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1.0 PREAMBLE 

 
Earthquakes have been one of the deadliest hazards to human civilization till 
date. Unlike hazard such as cyclone, earthquakes cannot be predicted with the 
short-term accuracy required for effective emergency management. Large 
earthquakes capable of causing significant impact on human life have a low 
probability of occurrence. However, once an earthquake has occurred, there is 
very little time for warning and action. The effect could be catastrophic. 
 
Current seismic design methodology for conventional facilities like 
residential/office buildings, bridges etc. is based on the philosophy of resisting 
minor earthquakes without significant structural damage, moderate earthquakes 
with limited structural damage and a major earthquake without collapse or loss 
of life. Indian national standard, “Criteria for Earthquake Resistant Design of 
Structures”, IS 1893[1] divides the country into several seismic zones and 
specifies the maximum possible earthquake in each zone. It is recognized that 
forces, which the structure would be subjected during an earthquake, will be 
larger than those specified in the standard. At the same time, structures possess 
lot of reserve capacity that is not considered in the process of design. The 
experience of past earthquakes clearly indicates that if structures are engineered 
properly, following codes/standards in spirit and letter, effect of this devastating 
hazard can be reduced to the level of acceptable risk.  
 
Seismic design requirements of an NPP are quite stringent than those for 
conventional structures. An NPP is generally designed for two levels of 
earthquake, namely the S1 level earthquake or Operating Basis Earthquake 
(OBE), and the S2 level earthquake or Safe Shutdown Earthquake (SSE) [2]. The 
OBE level earthquake corresponds to that level of earthquake which is expected 
to occur once during life of the plant. The SSE corresponds to the credible 
maximum seismic event expected at the site and is determined considering the 
local geology and seismology and specific characteristics of local sub-surface 
material. The structures systems and components (SSC) of the nuclear power 
plant required for safe shutdown of reactor, decay heat removal and maintaining 
the safe shutdown condition, are designed to remain functional during SSE.  
 
Seismic safety of a nuclear facility is ensured not just by design for two levels of 
earthquake. There are various other design aspects that go into engineering to 
ensure seismic safety of an NPP. Approach of this engineering is different from 
that of conventional facilities. This monograph presents the general profile of 
earthquake engineering, philosophy and methodology adopted for seismic safety 
of both new and existing Indian NPP.  
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Figure 7 - Seismic waves [W2] 

Secondary waves (S-
waves) are transverse or 
shear waves, which 
mean that the ground is 
displaced 
perpendicularly to the 
direction of propagation. 
Shear waves can travel 
only through solids, as 
fluids cannot withstand 
shear stresses. Secondary 
waves or shear waves are 
several times larger in 
amplitude than the 
primary waves generated 
from an earthquake 
focus. 
 
Surface waves travel 
through the earth crust 
and are of a lower 
frequency than body 
waves. The damage and 
destruction associated 
with earthquakes can be 
mainly attributed to 
surface waves. This 
damage potential and the 
strength of the surface 
waves reduce with increase in depth of earthquakes. There are two kinds of 
surface waves: Love waves and Rayleigh waves, Love waves are confined to the 
surface of the crust and produce entirely horizontal motion. Rayleigh waves 
make the particles oscillate in an elliptical motion. Most of the shaking felt from 
an earthquake is due to the Rayleigh waves. 
 
The vibratory ground motion characterizing an earthquake is caused by the 
passage of seismic waves. Vibratory motion may repeat itself regularly, as in the 
balance wheel of a watch; or display considerable irregularity, as in earthquakes. 
When the vibratory motion is repeated in equal intervals of time, it is called 
periodic motion. The repetition time, T, is called the period of the vibration, and 
its reciprocal, 1/T, is called the frequency of vibration.  
  
2.6 Recording earthquakes: [8] 
Seismic waves are detected and recorded by instruments by measuring the 
movements of the ground due to earthquakes. Some instruments measure the 
ground displacements and are called seismographs, figure – 8. The record 
obtained from a seismograph is called a seismogram. To measure the ground 
accelerations, other type of device exist, called accelerographs. The 
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Figure 8 - Schematic of a seismograph 
[Source: IIT-K BMTPC Eq tips – 02] 

 
Figure 9 – Isoseismals for Bhuj earthquake 2001 

[Source: www.gsi.gov.in (W3)] 

accelerographs register the 
accelerations of the soil and 
the record obtained is called 
an accelerogram.  
 
The seismograph has three 
components – the sensor, the 
recorder and the timer. The 
principle on which it works 
is simple and is explicitly 
reflected in the early 
seismograph– a pen attached 
at the tip of an oscillating 
simple pendulum (a mass 
hung by a string from a 
support) marks on a chart paper that is held on a drum rotating at a constant 
speed. A magnet around the string provides required damping to control the 
amplitude of oscillations. The pendulum mass, string, magnet and support 
together constitute the sensor; the drum, pen and chart paper constitutes the 
recorder; and the motor that rotates the drum at constant speed forms the timer. 
 
2.7 Measuring Earthquakes 
The “size” of 
earthquake is 
generally measured by 
its magnitude and 
intensity. Magnitude 
measures the energy 
released at the source 
of the earthquake and 
is determined from the 
record of 
seismographs. 
Intensity is a measure 
of the severity of 
shaking produced by 
the earthquake at a 
given location. 
Intensity is generally 
higher near the 
epicenter than far away. For an earthquake of certain magnitude, different 
locations experience different levels of intensity. Lines drawn on a map 
connecting points of equal intensity is known as isoseismals. figure – 9 shows 
the isoseismals for Bhuj earthquake of 2001. 
 
 
 
 
 



 

2.7.1 M
There exists
most common
magnitude (M
motion amplit
seismometer, 
earthquake ep
earthquake ma
terms of body
magnitudes (M
surface 
magnitudes 
they can m
earthquakes u
magnitude o
The magnitude
without sat
level are m
magnitude (M
energy ma
(ME). The m
magnitude sca
way of ratin
seismic mome
a simple, log
shown in the f
 
2.7.2 In
The intensity 
awakening, m
destruction. N
hundred years
Modified Merc
levels of inte
destruction, is
basis; instead 
numbers of th
earthquake is 
observed struc
Scale (MSK 6
earthquake mo
MSK 64 scale
and MSK int
seismic zones 
 
 
 
 

F

Magnitude scales
s, a number of
n is the Richter

ML) is defined as
tude (in millime
located at a 

picenter. Richte
agnitude below 6
y wave 

MB) and 
wave 
(MS); 

measure 
up to a 
of 8.5. 
e scales 
turation 
moment 

MW) and 
agnitude 
moment 
ale is a 
ng the 

ent (estimate of t
garithmic numer
figure – 10 [10].

ntensity scales: [
scale consists o

movement of fur
Numerous intensi
s to evaluate the
calli Intensity (M
ensity that ran
 designated by R
it is an arbitrar

he intensity sca
felt by people.

ctural damage. A
4). This scale is 

ore precisely. Ind
. Intensity and m
tensity scales al
as per IS 1893.

Figure 10 - Comp

[9, 10] 
f scales to rep
r scale. Richter
s the base-ten lo
eters) recorded o
distance of on

er magnitude s
6.8 - 7. Earthqua

the energy of an
rical scale. The 
  

[1, 9, W4] 
f a series of cer
rniture, damage
ty scales have b
e effects of ear

MMI) Scale.  Thi
nge from imper
Roman numeral
ry ranking base

ale generally de
. The higher nu
Another intensity

more comprehe
dian seismic zon

magnitude are co
long with corre

parison of magnitu

resent earthqu
r magnitude, als
ogarithm of the
on a Wood-And
ne hundred kil
cale is suitable

ake magnitude is 

n earthquake) of 
comparison of

rtain key respon
e to chimneys, 
een developed o

rthquakes, the m
is scale, compos
rceptible shakin
ls. It does not ha
ed on observed 
eal with the ma
umbers of the s
y scale is Comp
ensive and descri
nes were categor
orrelated. Table –
esponding magn

ude scales [10] 

uake magnitud
so known as lo
 maximum grou

derson short-per
ometers from 
e for represent
also represented

an earthquake w
f various scales

nses such as peo
and finally - to

over the last seve
most popular is 
sed of 12 increas
ng to catastrop
ave a mathemati
effects. The low

anner in which 
scale are based 

prehensive Intens
ibes the intensity
ized on the basis
– 2 compares, M
nitudes and Ind

8 

 

de; 
ocal 
und 
riod 
the 

ting 
d in 

with 
s is 

ople 
otal 
eral 
the 

sing 
phic 
ical 
wer 
the 
on 

sity 
y of 
s of 

MMI 
dian 



9 
 

Table - 2: Comparison between Intensity scales, magnitude and IS 1893 
Seismic zone [Source: www.riskfrontiers.com(W4)] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.8 Earthquake Catalogues [11, 12] 
Earthquake catalogues archive the information of past earthquakes. There are no 
established standards on the specific contents of the earthquake catalogues. 
General information that is archived for includes earthquake hypocenters, origin 
times, recorded travel times.etc Earthquake catalogues with high-quality data 
over large areas and long time periods are rare. The most common drawback in 
generation of regional and global earthquake catalogues has been that only few 
of them are based on original sources of information and rest relies on secondary 
evidence and a repetition of previous lists. Geological Survey of India (GSI) had 
compiled the catalogue of Indian earthquakes and contributed very substantially 
to the earthquake studies in India. AERB published a comprehensive earthquake 
catalogue containing earthquake data down to magnitude 3.0 for peninsular India 
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in the year 1993 [12]. This comprehensive and enlarged database is useful to 
assess earthquake parameters for design of nuclear power plants and also of 
other critical structures. 
 
2.9 Major Indian Earthquakes [13] 
India has been subjected to some of the worst earthquakes in the past. Around 
the world, on an average about one earthquake of magnitude greater than 8.0 
takes place every year as against about 96 incidents per year of magnitude range 
6.0 to 8.0. Some of the greatest earthquakes of the world occurred in India. Table 
– 3 summarizes the major earthquakes which hit India over the years.  
 

Table – 3: Major earthquakes in India 

Earthquake Year Magnitude 
Epicenter 

Latitude Longitude 
Kutch earthquake 1819 8.3 23.60 N 69.60 E 
Assam earthquake 1897 8.7 25.50 N 91.00 E 
Bihar-Nepal earthquake 1934 8.4 26.21 N 86.21 E 
Assam-Tibet earthquake 1950 8.7 24.60 N 92.94 E 
Koyna Earthquake 1967 6.5 17.38 N 73.75 E 
Uttarkashi earthquake 1991 6.6 30.78 N 78.77 E 
Killari (Latur) earthquake 1993 6.4 18.07 N 76.62 E 
Jabalpur earthquake 1997 6.0 23.08 N 80.09 E 
Chamoli Earthquake 1999 6.8 30.11 N 79.35 E 
Bhuj (Gujarat) earthquake 2001 7.6 23.44 N 70.31 E 
Andaman Earthquake 2002 6.5 13.01 N 93.14 E 
Kashmir Earthquake 2005 7.6 34.49 N 73.63 E 
Sikkim Earthquake 2006 5.7 27.37 N 88.36 E 
 
2.10 Effects of earthquakes 
Main effect of an earthquake is vibration (ground excitation); there are other 
effects that are also important, and have to be addressed appropriately to ensure 
safety from earthquakes. In general, the major effects of earthquake are 

• Vibration of structures 
• Surface faulting 
• Ground failure 

o Landslides 
o Subsidence 
o Liquefaction 

• Water Waves 
o Tsunamis 
o Seiches 
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Figure 12 - Surface faulting 

2.10.1 Vibration of structures: [14] 
The hazard due to vibration commences when the ground motion interacts with 
natural and man-made structures. The resulting vibration induced loading effects 
in the structure can lead to various degrees of damage or to complete collapse. 
Figures – 11 depict the structural failures caused during the 2001 Bhuj 
earthquake. Effects of vibration are generally mitigated by engineering measures.  
 

  
 
2.10.2 Surface Faulting [15] 
Large earthquakes 
generally produce a series 
of permanent effects on 
the ground consisting of 
scarps (steep slope), 
fractures, hollows and 
depressions that are 
expressions of slippage 
and permanent 
deformation occurring on 
seismogenic faults. Such 
features are known as 
surface or earthquake 
faults. Ground rupture is 

Figure  11 - Structural failures during Bhuj earthquake 2001 
[Source: www.nicee.org (W6)]
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Figure 13 - Subsided road [Source: Wikipedia 

commons (W5)]

 
Figure 14 - Adverse effects of liquefaction during 

Nigata earthquake 1964 [Source: Wikipedia] 

typically associated with shallow earthquake magnitudes 6.2 and above . Such 
rupture can reach overall lengths of up to some kilometers and offsets up to 
several meters. Figure-12 shows an example of surface faulting. However, 
occasionally earthquake of lower magnitude can cover surface faulting occurs 
owing to local and unusual tectonic conditions.  
 
2.10.3 Subsidence and uplift 
Subsidence is the 
downward displacement 
of ground surface. The 
opposite of subsidence is 
uplift, which results in 
an increase in elevation 
of the surface. 
Subsidence can be 
caused by various 
phenomena, one of them 
being earthquake. 
Horizontal motions 
induced by shocks cause 
compaction as long as 
the cycles are relatively 
small. Vertical accelerations in excess of 1.0g are generally required to cause 
significant densification of sands. Figure- 13 shows adverse effect of subsidence. 
  
2.10.4 Landslides 
A landslide is a geological phenomenon which involves a wide range of ground 
movement, such as rock falls, deep failure of slopes and shallow debris flows 
that can occur in offshore, coastal and onshore environments. Earthquakes can 
induce landslide. A sudden shock, from an earthquake, can alter the 
configuration of a slope, causing the slipping of surface soil and rock and the 
collapse of cliffs.  
 
2.10.5 Liquefaction 
Liquefaction is a 
phenomenon which 
occurs primarily in the 
location having loosely 
deposited sands and silts 
with high ground water 
levels. The vibration 
caused by earthquake 
induced higher pore 
pressure (pressure 
exerted by ground water 
on surrounding soil 
particle). When the pore 
pressure crosses the 
strength of soil mass, 
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Figure 15 - Schematic of a tsunami [Source: 

Wikipedia]

 
Figure 16 - Seiches [Source: U S. Geological Survey] 

disintegration of soil mass took place. This phenomenon is known as 
liquefaction. Destructive effects of liquefaction can take many forms like flow 
failures of soil mass, lateral spreads, ground oscillation, loss of bearing strength, 
settlement etc. Figure – 14 depicts the adverse effect of liquefaction during the 
Nigatta earthquake, 1964 in Japan. 
 
2.10.6 Tsunami 
A tsunami is a series of 
sea waves created by 
displacement of sea bed 
caused by earthquake, 
volcanic eruption, man-
made underground 
explosions, submarine 
landslides, hitting of 
meteoric objects etc. It is 
a class of long sea wave, 
which can reach great 
height when 
encountering shorelines, 
figure – 15. Earthquakes 
are often the cause of tsunami. An earthquake occurring near a body of water 
may generate a tsunami if (i) it occurs at shallow depth, (ii) it is of moderate or 
high magnitude, (iii) the fault rupture causes vertical movement of rock (sea bed) 
along the fault line, and (iv) water volume and depth is sufficient.  
 
If the first part of a tsunami to reach land is a trough (draw back) rather than a 
crest of the wave, the water along the shoreline may recede dramatically, 
exposing areas that are normally submerged. This can serve as an advance 
warning of the approaching tsunami which will rush in faster than it is possible 
to run.  
 
2.10.7 Seiches 
A seiche is similar to 
tsunami, but occurs in 
an enclosed or partially 
enclosed body of 
water, figure - 16. 
Seiches and seiche-
related phenomena are 
observed in lakes, 
reservoirs and bays. It 
is caused by 
earthquakes, landslides 
and other non-seismic 
events like underwater 
volcanic eruption, 
underground man 
made explosion, meterological disturbances such as storms etc.
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Figure 17 - Effect of inertia on a building 

when shaken at its base 
 [Source: IIT K BMTPC eq tips - 5] 

 
Figure 18 - Flow of seismic inertia force 

through structural components  
[Source: IIT K BMTPC eq tips - 5] 

3.0 ASEISMIC DESIGN OF STRUCTURES 
 
3.1 Introduction [8] 
Earthquake causes ground 
motion, and a building founded 
on the ground experiences this 
motion at its base. However, the 
roof of the building has a 
tendency to remain at its original 
position. This tendency to remain 
in the original position is known 
as inertia. When ground 
experiences sudden motion, the 
roof of structure relatively moves 
backwards, as if a force is applied 
backwards, as shown in figure – 
17. This force is called as inertia 
force. If the roof has a mass ‘m’ 
and acceleration of relative 
movement is ‘a’, then inertia 
force ‘f’ is mass times acceleration, m x a.  
 
Under horizontal shaking of the 
ground, horizontal inertia forces 
are developed at floor level of a 
building, which are transferred 
to the foundation through slab, 
column and finally to the soil 
under foundation as shown in 
figure - 18. Each of these 
structural elements (i.e. floor 
slab, beam, column, wall and 
foundation) and connection 
between them must be so 
designed that they, as a 
structural system, can transfer 
the horizontal inertia forces 
safely to foundation. Walls or 
columns are the most critical 
elements in transferring the 
horizontal inertia force. 
 
Objective of earthquake resistant design or aseismic design structure is to 
transfer the inertial force, caused by earthquake, safely to the foundation without 
causing undersigned damage to the structure. 
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Figure 19 - Performance objectives under different 

intensities of earthquake shaking 
 [Source: IIT K BMTPC eq tips - 8] 

3.2 Aseismic design philosophy [8] 
Severity of ground 
shaking can be minor, 
moderate or strong. 
Table – 4 lists the 
grouping of earthquakes 
depending upon 
earthquake magnitude as 
minor, moderate and 
strong. Aseismic design 
philosophy is formulated 
based on the fact that 
minor shaking occurs 
frequently; moderate 
shaking occasionally and 
strong shaking rarely. 
Engineering of the 
structures is so 
performed that they 
resist minor shaking 
without any damage to load bearing members, moderate shaking with limited 
damage and strong shaking with acceptable damage but without collapse. Figure 
– 19 explains these performance objectives on the basis of reinforced cement 
concrete (RCC) framed structure with brick infill walls. RCC frame members, in 
figure – 19, are the load bearing members and brick infill the non-load bearing 
member.  
 
Four important steps for earthquake resistant design of structures are i) 
determination of loading effects of earthquake, ii) planning and design of 
structural configuration, iii) structural response analysis to determine forces 
induced in the elements like beams, columns, and iv) determination of cross 
sectional parameters to withstand the induced forces by adopting suitable design 
approach. 
 

Table - 4: Classification of Earthquakes based on Magnitude 
Classification Magnitude 

Minor 3 – 3.9 
Light 4 – 4.9 

Moderate 5 – 5.9 
Strong 6 – 6.9 

 
 
3.3 Loading effects of earthquake 
Earthquakes motion can be recorded in terms of ground displacement, velocity 
or acceleration. Figure – 20 depicts the record of ground acceleration, velocity 
and displacement for an earthquake recorded at an observatory. For the purpose 
of determining the loading effects of earthquake, generally records in terms of 
ground acceleration are preferred. Loading effect of earthquake ground motion at 
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Figure 23 - Convex and concave shapes 

known as design ground motion parameters (DBGM). The DBGM parameters 
are specified at free field conditions. Ground motions that are not influenced by 
the presence of structures are referred to as free field motions. 
 
3.4 Structural Configuration [9, 16] 
During earthquake, the performance of structures depends upon magnitude of 
earthquake forces as 
well as layout and 
shape of the structure. 
Since the earthquake 
force is a function of 
mass, the layout and 
shape of building shall 
be such that it is as light 
as possible, and as 
symmetrical as 
achievable from the consideration of geometry, mass and stiffness distribution. 
 
Building shapes are either convex or concave for the purpose of design in 
aseismic parlance. A convex shape is one where it is possible to join any two 
points within it by straight line without crossing the boundary. A concave shape 
is one, where a part of straight line may lie outside the shape,  figure - 23. A 
building, convex in plan and elevation is considered as simple or regular 
building, figure – 24(a). If a building is concave in plan and elevation then it is 
considered as complex or irregular shape, figure – 24(b). Generally, buildings 
with simple geometry are less vulnerable to damage during strong earthquakes. 
 
It is possible to split plans with complex geometries into simple geometries and 
thus make the structure more earthquake resistant. An example is breaking an L-
shaped plan into two rectangular plan shapes using a separation joint at the 
junction. When two buildings are too close to each other, they may pound on 
each other during strong motion earthquakes. With increase in building height, 
this collision can be a greater problem. When building heights do not match, the 
roof of the shorter building may pound at the mid-height of the column of the 
taller one; this can be very dangerous. 
 
3.5 Structural response analysis [17] 
Responses of structure to an earthquake can be represented in terms of 
deflection, acceleration as well as induced forces such as bending moment, shear 
forces in the elements like beams and columns. This structural response is 
generally determined by analysis. 
 
Determination of structural response for an earthquake is the subject of structural 
dynamics. Structural dynamics is a subset of structural analysis which covers the 
behavior of structures subjected to dynamic loading. A dynamic load changes 
with time while static load does not. Earthquake induces dynamic loading effects 
in the structures. There are two general classes of vibrations in structural 
dynamics- free and forced. Free vibration takes place when a system oscillates 
under the action of forces inherent in the system itself, and when external 
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impressed forces are absent. Vibration that takes place under the excitation of 
external forces is called forced vibration. Vibratory effects during earthquakes 
fall under the category of forced vibration. 
 

 
 

 
 
 
All objects (including buildings and the ground) have a “natural period,” or the 
time it takes to swing once back and forth, under free vibration. When a building 
and the ground sway or vibrate at the same rate, they are said to resonate. As the 
building and ground resonate, their vibrations are amplified or increased, and the 
building is subjected to higher earthquake forces. 
 
Commonly used approach for seismic response analysis of structure for design is 
modal analysis. Response spectrum method and time history method are the two 
basic methods of modal analysis to determine structural response against 
earthquake excitation. For simple structures, equivalent static method of analysis 
may be used.  

Plan  
(a) Simple geometries  

Elevation  

(b) Complex geometries  

Figure 24 - Description of shapes of buildings [9]

Plan  Elevation  
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3.5.1 Analytical model: 
Simulation of the structure to a mathematical model is an important step to 
analyze structural response against any load. In structural dynamics, the number 
of independent coordinates necessary to specify the configuration or position of a 
system at any time is referred to as the degrees of freedom. In general a structure 
may have infinite degrees of freedom. Idealization permits the reduction in the 
number of degrees of freedom to a discrete finite number.  
 

 
 
 
 
The basic idealization of a structure is single degree freedom (SDF) system. The 
conversion of a water tank to a SDF model is depicted in Figure – 25. It has a 
mass element (m) representing total mass and the structure (principal contributor 
– water); a spring element (k) representing the stiffness of the structure 
(generally the shaft); a damping element (c) representing frictional 
characteristics and energy losses of the structure; and an time dependent exciting 
force F(t) representing external forces acting on the structure. In case of 
earthquake, F(t) is derived from the PGA and response spectrum or acceleration 
time history of the vibratory ground motion.  
 
For multi-degree freedom system (MDF), number of degree of freedom is more 
than one, figure-26. The mass of the structure is also distributed along the length 
and breadth of the structure. The mass of the structure is assumed concentrated at 
floor levels and subject to lateral displacement only. In figure-26, MDF system 
have structure mass lumped at nodal point with consideration of lateral 
displacement and rotational degree of freedom. To convert the mass degree of 
freedom to a discrete finite value, the masses are lumped at appropriate locations 
as shown in figure-26. In case of multi degree of freedom system, m, c and k are 
not single values but matrices. 
 
The dynamic equilibrium equation of an SDF can be written as 
ሷݔ݉ ൅ ሶݔܿ  ൅ ݔ݇  ൌ  ሻ      ...... (3.1)ݐሺܨ
 
ሷݔ , ሶݔ  .represent the acceleration, velocity and displacement, of the structure ݔ ݀݊ܽ 
In case of seismic excitation, the external force F(t) is replaced by ሺെ݉ݔ௚ሷ ሻ, 
where ݔሷ௚is the ground acceleration due to seismic excitation. Equation (3.1) is 

Figure 25 - Analytical model representing a water tank into a SDF system   
[Source: Wikipedia]
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Figure 27 - Mode shapes of a three storey structure 

the equation of motion of a SDF structural system. For MDF system, number of 
equations of motion is same as that of mass degree of freedom of the system. 
Solution of equation of motion can be achieved by classical method or by 
numerical method depending on the nature of equation. Solution of equation 
(3.1) results in determination of displaced shape of structure, or displacement of 
the nodes having mass. For SDF system, number of nodal displacement is one, 
for MDF system it is more than one, and equal to number of mass degree of 
freedom. 
 

 
 
A structural system vibrates with particular frequencies depending on its 
stiffness and mass and these are referred to as natural frequencies of the system. 
These can be determined from the solution of the differential equation of 3.1 for 
free vibration condition, (F(t) = 0). Natural frequency, ω, for an undamped SDF 
system (c = 0) is given by 

m
k

=ω        ...... (3.2) 

 
3.5.2 Modal analysis approach 
Classical solution of the equilibrium equation of a MDF becomes difficult. 
Hence, we resort to either numerical techniques or a simplified method known as 
modal analysis. A mode of vibration is a characteristic pattern or shape in which 
a structural system 
vibrates. A structure with 
‘N’ mass degree of 
freedom will have “N’ 
modes of vibration as 
shown in figure – 27. 
Each mode will vibrate at 
a particular frequency 
called modal frequency 
and characteristic shape 
of a given mode is known 
as mode shape. The actual vibration of a structure under earthquake shaking is 
always a combination or mixture of different fundamental vibration modes. 

Mass DOF 
 4 x 2 = 8 

General DOF 
4 x 2 = 8 

Figure 26 - Analytical model representing a MDF system
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Generally only a few modes are of interest for rational determination of 
structural response. 
  
Modal analysis technique involves uncoupling an ‘N’ degree of freedom system 
to N-single degree of freedom systems. For those N single degree of freedom 
systems, the solution can be determined by classical methods. The system 
responses such as displacements and accelerations (forces) are obtained for each 
of the N-modes of vibration. The modal response is then combined to get the 
total response of the structure.  
 
Methods of seismic response analysis provide the maximum response in each 
mode of vibration. The response parameters, such as the peak displacements, 
element stresses, element forces, and moments, are evaluated for each significant 
mode of vibration and then combined to obtain the total response of the 
structure. There are many rules available for combination of modal responses 
[18]. Widely used methods include square root of sum of squares (SRSS) and 
complete quadratic combination (CQC). The most common rule of modal 
combination is SRSS, which is based on assumption that the maximum values of 
response do not occur at the same time and is given by following expression.  

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
= ∑

i
iRR 2

 
One of the exceptions of SRSS method arises when the responses are from 
modes with closely spaced frequencies. Other rules are to be used in such cases.  
 
Generally modal analysis is performed separately for earthquakes in each of the 
orthogonal directions. It is necessary to combine further the responses from these 
three directions to obtain the total response of the structure. This is called spatial 
combination. SRSS method as well as 100:40:40 combination method is used for 
the spatial combination. 
 
3.5.3 Response spectrum analysis method 
Response spectrum method uses the seismic excitation represented in terms of a 
response spectrum as the exciting force. The free vibration analysis of the 
structure determines the natural frequencies of each mode (i.e. each single degree 
of freedom system). Peak response of the structure at each mode is determined 
from the response spectrum by knowing the natural frequency/time period 
corresponding to that mode. The responses are then combined using appropriate 
modal combination rule. This method is depicted in figure – 28 and is explained 
with illustrative example in Appendix - I.  
 
3.5.4 Time History Analysis Method 
In time history analysis method, the input motion is a prescribed function of time 
such as acceleration versus time, or displacement versus time.  The analysis 
consists of a time integration of the equations of motion. Either the coupled 
equations of motion or the uncoupled equations of motion as is the case of modal 
analysis can be treated in this method. When uncoupled equations are treated the 
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method is called modal superposition and when coupled equations are treated the 
method is called direct integration.   
 
3.5.5 Equivalent Static Method 
In equivalent static analysis, the total base shear is calculated as a product of 
horizontal seismic coefficient, and total weight of the structure. The value of 
horizontal seismic coefficient depends on the seismic zone, type of construction, 
foundation conditions and the importance of the structure. IS 1893, provides the 
methodology to calculate horizontal seismic-coefficients for different locations 
in India. The load generally has an inverted parabolic distribution along the 
height of the structure. A static analysis with these lateral loads yields the 
induced element forces. 
 
3.5.6 Soil-structure interaction [19, 20, 21] 
Civil engineering structures are founded on soil or rock. When a structure, 
founded on rock or stiff soil is subjected to an earthquake, the high stiffness of 
the rock maintaining the motion to be very close to the free-field motion. When a 
structure founded on soft soil is subjected to an earthquake, it interacts with the 
foundation and the soil, and thus changes the motion of the ground. Extent of 
this interaction depends on closeness of the stiffness of the structure and the 
foundation medium i.e. their relative stiffness. Soil-structure interaction broadly 
can be divided into two phenomena: a) kinematic interaction and b) inertial 
interaction. Earthquake ground motion causes soil displacement known as free-
field motion. However, the foundation embedded into the soil will not follow the 
free field motion. This inability of the foundation to match the free field motion 
causes the kinematic interaction. On the other hand, the mass of the super-
structure transmits the inertial force to the soil causing further deformation in the 
soil, which is termed as inertial interaction. 
 
Soil structure interaction is addressed in dynamic analysis modelling by direct 
approach or impedance function approach. In direct approach, the foundation 
medium is represented as a finite element system and the earthquake input is 
defined as the base rock excitation. In impedance function approach, the 
earthquake input is specified by the free field ground motion at the soil structure 
interface. The soil system can be represented by means of finite elements or as a 
continuum – such as visco-elastic half space (semi infinite springs). If the 
foundation is rigid, the soil can be replaced by a set of equivalent springs and 
dashpots to represent the stiffness and damping characteristics of foundation. 
However, if the foundation is not rigid, then it becomes necessary to model the 
soil. 
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Model Mode - 1 Mode - 2 Mode - 3 
Structural node numbers (1), (2) and (3) where masses are lumped.  

T1, T2 and T3 are time periods of mode 1, 2 and 3 respectively.

Step – 3: Modal responses 

Equivalent inertial force on ith node due to jth mode, Fij = Sa (Tj) . Pj. φjj . mi 
Pj is the participation factor of ith node and φij is the modal displacement of ith node for jth mode 

determined from modal analysis and mi is the mass lumped at ith node. 

݃݊݅ݐ݈ݑݏܴ݁ ݃݊݅݀݊݁ܤ ݐ݊݁݉݋݉ ܯ ൌ ටܯଵ௕
ଶ ൅ ଶ௕ܯ

ଶ ൅ ଷ௕ܯ
ଶ  

Figure 28 - Illustration of response spectrum method [Source: www.esdep.org(W7)] 

Step – 1: Computation of mode shapes and periods 

Step – 2: Reading the response spectrum 

Step – 4: Determination of moment and shear in each mode 
Example: Bending moment at column base 

Step – 5: Combining responses from different modes 
Example: SRSS method 
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Figure 29 - Ductility  

[Source: IIT K BMTPC eq tips - 9]

 
3.5.7 Fluid-structure interaction [21, 22] 
Fluid-structure interaction happens when structure like tanks, filled with fluid is 
subjected to earthquake excitation and results in sloshing. General approach is to 
separate the hydrodynamic pressures into impulsive and convective parts. The 
impulsive pressures are those associated with inertial forces produced by the 
accelerations of the walls of the container, and the pressures are directly 
proportional to the accelerations. The convective pressures are those produced by 
the oscillations of the fluid.  
 
3.6 Design approach [8] 
The structure is so designed that the elements are capable to withstand the forces 
induced by an earthquake. The induced forces are determined from structural 
response analysis. Primary requirement for an earthquake resistant structure is 
that their main structural elements are designed and constructed as ductile 
elements. This enables them to withstand earthquake effects with some damage, 
but without collapse. Earthquake-resistant design strives to predetermine the 
locations where damage takes place and then to provide good detailing at these 
locations to ensure ductile behavior of the structure. 
 
Ductility is the property of 
certain materials to fail only 
after large deformations have 
occurred. Figure - 29 illustrates 
what is meant by ductility. 
Consider two bars of same 
length and cross sectional area 
- one made of a ductile 
material and another of a 
brittle material. When pulled, 
the ductile bar elongates by a 
large amount before it breaks, 
while the brittle bar breaks 
suddenly on reaching its 
maximum strength at a 
relatively small elongation. 
Amongst the materials used in 
building construction, steel is 
ductile, while masonry and concrete are brittle. 
 
The building material most commonly used for construction of conventional 
structures is reinforced cement concrete (RCC), which is a composite material 
made of cement concrete and reinforcing steel. Concrete has a strong 
compression load carrying capacity but is weak in tension and brittle. Steel is 
strong in both compression and tension, and also ductile. In reinforced concrete 
structure, the quantity and location of steel bars has to be so engineered that the 
failure of the reinforced concrete member happens by steel reaching its strength 
in tension before concrete reaches its strength in compression. This type of 
failure is known as ductile failure. Ductile failure being a gradual failure is 
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Figure 30 - Strong column weak beam 
concept in reinforced concrete design  

[Source: IIT K BMTPC eq tips - 9] 

 
Figure 31 - Seismic zone map of India 

preferred during an earthquake, 
because it absorbs more energy 
caused by vibration and thus 
gives indication and long 
warning period prior to failure.  
 
The failure of a column may 
affect the stability of the entire 
structure, but the failure of a 
beam will have only localized 
effect.  Hence, in ductile design 
approach, it is considered 
appropriate to engineer the 
column as strong ductile links 
than the beams. This method of 
designing RCC buildings is 
called the strong-column weak-
beam design method, figure - 
30. 
 
3.7 Seismic Standards of India: 
3.7.1 IS 1893 
IS 1893 is the main standard that provides the seismic zone map and specifies 
the seismic design force. For the purpose of determining seismic forces, IS 
1893:2002 classifies the country into four seismic zones, Zones II, III, IV and V 
(figure – 31). The seismic force depends on the mass and seismic coefficient of 
the structure. The seismic coefficient of the structure depends on properties like 
the location of the structure (zone), importance of the structure, ductility of the 
structure etc. 
 
The current revision (2002) has 
split the code into five parts. Part – 
1 deals with general provisions and 
buildings, part – II with liquid 
retaining structures, part-III 
bridges and retaining walls, part – 
IV, Industrial structures including 
stack like structures and part – V 
dams and embankments.   
 
IS 1893 refers to two levels of 
earthquake, the maximum 
considered earthquake (MCE) and 
the design basis earthquake (DBE). 
MCE represents the most severe 
earthquake effects considered by 
this standard and DBE is that earthquake effect that is reasonably expected to 
occur at least once during the life of the structure. The design approach adopted 
in this standard is to ensure that minor earthquakes (<DBE) are resisted without 



26 
 

any damage, moderate earthquake (DBE) with limited damage and major 
earthquakes (MCE) without collapse. 
 
3.7.2 IS 4326 
A standard that specifies the design and the required detailing for seismic 
construction of buildings, was published in 1967 (IS 4326: 1967).  This standard 
deals with selection of materials, special features of design and construction for 
earthquake resistant buildings including masonry construction using rectangular 
masonry units, timber construction and buildings with prefabricated flooring/ 
roofing elements. 
 
3.7.3 IS 13920 [23] 
Provisions for the ductile detailing of monolithic reinforced concrete frame and 
shear wall structures are specified in IS 13920 (1993). After the 2001 Bhuj 
earthquake, this standard has been made mandatory for all structures in zones III, 
IV and V.  
 
3.7.4 IS 13827 and 13828 [24, 25] 
Guidelines in IS 13827 deal with empirical design and construction aspects for 
improving earthquake resistance of earthen houses, and those in IS 13828 with 
general principles of design and special construction features for improving 
earthquake resistance of buildings of low-strength masonry.  
 
3.7.5 IS 13935 [26] 
Guidelines in IS 13935 cover general principles of seismic strengthening, 
selection of materials, and techniques for repair/seismic strengthening of 
masonry and wooden buildings. The standard provides a brief coverage for 
individual reinforced concrete members in such buildings, but does not cover 
reinforced concrete frame or shear wall buildings as a whole. Some guidelines 
are also laid down for non-structural and architectural components of buildings. 
 
3.8 Seismic Isolators: [W8, W9] 
Seismic isolation is a technology to protect the structure from the destructive 
effects of an earthquake by decoupling the structure from the ground and 
providing it with additional damping. This decoupling allows the structure to 
behave more flexibly which improves its response to an earthquake. The added 
damping allows the earthquake energy to be absorbed by the isolation system 
and therefore reduces the energy transferred to the structure. Seismic isolation is 
physically achieved by placing the structure on isolators.  
 
The isolators are laterally flexible elements, yet they are able to carry the vertical 
loads of the structure. Since the isolators are more flexible than the structure, 
most of the lateral movements occur in the isolators. As a result the isolated 
structure experiences less motion and reduced forces. Figure – 32 depicts the 
comparison of the response felt by an normal structure and a structure on seismic 
isolators. 
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4.0 SEISMIC SAFETY OF NPP 
 
4.1 Introduction: [30] 
The objective of seismic safety of an NPP is to ensure safety against radiological 
hazard to the plant, personal, public and environment in the event of design basis 
earthquake. Seismic safety of a nuclear facility covers five aspects,  
• Determination of seismic input for the design and qualification of a nuclear 

facility at a given site,  
• Seismic qualification, i.e. seismic design of a new nuclear facility following 

current codes/standards,  
• Seismic design basis re-constitution, i.e. seismic safety assessment of an 

operating/existing nuclear installation following current codes/standards,  
• Seismic re-evaluation, i.e. seismic safety assessment of an operating/existing 

nuclear installation and  
• Seismic upgrading, i.e. enhancing seismic capacity of SSCs to newly 

determined seismic hazard loads. 
 
4.2 Level of earthquakes 
In accordance with present regulation, a new NPP is designed for two level of 
earthquakes - S1 level or operating basis earthquake (OBE) and S2 level or safe 
shutdown earthquake (SSE). OBE is defined as that earthquake which, 
considering the regional and local geology and seismology and specific 
characteristics of local sub-surface material, could reasonably be expected to 
affect the plant site during the operating life of the plant; it is that earthquake 
which produces the vibratory ground motion for which the features of NPP 
necessary for continued safe operation are designed to remain functional. If this 
level of ground motion is exceeded at the site, the plant is to be shut down, then 
be inspected to determine if any damage had occurred. The plant will be 
restarted only after it is certified fit for operation. The peak ground acceleration 
of this level earthquake in horizontal direction should not be less than 0.05g.  
The return period (mean recurrence interval) should not be less than 100 years 
when it is determined by a probabilistic method.   
 
SSE is defined as that earthquake which is based upon an evaluation of the 
maximum earthquake potential considering the regional and local geology and 
seismology and specific characteristics of local sub-surface material. It is that 
earthquake which produces the maximum vibratory ground motion for which 
certain structures, systems and components (SSC) are designed to remain 
functional. These SSC are those necessary to ensure general safety requirements. 
The seismic event of this intensity has a very low probability of occurrence. 
PGA of this earthquake level is taken not less than 0.1g. It has a return period of 
not less than 10000 years.   
 
4.3 Seismic classification of SSC of NPP: [30, 31] 
Not all the structures, systems and components (SSC) of an NPP are required to 
be designed for SSE. Depending on the safety related importance in the event of 
an earthquake, the SSC of a NPP are categorized into three seismic categories.  
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i. Seismic category I include those SSC(s), whose failure could directly or 
indirectly cause accident conditions. Or in other words, this category 
includes those SSC(s) necessary to ensure general safety requirements. 
The components of this category are designed for both SSE and OBE.  

ii. Seismic category – II includes those SSC(s), which are necessary for 
continuous operation of the plant and these components without undue 
risk to the operator, environmental and public are designed only for OBE.  

iii. Components not falling under categories I and II, whose failure could not 
cause undue risk, are included as category – III and these components are 
designed as per the provisions of IS 1893. 

 
4.4 Aseismic design approach of NPP: 
The aseismic design of an NPP is a four step process, almost similar to seismic 
design of conventional structure. The first step is the determination of ground 
motion parameters; second step, related to structural layout and shape, which are 
principally governed by functional requirements and equipment lay out; third 
step is response analysis and the fourth one is design or qualification. 
 
In contrast to the code based approach generally adopted in conventional 
structures, determination of ground motion parameters is one of the most 
important and involved processes for an NPP. For both SSE and OBE, the design 
basis ground motion parameters are specified in terms of 

• Peak ground acceleration  
• Response spectral shape 
• Acceleration time history. 

Next chapter broadly highlights the methods for determination of ground motion 
parameters.  
 
Determination of structural response i.e. forces in structural elements and 
acceleration levels are another major step in aseismic design of NPP. In case of 
an NPP, the complexities of its structures warrant the performance of a detailed 
dynamic analysis. Either response spectrum or time history analysis method is 
adopted. The mathematical modeling is very involved and certain aspect of this 
is presented in Chapter – 6. 
 
Next step in seismic design of an NPP is to combine the induced seismic forces 
with that of static forces. The rules for combination are specified by AERB 
safety standard AERB/SS/CSE-1 [32] for concrete structures and 
AERB/SS/CSE-2 [33] for steel structures. This step also involves qualification of 
SSC and equipment mounted on the building structure. Details of seismic 
qualification are given in Chapter – 6. 
 
Seismic design of an NPP follows a much stringent but rational approach 
considering the risk associated with the failure of nuclear power plant structure. 
The basic differences in seismic design of a NPP from that of a conventional 
structure are 
 Seismic input for a NPP is derived from site specific data, whereas the 

seismic input for conventional structures is based on the average parameters 
for the country given by seismic design codes. 
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 In contrast to that of a conventional structure, no reduction in seismic load 
on account of ductile detailing is considered for seismic design of a new 
NPP.  

 An NPP structure is expected to perform elastically for loads corresponding 
to its design basis earthquake.  

 
4.5 Geotechnical aspects related to seismic safety of NPP [34] 
Geotechnical aspects that require due considerations are examined and include 
the following: 
• Investigation of the possibility of liquefaction at the site, which can cause a 

complete loss of the soil’s shear strength, resulting in a bearing capacity 
failure, excessive settlement, or slope movement. 

• Calculation of the settlement of the structure caused by the anticipated 
earthquake. 

• Determination and confirmation of the design parameters for the 
foundation, such as the bearing capacity and allowable soil bearing 
pressures. 

• Investigation of slopes stability, including lateral deformation of the slope 
for the additional forces imposed during the design earthquake.  

• Evaluation of the effect of earthquake on the stability of earth retaining 
structures. 

• Development of site improvement techniques.  
• Determining the type of foundation, such as a shallow or deep foundation, 

that is best suited for resisting the effects of the design earthquake. 
 

4.6 Summary of seismic safety criteria of NPP: [30] 
A number of features are associated with the seismic safety of an NPP. The 
criteria to achieve this are summarized as below: 
• For aseismic design, SSC(s) can be grouped into three categories depending 

importance related to safety. All seismic Category-1 SSC(s) should 
withstand the effect of five OBE and one SSE. All seismic Category-2 
SSC(s) shall demonstrate the capability to withstand the effect of OBE.  

• Seismic ground motion parameter are so derived that they are site specific 
and the chance of exceeding the derived values of ground motion is 
extremely low. 

• Structural responses due to seismic excitation are determined by analyzing 
the dynamic behavior of structures and dynamic characteristics of the 
excitation.   

• Unlike conventional structure, methodology adopted in the aseismic design 
of NPP structures is based on the concept of resisting the entire earthquake 
load within the elastic range. Design of seismic Category-3 structures may 
be done in accordance with Indian Standard, “Criteria for Earthquake 
Resistance Design of Structures”, IS 1893. 

• Safety against hazard due to geotechnical failure caused by earthquake is 
ensured. 
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5.0 DERIVATION OF GROUND MOTION 
PARAMETERS FOR NPP 

 
5.1 Introduction [2, 35] 
To mitigate the seismic hazard, an NPP is designed to withstand the effects of 
vibratory ground motion arising from strong earthquakes. The design basis 
ground motion (DBGM) for this purpose is evaluated for each site. This can be 
determined by probabilistic method or deterministic method. Irrespective of the 
method, DBGM is characterized by PGA, response spectral shape and a time 
history compatible with response spectrum. PGA and response spectrum are 
derived based on site specific studies whereas spectrum compatible time history 
is generated from the response spectrum using analytical procedures. The 
DBGM parameters are evaluated for two levels of severity, S1 level earthquake 
or OBE and S2 level earthquake or SSE.  
 
For estimating the DBGM parameters of a site, the earthquake sources (e.g. 
faults) around the site needs to be identified and maximum potential earthquake 
of each source need to be estimated. This is achieved by conducting a detailed 
investigation of geological and seismological environment of the site. The data 
on historical and pre-historical seismicity are also collected. 
 
5.2 Geological and seismological investigations: [2, 35] 
Geological investigations are carried out in three stages: 

i. Preliminary investigation: For identifying type of the seismic hazards 
which need to be considered for the site and to organize detailed 
investigations in the subsequent stages. 

ii. Detailed investigations: For evaluation of the seismotectonic status of 
the region and specification of design basis ground motion; and 
quantifying the potential of seismically induced flooding and ground 
failure. 

iii. Confirmatory investigation: These investigations are required to 
confirm certain presumptions made and items identified during detailed 
investigation stage. Confirmatory investigations include those studies 
and investigations which are to be carried out for a longer period (2 to 3 
years or more). 

 
The investigations are conducted in four scales, regional (300km minimum), 
intermediate range (50km radius), local (5km radius), and site area (within plant 
boundary). Each set of study leads to progressively more detailed investigation 
resulting in large volume of data and information as it gets closer to the site. The 
site area investigations generally help in arriving at the foundation parameters 
and conducting stability check against liquefaction. 
 
The areas are investigated through satellite imageries, aerial photographs, 
detailed maps to determine tectonic structures that could be considered as the 
sources for earthquakes. The historic earthquake data available in earthquake 
catalogues are also collected. Information on prehistoric seismicity can be 
obtained by paleoseismic studies [36]. 



 

 
Paleoseismolo
earthquakes. 
sediments du
understand asp
deformation a
supplement th
of seismic haz
 
 Using the 
obtained 
investigations,
geological and
information a
and all rel
information w
of the site are
map. Epicen
known earthq
than M =
superimposed 
e.g. figure - 33
 
5.3 De
Based on the 
(faults that are
with diffused
compiled: 

1. Size a
2. Seism

poten
the m
maxim

 
Having estima
value of groun
 
The accelerat
magnitude and
represented by
have the follow
 

C)y(Ln 1 +=
 
Where ‘m’ is t
C2 and C3 are
conditions. ‘y
occurring at di

ogy is the study
This focuses o

uring individua
pects of earthqu
and the long-ter
he calculation 

zard.  

information 
from the 

, all regional 
d seismological 
are compiled, 
ated tectonic 

within 300 kms 
e plotted on a 
nters of all 
quakes greater 
= 3.0 are 
on the same, 

3.  

termination of D
investigations, 

e capable of ge
d seismicity) in

and shape of ear
micity, both his
ntial associated w
maximum earthq
mum intensity o

ated these param
nd motion that ca

tion produced b
d distance from
y attenuation rela
wing form: 

RCmC 32 −  

the magnitude of
e constants and
’ is the accelera
istance R. 

Figure 33 - C
around a 

y of the timing,
on instantaneou
al earthquakes. 
uake geology su
rm behavior of 

DBGM parame
one would be a
nerating seismic

n the region an

rthquake source a
storic and prehi
with each sourc

quake potential c
f historical earth

meters of each so
an be produced b

by the earthqu
m the source. Th

ationships. Gene

f the earthquake 
d are a function 
ation at site due

Compilation of geo
site with epicente

, location, and 
s deformation 

Paleoseismic 
uch as regional p

specific faults.

eters: [2] 
able to identify 
city) and tectoni
nd the followi

and its distance f
istoric, and max
e. In absence of
can be estimated
hquake by unity.

ource, next step 
by each source.

ake is a funct
he attenuation of
erally, these emp

and R is the dis
of the regiona

e to earthquake 

ological informatio
ers mapped [37] 

size of prehisto
of landforms a
history helps 

patterns of tecto
It can be used

seismogenic fau
ic provinces (ar
ng information

from site 
ximum earthqua
f site specific da
d by increasing 

is the derivation

tion of earthqua
f ground motion
pirical relationsh

stance from site. 
l geology and s
of magnitude ‘

32 

 
on 

oric 
and 

to 
onic 
d to 

ults 
reas 
n is 

ake 
ata, 
the 

n of 

ake 
n is 
hips 

C1, 
soil 
‘m’ 



33 
 

 
Figure 34 - Calculation model showing 

the sources around a site with associated 
maximum  earthquake potential (m) and 

shortest distance (R) 

 
The acceleration is directly proportional to magnitude and inversely proportional 
to distance. Hence, for estimating the maximum acceleration at a site, one needs 
to estimate the upper limit magnitude and lower limit of distance. 
 
5.3.1 Deterministic approach for evaluation of DBGM parameters: 
In deterministic approach, depending on the seismotectonic conditions and 
number of earthquake sources, one or more than one earthquakes will be 
postulated in the region and the PGA is estimated for each postulated earthquake 
using appropriate attenuation relationship. The parameters that are necessary for 
estimation are: size of the earthquake (magnitude or intensity) and distance from 
the site. 
 
5.3.1.1 Evaluation of PGA for S2 level: 
PGA of S2 level earthquake is 
evaluated on the basis of maximum 
earthquake potential (m) associated 
with a fault or tectonic province 
estimated with respect to minimum 
distance (R) from the NPP site, 
(figure – 34). 
 
Figure – 35 depicts PGA for 
different values of distance and 
maximum earthquake potential, 
estimated using attenuation 
relationship. Using this 
information, the acceleration at site 
due to earthquakes from each 
source (with associated maximum 
earthquake potential, m and 
minimum distance to site, R) is 
determined. Table – 5 tabulates the maximum acceleration at site due to each 
fault/tectonic province estimated from figure - 35. The maximum acceleration 
among these is considered as the PGA for S2 level earthquake. A minimum 
value of PGA of 0.1g is used as S2 level PGA and if the calculated PGA is less 
than 0.1g. 
 
5.3.1.2 Evaluation of PGA for S1 level: 
The S1 level motion is derived on the basis of historical earthquakes that have 
affected the area. In absence of detailed information, the S1 level motion can be 
specified as half of the S2 level motion where S2 level motion is fixed on the 
basis of seismotectonic approach elaborated above. The PGA value 
corresponding to DBE level earthquake should not be less than 0.05g. 
 
5.3.1.3 Response spectra: 
Response spectrum is specified in terms of displacement, velocity or 
acceleration. Response spectra used for NPP design can be Standard Response 
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Spectra as given in AERB/SG/S-11 or Site Specific Response Spectra derived 
from site specific study.  

 
Table – 5: Maximum acceleration at site due to different faults/tectonic 

provinces 
Sl No. Max potential of 

fault/tectonic province 
Distance 
from site 

PGA at site 

1 4.0 70km 0.02g 
2 5.0 90km 0.04g 
3 6.0 60km 0.12g 
4 7.0 120km 0.15g (Max PGA) 
5 8.0 290km 0.11g 

 
 
Site Specific Spectra is generally adopted in the design of NPP as due 
considerations can be given for size of the earthquake, source mechanism, 
distance from the source, transmission path characteristics and site 
characteristics. Response spectral shape for site specific spectra is generally 
derived from records of strong motion time histories at site. In case of non-
availability of sufficient records, response spectral shapes derived for sites 
having seismic, geological and soil characteristics similar to that of the site under 
consideration can be used.  
 
The method for derivation of site specific response spectra is as follows: 
• Several strong motion accelerograms corresponding to horizontal direction of 

motion are collected from the site or from sites of similar geological and 
lithological features. 

• These accelerograms are normalized to its PGA, i.e. all records are divided 
by corresponding PGA so that after normalization, maximum PGA is unity 
for all records, figure -36. 

 
Figure 35 - Attenuation equation 
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time histories generated for horizontal direction of motion are generally used for 
vertical motion. 
 
5.3.3 DBGM in Two Orthogonal Horizontal Directions 
Peak accelerations in two orthogonal horizontal directions are not same. It can be 
quantified by the ratio between the two orthogonal horizontal directions. In the 
absence of data, the peak accelerations in two directions can be considered equal. 
The spectral shape and time history are same in both directions. 
 
5.3.4 DBGM parameters for Indian NPP sites 
Design basis ground motion parameters for the Indian NPP sites have been till 
date established by deterministic approach. Table - 6 tabulates the PGA value for 
S1 and S2 level earthquakes at all Indian NPP sites. 

 
Table – 6: PGA values for Indian NPP sites 

Site PGA – S1 level PGA – S2 level 
Tarapur (Maharashtra) 0.100g 0.200g 

Kota (Rajasthan) 0.050g 0.100g 
Kalpakkam (Tamil Nadu) 0.078g 0.156g 

Narora (UP) 0.150g 0.300g 
Kakrappar (Gujrat) 0.100g 0.200g 
Kaiga (Karnataka) 0.100g 0.200g 

Kudankulam (Tamil Nadu) 0.050g 0.150g 
 
5.3.5 Probabilistic Approach for Evaluation of DBGM Parameters [10] 
Determination of ground motion parameters by probabilistic method is 
accomplished by performing a probabilistic seismic hazard analysis (PSHA) 
[10]. Unlike maximisation of single valued earthquake events as in deterministic 
approach, probabilistic approach takes into account the probable distribution of 
earthquake magnitudes in each source, probable distances within that source 
where earthquakes could originate and dispersion of acceleration estimated using 
attenuation equations. In PSHA methodology, occurrence of earthquakes is 
usually considered as Poisson process. This means that the events have an 
average occurrence rate and could occur independent of the time elapsed since 
last event.  
 
PSHA involves four steps (figure – 38):  
• Specification of the seismic-hazard source model(s) (zonation);  
• Specification of earthquake recurrence relationships which reflect 

earthquake activity in the source 
• Specification of the ground motion model(s) (attenuation relationship(s)); 

and  
• The probabilistic calculation. 

 
The outcome of PSHA is a hazard curve which depicts the annual probability of 
exceedence of different values acceleration, ‘Y’, figure-39. The probability of 
exceedence of a particular value of acceleration is the product of (1) probability 
of occurrence of an earthquake with magnitude ‘m’ at a distance ‘R’. (2) The 
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Figure 39 - Typical hazard curve 

probability of exceedence of acceleration above the value ‘Y’ given ‘m’ and ‘R’. 
By summing the scenarios for all possible ranges of sources, magnitudes and 
distances, one would get total probability of exceedence beyond acceleration 
‘Y’. By repeating this exceedence for different values of ‘Y’, one can estimate 
the seismic hazard curve of the site. 
 

 
One of the major advantages in 
this method is the possibility 
for incorporation of 
uncertainties. Uncertainties are 
introduced by lack of data 
and/or lack of knowledge, 
inadequate modeling, etc. 
These uncertainties can be 
taken into account by 
developing alternate scenarios 
and models. 
 
For detailed treatment of 
PSHA, readers are requested to 
refer [10].  

(i) (ii) 

(iii) (iv) 

Figure 38 - Elements of PSHA [38]
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6.0 SEISMIC DESIGN AND QUALIFICATION OF 
NEW NPP 

 
6.1 Introduction [39] 
All structures, systems and components (SSCs) important to safety of an NPP are 
designed or qualified to ensure safe performance against DBGM. As explained 
earlier, aseismic design involves three basic steps, viz. selection of an 
appropriate structural configuration, determination of seismic response i.e. 
earthquake induced forces in structural elements by analysis and determination 
of elemental cross section properties (cross section dimensions and 
reinforcements for RCC structures, diameter and thickness for piping etc) 
following appropriate codal provisions. In case of seismic qualification, the cross 
section properties of structural elements are known. The earthquake induced 
forces in structural elements can be determined by analysis. The structural 
adequacy of the elemental cross section for the induced forces is then checked 
following appropriate codal provisions.  
 
Plant specific SSCs are designed, while generic items like pumps, motors, heat 
exchangers are qualified to ensure their safe performance during design basis 
earthquake. For this purpose the safety related components of a nuclear facility 
are categorized into three seismic categories as explained earlier. Seismic 
qualification of SSCs can be performed by the use of one or more of the 
following approaches [39]: 

• Analysis; 
• Testing; 
• Earthquake experience; 
• Comparison with already qualified items (similarity). 

 
It is also possible to use combinations of these methods. Qualification generally 
includes qualification of structural integrity as well as qualification for 
operability or functionality. Analysis is generally main tool for qualification, 
especially where structural integrity is of main concern and that are of a size or 
scale to preclude their qualification by testing. Civil engineering structures, 
tanks, distribution systems and large items of equipment are usually qualified by 
analytical methods. On the other hand, testing is adopted to qualify those 
components which are rationally not amenable to analysis. These components 
are small, sensitive devices used in plant safeguards equipment, where measured 
acceleration and malfunction levels (functionality) are the failure criteria. 
 
6.2 Qualification by analysis [22, 31] 
Qualification by analysis includes the following major tasks: 

• Mathematical modeling  
• Analysis including main system and subsystem analyses 

 
Modeling task includes derivation of the seismic excitation in terms of DBGM 
parameters as well as modeling of the stiffness, mass and damping 
characteristics of SSC. The energy of a vibrating system is dissipated by various 
mechanisms, which is known as damping. It is difficult to identify and describe 
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each of these energy dissipating mechanism of a SSC. Hence, damping is 
modeled in a highly idealized manner, generally in the form of equivalent 
viscous damping. 
 
Analytical model can be different according to the structural characteristics of 
the components e.g. lumped mass models, one dimensional models, 
axisymmetric models, two or three dimensional finite element models. Ideally 
one would like to model the structure incorporating all its complexity in a full 
three dimensional model in which the structure is idealized using solid elements 
or shell elements depending on the configuration. But, during dynamic analysis, 
these models produce local modes with little participation of mass and are of no 
consequence to the global behaviour of the structure. Also a 3-D model requires 
large computational effort. Hence for simplicity, an alternate approach of lumped 
model which provides insight into the global behavior of the structure is used. 
During the later part of the analysis, the 3-D model is utilized for obtaining a 
better approximation of stress resultants near discontinuities. Both methods are 
equally accepted for dynamic analysis of NPP components. The lumped mass 
approach was adopted for seismic analysis during earlier days. Currently with 
the advancement of high speed computing, 3-D models are also used for 
complete dynamic analysis of NPP. Figure – 40 depicts the lumped mass model 
of reactor building including containment structure [40] and as well 3-D model 
of the containment structure of an NPP. 
 
Seismic analysis of an NPP comprises of main system analysis and subsystem 
analysis [41]. Main systems include those civil engineering structures which 
house the mechanical, electrical and instrumentation systems. These mechanical, 
electrical and instrumentation systems are referred to as the subsystems. Analysis 
of main system and subsystem shall ideally be carried out together and such an 
analysis is termed as coupled analysis. However, the coupled model may 
sometimes be too cumbersome or possibly ill conditioned for analysis. In such 
case, the main systems and subsystems are analyzed separately by decoupling 
them from each other. Major structures that are considered in conjunction with 
foundation media constitute the main system. Other SSCs attached to the main 
system constitute the subsystems. There are defined criteria of decoupling the 
main system and subsystem for analysis depending on their mass ratio and 
frequency ratio. Main system analysis is carried out to obtain the structural 
response of main system components or civil engineering structures. One of the 
outputs of main system analysis is floor response spectrum, which is used as 
input for subsystem analysis.  
 
Acceptable methods of seismic response analysis of nuclear facilities include:  

• The time-history method  
• The response-spectrum method  
• Equivalent Static method 

 
Generally, to determine the structural response of main system components, is 
carried out by response spectrum analysis method for the purpose of design. 
Time history analysis method is adopted to derive the acceleration response time 
history at different elevations/floors of the main systems, from which the floor 
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response spectrum is derived. Subsystem analysis is also carried out by response 
spectrum method using the floor response spectrum as input. In some cases time 
history analysis is carried out, especially when operability of a system is to be 
qualified following stringent acceptance criteria. 
 
6.3 Seismic qualification by testing [39, 42] 
Testing of the actual item or prototype is a method of direct seismic 
qualification. Seismic qualification by testing is generally conducted on shake 
table. A component is subjected to input motion equivalent or similar to that of 
DBGM. The motion experienced by the component being tested is measured 
using the instrumentation available in the shake table and the response spectrum 
corresponding to this motion is called the Test response spectrum (TRS). The 
requirements to be met are specified by the required response spectrum (RRS). 
RRS could be specified by the floor response spectra at the location where the 
component is mounted, when a site specific test is being carried out. The 
component is qualified, if it continues to perform its intended function when the 
TRS envelops the RRS.  
 

 
 
Types of testing include: 

• Type approval test (fragility test); 
• Acceptance test (proof test); 
• Code verification test; 

(a) Lumped mass model of 
reactor building 

(a) 3-D finite element model of 
reactor building 

Figure 40 - Seismic analysis model of reactor building of an NPP
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• Low impedance test (dynamic characteristic test). 
 
Direct qualification by testing makes use of type approval and acceptance tests. 
The type approval (fragility) test is generally used for standard electrical 
components and mechanical components when design margins to failure, 
damage or non-linear response and identification of the lower bound failure 
mode have to be evaluated.  Such testing is typically carried out by means of a 
shake table.  
 
The acceptance (proof) test is also used for electrical and mechanical 
components to demonstrate their seismic adequacy. It is typically performed by 
manufacturers to demonstrate compliance with procurement specifications. Such 
testing is typically carried out by means of a shake table. 
 
The code verification test is important for reliable analytical work. Computer 
codes should be verified before their application by means of analyses made 
using an adequate number of test results or results obtained from other 
appropriate computer codes or analytical procedures. Low impedance (dynamic 
characteristic) tests are limited to identify similarity or to verify analytical 
models.  
 
6.4 Seismic qualification based on earthquake experience 
Seismic qualification of SSCs by means of the use of experience [43] from 
strong motion seismic events is having a growing application.  
 
The principal requirements of this method include that the level of seismic 
excitation experienced during a real earthquake by an item identical to the one 
under qualification exercise should effectively envelop the seismic design 
motion at the point of installation in the plant building. The item being qualified 
and the item that has seen the strong motion should have the similar 
characteristics, support or anchorage arrangement. This method of qualification 
is widely used for seismic evaluation of existing facilities. 
 
6.5 Seismic qualification based on similarity [39] 
In this method, particular equipment is compared with another similar equipment 
which has already been qualified. The similarity principle is evoked to show that 
the two pieces of equipment respond essentially the same and that the difference 
between the two can only help maintain or improve the functional and structural 
integrity of the equipment. 
 
Similar appearance or geometric size does not establish a basis for dynamic 
similarity. Similarity requires the documentation of related mass, stiffness and 
damping characteristics. Structural laws relating to dynamic response determines 
the similarity.  
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7.0 SEISMIC EVALUATION OF EXISTING NPP 
 
7.1 Introduction: [44] 
Seismic evaluation of an existing nuclear facility is prompted by from the 
following considerations: 

(a) Evidence of greater seismic hazard at site than expected before, 
owing to new or additional data and/or to new methods. 

(b) Regulatory requirements, such as periodic safety reviews, to ensure 
that the plant has adequate margins for seismic loads. 

(c) Lack of anti-seismic design or poor anti-seismic design. 
(d) New technical findings such as vulnerability of some structure 

(e.g., masonry walls) or equipment (e.g., relays), other feedback 
and new experience from real earthquakes. 

 
7.2 Principles of Seismic re-evaluation [41, 44] 
Seismic re-evaluation (or seismic evaluation) is distinguished from seismic 
qualification primarily in that seismic qualification is intended to be performed at 
the design stage of a plant, whereas seismic re-evaluation is intended to be 
applied after a plant has been put in operation. Primary objective of seismic re-
evaluation is to review the seismic capacity of safety related SSCs of the plant 
required to achieve a set of safety objectives. This review exercise is conducted 
with respect to the ground motion, termed as review basis ground motion 
(RBGM). The RBGM parameters are derived following same criteria of S2 level 
earthquakes or SSE.  
 
Objective of seismic re-evaluation is to assess the capability to perform the 
following safety functions of an existing plant, in the event of RBGM,  

 Safe shutdown of the plant; 
 Maintaining the plant in safe shutdown condition; 
 Long-term decay heat removal; 
 Containment/confinement of radioactive inventory. 

 
Seismic re-evaluation aims at re-assessing the safety of the plant, with respect to 
the above four functions, against RBGM parameters with consequent upgrading, 
if found necessary. General approach to seismic re-evaluation is outlined below: 
• Evaluation of seismic hazard of the site,  
• The re-evaluation focuses on those SSCs essential to achieve the desired 

safety objectives without compromising the defense in depth1. 
• The additional capacity of the SSC required to withstand an earthquake 

is evaluated considering inherent conservatism of the original design, 
taking into account certain limiting assumptions in terms of operational 
status, probability of other external events, material behavior. 

                                                 
 
1 Defense in depth means provision of multiple levels of protection for ensuring 
safety of workers, the public or the environment. 
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• The seismic safety assessment uses conservatism carefully and employs 
the best available techniques to evaluate capacity of the plant in terms 
of RBGM parameters, and possibly resulting in upgradation. 

 
Safety analysis is carried out to identify the structures systems and components 
(SSC) required to perform safety functions satisfying the limiting operating 
conditions and including those necessary to guarantee the existence of defense in 
depth in the event of RBGM. Safety analysis adopts an event tree / fault tree 
approach to identify the accident sequences and to list the Structures, Systems 
and Components (SSC) required to ensure the safety functions. The steps 
involved in safety analysis are divided into four major activities: 
• Postulation of seismic induced initiating events, 
• Formulation of event trees for each of the postulated events to accomplish 

the required safety functions, 
• Formulation of fault trees for each of the frontline systems appearing on the 

event trees, and  
• Determination of list of SSCs by a minimal cut set evaluation of the fault 

trees. 
 
Only those SSCs which are required to perform the safety functions satisfying 
the limiting operating conditions and including those necessary to guarantee the 
existence of defense in depth in the event of RBGM are evaluated. The list of 
these SSCs is known as seismic structures, systems and components (SSSCs) list 
(SSSCL) of the plant. 
 
Comparison of seismic qualification and seismic evaluation is given in figure – 
41. In seismic evaluation of an existing plant, seismic capacity is assured 
following current seismic criteria and considering identical SSSC(s) required to 
successfully perform the safety functions mentioned above.  
 
7.3 Seismic Capacity Assessment [41, 45] 
There are two main approaches for assessing the seismic capacity of an existing 
nuclear facility:   

 The seismic margin assessment (SMA) and  
 The seismic probabilistic safety assessment (SPSA).  

 
7.3.1 Seismic Margin Assessment: 
Seismic margin is generally expressed in terms of the earthquake level that 
compromises plant safety, specifically leading to melting of the reactor core. The 
measure of seismic capacity adopted in seismic margin reviews is the so-called 
“High Confidence, Low Probability of Failure” (HCLPF) capacity, usually given 
in unit of peak ground acceleration. This is a conservative representation of 
capacity, and in simple terms, corresponds to the earthquake level at which it is 
extremely unlikely that failure of the component will occur. From the 
mathematical perspective, the HCLPF capacity values are approximately equal 
to a 95% confidence (probability) of not exceeding about a 5% probability of 
failure. Using the HCLPF concept, the search for the seismic margin shifts to 
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determining the plant-level HCLPF capacity and comparing it with the review 
basis earthquake. 
 

 
 
7.3.2 Seismic Probabilistic Safety Assessment: [41, 46] 
Objective of seismic probabilistic safety assessment (SPSA) is involved the 
following major activities: 

 Probabilistic Seismic Hazard Analysis to derive RBGM parameters 
 Structures and components fragility analysis. 
 Establishing plant fragility using plant logic analysis 
 Risk quantification. 

 
Seismic Fragility is the conditional probability of failure for a given value of 
seismic input parameter e.g. PGA. 
 
SPSA differs from probabilistic safety analysis with internal events, such that in 
SPSA instead of dealing with random equipment failures, earthquake is 
considered as a cause for failure; and the frequency of failure of a particular 
component is computed from seismic hazard of the site and fragility of the 
component. SPSA results in identification of accident sequences leading to core 
damage and frequency of each of those.  Principal difference between SPSA and 
SMA is that SMA, instead of looking for a core damage frequency as is the case 
of SPSA, looks for the level of earthquake below which core damage is unlikely.  
 
7.4 Tasks for seismic evaluation [41] 
Even though the two methods, SMA and SPSA, differ in many respects, the 
major activities to be undertaken to accomplish the final goal by both these 
methods are almost similar. Hence, it is generally noticed that performing SPSA 
along with SMA is beneficial as most of the tasks and associated activities are 

Figure 41 - Seismic re-evaluation vs seismic qualification [43]
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common. Figure – 42 depicts typical flow diagram of seismic re-evaluation 
procedure of an existing NPP.  
 

 
 
Plant walk-down is an important task for both SMA and SPSA while carrying 
out seismic re-evaluation of existing nuclear facilities. The objectives of walk 
down include: 

• Confirm the completeness of SSSCL, their required functions, their 
possible failure modes, to screen out the SSSCs which feature a 
seismically robust construction  

• Collection of as-built data and assessment of seismic capacity of 
components in SSSCL. 

Figure 42 - Task flow for seismic re-evaluation [41]
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• Identification the easy-fix solutions/upgrades that can be carried out 
regardless of any analysis. 

• To define representative configurations for further evaluations.  
 
The main focus of walk-downs are on: 

• Equipment characteristics and inherent seismic capabilities. 
• Anchorage of equipment 
• Load path from the anchorage through the equipment 
• Spatial and other types of interaction. 

 
The plant walk-down is generally carried out in two stages, preliminary and 
detailed. Preliminary plant walk-down will be carried out by the plant operating 
personnel to obtain the necessary information for generating the SSSCL. The 
main objective of this walk-down is the identification of those obvious 
seismically robust SSCs, which can be considered as having adequate seismic 
capacity and, therefore, are screened out of further evaluations. Those SSCs, 
which require a modification or whose seismic capacity is uncertain, are further 
evaluated in detail during detailed plant walk-down. 
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8.0 SEISMIC INSTRUMENTATION [39, 47] 
 
8.1 Introduction 
The main objective of the seismic instrumentation is to record the ground motion 
arising due to natural and manmade disturbances and dynamic behavior of SSC 
inside NPP, during an earthquake. Information recorded in seismic 
instrumentation helps in: 

i) Assessing safety of the plant after an seismic event 
ii) Validating the aseismic design 
iii) Improvement in aseismic design technique. 

There are some instruments which could initiate the shutting down process of an 
NPP in the event of an earthquake having high magnitude. 
 
Seismic instrumentation is installed at nuclear power plants for the following 
reasons [28]: 
• For structural monitoring:  

o To collect data on the dynamic behaviour of SSCs of the nuclear power 
plant and to assess the degree of validity of the analytical methods used 
in the seismic design and qualification of the buildings and equipment. 

• For seismic monitoring:  
o To provide alarms for alerting operators of the potential need for a plant 

shutdown depending on post-earthquake inspections.  
• For automatic scram systems:  

o To provide triggering mechanisms for the automatic shutdown of the 
plant. 

 
A variety of instruments are available for measurement of earthquake response 
(acceleration/velocity/displacement). These instruments try to capture the 
earthquake response at the point of attachment to the structure. The range of 
instruments available includes accelerographs, structural response recorders 
(SRRs), peak accelerographs and seismic switches. Accelerographs record the 
full history of vibratory motion during the occurrence of earthquake. SRRs 
record spectral accelerations at specified frequencies and peak accelerographs 
record the maximum acceleration observed at that location.  
 
Data for immediate decision making process will not be available from SRRs 
and peak accelerographs, as the recorded data require post processing. This can 
be achieved by switches (both for PGA and response spectral values), which 
instantly conveys information on exceedance of a set point of acceleration. With 
the advances made in digital electronics and signal processing, it has now 
become feasible to conduct the real time analysis of data from accelerographs 
also. 
 
8.2 Selection of instruments 
The choice of the instruments is done by specialists in the field considering the 
dynamic range, trigger level, frequency band, damping, recording speed etc 
needed to specifically assess acceleration time history, structural response etc. 
specific to seismic environment.  
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8.3 Location of seismic instruments 
As a minimum, the accelerographs are located in free-field, foundation of 
containment structure, two elevations (excluding the foundation) on the internal 
structure within the containment of a reactor as well as on foundation and at an 
elevation of an independent Seismic Category I structure. If seismic isolators are 
used, instrumentation is placed on both the rigid and isolated portions of the 
same and an adjacent structure, as appropriate, at approximately the same 
elevations. In addition, behavior of a representative piping equipment and their 
supports are also monitored with the help of seismic instrumentation. 
 
8.4 Multiunit sites: 
Instrumentation in addition to that installed for a single unit is not required, if 
essentially the same seismic response is expected at the other units based on the 
seismic analysis used in the seismic design of the plant. However, if there are 
separate control rooms, annunciation for exceedance of set parameters should be 
provided to both control rooms. 
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k = 40 000 kN/m 

k = 40 000 kN/m 

k = 40 000 kN/m 

Figure AI‐1 : Idealized model of three storey building

APPENDIX – I: ILLUSTRATIVE EXAMPLE OF 
RESPONSE SPECTRUM METHOD 

 
Consider the idealized model of the three storey building shown in figure AI-1 
below. Assume that the building will vibrate in the lateral direction and 
vibrations in other two perpendicular directions are constrained. Therefore, this 
building will have 3 dynamic degree of freedom and 3 modes of vibration. 

 
The basic dynamic equilibrium equation of multi degree of freedom system can 
be written as 
Mxሷ ൅  Cxሶ ൅  Kx ൌ Fሺtሻ (I-1) 
 
Where, M = mass matrix; C = damping matrix; K = stiffness matrix 
 
Consider the solution of this equation to be harmonic and of the form 
x = ν sinωt (I-2) 
 
Substituting for x, in equation (I-1), the equation is transformed to the following 
form for a undamped free vibration system  
 
ݒ ܭ െ ߱ଶݒ ܯ ൌ  ሼ0ሽ (I-3) 
 
For the above MDOF system, 

Mass matrix ܯ ൌ 1000 අ
2 0 0
0 2 0
0 0 1.5

ඉ kg 
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and 

Stiffness matrix ܭ ൌ 1000 අ
80 െ40 0

െ40 80 െ40
0 െ40 40

ඉ  ܰ/݉ 

 
The eigen solution of equation (I-3) will result in eigen values (ω) i.e natural 
frequency and eigen vector which are the mode shapes [9]. 
 
Substituting M and K in equation (I-3) and taking an eigen solution we get 

අ
80 െ 2߱ଶ െ40 0

െ40 80 െ 2߱ଶ െ40
0 െ40 40 െ 1.5߱ଶ

ඉ ൌ 0 

 
Solving, we get the natural frequency and period as, 

 ߱ଵ ൌ  .T1 = 2.939 secs  ܿ݁ݏ/ݏ݊ܽ݅݀ܽݎ 2.138
  ߱ଶ ൌ  .T2 = 1.069 secs  ܿ݁ݏ/ݏ݊ܽ݅݀ܽݎ 5.877
  ߱ଷ ൌ  .T3 = 0.764 secs  ܿ݁ݏ/ݏ݊ܽ݅݀ܽݎ 8.219
 
The eigen vectors corresponding to each of the eigen values can be determined 
by substituting the value of ω in equation (I-3) and solving it. These eigen 
vectors are called the mode shapes and is represented by {φ}. Mode shapes are 
nothing but a sort of scaled displaced shape of the structure for that mode of 
vibration. Figure AI-2 below shows the displaced shape for first mode. 

 
Figure AI-2 : Displaced shape for first mode 
 

For First mode, ሼ׎ሽଵ ൌ  ൝
0.47
0.83
1.00

ൡ; For Second mode, ሼ׎ሽଶ ൌ  ൝
െ1.08
െ0.30
1.00

ൡ; 

 

And for Third mode,  ሼ׎ሽଷ ൌ  ൝
1.11

െ1.53
1.00

ൡ 

φ13 

φ12 

φ11 
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Figure AI-3 : Modal Deformation 

 
For a MDOF system subjected to seismic excitation, F(t) in equation (I-1) will be  

ሻݐሺܨ ൌ  െM.r.xሷ g 
Here r is called the excitation influence vector. It consists of 1’s corresponding to 
translational degrees of freedom along the direction of ground motion and 0’s 
corresponding to other degrees of freedom. 
 
Therefore equation (I-1) can be rewritten as  
Mxሷ ൅  Cxሶ ൅  Kx ൌ െM.r.xሷ g
 
This equation can be decoupled into 
yሷ ൅  2ω୬ζ୬yሶ ൅  ω୬

ଶy ൌ ௡ܲ.xሷ g  n = 1,2,3,…..N
 
Where, 

௡ܲ ൌ  ሼ׎ሽ೙
೅ ெ ௥

ሼ׎ሽ೅ ெ ሼ׎ሽ೙
 and 

 
ݕ  ൌ  ሾ׎ሿ  x 

 
Pn is called the earthquake mode participation factor [9] of mode ‘n’ for the 
direction of the ground motion described by ݔሷ௚. It denotes how much each mode 
participates in the vibration of the building when subjected to base excitation. 
 
For the example problem the earthquake participation factor for first mode is 
given by 
 

ଵܲ ൌ
൝
0.47
0.83
1.00

ൡ
்

1000 ൥
2 0 0
0 2 0
0 0 1.5

൩ ൝
1
1
1

ൡ

൝
0.47
0.83
1.00

ൡ
்

1000 ൥
2 0 0
0 2 0
0 0 1.5

൩ ൝
0.47
0.83
1.00

ൡ

ൌ 1.235 

 
Similarly for modes 2 and 3 
P2 = -0.314 and P3 = 0.076 



55 
 

 
Assume that the site has a PGA of 0.15g, and the design is to be as per the IS-
1893 response spectrum (Critical damping ratio (ߦ௡) = 5%), for rock sites. Then 
the spectral amplification factor corresponding to the time period of the three 
modes are derived as shown in figure – AI-4 below. 
 

 
Figure AI-4 : Spectral amplification factor 

 
Table- AI-1: Spectral amplification factor corresponding 

to time period 
Mode Period Sa/g Sa = Sa/g * PGA 
1 2.939 0.5 0.5*.15g = 0.075g 
2 1.069 0.85 0.1275g 
3 0.764 1.5 0.225g 

 
Maximum acceleration in mode ‘n’ at floor ‘i’ is given by 
௡௜,௠௔௫ܣ ൌ ௡௜׎ ௡ܲܵ௔௡ (I-6) 
 
If mi is the mass at floor ‘i’, the maximum lateral force at floor ‘i’ in mode ‘n’ is 
௡௜,௠௔௫ܨ ൌ ݉௜ܣ௡௜,௠௔௫ ൌ ݉௜׎௡௜ ௡ܲܵ௔௡ 
 
Calculation of maximum acceleration and maximum lateral force for floor 3 in 
mode 1 is illustrated below: 
ଵଷ,௠௔௫ܣ ൌ ଵଷ׎ ଵܲܵ௔ଵ ൌ 1.00 ൈ 1.235 ൈ 0.075 ൈ 9.81 ൌ  ଶܿ݁ݏ/݉ 0.91
ଵଷ,௠௔௫ܨ ൌ ݉௜ܣ௡௜,௠௔௫ ൌ ݉௜׎௡௜ ௡ܲܵ௔௡ ൌ 1500 ൈ 1.00 ൈ 1.235 ൈ 0.075 ൈ 9.81

ൌ 1362 ܰ 
 
The maximum lateral forces at each floor calculated in similar manner for each 
mode is tabulated below: 
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Table- AI-2: Maximum lateral forces at each floor for each mode 

Flr Mass φ1x φ2x φ3x A1x A2x A3x F1x F2x F3x 
 (kg) (m/s2) (m/s2) (m/s2) (N) (N) (N) 

1 2000 0.47 -1.08 1.11 0.43 0.42 0.19 854.1 848.3 372.4 

2 2000 0.83 -0.3 -1.53 0.75 0.12 -0.26 1508.3 235.6 -513.3 

3 1500 1 1 1 0.91 -0.39 0.17 1362.9 -589.1 251.6 

Note: Subscript ‘x’ represents floor number 
 

The maximum storey shear Vni,max in mode ‘n’ within storey ‘i’ are obtained by 
summing up the maximum lateral forces Fni,max of all floors above storey ‘i’. 
 
Hence, 

௡ܸ௜,௠௔௫ ൌ  ∑ ௡௝,௠௔௫ܨ
௡
௝ୀ௜        

  (I-7) 
For storey 1 in mode 1, 

ଵܸଵ,௠௔௫ ൌ  ෍ ଵ௝,௠௔௫ܨ

ଷ

௝ୀଵ

ൌ 854.13 ൅ 1508.36 ൅ 1362.98 ൌ 3725.47 

Similarly for other storey, 
 

Table- AI-3: Maximum shear forces at each floor 
for each mode 

 V1x V2x V3x 
 (N) (N) (N) 

Floor - 1 3725.47 494.86 110.72 

Floor - 2 2871.34 -353.47 -261.69 

Floor - 3 1362.98 -589.12 251.63 

 
Adopting SRSS method of modal combination, maximum storey shear at floor 
‘i’ due to all modes of vibration 

௜ܸ ൌ  ඥ∑ ௡ܸ௜
ଶே

௥ୀଵ        (I-8) 
 
Therefore, for floor 1, 
  ଵܸ ൌ  ඥሺ3725.47ሻଶ ൅ ሺ494.86ሻଶ ൅ ሺ110.72ሻଶ ൌ  3759.8 ܰ  
 
Similarly V2 = 2603.1 N; and V3= 1506.1 N 
 
 
 


