength equal to the depth of embetintee kinematic interaction induces
rocking and torsion modes of vibration in the stuoe, which are not present in case of free field
motion. The deformation caused by kinematic intioacalone can be computed by assuming
that the structure and foundation has stiffnessnbutnass as shown in Figure 6.7. The equation

of motion for this case is

[Msoil]{UKl}+[KD]{uKl}:_[Msoil] Ub(t) (6.5)
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where[M, | is the mass matrix assuming that the structurefanddation are massless and

{ UK|} is the foundation input motiodK DJ is the stiffness matrix and, is the acceleration at the

boundary (Kramer, 1996).

Massless structu

________________

——————————————

——————————————

Figure 6.7: Kinematic interaction analysis (Krante396).

6.8 Inertial Interaction

The mass of structure and foundation causes thesspomnd dynamically. The SSI effect which
is associated with the mass of the structure mddras inertial interaction. It is purely caused by
the inertia forces (seismic acceleration times nafse structure) generated in the structure due
to the movement of masses of the structure duribgation. The inertial loads applied to the
structure lead to an overturning moment and a wexse shear. If the supporting soil is
compliant, the inertial force transmits dynamiccks to the foundation causing its dynamic
displacement that would not occur in case of adfikase structure. The deformations due to

inertial interaction can be computed from the eiguadf motion (Kramer,1996).
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M€ a3+ K 1} = M e { 0, © + 0, ) (6.6)

where[M ] is the mass matrix assuming that the soil is massles shown in Figure 6.8.

structure
Note that the right hand side of equation (6.6)wshdhe inertial loading on the structure
foundation system which depends on base motion fanddation input motion including

kinematic interaction effect.
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Figure 6.8: Inertial interaction analysis

6.9 lllustration of Soil-Structure I nteraction Effects

The soil-structure interaction is illustrated bgimple analysis following the approach of Wolf
(1985). Consider a Single degree of freedom syst6®OF) of mass, stiffnessk, and
damping coefficient, connected to a massless rigid, L-shaped foundaticmeighth as shown

in Figure 6.9 (a). The system is subjected to azhotal excitation of amplitude,. If the
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material supporting the foundation is rigid, theunal frequencyw, of the resulting fixed-base

system will be

_ |k
ah = (6.7)

and the hysteretic damping ratidgrof the structure will be

Caw
= (6.8)

h h
—
k % E_KW .
v | / v
+“—> +“—>
u, (t) u, (t)
(a) (b)

Figure 6.9: Model with compliant base material ngvone dynamic degree of freedom:
(a) SDOF system on a compliant supporting mategftlidealized discrete system in
which the compliance of base is shown by transtatiand rotational springs and

dashpots and (c) total displacements of base asd.ma

If the supporting material is compliant, the foundatan translate and rotate. The stiffness and

damping characteristic of the compliant soil-foutnata system can be representedkyyandc,

in the horizontal (translational) direction and kyandc, in the rotational (rocking) direction.
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The total displacement of the massand the base of the structusg can split into their

individual components as

u' = u,+u,+hd+u (6.9)

t

Up = Ug * U (6.10)

where,

u, = Amplitude of horizontal excitation or free fiehdotion.
u, = Amplitude of base relative to the free field nooti

hé = Rigid body component due to the base rotatiock{ng) of the structure by an angle

u = Amplitude of the relative displacement of the masth respect to the moving frame

attached to the rigid base. It is equal to thecstinal deformation.
6 = Angle of base rotation (rocking).

For a soil without material damping (= 0), the horizontal force amplitudp, acting on it is

written as

Py = kx Up + Cxuo (611)
where the subscript denotes the horizontal direction for a purely étasoil (£, = 0) .While for
a soil with material damping, the correspondingagimun is written as

P =Ky Uy + G, (6.12)

For a frequency dependent harmonic excitation

u, =ia)u0 (613)
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applying in equation (6.11), leads to

X

C, . .
p, =K, (1+k—xl a)} u, =K, (1+ 26,1 )uO (6.14)

where ¢, represents the ratio of the viscous radiation dagpi the horizontal direction.

The material damping can be introduced in an apprate manner by multiplying the spring

coefficientk, (for frequency. ) with the fact0|(1+ 24,0 ) wheref_is the hysteretic damping

ratio, and substituting equation (6.13) in equaf@®i?2), gives

Pn = kx (1+ 255 I +2£X I )uO (615)

Comparing equation (6.12) and equation (6.15) asthgu equation (6.13), the obtained

horizontal stiffness and damping coefficient are

(6.16)

The first term on the right side of equation (6.t6)yresponds to radiation damping and the

second term to the material damping. If the stmects assumed to be rig((ak:oo) and the

foundation unable to rock or rote(te :oo), the natural frequency for translational vibration

_ \ﬁ
@ =y (6.17)
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Similarly the moment amplitud®, acting on the soil, considering rotational (rockidggree of

freedom can be written as

M, =k6+cé (6.18)

Also

M, =k, @1+2&,i+2&,i )8 (6.19)

Comparing equation (6.18) and equation (6.19),dbiined rotational stiffness and damping

coefficient are

k- =k, (6.20)

If the structure is assumed to be rigﬂld: 00) and the foundation unable to translie= «), the

natural frequency for rotational vibration would be

r

To illustrate the soil-structure interaction, anuieglent SDOF system of same masdgs

considered. Its properties like natural frequengyratio of hysteretic damping, are selected
such that when excited by the equivalent seisnpatimotionU ; it will respond in essentially

the same way as the system shown in Figure 6.9sllb&cript e is used to describe the
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properties of this equivalent system. For harmamiation, the equation of motion for the

equivalent system can be written as

(-me? +iwe, +k,Ju=maU, (6.22)
_ \F
W= =

m (6.23)
—_ Cea‘

. = 2 (6.24)

The response of the equivalent system goes toitya its natural frequency for an undamped

system (i.e£, = 0). This occurs when

1 1 1 1

@ @ a7 2
Substituting the value af,, «,and «, in above eq. and solving leads to

w, = %
" JL+k/K, + KNP K, (6.26)

It reveals that the fundamental frequengyof the soil-structure (equivalent) system is always
lesser than the frequeney,of the fixed base structure. It shows that the ic@mgg the soil-

structure interaction is important from the poifitveew to reduce the natural frequency of the
soil-structure system to a value lower than thathefstructure with a fixed base condition. For

resonance condition (i.ey = w,) the hysteretic damping ratio can be formulated as
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2 2 2 2
), ), ), ,
Ee:if{l— £ }2+ = &x +—5 &g 6.27
2 2 2 2 (6.27)

If no radiation damping occurs in the horizontadl dranslation directioné, = &, =0and if the

damping of the structure is equal to the dampintpefsoil, & = £, than above equation results in
¢, =¢. As under normal condition§ will not be smaller tha#, the equivalent damping, will

be larger than the damping of the structure. linshthat the SSI increases the effective damping

ratio to a value greater than that of the structure

For the fixed base structure, translation and iatabf the base is not possible. The base
translation, base rotation and motion of the mésbeequivalent system with respect to the free
field motion (which is given by sum of the baseptagement,, the displacement of the top of

the structure due to rotation of the bage and the displacement due to the distortion of the

structureu ) can be shown as

2

g = (L+ 261 - 26,1 - 26 )u (6.28)
h
6‘)02
hg = _2(1+ 28i - 280 —2&i)u (6.29)
awy
_ 1 111|260 2&i
u+uo+h6’—woz(—+2(f—f)l[ - ]— 5 }U 6.30
a)ez S wez CUOZ %2 a)r2 ( )

Following dimensionless parameters are to be censitito see the effect of the soil-structure

interaction:
» Stiffness ratio defines as the ratio of the stéfmef the structure to that of the soil.

(bo h
Vg

S=

(6.31)

wherev, is the shear wave velocity of the soil.
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» Slenderness ratio h = h
a

whereais the characteristic length of the rigid foundatie.g., the radius for a circular

basement).

3
I

e Mass ratio

o)
)

where p is the mass density of the soil.

* Poisson’s ratiav of the soil.

Hysteretic damping ratios of the structufand soik.

If the stiffness ratio is zero, it shows the fixlea@se condition. If the value of stiffness ratio is
very large, it shows that a relatively stiff stuuet rests on a relatively soft soil. In actual
conditions the stiffness and damping coefficienthaf foundation are frequency dependent. To
illustrate the effect of SSI, the following frequsnindependent approximate expressions (for the

undamped soil) can be used to estimate the stéffaad damping coefficient of a rigid circular

footing of radiusa (Wolf, 1989)

K _8Ga
=, (6.32)
T, PV (6.33)
_ 8Ga’
°~ 31-v) (6.34)
04 .
C,=—pv.a (6.35)
g 1_V10 s

Expressing the frequeney, and damping coefficienf, calculated in equation (6.26) and

equation (6.27) of a rigid circular footing usifgetabove mentioned dimensionless parameters

leads to
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We" _ 1
27 =22
awh ms<(2-v . (6.36)
1 1
= (ﬁz +3 v)j
2 2 3 &3
_ _% g @ STM(nae27Y -
A e AP (=) o3

The graphs in Figure 6.10 shows the effect of $Sthe natural frequency and damping ratio of
equivalent SDOF system by comparing its responge the fixed base system. Figure 6.10 (a)
reveals that when the stiffness ratio is high (e stiffness of the structure is larger than the
stiffness of the soil), the natural frequency @& Bquivalent SDOF system reduces. It means that
the effect of soil-structure interaction on naturaljuency is high at high stiffness ratios. Thus
the SSI consideration is important for stiff sturets with a large mass supported on flexible soil.
In a similar way when the stiffness ratio is love(istiffness of soil is larger than the stiffnegs
the structure), the natural frequency of equivatstem increases. It shows the effect of SSI on
the natural frequency is small at low stiffnessosatind is important to consider for the flexible
(tall) structures supported on stiff soil. Also whthe stiffness ratio is zero (i.e. fixed base
condition), the natural frequency of the equival&ROF is equal to the fixed base natural

frequency.

Figure 6.10 (b) reveals that at high stiffnessoréttie damping of the equivalent SDOF system is
high. It means at high stiffness ratio the effeictamliation damping and soil damping become
more apparent and the structural damping represesisall part of the overall damping of the
system. Also at the fixed base condition the dammhthe equivalent SDOF system will be

same as that of the damping of fixed base structure
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Figure 6.10: Effect of stiffness ratio and mas#rah (a) natural
frequency and (b) damping ratio of soil-structuystem

(h=1v =033 &= 0025¢, = 005) (Wolf, 1985).

The graphs in Figure 6.11 show the effect of SSthenstructural distortion and displacement of
mass with respect to the free field of an equivial®DOF system by using an artificial input

motion. The maximum responses are for the usedicati motion that produced an NRC
response spectrum normalizedafg, = 1.0g. Figure 6.11 (a) reveals that as the stiffneds iat

increases, the structural deformation decreasasedns that the considering effect of SSI results
in reducing the distortion of the structure. On dtkeer hand Figure 6.11 (b) shows that as the
stiffness ratio increases, the overall displacenoéihe mass relative to the free field increases.
It means that considering SSI effect results imgasing the overall displacement of the mass.
Finally on one side the SSI tends to reduce theadenon the structure and on the other side as

the foundation can rotate and translate, it in@edise overall displacement.
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Figure 6.11: Response of equivalent SDOF systeantificial time history,
considering SSItf =1,m = 3,y =0.33,& =0.025,&, =0.05): (a) maximum
structural displacement; (b) maximum displacenoémhass
relative to free field (Wolf, 1985).

6.10 Direct M ethod

In the direct method the soil, structure and fotiotais modeled together using finite element
method (FEM) and analyzed in single step. The giauotion is specified as free field motion
and is applied at all boundaries. The soil domaith wome material damping is limited by a
fictitious exterior boundary, which is placed so &vay from the structure that during the total
earthquake excitation, the waves generated alomgaii-structure interface does not reach it.
The nodes along the soil-structure interface arete by subscripf (foundation). The nodes

of the structure are denoted $iy The nodes along the interior foundation mediurh/ace

denoted by
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Figure 6.12: Finite element model of soil-structsystem for direct method of analysis.

In the above figure the soil is modeled as an abk&ga of rectangular plane strain elements
having two translational degrees of freedom at eautte, while the structure is modeled as an
assemblage of beam elements. It is assumed thankiiic interaction is insignificant and the
foundation block will move with free field groundaotion. The inertia forces acting on the
structure produces the vibration of structure, ftatron and soil at the soil-structure interface

and at the soil below it. The equation of motion tiatal system shown in Figure 6.12 in time

domain can be written as

M U+Cu+ku=—M_ i

Boundary (bb)

+“—>

U
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where,

M = Mass matrix for the entire Structure, foundatima the soil

[Mas]l Mgl 0
=|[M4] [M?ft]_"'[mfsf] [I\Zfs]
0 [Msf] [Mss]

C = Damping matrix (Material) of the structure ahe soil

[CStSl] [CSl f] O
=|[C;q] [CRI+ICs] [Cil]
0 [Csf] [65 s]

Note: Here, the damping matrix is generated by ttoosng the damping matrix of soil and
structure separately from their modal damping rasmg Rayleigh damping. Then they
are combined together to form final damping masimown above. It is assumed that the
coupling term between the soil and structure i Zaut at the interface of soil and

structure they are non-zero.

K = Stiffness matrix of total system, which can benegated using standard assembling

procedure.
[Kstsl] [Ksl f ] O
= |[Kis] [KFI+IKG] K]
0 [st] [Kss]

M, = Mass matrix having non-zero masses for the stracdegree of freedom

[Mgs]l [Mgs] O
=[[Ms] [M}] O
0 0 0

| = Mass matrix having non-zero masses for thetitral degree of freedom
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t, = Free field ground acceleration (can be calculdfgddoing one simple one-dimensional

analysis of site model, prior to the soil-structarglysis)
u = The vector of the relative displacement withpees to the base / foundation.

The right hand side of equation (6.38) shows tlegtia force, which tends to deform the soil at
the soil-structure interface, when transferredhi hase (foundation) in the form of shear force
and moment. The material damping of soil contributee response reduction of the structure-
soil on system is very insignificant and can beleetigd. The deformation of soil due to inertia
forces at the interface propagates in the fornadfation waves giving radiation damping which

mostly affects the structure-soil foundation reg@orif the radiation damping will not die out or

reflect back from the boundary, some error in thleit®on may introduce and also the problem
may become very large. In order to reduce the sizimne problem, the concept of absorbing

boundaries has been introduced in the FEM.

By using the direct method of analysis, like tim@rdin method problem can also be solved in
frequency domain method using Fourier transformction for a specific free field ground
motion. If the time histories of the ground motiare different at different supports, then

problem can be solved by modifying the influencefticient vectof I} used in equation (6.38).

The direct method is well suited for non-linear enetl laws of the soil to be taken into account.
To solve the dynamic SSI problem by direct mettomputer programs can be used. There are

few shortcomings of the direct method of analysene of them are listed below.

- The good representation of damping matrix is dittic
- If the superstructure is modeled as 3D systempthblem size becomes very large and

the modeling of soil/foundation — structure inteddbecomes complex.

207



6.11 Sub-Structure Method

Sub-structure method is computationally more edfitithan the direct method as most of the
disadvantages of the direct method can be remakétk substructure method is employed. In
this method the effective input motion is expresse@rms of free-field motions of the soil layer
initially. In continuation to this step, the sadifndation medium and the structure are
represented as two independent mathematical modealsbstructures as shown in Figure 6.13.
The connection between them is provided by intevactorces of equal amplitude, acting in
opposite directions of the two sub-structures. ft@ motions developed at the interface are the
sum of the free-field motions at the interface lodé soil without the added structure and the
additional motions resulting from the interactioks it is explained in this paragraph, the
substructure method is advantageous as it allowsdak down the complicated soil-structure
system into more manageable parts which can be masdy solved and checked. As the
stiffness and damping properties of the soil aegdency dependent, it is most convenient to
carry out the earthquake response analysis inrédggiéncy domain, then to obtain the response

history and again transform it in the time domain.

Sub-structure No. 1

—O0—0——;
= + WY
a0 ——
W \\‘\/_,,/ ‘M Sub-structure No. 2
Free
Field

Interaction

Figure 6.13: Seismic soil-structure interactionhwstibstructure method. (Wolf, 1985)

Note — In case of soil/foundation medium modelihgame structures, a portion of the soil may

be included in the superstructure as shown in Eigut4(c).
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(a) (b) (c)

Figure 6.14: Seismic soil-structure interactionhastibstructure method: (a) SDOF system
resting on a half space; (b) modeling superstrecimd soil medium separately; (c) some

portion of the soil is included in the superstruetmodel.

For such structures two interfaces exists, onéhatfitee ground surface and the other at the

surface between the superstructure and the sailffation medium.

The substructure method of analysis can be exglamdetail with SDOF structure supported by

a rigid foundation slab resting on an elastic bpHce.

6.11.1 SDOF System Considering SSI

Consider a SDOF system, supported on a rigid bls®mssm, and mass moment of inertig ,

resting on a half-space as shown in Figure 6.15 Ta) make ther effect negligible, the

horizontal dimensions of the base are assumedfiasently small.
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Figure 6.15: Seismic soil-structure interactionlgsia using substructure method
for SDOF system.

The uniform free-field ground acceleratién (t) at the half-space surface will introduce the

foundation forces at the interface between the ba#ige structure and the half-space. Under the
influence of these forces i.e. horizontal base si@@es and moment at the base of SDOF

system will translate and rotate the system du&glegphenomenon, as shown in Figure 6.15 (b).

It is also assumed that a rigid massless plateesept on the surface of the half-space to ensure
its displacement compatibility with the lower swdzof the rigid base.

The total base displacement of the SDOF system slimWwigure 6.15/' (t) will be
V(t) =uy (1) + v(t) (6.39)

where,
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u, (t) = Free field ground displacement.

v (t) = Added displacement (or base displacement) chlug&SI.

Also 4(t) represents the base rotation caused by SSl.alstsnoted that as the SSI results in
translation and rotation of the base of SDOF systemtroduces the (t) and 4(t) displacement

of the system and thus the overall system has 3.0@€ equation of motion for substructure

no.1 (i.e. the top mass of the SDOF system) mayriiten as

mii+2mé ap U +ku+mhé+mvt =0 (6.40)

where,

u = Relative displacement of the top mass with ressjethe base.
m = Lumped mass at the top.

& = Percentage critical damping.

w, = Natural frequency of the SDOF system.

k = Total lateral stiffness of the mass with resggeche base.

h = Height of the column

@ = Displacement due to rotation of base of SDOFesyst

v' = Total displacement of the base.

Considering the equilibrium of the substructure howe will get the base interaction forcés

and M developed between the super-structure and thesjpatfe.

mu+mhé+(m+m)V' =V, (6.41)

mhu+(mh?+1+1 )6 +mhV' =M, (6.42)
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where,
m,= Mass of the base.
I ..,= Mass moment of inertia of the base.

Equation (6.40), (6.41) and (6.42) can also betenitn the frequency domain by using a fourier

transform function as

g(w) u(w) - Mh?*w*8(w) - ma’ v' (w) =0 (6.43)
- ma? u(w) - mh @?8(w) - (M+m)a? v (@) =V, (w) (6.44)
-mha’ u(w) - 1, 8(w) - mha’ V' (w) =M, (w) (6.45)

where,

T = 2
[ =1_+1_,+mh?

g(a) = Inverse of complex frequency response functidres ®DOF system.

The complex frequency response functions formsgimamic stiffness (i.e. impedance function)
for the rigid massless circular footing of radiugesting on an isotropic homogeneous half

space for translational and rotational degreesegfdom as shown below (Datta, 2010),

Gw Gvﬁ
} (6.46)

Gd(w):{e G

where,G,,, G,,, G, G, are the complex frequency response functions. Thesgions have

real and imaginary parts and can be written as

G(ia) =G"(a) +iG'(a) (6.47)
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In the above expressioRdenotes the real part which represents the sddtaese (stiffness)
and | denotes the imaginary part which represents thatrad damping of the soil. Alsa

represents the non-dimensional frequency, whichbeagiven as

(6.48)

Where, v is the shear wave velocity for the material of tireform half-space. Plots of the

GR(a) and G'(a) in the non dimensional form for the elements of ig«) matrix are

available in many publications of various investiiga, in the form of graphs. (Note: - for
rectangular footings, approximate expressions figpedance functions may be derived from
those expressions which are available for the edgmt area of circular footings.) The resulting
displacements of the degrees of freedom of thee et obtained as complex number and are
arranged in a column to form a flexibility matriXhe inverse of flexibility matrix gives the
impedance matrix as shown in equation (6.46). Thesgedance functions are the key
parameters for the substructure method of analysis.

Equation (6.43), (6.44), (6.45) can be rearrang®atta, 2010)

Ky (@) d(w) =M U, (w) (6.49)

where,

K, (w) = Frequency dependent complex stiffness matrikefspil-structure system.

d(«) = Complex frequency components of the displacemventor (i.e. degrees of freedom)

{uve}.

U, (o) = Complex frequency components of the free fielligd acceleration.

M=~{m (m+m) mh}
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Also V, («) and M, («) can be written in terms of the impedance ma@jX«) as

v, | u(@)
{Mb} "G (“’){e(w)} (6.50)

And

WV () = wV(w) + U () (6.51)

The elements of matriK, (w) are given as

Kgur = 9(@)
Kgip = Kgpy = —a/m

Kgis = Kgg = —a’mh

(6.52)
KgZZ = _a)Z(m_'_ ”L) + Guu (w)

Kg2s = Kgsp = _wzmh"'Gue(w)

Kgas = _w2|‘m +Ggg (@)

Equation (6.49) can be solved for discrete valug ,0fvhich gives the response vectibfw) in
the frequency domain. Fourier transform of groundeteration give§, (). Also the inverse

Fourier transform ofl(«) gives the response(t), v(t), 6(t) in time domain in the form of time

histories.
6.11.2 M DOF System with Multi-Support Excitation Considering SSI

The basic principles involved in the analysis of(BDsystem are same and applicable for the
MDOF system except that the formulation of the ¢éiguain case of MDOF system with multi-

support excitation is more complex. The situatibrmailti-support excitation can occur in case
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of large structures such as bridges and arch dé&ms/kere the free-field motion at all points of
contact of structure and foundation are not conmsfeme approach normally used to solve this
kind of problem is to define a quasi-static compunaf the response in the total absolute
response of different degrees of freedom. The thisgllacement of the system can be given as

combination of two quasi-static components of dispiment and a dynamic displacement.

{up={u}+{u}+{u} (6.53)

where,
{ut}: Total/absolute displacement of the system frdireal reference.

{u}:The vector of the displacements produced at ahli-supported degrees of freedom

produced due to the ground displacements at theosigp

{u,} =The vector of the displacements at the suppontsnfaintaining elastic compatibility

between the foundation and the soil.

{uy} =The vector of the relative dynamic displacementslpced at all non-supported degrees of

freedom due to the inertial actions.

The quasi-static displacement involves the stifn&fsthe soil-structure system only. Initially the
free field ground motion tends to move the suppwaith the same distance with which the soill
supporting the support moves. The different supgpbave different ground motion (as it is not
constant for large structures), due to this thatid motion between the supports takes place.
This results in the development of the elasticdsrin the structure. Due to these elastic forces a
set of equal and opposite reactions develops ainteeace between the substructure no.1 and
substructure no.2. This equal and opposite reatwaduces the deformations in the interface
and induces compatible displacement in the stracind soil. Also the inertia forces developed
at the masses related to each degree of freeddahedtructure intoduces a pair of equal and
opposite dynamic forces at the foundation andist@fface. This results in the development of
the compatible dynamic displacements in the stracamd the soil. The dynamic displacements

caused in the solil, propagates in the form of aemaithin the soil giving rise to radiation
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damping in the soil-structure interaction. To fotaia the governing equations of motion for the

general soil-structure system, consider a MDOFesysds shown in Figure 6.16.

y
v a1 ]
Ly YT T T iy
(bb --i--l--'i--i--i--i-.l--l--I‘-l;j )
h.. __I__I___I.__I__l__I__l__l__l__
1 ] ! ! 1 1 1 ! ]
(bb) ¥ !
{a} (bh)
(b)
sr
J
T ]
S PR N I
- E 1 ! |4-
H H H H ]
5

Figure 6.16: Seismic SSI with substructure metf@afiMDOF system with multi-support
excitation; (b) modeling superstructure (substmectmo. 1) and soil medium (i.e.
substructure no. 2) separately; (c) some portioth@fsoil is included in the superstructure

model referred as substructure no.1 and remairtih@s substructure no. 2.
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The equation of motion of the system shown in Feghid 6 (a), can be written as

Mstsl Mslf E 0 utst Cstst Cstf E 0 U; Kstst Kslf E 0 U; 0
Mg My Mg gt o +|Crq Gy 1Cs (Ui | Kpg Ky iKe|Uir=y P ¢ (6.54)
0 Mg Mg |l 0 Cy iG] |t 0 Ky Kg||u| |[P=-P

Partitioning the equation of motion, will lead thettwo sets of equation of motion of both

substructures, shown in Figure 6.16(b)

The equation of motion of the substructure no. lilddake the form
M M ut C C ut K K ut 0
stst st f ? + stst st f ? + stst st f ? - . (655)
Mig My ||U] Cia Cq ||Uf Kig Ky ||uj P
In a similar way the equation of motion of substmwe no. 2 is

Mol e ut bk Hu=tp)-Img ot - [ea o= kG Ju b e56)

where,

st : Represents the nodes of structure.

f : Represents the nodes of foundation or commenfatde between substructure 1 & 2.
S : Represents the nodes of soil i.e. substructor@n

For the model (c) shown in Figure 6.16, the equatibmotion will be

Mgg Mgr O

L0 L0 L 0 0
1 ..t ! -t ! t
Mrs Mg Mg O \JUg | 1Crs Cq Cht O |JUs[ | Keg Kg o K3 0 |JUz | _ 0
O Mip M i Mis b O G GidGis (ot || O Kin_Kii iKis||uf| (5| (657)
0 0 Mg i Mg][if 0 0 Cs:Cs]fgt 0 0 Ks 'Ks]| b s
S S . S
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st : Represents the nodes of structure.

f : Represents the nodes (DOF) of base/foundagosail-structure interface but

Excluding: ands.

i : Represents the nodes in the soil region exctuthia nodes off ands

: Represents the nodes at the interface of sulbsteuco. 1 & 2 and also the nodes of

n

substructure no. 2.
Partitioning this equation as indicated gives theation of similar form of equation (6.55).

where,

Mstst Mstf O
[M44] Of equation (6.55) angM,4, Mg My | of equation (6.57) shows the mass matrix for
0 I\/lif I\/lii

the nodes/DOF of the substructureno.l excluding nbdes of the interface between the

0
substructure no. 1 and[®,] and| O | of equation (6.55) and equation (6.57) respedtivel
M fi

shows the mass of the DOF of the substructure amadlthe interface of substructure no. 1.

Similar is the case dM,y]and[0 0 M, ].

[M, ]of equation (6.55) anfM ]of equation (6.57) represents the mass of the DOtRea

interface of substructure no. 1 and 2, excludirg@IOF inside the substructure no. 2.

{Pft} of equation (6.55) anciPSt} of equation (6.57) respectively shows the nodates

developed at the interface of substructure 1 abdtaucture 2. In a similar way the damping and

stiffness matrix are having same relation. So nowards the solution of equation (6.55) and
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(6.57) will follow the same steps as mention belibwugh the steps are written, by keeping

equation (6.55) in mind.

In order to obtain the quasi-static componenthefresponses i.e.andu, , only stiffness terms
of the equation of motion are considered. Let thasgstatic response of non support degrees of
freedom due to free field ground motion at the suppe denoted by* and the free field

ground motion at the support be denoted by u, . Also the quasi-static displacements at non

support degrees of freedom produced due to the atilohp displacements at the soil foundation
interface be denoted hy® and the compatible displacement at the supportiebeted byu, .

Then the equilibrium of forces at the soil-struetumterface written in the frequency domain is

given as

Kfst(u$+ur5t)+Kﬁ(uf+urf)+Gﬁurf =0 (6.58)

In which G4 is the impedance matrix for the soil correspondioghe interface degrees of

freedom. As this equation is written only for qusitic motion, the imaginary part of the

impedance matrix is not included in it.
After simplifying this equation, we will get

Kig U™ +(Kff "'Gfr)urf =-Kq U* =Ky u' =—p; (6.59)

If the displacement, due to the free-field grounation of the non support degrees of freedom

the supports and the ground motions at the supperdnly considered, then

Keg US+Kg, uf =0 (6.60)
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ut =Ky Ky, U

_ -1
or =—Kgs Kgr Ug (6.61)

1 - ..
=—Kgg letf Uy

o’

Substituting equation (6.61) in the R.H.S. equa(®b9), leads to

1 - N
Py :_F(Kff “KigKgg letf)ug (6.62)

If the displacements at the non support degreeseeflom produced due to the compatible
displacements at the soil foundation interface taredcompatible displacements at the supports

are only considered then

Kas U™ +Kgy urf =0 (6.63)

Adding equation (6.63) to the L.H.S. of equationb€j (as there is no external set of forces

acting on the structure), the following expresdmmu, is obtained.
K K u® 0
stst st f rf — (6.64)
Kfst Kff +fo u, ~ Py

Equation (6.53) can also be written as
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(6.65)

Further substituting equation (6.65) in equationb%$ and rearranging it, we will get the
expression fau, .

[Mm Mngu;*Hcﬂ CnguffHKw Knguz‘}z
My My Udf Cis Cy Udf Kia Ky Udf

fiz Sl S %
My Mg u; Cie Cyq U; Kie Kg Uaf I:)ft

In the above expression the damping terms of thkSR makes little contribution to the effective

(6.66)

load of a relatively low damped system, §ay0.1, and can be neglected. Using equation (6.58),

equation (6.66) can be written in frequency dontgiperforming Fourier transform, as

M M C C K K s
_ R e Sf| Ll o8 sf || e stf Udf —
Miy Mg Cie Cyq Kig Kg Uy

(6.67)

where,p,; =-G,u,'. Also P! - p, represents the dynamic component of the loadinthet

foundation which is arise due to dynamic charastieriof displacement at the interface. It may

be obtained in a similar way as that of quasi-s@igplacement (equation 6.58) i.e.

Pl =Py =P =Gy Uy’ (6.68)
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In this equationG, have both real and imaginary components. The inaagirtomponent

denotes the radiation damping due to which ove@thping of the system increases.

Substituting equation (6.68) in equation (6.67yegi
M M C C K K u M M ud
— stst o f +icw stst o f + stst s f d = g2 stst s f a
{ |:Mf5 M Cia  Cy Kig Ki +Gy || (ug Mig My | |uf] (6.69)

u,*andu," can be determine by solving equation (6.69) anersing complex matrix for each

value ofe. Using these results' can be obtained. Inverse Fourier transformu'afives the

desire response in time domain.
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6.12 Solution of SSI Problem Using ABAQUS Software

The SSI problem can be solved using ABAQUS softwayefollowing the steps mentioned
below

1. Part Module: Forming the geometry of the structand soil.

2. Property Module: Generating the property of thacttire and soil.

3. Assembly Module: Assembly of the structure and swd common platform.

4. Step Module: Define the analysis type.

5. Interaction Module: Define the interaction betwdlea structure and soil medium.

6. BC Module: Define the boundary condition in theusture.

7. Mesh Module: Meshing of the structure and soil.

8. Job Module: Submission of the Job for the analysis.

9. Visualization Module: Viewing the result.
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Example 6.1

Analyze the frame shown in Figure 6.17 by perfognsoil-structure interaction analysis in
ABAQUS by

» Direct Method.

* Sub-Structure Method.

The frame is supported by two isolated footingsitgproperties as mentioned below.

1. Structural Configuration

im

im

im

im

Figure 6.17: Frame to be analyzed by Seismic $aitgire interaction analysis.

2. Properties of structure

Size of Beams =400 mm x 400 mm
Size of columns =400 mm x 400 mm
Size of foundation = 750 mm radius

3. Material properties of structure

Density pg = 2500.00kg/m®
Modulus of ElasticityE = 2500.00N/m?
Poisson’s ratioug =0.15
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Damping é = 5.00y

4. Properties of Soil

Density ps = 1800.00kg/m?
Shear Velocity ¢ = 200.00nysec
Poisson’s ratioy, =03
Damping &g = 20.00y
5. Input Time History = El Centro Earthquake Timestdry as shown in
figure 6.18
T T T T T T T T T T T
0.3F s
c -
9
*é i
Q
G) -
[&]
(@]
< : 7
0.3F -
0 5 10 15 20 25 30
Time (Sec)
Figure 6.18: Input EI-Centro Earthquake Time -dmgt
6. Problem requirement Fird the time histories of relative acceleration
and

Rotational acceleration at the topfflof the

given frame.
Soution:

A. Procedure by Direct Method

1. Modeling of structure geometry
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e Structure is modeled with beam elements and saihasleled with plain strain
elements.

* Mesh size for beam elements is 1m and mesh sizelém strain elements is
3m x 3m.

» To avoid reflecting effect of wave sufficient amowf soil beyond the structure
I.e. 30m is modeled.

* Abaqus Model of structure along with soil is showithe Figure 6.19 below

2m
|-|.—3-—|

im

3m

SOIL

(%)
=
g

Figure 6.19: ABAQUS model of structure with soil.

2. Soil Structure interaction and support conditions
» Appropriate boundaries for the soil medium are esli- Support conditions at
bed rock level are assumed to be fixed.
* Interaction between structure / footing with seimodeled with tie elements.
» Contact surface between footing and soil is defied
» Hard contact in vertical direction.
» Friction contact in tangential direction.

» There is no separation in vertical direction.
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3. Analysis of structure and results

Structure is analyzed in ABAQUS and following résudre presented.

+ Relative acceleration time history at top floor
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Figure 6.20: Relative acceleration time - histaryop floor of frame.

+ Rotational acceleration time history at top floor

30

0 5 10 15 20 25

Time (Sec

Figure 6.21: Rotational acceleration time - histaryop floor of frame.
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B. Procedure by Sub-Structure Method

Basically there are 3 steps for soil structureraton analysis by sub-structure method

using ABAQUS.

1. Input time history is at bedrock level and we n#edltime history at foundation level.

* In first step time history at the bedrock levetanverted to time history at foundation
level by kinematic interaction analysis.

* Procedure - Massless structure (i.e. structure siiffness only) is modeled along
with soil and time history analysis is carried oyt applying the time history at the
bed rock level.

 The modified time history at the foundation level shown in Figure 6.22. By
comparing time history at bed rock level shown iguFe 6.18 and time history at
foundation level shown in Figure 6.22, one canasothat the foundation level time

history is having some more peaks but small vafuaazeleration amplitude.

0.6 T T T T T T T T T T

5 10 15 20 25 30
Time (sec)

Acceleration from Kinem. Int.(g)

Figure 6.22: Time -history (modified) after perfang kinematic interaction analysis.

2. Estimation of spring constants for soil-spring danss are estimated for foundation by
considering properties of soil.

Shear wave velocity v, = G/ ps



Shear modulus G = p xV2
=1800x 200°
=72x10" N/nm?
Spring constants are given by
Ky =32(1- ) GRI(7-84)
=32(1-0.3)x 7.2x10"x 075/(7-8x0.3)
= 263x10° N/m
K, =4GR/(1- u,)
=4x 72x10"x 075/(1- 0.3)
= 308x10°N/m
K, =8GR*/[3(1- 1.)]
=8x72x10"x 075*/[3x(1- 0.3)]
=116x10° N/m

. Modeling of structure

» Superstructure is modeled as per the requiremehegsroblem.

» Support conditions are modeled by spring constamiisvalues of spring constants are
considered as estimated in step 2.

» Time history analysis is carried out for the stauet using modified time history
obtained in step 1(i.e. after performing kinematrderaction analysis). This
procedure is called as inertial interaction analysi

* Model of the structure along with spring suppostshiown in Figure 6.23.
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3im

3m
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3m
o T LIS i :
- w8 Figure 6.23 : Model of structure only,
Ks K Kz ke with spring supports

4. Analysis of structure and results

Relative Accelration (g)

Structure is analyzed in ABAQUS and the followimgults are presented.

% Relative acceleration time history at top floor.
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Figure 624: Relative acceleration tin- history at top floor of frarr.
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Rotational Acceleration (

+« Rotational acceleration time history at top floor.
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0.02}|- _
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-0.04 : ' - ' - L - . - I
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Figure 625: Rotational acceleration tin- history at top flooiof frame.
Discussion

By comparing the obtained results of the accelenatesponse of the system, we can see
there is difference in the acceleration response thistory of the two analysis. The
reason for the difference between the results ®ftwo analysis is that in direct method
we are applying original time history (with highemplitude) directly at the foundation
level of the structure. While in case of substruetmethod firstly we are applying time
history at the bed rock level and then modifyingpithe foundation level. Due to which
the modified time history is having somewhat smadiceleration amplitude in compare
to the original time history. Further in this methwe are modeling soil also, due to

which the two results are differing.
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6.13 Tutorial Problems

Q1. Analyze the frame shown in Figure 6.26 by perfogrsoil-structure interaction analysis

in ABAQUS by
. Direct Method.
. Sub-Structure Method.

The frame is supported by two isolated footingartgproperties as mentioned below.

1. Structural Configuratic~
3m
IA LI
< >

Figure 6.26: Frame to be analyzed by Seismic $aikgire interaction analysis.



Q2.

Properties of structure

Size of Beams =450 mm x 450 mm
Size of columns =450 mm x 450 mm
Size of foundation =900 mm radius

Material properties of structure and soil are saséaken in solved example 6.12.
Find the time histories of relative acceleratiow &otational acceleration at the
top floor of the given frame when it is subjectedEl-Centro Earthquake time
history.

Analyze the frame shown in Figure 6.26 by perforgnsoil-structure interaction analysis
in ABAQUS by

Direct Method.
Sub-Structure Method.

The frame is supported by two isolated footingsifig properties as mentioned below.

Structural configuration, Properties of structared material properties of structure are

same as mentioned in the previous problem. Theepties of soil are as mentioned

below

Density p = 2000.00kg/m®
Shear Velocity = 600.00m/sec
Poisson’s ratiqu, =03
Dampingé, = 20.00;

Find the time histories of relative acceleratiowl &otational acceleration at the top floor

of the given frame when it is subjected to El-Ceftarthquake time history.
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6.14 Answer to Tutorial Problems

Q1

e Direct Method

2 T T T T T T T T T T

[EEY
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1
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T
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0 5 10 15 20 25 30
Time (sec)
Figure 627: Relative acceleration tin- history at top floor of frarr.
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Figure 628. Rotational acceleration tin- history at top floor of fram.
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Sub-Structure Method

Relative Accelration (g)

Rotational Acceleration (
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Figure 62¢: Relative acceleration tin- history at top floor of frarm.
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Figure 63C: Rotational acceleration tin- history at top floor of frar.
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Q2.

Direct Method
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Figure 631: Relative acceleration tin- history at togfloor of frame.
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Figure 632: Rotational acceleration tin- history at top floor of fran.
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Rotational Acceleration (:

Sub-Structure Method
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Figure 633: Relative acceleration tin- history at top floor oframe.
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Figure 634: Rotational acceleration tin- history at top floor of frar.
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