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ABSTRACT

This paper presents the seismic response characteristics and seismic qualification of Critical facility (CF)
building located at BARC, Mumbai. A 3-D detailed structural model of the building is developed for the static and
seismic response analyses. The FE model of CF building consists of integrated assembly of roof and floor slabs,
beams, RC walls, columns etc. Structure is supported on pile foundation because of the unavailability of competent
soil at the foundation level. Its effects have also been modeled. The soil-pile interaction is modeled based on
Winkler’s beam on elastic foundation. The design basis earthquake (DBE) for the site is considered in the analysis.
In order to get response of structure subjected to earthquake motion, response spectrum analysis is carried out.
Dynamic time history analysis of structure for Design Basis Earthquake (DBE) has been performed to generate in-
structure time histories and floor response spectra (FRS) at reference locations in the building. The standard mode
superposition method is used for evaluation of dynamic response of structure in time domain. Design check has been
performed for the structural members, such as, columns, beams and slabs of the Critical Facility building. The
structural members are assessed for adequacy of safe design as per the codal practice for the forces due to static
loads and considered earthquake ground motion. Effects of pile foundation on structural response are also compared
with fixed base model.

INTRODUCTION

The Critical facility is a low power research reactor with built-in design features which allow arrangement
of fuel rods and safety rods in a variable lattice spacing to simulate the different core configurations as per the
requirements of various reactor physics experiments for Advanced Heavy Water Reactor (AHWR) and 500 MWe
Pressurized Heavy Water Reactor (PHWR). The CF building being a safety related structure, its adequacy for
seismic qualification is assessed for the site. The critical facility which is low power research reactor is designed for
0.11g PGA to meet the requirements of IAEA-TECDOC-1347 [1]. The building is supported on pile foundation.
The soil-structure-interaction (SSI) can significantly alter the frequencies of vibration of the building which in turn,
may affect the seismic response of the structure. The fundamental and basic concepts of soil-structure interaction for
seismic response analysis of nuclear structures have been described [2]. Several studies have been conducted in past
to demonstrate the effect of SSI on the seismic response of structure whether founded on basmat raft or on piles.
Some of them describe analytical methodology and formulation [3], and effect of soil parameters on the seismic
demand of structures [4]. Sung et al. carried out the parametric study to determine the foundation condition in soil-
structure interaction analysis for nuclear power plant structures. The parametric studies [6] for the effect on vibration
characteristics and seismic response of nuclear safety related building supported on piles have also been presented.

The soil-structure interaction (SSI) effect requires additional efforts in developing analytical model of
structures. For engineering applications, a foundation condition is assumed as fixed base depending upon its shear
wave velocity and superstructure dynamic characteristics. The Critical Facility has a number of safety related
structures, systems and components (SSCs). It is required to have accurately generated floor response spectra (FRS)
for seismic qualification of these safety-related systems; therefore the effects of soil-pile-structure interaction on the
dynamic response are also investigated. The paper presents the seismic qualification of pile supported Critical
Facility (CF) building subjected to design basis earthquake. The foundation conditions considered are fixed base and
pile foundation to analyze the effects of soil-pile-structure interaction on seismic response and dynamic
characteristics of the building. The soil-pile interaction is modeled based on Winkler’s beam on elastic foundation.
The structural members are assessed for adequacy of safe design as per the codal practice for the forces due to static
loads and considered earthquake ground motion. The effect of pile foundation is also shown on in-structure time
histories and generated floor response spectra (FRS) at few reference locations in the building.
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DESCRIPTION OF THE CRITICAL FACILITY BUILDING

The CF building comprises of the rectangular reactor building of overall size 35m x 18m x 22m high above
the plinth level and annex building of overall size 35m x 8m x 12.5m high arranged between axes 1-6 and axes A-H
in the general layout. The building centre line is along the S-W to N-E direction. The ground elevation of reactor
hall between axes 2-5 and axes A-H is at EL-100.00 m. The reactor hall is serviced by a 15 tonne electrical overhead
traveling crane, and is provided with personnel and vehicle entrances. Personnel entrance to the reactor building is
from the adjacent reactor annex building. A vehicle entrance is provided in the N-E side of the reactor building to
facilitate the entry of a 15 tonne truck into the reactor building. The reactor hall floor and basement floor are
designed for a general floor loading of 2.5 Te/m? and 1.0 Te/m? respectively.

The reactor internals are housed inside a cavity in the reinforced concrete reactor block of overall size
11.5mx10.75mx8.7m high located in the reactor building. The walls of the reactor block are 2m thick which provide
shielding in the radial direction. Shielding in the axial direction is provided by a concrete slab of 1.35m thickness at
the top. Nineteen numbers of 200 NB carbon steel pipes have been vertically embedded in the N-E wall of the
reactor block for providing storage facility for the AHWR fuels. A staircase is provided on the S-W wall of the
reactor block to provide access to the top of reactor block from reactor hall. Access to the reactor cavity from the
reactor hall is through a lead shielded door. Adequate numbers of pipe embedment have been provided for routing
services from reactor cavity to the basement.

The reactor building is provided with a 17.8m x 14.8m x 4.5m basement at the S-W side which houses all
the process equipment and piping for moderator cover gas and other systems. The reactor block and basement rest
on common base raft which is supported by number of plies. A three storey annex building between axes 1-2 and
axes A-H is provided on S-E side of the reactor building for housing control room, health physics unit, change room,
laboratories and offices. The floor levels in annex building are at EL- 100.00 m, 104.500 m and 108.450 m. A
single storey workshop between axes 5-6 axes A-H is also provided on the N-W side of the reactor building for
maintenance support to the facility.

MODELING SOIL-PILE INTERACTION

Pile foundations are commonly used to transfer loads from a structure to the ground in cases where the
structural loads are very high or at locations where the soil at shallow depths cannot carry the imposed loads. The
Winkler model is a versatile and efficient approach to pile foundation analysis that has been adopted widely. The
model, also known as Beam on Elastic Foundation (BEF), proposes that the deflection at any point of the soil in
contact with the pile is linearly related to the contact pressure at that point. The piles of diameter (d) are modeled as
a beam while the surrounding soil is modeled using continuously distributed linear springs in which the soil reaction
is related through a modulus of sub-grade reaction as shown in Fig.1.

(@) (b)

Fig.1: (a) Pile in soil, (b) Mathematical model of pile with soil

The spring modulus is the soil modulus of lateral (horizontal) Subgrade Reaction, Ky, (N/m%). K, represents
the horizontal pressure (or horizontal force acting on a unit vertical area; or the distributed force along the pile
length, acting on a unit length) required to produce a unit horizontal displacement. There are various relations
available for determination of modulus of sub-grade reaction, among those Selvadurai relation [7] is used in the
present analysis for evaluating the K, which is given in Eq.(1), where Es represents the soil modulus of elasticity.

0.65E
Ky =——r 1)
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FINITE ELEMENT (FE) MODEL OF CF BUILDING

The FE model of C.F building consists of integrated assembly of beams, columns, roof and floor slabs,
reinforced concrete walls, and pile foundation. The thick shell elements are used for modeling RC walls, RC floors
etc. The beams, columns and piles are modeled with three dimensional beam elements. Two mathematical models
are considered in the present analysis, first is the three dimensional model of CF building with fixed base condition
and second structure supported on pile with lateral soil. Soil-Pile-Structure interaction is considered based on
Winkler’s model using beam elements to represent the piles and uncoupled, distributed springs along the pile length
to represent the surrounding soil. Soil springs are attached to the nodes of pile which are in contact with soil. No
viscous dampers at soil-pile interface have been considered in the analysis, and the group of piles is modeled with
equivalent pile. Equipment loading is assumed to be distributed in the floor, hence equivalent density is used. Mass
of brick walls has been lumped on the frame structure. A view of the full FE model of C.F building with soil-pile-
structure interaction is shown in Fig.2. The FE model consists of 19719 nodes and 23465 elements. The total mass
of the structure is equal to 11621 tons.

Piles with attached soil springs

Fig.2: Finite element model of CF building with soil-pile-structure interaction (Pile foundation)

MATERIAL PROPERTIES

The M30 grade concrete is considered for the building as well as reactor block. The material properties of
concrete and soil are given in Table-1.

Table 1: Material properties of concrete and soil

Concrete properties
Density Young’s modulus . . .
Grade of concrete o (Kg/m®) E. (MPa) Poisson's ratio
M30 2500 27390 0.2
Average soil properties
Density Shear wave velocity Poisson’s ratio Shear strength
ps(Kg/m’) Vs (m/s) Gs (MPa)
1800 2116 0.271 8060
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INPUT GROUND MOTION

The seismic input used for the building qualification is the site specific ground motion. The duration and
peak ground acceleration for the design basis earthquake (DBE) time history are 38 sec. and 0.11g [8] respectively.
The design basis response spectrum (DRS) is based on 5% critical damping. The design earthquake time history and
response spectrum are shown in Fig.3. The vertical component (in Y-direction) of time history has been considered
to be 0.67 times of horizontal component.
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Fig.3: (a) Design earthquake time history, (b) Design response spectrum (DRS) with 5% critical damping
NUMERICAL ANALYSES AND RESULTS

The basic approach is to evaluate the maximum load in the CF building induced by various loadings. In
order to evaluate the response of the structure subjected to various loads, methods of linear elastic analysis have
been used. The loads are then combined in various combinations. The various analysis steps are (a) Static analysis
for calculating the maximum loading in structural members subjected to dead and live loads, (b) Response spectrum
analysis for determining the maximum loading in structural members subjected to design basis earthquake, (c)
Dynamic time history analysis for generating floor response spectra (FRS).

Static Analysis

The building has been analyzed for stresses, forces and moments due to its self-weight, equipment loads
categorized as permanent loads and live loads. Loads due to major components such as dump tanks, pumps, blower,
storage tank, heat exchanger, crane etc are applied at respective place in the building. The force and moment
components in the critical elements have been determined for their structural design check.

Seismic Response Analyses

The dynamic analysis of structure for design basis earthquake (DBE) has been performed by modeling the
main structural elements of CF building as discussed earlier. Seismic responses of Critical Facility (CF) building
under the condition of fixed base (FB) and soil-pile-structure interaction (SSI) have been evaluated by linear
dynamic analysis subjected to excitation in all the three orthogonal directions X, Y, & Z. The seismic input used for
this study is the site specific ground motion as given in Fig.3. In the vertical direction, the ground motion has been
considered as 2/3 of the horizontal ground motion. The mode superposition method has been used, and building is
analyzed for 5% structural modal damping. In structure response spectra have been generated at different elevations
with various damping ratios, and few results with 5 % spectral damping are presented here.

Free vibration analyses of the building under the condition of fixed base and soil-pile-structure interaction
have been carried out. Table 2 gives the frequencies and corresponding mass participations of the CF building with
both the foundation conditions. The fundamental frequency of CF building considering soil-pile-structure interaction
has been found to be 1.009 Hz in Z-direction with 22.8 % mass participation and 1.096 Hz in X-direction with
20.1% mass participation respectively. First two mode shapes and corresponding natural frequencies of the CF
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building supported on pile foundation are shown in Figs. 4(a) and 4(b). It can be observed from Table 2, the modal
characteristics of the building are not altered much except vertical direction with pile foundation.

Table 2: Natural Frequencies and Mass Participation of Fixed Base Model and Soil-Pile-Structure model

Fixed-Base (FB) Soil-Pile-Structure Interaction (SSI)
Mode | Freq Mass participation factor Mode | Freq Mass participation factor
No. (Hz) X-dir. Ydir. Z-dir. No. (Hz) X-dir. Ydir. Z-dir.
1 1.014 | 1.26E-05 | 2.45E-09 0.246 1 1.009 | 5.79E-08 | 8.75E-08 0.228

2 1.100 0.219 1.79E-07 | 5.83E-06 2 1.097 | 2.01E-01 | 3.06E-07 | 1.62E-07
4 2.091 | 1.08E-04 | 4.22E-08 | 1.38E-02 4 2.089 | 1.03E-04 | 4.49E-10 | 0.0124
5 2.68 | 8.29E-05 | 3.77E-06 | 1.79E-02 5 2.679 | 5.88E-05 | 9.91E-06 | 0.0143
7 2.906 | 3.61E-05 | 2.46E-06 | 2.39E-02 7 2.899 | 1.97E-05 | 1.11E-05 | 0.0214
12 4.249 | 2.86E-02 | 8.88E-03 | 2.88E-07 12 4251 | 2.40E-02 | 0.0101 1.67E-06
13 437 | 1.79E-05 | 1.29E-06 | 1.17E-02 13 4.369 | 1.70E-05 | 7.68E-08 | 0.0105
16 5.242 | 7.44E-03 | 2.63E-02 | 4.64E-06 16 5.214 | 5.56E-03 | 0.0336 | 2.29E-05
19 6.214 | 1.35E-02 | 4.15E-06 | 3.72E-03 21 6.913 | 1.45E-01 | 7.54E-05 | 0.00797
20 6.674 0.145 2.76E-04 | 1.37E-03 22 7.032 | 7.44E-03 | 8.19E-05 0.053
28 7.927 | 1.77E-02 | 1.01E-04 0.159 23 7.342 | 1.11E-08 | 2.00E-04 | 0.0704
29 8.145 | 1.35E-04 | 4.10E-04 | 6.43E-02 26 7.660 | 5.07E-03 | 9.65E-04 0.051
31 8.421 | 1.30E-03 | 9.74E-05 | 1.17E-02 27 7.737 | 1.17E-02 | 0.00147 0.0516
32 8.491 | 2.39E-02 | 2.34E-03 | 2.25E-05 32 8.459 | 9.73E-03 | 0.0307 0.0187
34 8.585 | 7.95E-04 | 1.63E-02 | 2.92E-02 35 8.786 | 1.17E-02 | 0.0242 | 2.31E-06
35 8.87 | 2.54E-02 | 3.40E-04 | 2.01E-05 36 8.966 | 1.81E-03 0.123 6.48E-06
44 10.65 | 6.25E-04 | 6.13E-02 | 7.92E-05 38 9.352 | 2.04E-03 | 0.0517 0.00165
45 10.81 | 2.00E-02 | 1.02E-03 | 2.59E-05 39 9.534 | 4.22E-06 0.03 0.00108
58 12.41 | 3.23E-04 | 7.87E-02 | 5.08E-03 41 9.622 | 4.99E-03 | 0.0241 1.48E-06
75 13.24 | 6.41E-05 | 3.01E-02 | 5.95E-04 42 9.727 | 1.65E-05 | 0.0254 1.35E-04
76 13.28 | 2.15E-04 | 1.06E-02 | 3.54E-04 47 10.434 | 7.34E-04 0.021 4.13E-05
77 13.34 | 3.54E-03 | 2.27E-02 | 9.35E-04 48 10.830 | 6.65E-05 0.073 5.18E-04
96 14.8 | 4.72E-04 | 2.86E-02 | 7.83E-04 49 10.848 | 1.81E-04 | 0.0638 | 9.39E-04
98 14.92 | 1.36E-02 | 9.69E-05 | 3.20E-03 53 11.293 | 5.85E-05 | 0.0286 0.00346
104 | 15.24 | 6.77E-04 | 2.44E-02 | 5.64E-03 55 11.507 | 4.66E-05 | 0.0516 | 8.54E-04
115 16.02 | 2.07E-04 | 5.42E-02 | 1.10E-03 67 12.554 | 1.37E-04 | 0.0261 1.87E-04
116 16.03 | 4.76E-04 | 6.48E-02 | 1.12E-03 77 13.334 | 4.48E-04 | 0.00884 0.0112
120 16.32 | 2.36E-04 | 4.33E-02 | 1.66E-05 82 13.472 | 7.62E-04 | 0.0226 0.0066
150 19.05 | 1.46E-04 | 4.60E-04 | 2.23E-06 150 18.243 | 1.77E-04 | 0.00177 | 8.39E-04

Fig.4: (a) Mode-1, 1.009 Hz in Z-direction, (b) Mode-2, 1.096 Hz in X-direction

In order to get response of structure subjected to earthquake motion, response spectrum analysis is
performed. Response spectrum (ZPA = 0.11g) with 5.0% spectral damping has been used in the analysis. The
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analysis is carried out for earthquake excitation in all three directions. The CQC method is used for modal
combination, and the SRSS method is used to combine the seismic responses due to three-directional seismic input.
Table 3 shows the comparison of RMS values of displacement due to earthquake at different floor levels of the
building with fixed base and soil-pile-structure interaction. The force and moment components in the critical
elements have been determined for their structural design check.

Table 3: RMS Displacements (mm) at various floor levels in the building due to earthquake

Elevation Location _Fixed Bgse . Soil-l?ile-Structqre interact.ion
X-dir. | Y-dir. | Z-dir. X-dir. Y-dir. Z-dir.
EL-100.00 m Ground floor 0.744 0.142 | 1.091 0.765 0.696 0.839
EL-104.930 m Reactor block 1.469 0.602 | 1.490 1.350 0.834 1.410
EL-104.500 m First floor 6.268 0.346 | 13.452 6.450 0.903 13.510
EL-108.450 m Second floor 13.980 0.446 | 23.893 | 14.240 1.010 24.050
EL-112.450 m Annex bldg. roof 22.661 0.491 | 31.476 | 22.980 1.060 31.730

The dynamic analysis is performed to obtain in-structure acceleration time histories at reference locations
in the building using mode super position technique. The output acceleration time histories are calculated with
duration of 38 second. The reference locations selected are at EL-100.00 m in the annex bldg. at node 11245, EL-
104.930 m in the reactor cavity at node-5023, and EL-108.450 m in the annex bldg. at node 12343. Fig.5 shows the
acceleration time histories at EL-100.00 m in the CF building with both the foundation models.
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Fig.5: Time variation acceleration response at EL-100.00 m with fixed base and pile supported model

SEISMIC DESIGN OF CF BUILDING

The response results of the seismic analyses performed for CF building have been used in the design check
of its structural members such as, columns, beams and slabs. The designs of these structural members are checked
based on the limit state concept of BIS: 2000 [9]. Some typical results of design check performed for columns and
slab panels are given in Table 4 & 5, wherein Mux and Muy denotes the maximum moment in X and y directions
while MR represents the moment of resistance. The structural members are found to be adequate / safe for the forces
due to static loads and considered earthquake ground motion. Design checks for stability have also been performed
at the critical locations wherein factor of safety against overturning and sliding are estimated. It has been found that
factor of safety against overturning and sliding are more than their permissible values at these critical locations.

Table 4: Results of design check for columns

Column | Size (B xD) | Reinforcement | Reinforcement Remark
ID (mmxmm) | Required (%) Provided (%)
E2 350 x 1400 2.30 2.80 Safe
H2 350 x 1400 1.70 2.80 Safe
G2 350 x 1400 2.28 2.80 Safe
A5 350 x 1400 1.88 2.80 Safe
H3 350 x 1100 1.80 2.55 Safe
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Table 5: Results of design check for the slab panels

Div-V: Paper ID# 629

. Elevation | Thickness Mux Muy MR
Slab Location (KN-m) | (kN-m) | (kN-m) | Remark
(m) (mm)
100.00 250 4,782 6.665 | 26.209 Safe
Annex Building 104.500 175 3.980 3.980 | 20.324 Safe
108.450 150 2.047 2.576 | 16.384 Safe
112.450 175 4.696 4194 | 20.324 Safe
Workshop 100.00 200 2.845 2.002 | 21.923 Safe
105.600 175 4.127 1.924 | 16.377 Safe

Figs.6-8 present the comparison of generated response spectra (FRS) with 5% damping at different floor
levels in the building under the condition of fixed base and soil-pile-structure interaction. In the horizontal
directions, it is observed that the spectral acceleration in dominant frequency range with SSI effects at EL-100.00 m
is lower when compared to fixed base model. At EL-108.450 m, the spectral acceleration in Z-direction is found to
be lower with SSI in frequency greater than 6 Hz. However, the effect of SSI on spectral acceleration at higher
elevation is less significant than lower elevation. In vertical direction, reduction in the peak spectral acceleration is
noted because of pile foundation at EL-104.500 m and EL-108.450 m because of significant change in modal
characteristics of the building in vertical direction. However, in the rector block, increase in peak spectral
acceleration in X and Y directions is observed with the SSI effect. Since the reactor block is stiffer as compared to
annex building, the effect of pile foundation results in significant increase in spectral acceleration. The amplification
in vertical direction is observed with peak shifted towards lower frequency.

The effect on the zero period acceleration (ZPA) of the generated floor response spectra due to pile
foundation is observed to be negligible. The ZPA at EL-100.00 m in X, Y & Z directions are noted to be 0.224g,
0.150g and 0.2269 with fixed base, and 0.205 g, 0.159g and 0.214g with pile supported model respectively. Similar
pattern of variation in the ZPA values is observed at EL-108.450 m, since these both the locations are within annex
building at different elevations.
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Fig.6: Comparison of 5% damped floor response spectra (FRS) with fixed base (FB) and soil-pile-structure
interaction (SSI) at EL-100.00 m
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Fig.7: Comparison of 5% damped floor response spectra (FRS) with fixed base (FB) and soil-pile-structure
interaction (SSI) at EL-104.930 m
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Fig.8: Comparison of 5% damped floor response spectra (FRS) with fixed base (FB) and soil-pile-structure
interaction (SSI) at EL-108.450 m

CONCLUSION

The paper presents the results of seismic analyses carried out for the Critical Facility (CF) building with
fixed base and soil-pile foundation conditions. The design basis earthquake (DBE) for the site is considered in the
analyses. 3D FE model of the building is developed for seismic response analyses. The soil-pile interaction is based
on the model of Winkler’s beam on elastic foundation. The forces and moments in columns, beams and slabs at
various locations in the building are obtained for its seismic qualification.

The soil-pile-structure interaction influences the modal characteristics of the building in terms of natural
frequencies and modal mass participations. Results indicate that there is significant reduction in modal masses in
first two modes of CF building supported on pile foundation when compared to fixed base model. The modal
characteristics of the building in vertical direction are also affected with pile foundation. Soil-pile-structure
interaction results in increase in the r.m.s values of displacement at different floor levels.

The comparison of generated floor response spectra (FRS) shows that the effect of SSI on spectral
acceleration in annex building at higher elevation is less significant than lower elevation. The reactor block being
stiffer as compared to building, the effect of pile foundation has resulted in significant increase in spectral
acceleration. The zero period acceleration of the generated floor response spectra (FRS) at different floor levels of
the building with SSI effects show very little change when compared to fixed base model.

The floor response spectra generated with pile foundation are used for seismic qualification of the safety
related structures, systems and components (SSCs) housed in the building. The design check for critical members of
the building has been carried out. The civil structure is qualified seismically in terms of the reinforcement and
strength requirement. Stability check shows ample margin with respect to sliding and overturning. The structural
members are found to be safe, and the CF building is considered to be seismically qualified.
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