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ABSTRACT: Spatial variation of ground motion has a significant impact on the response of
structures that extend over long distances parallel to the ground. Large, relatively rigid founda-
tions are known to average spatially varying ground motion, within its envelope. This paper
discusses the response of a typical containment structure (CS) supported by a 40m diameter cir-
cular raft in a deep soil site in the Indo Gangetic Plain, subjected to spatially varying ground
motion. A three dimensional model of the structure is developed by the Sub Structuring method
using the SASSI2010 program. Both foundation and near-field soil are modelled using brick
elements, while the soil layers are modelled as horizontal viscoelastic layers. The methodology is
evaluated using the analytical transfer functions developed by Luco and Wong (1986), and the
comparison is found to be good. The coherency function proposed by Abrahamson (2006), for
the deep soil site is then used in the analysis, for the deep soil site. It is found that the response
of the structures when subjected to spatial variation in ground motion decreases with increase in
embedment depth as well as size of the foundation. A 45degree angle of incidence of the plane
wave is found to result in highest response in the structure.

1 INTRODUCTION

The spatial variation has significant effects on the seismic response of long structures like
power plants, bridges which extended over large areas. The term spatial variation of seismic
ground motions refers to the difference in amplitude and phase of the seismic motions. The
spatial variation in ground motions is mainly due to wave passage effects and local wave scat-
tering. Incoherent ground motion can cause additional rotational and torsional effects also
known as the ‘tau effect’. This paper focuses on the response of a containment structure sup-
ported by a large mat circular foundation to a spatially varying ground motion found in a
deep soil site in the Indo Gangetic Plain, near the Haryana state of India. The three dimen-
sional model of a containment structure is developed in the SASSI2010 program by substruc-
ture approach. The results are presented in terms of response spectra at some locations of the
structure and the factors which affecting the response has also been studied.

Several studies (Abrahamson 1991, Abrahamson et al., 1990) were carried out on modelling
the spatial variation of seismic ground motions from the Large Scale Seismic Test (LSST) array
in Taiwan. It was concluded that the coherency is solely the function of separation distance and
the frequency. The coherency function developed only from the LSST array soil site. These
coherency functions might suitable to other regions. Most of the studies accounts for the
response of surface foundation subjected to incoherent ground motions and also considering
vertically propagating shear waves. The effects which lead to spatial variation of ground motions
are (a) wave passage effect, (b) extended source effect, (c) scattering effect and (d) attenuation
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effect (Abramhamson et al.1993). The combination of extended source effect and scattering
effect called it as “Incoherency effect”. Incoherency models have been developed by Harichan-
dran and Vanmarcke (1984), Loh (1985), Luco and Wong (1986), Loh and Yeh (1988) and
Abrahamson et al. (2006). The Luco and Wong (1986) incoherency model is given by

yol|r —1/|

7ii(r, @) = exp{—( )2} (1)

Vs

where v is the spatial incoherency parameter varies from 0 to 0.5, o is the circular frequency
in rad/sec, V is the shear wave velocity of the soil in m/s and |r — #/| is the measure of separ-
ation between two points, i and j on the ground. This model is not employed commonly for
practical design. However existing analytical solutions using this model aids in verification of
the methodology.

The, Abrahamson’s model is commonly adopted to study the spatial variation in ground
motions in soil sites. The coherency model (Abrahamson, 2006), for soil site conditions is pre-
sented in equation 1.
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In the above equation, y,, is the plane wave coherency representing the random horizontal
spatial variation of ground motion, f is the frequency in Hz, ¢ is the separation distance in
meters anda;,az, a3, ny,ny(¢) are constants derived based on LSST array data.The Abraham-
son (2006) model is commonly used and the coherency functions are derived from the field
data, whereas Luco and Wong (1986) model is purely analytical in nature. The Abrahamson
(2006) incoherency function is employed in the present study to determine the effect of various
parameters which affect the response of the structure.

2 SUBTRACTION-SUBSTRUCTURE APPROACH

The computer program System for Analysis of Soil-Structure Interaction (SASSI) developed by
Lysmer et al. (1981) uses finite element techniques and a complex response method in the fre-
quency domain to solve dynamic soil-structure interaction problems. The program SASSI2010
is capable of handling 2D and 3D soil-structure interaction problems involving multiple struc-
tures with rigid or flexible embedded foundations of arbitrary shape. The SASSI2010 is a fre-
quency domain analysis program which uses the principle of superposition and therefore the
impedance calculation is essentially a linear analysis. The subtraction method partitions the
total soil-structure system into three substructure systems. The subtraction method partitions
the total soil-structure system into three substructure systems. Substructure I includes the free-
field site, substructure II forms the excavated soil volume and the substructure III consists of
the structure. The subtraction method assumes the soil-structure interaction occurs only at the
common boundary of the substructures, i.e. at the boundary of the foundation of the structure.
The equations of motion for SSI substructures can be written in the following matrix form,

MU +KI{U}={Q} 3)

where [M] and [K] are the total mass and stiffness matrices respectively. {U }is the vector of
total nodal point displacements and {Q }are the forces due to applied external dynamic forces
or seismic excitations. For the harmonic excitation at the circular frequency o, the equations
of motion take the form as,

[CHUI={Q} 4)
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Figure 1. Horizontal transfer function at the centre of a massless circular foundation for different
values of spatial incoherence parameter

where {Q}, {U} and [C] are the complex force vector, the complex displacement vector and
the complex frequency-dependent dynamics stiffness matrix respectively.
The equation of motion for the system is formulated as follows:

Ci'-Ci+Xi —Ci Cl'T( U] (XU
o el o [{ue =g 0 (5)
cit o ¢ | u 0

where superscripts I, IT and III refer to three substructures. The complex frequency-depend-
ent dynamic stiffness matrix on the left in Equation (5) indicates the stated partitioning
according to which the stiffness and mass of the excavated soil are subtracted from the
dynamic stiffness of the free-field site and the structure. The free-field motions at the degrees
of freedom for the interacting nodes, {U;'} or {U¢} is computed from the site response ana-
lysis. The structure, which consists of the superstructure and the foundation, is modelled using
finite elements. The superstructure is modelled as a lumped mass stick model for representing
its dynamic response characteristics. The soil medium is treated as infinite horizontal layers of
visco-elastic material.

To evaluate the methodology, a massless circular foundation is modelled using thick shell
elements available in the SASSI program. The transfer function for horizontal response is
then analysed for the Luco and Wong (1986) incoherency model. The transfer functions
obtained for different values of spatial incoherence parameter (y = 0.1, 0.3 and 0.5) are plotted
against dimensionless frequency a,=wd/V; in Figure 1.

3 DESCRIPTION OF STRUCTURE, SOIL AND INPUT MOTION

The structure consists of a containment structure which essentially consists of a post-tensioned
concrete cylinder, a dome, and a reinforced concrete circular base slab. The containment
structure and internal system of the containment structure rest on a 40 m diameter (B) circular
foundation. The internal system is composed of a network of concrete walls providing the
radiation shielding and is normally designed to act independently of the containment structure
except at the base connection. Figure 2 shows the cross-section of the structure showing the
basemat, and internal structures. Both the containment and internal structures are modelled
using beam elements and lumped masses. In modelling the containment structure, it has been
assumed that plane sections remain plane during bending for horizontal seismic analysis, and
any ovaling action is omitted because of its negligible contribution to the total stress response.
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Figure 2 also shows the lumped structural model with 11 masses for the containment structure
and 6 masses for the internal system and its respective elevations from the ground surface.

The raft of the structure is founded on a typical deep soil site of the Haryana State of India.
The profile predominantly consists of silty clay layer up to a depth of 10 m from the ground
surface. This is followed by the silty sand to the depth of 22 m below which sand is up to 32
m. The ground water table is located at a 2.5 m below the ground surface.

The properties of different soil layers are summarized in Table 1. The shear wave velocity of
the soil layers varies from 255 to 295 m/s. The finite element modelling of the entire CS was
carried out in two stages: (i) Modelling of basemat, and (ii) the modelling of the containment
structure and internal systems of the CS.

The components of the containment structure and the internal systems of the CS has been
compensated by adding corresponding lumped masses at appropriate elevations. Stiffness
properties of the buildings of the CS are predefined by cross-sectional dimensions and mater-
ial properties. The basemat is embedded into the ground and is modelled by Three Dimen-
sional solid elements (eight noded brick elements) connected to the underlying soil.

The 3D structural finite element modelling of the CS comprising containment structure and
internal systems are modelled as beam elements. The excavated soil model is modelled as brick
elements. The excavated soil model is considered when the foundation of the structure is embed-
ded into the ground surface and it is modelled by 3D solid elements. The properties such as
cross-sectional area, shear area and moment of inertia of the beam elements are presented in
Table 2. The Modulus of Elasticity value for beam elements were taken as 31.3 GPa, and Poisson
ratio adopted was 0.278. Rigid links are represented by beams of large flexural and axial rigidities
are used to connect the stick models to the basemat. The rigid links which connect across the
diameter of the foundation represent the connection of containment structure and stick model.
The rigid links provided along the periphery of the foundation provide the stiffening effect of the
containment structure. The elevations of the lumped masses of the containment structure and the
internal structure and its magnitude from the ground surface are presented in Table 3.

The CS is subjected to the 1940 El Centro accelerogram presented in Figure 3(a). The peak
horizontal ground acceleration of the motion is 0.1 g. The response spectra of the input
motion for structural damping ratio of 5% are plotted in Figure 3(b). The peak values spectral
acceleration occurs in the range of 2 to 5 Hz. The control point is applied at the centre of the
foundation and at a depth of 32 m below the ground surface. For the present study, Abraham-
son’s soil coherency model presented in Eq. 1 is adopted.

Containment

EL. 63.10 m 11 ‘ structure

EL. 60.50 m
EL. 56.20 m
EL.50.38 m

EL.43.83 m
EL.37.73 m

EL.31.60 m

EL.28.34m

Internals

EL.25.50 m

EL.19.45m EL.18.60 m

EL.14.93 m

EL.13.35m EL.10.21m

EL.7.16 m EL. 6.70 m

EL. 3.96 m
EL. 243 m

Figure 2. Cross-Section of the containment structure (Modified from Ostadan & Deng, 2010)
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Table 1. Properties of Soil

SPTN
Depth (m) Type of soil Value  Unit weight (kN/m®) Shear wave velocity (m/s) Poisson’s ratio (v)

0-6.5m  Silty clay 12 17.98 255 0.30
6.5-10m Silty sand 29 18.21 264 0.31
10-22m  Sand 39 17.83 285 0.31
22-32m  Sand 48 17.95 297 0.33

Table 2. Material Properties of Structural Elements

Shear area Moment of Inertia

S.No Cross sectional area (m?) (m?) (x108 m*)
1 130.06 65.03 2.42

2 92 46.5 1.64

3 92 46.5 1.29

4 92 46.5 0.69

5 92 46.5 0.17

6 185.8 122.6 0.95

7 237.8 144.9 1.04

8 205.3 135.6 1.04

9 182.1 67.8 1.12

10 161.7 55.7 0.78

11 72.5 33.4 0.17

12 17.7 6.5 0.003

Table3. Elevations of lumped masses of the containment structure and internal structure

Containment structure Internal system

Lumped mass Mass Elevation from Lumped mass Mass Elevation from
number x107 (kg) ground surface (m) number (x10” kg) ground surface (m)
1 2.09 7.16 12 1.27 2.43

2 1.91 13.35 13 1.14 3.96

3 1.91 19.45 14 2.85 6.70

4 1.91 25.50 15 1.71 10.21

5 1.91 31.60 16 3.87 14.93

6 1.91 37.73 17 0.55 18.60

7 2.09 43.83 18 0.37 28.34

8 1.37 50.38

9 1.12 56.20

10 0.96 60.5

11 0.09 63.10

The structural models of the buildings described above are coupled with the excavated
model of the soil to form one complex finite element model. The numerical computations
based on the subtraction method are performed using SASSI 2010. The following parameters
influencing the response of the structure are analysed:

a. The depth of embedment (D),
b. The Foundation size (Foundation area), and
¢. The angle of incidence (i) of input motion made with the vertical
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Figure 3. (a) Acceleration Time History of El Centro Input Motion and (b) response spectrum for 5%
damping

o

1.6
——DB=0
——D/B=001 = >— Basemat
(a) —omean c (b) - o Curit
o ——D/B=005 2 ©— Internal
= ——D/B=0.075 £ 124
£ D/B=0.10 3
B o3
5os ——D/B=0.125 2.,]
g g
2 3
Fo2
] °
2
&
0.1
00 T 02 T T T T T T
0.1 05 5 10 50 25 0.0 25 5.0 75 10.0 125 15.0
Frequency (Hz) D/B (%)

Figure 4. (a) 5% Damped ARS observed for different embedment depths and (b) variation of maximum
spectral acceleration with different D/B values, at the basemat

The results of the analysis are discussed in the form of acceleration response spectrum (ARS)
at various levels of the CS. The ARS at different levels of the structure for different parameter is
presented in the next section for the structure subjected to incoherent ground motion.

4 RESULTS & DISCUSSIONS

4.1 Effect depth of embedment

Seismic SSI analyses for the foundation at various embedment depths for the CS for the cases
with embedment to foundation diameter ratios (D/B) of 0%, 1%, 2.5%, 5%, 7.5%, 10%, and
12.5%, is carried out. Figure 4(a) shows 5% damped response spectra at basemat for i = 0°.
Similar responses are obtained at the top of the containment structure and internal system. It
is noted from Figure 4 that the spectral acceleration values decrease with increase in embed-
ment depth at all structural frequencies. The variation of maximum spectral acceleration with
D/B ratio is presented in Figure 4(b).

4.2 Effect of foundation size

Seismic SSI analysis were performed on foundation with diameters of 20 m, 60 m and 80 m.
The response spectra at basemat for 5% damping and i = 0° for different diameters of founda-
tion is shown in Figure 5. The peak spectral acceleration values are significantly reduced
within increase in diameter of footing due to increase of radiation damping. Figure 6 shows
the variation in maximum spectral acceleration with the foundation size. It is inferred that the
size of the foundation has significant effect on the response of the CS. The peak spectral accel-
eration was observed to be decreasing with increase in the foundation size.
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4.3  Effect of angle of incidence of input motion

A simple representation of incident angle of input motion (i) is shown in Figure 7(a). The
effect of incident angle of input motion on the response the basemat, containment structure
and internal systems for various values of i is presented in Figure 7(b). It is noted that the
significant increase of spectral acceleration occurs around an angle of incidence of 45°.
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Figure 5.  Amplitude Response Spectra at Basemat for different size of foundation
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5 CONCLUSIONS

Soil structure Interaction analysis using the finite element based substructuring method imple-
mented in the SASSI code forms a reliable technique to study the effect of incoherent ground
motion on the response of structures. The response of a containment structure to incoherent
ground motion defined using the Abrahamsons incoherency function, is discussed in this
paper. It has been observed that the magnitude of maximum spectral acceleration of the con-
tainment structure at basemat, containment structure and internal system subjected to inco-
herent ground motion decreases as the embedment depth increases. The peak spectral
acceleration of the containment structure at basemat, containment structure and internal
system subjected to incoherent motion decreases by about 50% when the size of the founda-
tion increased to 80 m from 20 m. The peak spectral acceleration of the structure at basemat,
containment structure and internal system increases with the angle of incidence up to a value
of 45°, beyond which a reduction is observed.
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