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Earthquakes are classified into four groups, in decreasing order of distress. Felt 
distances and affected regions are mentioneddistances and affected regions are mentioned.

NameName DistanceDistance
(Yojana)(Yojana)

RegionRegion
(Yojana)(Yojana)

VayuVayu 200200 Kuru, Yavana, Sourastra, Vanga, Kuru, Yavana, Sourastra, Vanga, 
Trigarta MagadhaTrigarta MagadhaTrigarta, MagadhaTrigarta, Magadha

VarunaVaruna 90 ( 180 ) *90 ( 180 ) * Gonarda, Cedi ,Kukura, Videha, Gonarda, Cedi ,Kukura, Videha, 
SindhuSindhuSindhuSindhu

AgniAgni 80 ( 110 ) *80 ( 110 ) * Ashmaka, Dravida, Madhyadesha, Ashmaka, Dravida, Madhyadesha, 
Kuru, Yavana, Sourastra, Vanga, Kuru, Yavana, Sourastra, Vanga, 

Trigarta, MagadhaTrigarta, Magadha

IndraIndra 70 (160) *70 (160) * Kashi, Dravida, KashmirKashi, Dravida, Kashmir

* 1Yojana=9.6 Kms.(approx.)    Prof. RN Iyengar Current science



NAMES OF 
REGIONS WHICH 
HAVE EXPERIENCE 
EARTHQUAKES INEARTHQUAKES IN 
ANCIENT TIMES AS 
PER BRIHAT-
SAMHITA OF 
VARAHA MIHIRA 5-

TH C6TH CENT. A.D.

RED COLOUR 
INDICATES THE 
SEVEREST TYPE  
(VAYU)(VAYU).



Kedarnath temple 2nd century
National centre for Heritage structures
IIT Madras

M Tech and PhD Heritage structuresM.Tech and PhD Heritage structures
Reconstructing the past Natural 
disasters

Dhankar monsatery 2000Dhankar monsatery 2000 
yrs old







NORTHWARD 
MOVEMENT OF 
INDIA







WHAT KIND OF FAULTS ARE THERE INWHAT KIND OF FAULTS ARE THERE IN 
HIMALAYAS ?



Inter and Intraplate EarthquakesInter- and Intraplate Earthquakes

 Most earthquakes occur along plate margins 
because plate margins are relatively weak, but bec use p e g s e e ve y we , bu
about 10% of earthquakes occur within the interior 
of plates.p

l if h k d di h h We classify earthquakes depending on where they 
are located

 Interplate - between plates
 Intraplate - within plates

13





SEISMIC HAZARD
STRUCTURAL SAFETYSTRUCTURAL SAFETY
EARTHQUAKE – GROUND 
VIBRATION 
(DISPLACEMENT VELOCITY(DISPLACEMENT, VELOCITY, 
ACCELERATION TIME HISTORY)



Most of our engineering 
structures have resonant 

ib ti f i i 0 1 Hvibration frequencies in 0.1 Hz –
10 Hz range. 

NAT. FREQ. = 1/(0.1N), 
N=number of stories



The economic losses estimated for the period 1929-1950p
due to earthquakes are in excess of US$10 billion.

In the past 3 centuries over 3 million people have died
due to earthquakes and earthquake related disasters.q q

2001 Bhuj earthquake – US$ 5 Billion
200 h i h k S $ 2 billi2005 Kashmir earthquake - US $5.2 billion 
2008 China earthquake – US $75 Billion 
2011 Japan Earthquake US $ 300 Billion2011 Japan Earthquake – US $ 300 Billion  

2014 Indian Budget – $ 301 Billion dollarsg

The next great earthquake in a major metropolitan region can 
cause damage at the multi-trillion dollar level





Seismic zone map of India (IS 
1893 (Part 1) : 2002)

Zone PGA
II 0 1gII 0.1g
III 0.16g
IV 0.24gg
V 0.36g

STRUCTURES HAS TO 
BE SAFE IN FUTURE
FUTURE -U U
UNCERTAINITY





d ( )Strasser and Bommer (2009)





EARTHQUAKE CAN OCCUR 
ON ANY FAULT IN FUTURE

DESIGN FOR MAXIMUM 
VALUE – Too Costly

DESIGN FOR MINIMUM 
VALUE – Unsafe

How to Take a decision ?

Nuclear reactors, Historical 
t lif ti i hi hmonuments - life time is high

Apartments – Life time (50 
Yrs)Yrs)

Design Value – Probability or 
FrequencyFrequency

Cover the Risk - Insurance



Seismic Hazard Curve for Mumbai city 

(Requirement for Engineers)





SEISMIC HAZARD CURVE

Magnitude
GROUND MOTION

Di t f th i iDistance from the seismic source

What is the Frequency of Occurrence of earthquakes ?What is the Frequency of Occurrence of earthquakes ?

Frequency of 6 magnitude earthquake on a particular seismic source? 
Frequency of 7 magnitude earthquake ? 
Frequency of 8 ?

Ground motion Location of fault
Magnitude

Activity rate of ith fault

K = Number of faults
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PSHA METHODOLOGY

1. Identification of seismic sources and geological 
zones

2. Earthquake catalogue

3. Recurrence relationships

4. Strong motion attenuation relationships

5. Seismic hazard analysisy
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Assembled 
cataloguecatalogue
2474 BC -
20082008
38,860 
events

The uncertainty in 
the reportedthe reported 
magnitudes is 
taken as 0.5 in thetaken as 0.5 in the 
extreme part. For 
the
complete part the 
magnitude 
uncertainty isuncertainty is 
assumed to be 0.3.

















SMA DATA IN INDIA





Table 1.  Uncertainties in earthquake model parameters
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Coefficients in the attenuation relation for Peninsular India

Period C1 C2 C3 C4 C5 C6 C7 C8 σ(ε)
0.0000 
0.0100    
0.0150    
0.0200

-5.2182  
-5.2204   
-4.1862   
-4.1018

1.6543    
1.6523    
1.4952    
1.5037

-0.0309   
-0.0307   
-0.0197   
-0.0209

-0.0029   
-0.0029   
-0.0030   
-0.0030

-1.4428   
-1.4422   
-1.4265   
-1.4096

0.0188    
0.0187    
0.0162    
0.0146

0.9968    
0.9971    
1.0135    
1.0237

0.1237    
0.1237    
0.1209    
0.1202

0.3843    
0.3837    
0.4159    
0.40220.0200    

0.0300    
0.0400    
0.0500    
0.0600    
0 0750

4.1018  
-4.1365     
-4.2520  
-4.4128    
-4.7225  
5 0947

1.5037    
1.5228    
1.5430    
1.5817    
1.6531    
1 7235

0.0209   
-0.0227   
-0.0244   
-0.0271   
-0.0327   
0 0383

0.0030   
-0.0030   
-0.0029   
-0.0029   
-0.0028   
0 0028

1.4096   
-1.3888   
-1.3783   
-1.3801   
-1.3730   
1 3572

0.0146    
0.0137    
0.0137    
0.0142    
0.0159    
0 0146

1.0237    
1.0298    
1.0266    
1.0227    
1.0077    
1 0136

0.1202    
0.1161    
0.1149    
0.1140    
0.1132    
0 1121

0.4022    
0.3873    
0.3827    
0.3822    
0.3835    
0 38420.0750    

0.0900    
0.1000    
0.1500    
0.2000    

-5.0947    
-5.5186
-5.8239   

-7.4663 
-9.0431   

1.7235    
1.8218    
1.8911    
2.2950    
2.6930    

-0.0383   
-0.0460   
-0.0511   
-0.0816   
-0.1115    

-0.0028   
-0.0028   
-0.0028   
-0.0027   
-0.0026   

-1.3572   
-1.3441   
-1.3409   
-1.3179   
-1.2965   

0.0146    
0.0145    
0.0157    
0.0213    
0.0239    

1.0136    
1.0117    
1.0018    
0.9581    
0.9374    

0.1121    
0.1113    
0.1103    
0.1055    
0.1020    

0.3842    
0.3856    
0.3868    
0.3888    
0.3941    

0.3000    
0.4000    
0.5000    
0.6000    
0.7000

-11.9934   
-14.3305   
-16.2504   
-18.1350   
-19.3494

3.4705    
4.0665    
4.5566    
5.0060    
5.3013

-0.1687   
-0.2112   
-0.2457   
-0.2767   
-0.2962

-0.0025   
-0.0025   
-0.0024   
-0.0024   
-0.0024

-1.2861   
-1.2686   
-1.2614   
-1.2419   
-1.2399

0.0384    
0.0462    
0.0533    
0.0473    
0.0508

0.8713    
0.8467    
0.8254    
0.8363    
0.8309

0.0989    
0.0984    
0.0975    
0.0949    
0.0934

0.4008    
0.4052    
0.4082    
0.4106    
0.41190.7000    

0.7500    
0.8000    
0.9000    
1.0000    
1 2000

19.3494   
-19.8904   
-20.4426   
-21.4875   
-21.9767   
23 1660

5.3013    
5.4156    
5.5522    
5.7648    
5.8581    
6 0486

0.2962   
-0.3035   
-0.3118   
-0.3246   
-0.3297   
0 3372

0.0024   
-0.0023   
-0.0023   
-0.0023   
-0.0023   
0 0023

1.2399   
-1.2316   
-1.2423   
-1.2309   
-1.2258   
1 2204

0.0508    
0.0472    
0.0529    
0.0473    
0.0438    
0 0401

0.8309    
0.8388    
0.8273    
0.8383    
0.8487    
0 8659

0.0934    
0.0922    
0.0938    
0.0922    
0.0927    
0 0939

0.4119    
0.4130    
0.4120    
0.4129    
0.4134    
0 41391.2000    

1.5000    
2.0000    
2.5000    
3.0000    

-23.1660   
-24.2031   
-25.1523   
-25.5577   
-25.5807   

6.0486    
6.1891    
6.2202    
6.1153    
5.8957    

-0.3372   
-0.3402   
-0.3308   
-0.3139   
-0.2871   

-0.0023   
-0.0022   
-0.0022   
-0.0022   
-0.0021   

-1.2204   
-1.2281   
-1.2390   
-1.2275   
-1.2341   

0.0401    
0.0371    
0.0324    
0.0213    
0.0150    

0.8659    
0.8833    
0.9107    
0.9687    
1.0215    

0.0939    
0.0924    
0.0975    
0.0982    
0.1003    

0.4139    
0.4137    
0.4173    
0.4248    
0.4274    

4.0000 -25.2671 5.5029 -0.2436 -0.0021 -1.2511 0.0122 1.0627 0.1034 0.4346





SEISMIC HAZARD CURVE

Magnitude
GROUND MOTION

Di t f th i iDistance from the seismic source

What is the Frequency of Occurrence of earthquakes ?What is the Frequency of Occurrence of earthquakes ?

Frequency of 6 magnitude earthquake on a particular seismic source? 
Frequency of 7 magnitude earthquake ? 
Frequency of 8 ?

Ground motion Location of fault
Magnitude

Activity rate of ith fault

K = Number of faults



PGA 
Contours 
with 2% 
probability 
of 
exceedenceexceedence 
in 50 years 
(Return (
Period 
~2500 years) 
on A-type 
Sites



Spectral 
acceleration 
Contours at T 
=0.5sec with 2% 
probability of 
exceedence in 
50 years (Return50 years (Return 
Period ~2500 
years) on A-type y ) yp
Sites



Spectral 
acceleration 
Contours at T 
=1.25sec with 
2% probability 
of exceedence 
in 50 yearsin 50 years 
(Return Period 
~2500 years) on y )
A-type Sites



Spectral 
acceleration 
Contours at T 
=1sec with 2% 
probability of 
exceedence in 
50 years (Return50 years (Return 
Period ~2500 
years) on A-type y ) yp
Sites
IBC 2009



Spectral 
acceleration 
Contours at T 
=0.2sec with 2% 
probability of 
exceedence in 
50 years (Return50 years (Return 
Period ~2500 
years) on A-type y ) yp
Sites
IBC 2009
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Design Spectrum following IBC-2009; ASCE 7, 2005
Classification of sites based on the average shear wave velocity of the top 30 meters of theClassification of sites based on the average shear wave velocity of the top 30 meters of the 
subsoil is popular among engineers as a quick way of understanding how ground motion during 
an earthquake differs on rock sites and soil sites. Standard documents such as IBC-2009, can be 
referred for classifying sites based on borehole data or velocity profiling. The standard site y g y p g
classification definitions are shown in Table A-1.



IBC-2009 defines two site coefficients Fa and Fv corresponding to the
2500-year spectral acceleration (5% damping) value for representative2500 year spectral acceleration (5% damping) value for representative
short and long period ranges as shown in Tables A-2 and A-3.







Illustrative Example for a hypothetical D-type site at Chennai







Design Response Spectra for Chennai, Delhi, Kolkata and Mumbai

Comparison of p
IBC design 

spectra obtained 
i PSHAusing PSHA 

results with that 
specified in ISspecified in IS 
1893:2002 for 

Chennai 
(damping = 5%)



Comparison of IBC design spectra obtained using PSHA 
results with that specified in IS 1893:2002 for Delhi (damping 

= 5%)



Comparison of IBC design spectra obtained using PSHA 
results with that specified in IS 1893:2002 for Kolkata 

(damping = 5%)(damping = 5%)



Comparison of IBC design spectra obtained using PSHAComparison of IBC design spectra obtained using PSHA 
results with that specified in IS 1893:2002 for Mumbai 

(damping = 5%)( p g )



Comparison of ZPA of Design Spectrum



Dynamic Analysis of the Reinforced Concrete Framed 
Structure using Response Spectrum Method







Loads acting on 
Frame 2 (loads are 

in kN)in kN)



Results of free vibration analysis of the 11 storey 
hospital buildingp g

It is noted from Table that the first four modes needs to be 
considered in the dynamic analysis since the sum total ofconsidered in the dynamic analysis since the sum total of 
modal masses of these four modes will exceed 90% of the 

total seismic mass.







Seismic Hazard of India – Installation 
details 

1. Navigate to Google Play or Play Store
2. Search “Seismic Hazard of India”
3 The application is available for Free on google play3. The application is available for Free on google play.
4. Read description and Install application on your android devices.
5. Compatible for android 3.0 and above (Mobile and Tablets).p ( )



Earthquake catalog



Setting Preferences for filter









View PSHA Values



























TSUNAMI HAZARD ANALYSIS

• India lies between latitude 8.070N and
37.100N and longitude 68.120E and 97.420 E.

• India has one of the longest coastal lines
(7517 km)

• The total population coastal districts and
Island territories is around 171.44million,
which accounts to 14.20% of the total

Kakrapar
Haripur

which accounts to 14.20% of the total
population

• Mega cities like Kolkata, Chennai, Mumbai
are in the coastal belt of India

Jaitapur

Kaigai

Kovvada

• There are 13 Major Ports
• 8 Nuclear power Plants

It is thus evident that the
Tsunami hazard analysis of the
Indian coastal belt is significant

91

Indian coastal belt is significant
for the safety of both life and
economy



EARHQUAKES THAT TRIGGERED TSUNAMI QU S GG SUN
WAVES THAT AFFECTED INDIAN COAST

Date Cause Impact
12th April, 1762 Earthquake in Bay Tsunami wave of 1.8m at12 April, 1762 Earthquake in Bay 

of Bengal.
Tsunami wave of 1.8m at 
Bangladesh coast

31st December, 
1881

Magnitude 7.8 
earthquake beneath 
the Car Nicobar

Entire East coast of India including 
Andaman & Nicobar coast was 
affected by tsunami

27th August, 1883 Eruption of karkatoa
volcano (Sunda
Strait) Indonesia

East coast of India was affected and 
2 m Tsunami was reported at 
Chennai.

26th June, 1941 A 8.1 Magnitude 
earthquake in

East Coast of India was affected by 
tsunamiearthquake in 

Andaman 
tsunami.

27th November, 
1945

Earthquake in the 
Makran subduction 
zone

West coast of India was affected by 
Tsunami.

26th December, 
2004

Earthquake in 
Sumatra region

Affected the coastal India. Wave 
height in chennai around 3 m



How can an earthquake cause tsunamiHow can an earthquake cause tsunami

• Tsunami is triggered by the static
displacement of the ground underneath
the ocean body

• This static displacement of ground is

Source: http://www.intechopen.com

This static displacement of ground is
termed as Fling

• The ground motion contains two parts
the fling effect and the vibration
component

Tsunami Generation

p

What intensity of fling can

Fli ff t

What intensity of fling can
trigger a tsunami?

Fling effect
Does the vibration
component in the ground

93Motion of Fault Block motion has any effect on the
tsunami waves?



SEISMICITY AT ACTIVE REGIONS 
NEAR ANDAMAN



Analytical model - Sourcey

Point Source

Finite Fault

Magnitude
(Mw)

Typical
DimensionMo ADμ=

5 4 × 3
6 13 × 8li

D

7 45 × 24
8 161 × 67
9 567 × 190i

S p

T 9 567 × 190Ti
me

T
r



MESH USED FOR GROUND MOTION
SIMULATIONSIMULATION

Characteristic Value
Dimension:  Angular width

Center Latitude
Center Longitude

350×350

250

820

Total no: of elements 11.49 Million 
No of element at surface 0.2 Million
Average distance between 
points

5 km

Total no: of elements 68.96 MillionTotal  no: of elements 68.96 Million
No: of nodes 0.46 Billion
Total Degree of freedom 1.38 Billion
Time Step used for simulation 0.02s
Total Time required for 
simulation

20 Hours



VALIDATION
Slip Model 2012 Mw 8 6 Sumatra EarthquakeSlip Model 2012 Mw 8.6 Sumatra Earthquake



VALIDATION
Comparison with IGCAR data EW directionComparison with IGCAR data, EW direction



VALIDATION
Comparison with IGCAR data NS directionComparison with IGCAR data, NS direction



VALIDATION
Comparison with IGCAR data Z directionComparison with IGCAR data, Z direction



GROUND MOTION SIMULATION
Slip Distribution 2004 Mw 9.1 Sumatra EarthquakeSlip Distribution 2004 Mw 9.1 Sumatra Earthquake

Ammon et al (2005) Ji et al (2005) Rhie et al (2007)Ammon et al. (2005) Ji et al. (2005) Rhie et al. (2007)



GROUND MOTION SIMULATION
Slip Distribution 2004 Mw 9.1 Sumatra Earthquake

Ammon et al. Ji et al. Rhie et al. 
(Longitude (o), Latitude (o)) (95.78, 3.3) (95.78, 3.3) (95.49, 3.12)

Slip Distribution 2004 Mw 9.1 Sumatra Earthquake

( g ( ), ( )) ( , ) ( , ) ( , )
Depth (km) 35 35 27
Length (km) 1480 450 1355
Number of segments 3 1 6g
Hypocenter :along strike 70 in Seg. 1 52.5 43.91 in Seg. 1

: down-dip 168 in Seg. 1 150 27 in Seg. 1
Segment: Length (km) 300, 680, 500 450 350, 343, 162.50, g g ( )

162.50,165.50, 162.50
Width (km) 224, 192, 176 180 188.64, 144.88, 129.47, 

129.47, 129.47, 129.47
Strike 315, 342, 5 320 322, 343, 350,0,7,24
Dip 12, 15, 17.5 11 11,15, 18, 18,18,18
Rake 99 91.7 -
Number of Sub-faults 210, 408, 275 450 66, 55, 20,20,20,20
Size of Sub-faults (km) 20 × 16 15 × 12 31.82 × 31.44
Avg. Rupture Velocity 3 2 2.6
(km/s)
Avg. Rupture Time (s) 20
Max. Slip (m) 11.5 20 35



Displacement time history for 2004 (Mw9.1) Sumatra 
earthquakes:earthquakes:

Stations near the epicentral region (near-field)



Displacement time history for 2004 (Mw9.1) Sumatra 
earthquakes:earthquakes:

Stations far from the epicentral region (far-field)



PEAK GROUND RESIDUAL DISPLACEMENT
The 2004 SUMATRA EARTHQUAKE: Ammon et al. 

(2005)( )



VERTICAL GROUND RESIDUAL DISPLACEMENT
The2004 SUMATRA EARTHQUAKE: Ammon et al. 

(2007)( )



Wave Propagation- Finite Volume Method

2 2

( ) ( ) 0

1( ) ( ) ( )

x y
h hu hu
t x y

Bh h h h h

∂ ∂ ∂+ + =
∂ ∂ ∂
∂ ∂ ∂ ∂+ + +

 

   

Shallow water wave can be 
concisely written as: 

( ) ( )f∂ ∂ ∂2 2

2 2

( ) ( ) ( )
2

1( ) ( ) ( )
2

x x x y

y x y y

hu hu gh hu u gh
t x y x

Bhu hu u gh hu gh
t x y y

+ + + = −
∂ ∂ ∂ ∂
∂ ∂ ∂ ∂+ + + = −
∂ ∂ ∂ ∂

   

( ) ( ) ( , , )q f q g q q x y
t x x

ψ∂ ∂ ∂+ + =
∂ ∂ ∂

(x,t)= h(x,t)+ B(x,t)H

2 2

0
1, ( ) , ( ) ,
2

1

x
y

x x x y

huh hu
Bq hu f q hu gh g q hu u gh
x

hu
ψ

 
             ∂    = = + = = −    ∂        




   

 2 21
2

y
x y y

hu hu u Bgh hu gh
y

       ∂+     −   ∂ 

  





VALIDATION OF WAVE HEIGHT TIME 
HISTORY FOR 2004 SUMATRA EARTHQUAKEHISTORY FOR 2004 SUMATRA EARTHQUAKE

The recorded dataThe recorded data
corresponds to the
detided tsunami signals
at Tuticorin, Chennai,
Vishakapattanam, and
P di tParadip ports
downloaded from:

http://www.nio.org/inde
x/option/com_nomenu/t
ask/show/tid/2/sid/18/id
/11



VALIDATION OF ALTIMETER READINGS 
FOR 2004 SUMATRA EARTHQUAKEFOR 2004 SUMATRA EARTHQUAKE

 Performance of the tsunami model in the open ocean is assessed by validating
the results with the altimeter-derived sea surface height

 Jason-1, TOPEX/Poseidon, and ENVISAT altimeter have passed over the, , p
Bay of Bengal in Indian Ocean at 115, 120, and 200 min, respectively, after
the December 2004 earthquake.

 Location along which Altimeter readings are recorded (black solid line) are as Location along which Altimeter readings are recorded (black solid line) are as
follows:

Jason - 1 TOPEX/ Poseidon ENVISATJason 1 TOPEX/ Poseidon ENVISAT

Source: NO



VALIDATION OF ALTIMETER READINGS FOR 
2004 SUMATRA EARTHQUAKE:2004 SUMATRA EARTHQUAKE:

JASON -1



VALIDATION OF ALTIMETER READINGS FOR 
2004 SUMATRA EARTHQUAKE:2004 SUMATRA EARTHQUAKE:

TOPEX/Poseidon



VALIDATION OF ALTIMETER READINGS FOR 
2004 SUMATRA EARTHQUAKE:2004 SUMATRA EARTHQUAKE:

ENVISAT



How to generate tsunami hazard curveHow to generate tsunami hazard curve
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• Cities situated at coasts 

l bl t lti lare vulnerable to multiple 

disasters like floods, 

cyclones, storm surges 

and tsunamisand tsunamis.

• Odisha is a state located at 

eastern coast of India with 

a population ofa population of 

4,19,47,358 (Census 

2011)
Wind and cyclone zones of Orissa 
(R f OSDMA(Reference: OSDMA: 
http://www.osdma.org/)



































Histogram of the 
h h

Histogram of Structural index

CHC PHC SCheath centers 
considered for 

rapid visual

CHC PHC SC

rapid visual 
screening

Histogram representing the percentage of Structural risk for different 
health centers



Non-Structural Index

Organizational IndexOrganizational Index



Index of Vulnerability

WHO CLASSIFICATION



Safety Index



How to extend the existing building- Option 1



Summary 

1. Seismic hazard assessment of India

2. Tsunami Hazard map of India (in Progress)p ( g )

3. RVS of hospital buildings in Odisha
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