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CHAPTER 4 
 

 Probabilistic Seismic Hazard Analysis 
 

4.1 Methods of Earthquake Hazard Assessment 

Figure 4.1(a-d) are representing the probabilistic seismic hazard curves (mean annual rate 
of exceedance versus Ground acceleration in gravity unit of four representative sites such 
as (a) Ennore, (b) Karappakam, (c) Valasaravakkam and (d) Venkchapuram receptively 
of Chennai city. At each site the three different curves  are drawn that representing the 
PGA (by blue line), PSA 0.2s (gray dotted line) and 1.0s (red line) and the two horizontal 
dotted lines (top and bottom lines) indicating the 10% and the 2% probability of 
exceedance in 50 years that are intersecting on ordinate, the mean annual rate of 
probability,  PGA, PSA at 0.2s and 1.0s representing the corresponding ground 
acceleration values at abscise for two different return periods such as 475 years and 2475 
years of two different level of earthquake ground motions. 

 

Figure 4.1: Mean annual occurrence rate (probability) versus ground acceleration at rock level 
(Vs >760m/s) of four representative sites (a) Ennore, (b) Karappakam, (c) Valasaravakkam and 
(d) Venkchapuram of Chennai city, the state of Tamil Nadu 

(a) (b) 

(c) (d) 
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4.2 Probabilistic Seismic Hazard Evaluation 

Using the Figure 4.2(a-d) and 4.3(a-d) acceleration time series of total duration 40.96s at 
the rock level are generated at the bottom of the geotechnical and geophysical sites where 
shear wave velocity is attending 760m/s treated as B-type of Soil (NEHRP 2003, report of 
USA) sites for both 10% and 2% probability of exceedance at 50 years and used as an 
input ground motion scenario under that site. A typical example of the generated 
acceleration time series at 5% damping is shown below for design-based earthquake 
(return period 475 years) and Maximum credible earthquake (return period 2475 years) 
at 475years and 2475 years return periods of earthquake is shown through Figure 4.4 (a-
d) and 4.5 (a-d) respectively, in the subsequent sections. These acceleration time series 
are used in detail for site specific soil response analysis that is explained in detailed in the 

next chapters. 

4.3 Generation of Site-Specific Ground Motion Time Histories 
 
The design response acceleration spectra at rock level (Vs=760m/s) were analyzed for 
four representative sites in Chennai city - Ennore, Venkatapuram, Valasarakkam, and 
Karappakkam - for two different return periods of 475 and 2475 years. Figure 4.6 (a-d) 
illustrates the response spectra for the 475-year return period, which represents the 
Design Basis Earthquake (DBE) level, while Figure 4.7 (a-d) shows the spectra for the 
2475-year return period, corresponding to the Maximum Considered Earthquake (MCE) 
level. The spectral accelerations exhibit significant variations across the four sites, 
reflecting the influence of local geological conditions and seismic source characteristics. 
At the rock level, these variations in spectral accelerations provide essential input for 
generating site-specific ground motion time histories that account for both the regional 
seismicity and local site effects, which are crucial for seismic design and analysis of 
structures in Chennai. 
Figures 4.4 (a-d) and 4.5 (a-d) present the design response spectra at rock level (Vs = 760 
m/s) for different return periods at four representative sites: Ennore, Venkatapuram, 
Valasarakkam, and Karappakkam city. Figure 4.4 (a-d) illustrates the spectral variations 
for a return period of 475 years, capturing the seismic demand at a moderate recurrence 
interval. In contrast, Figure 4.5 (a-d) depicts the response spectra for a longer return 
period of 2475 years, representing a more extreme seismic scenario. These spectra provide 
critical insights into site-specific seismic hazards, aiding in the development of resilient 
structural designs. Figure 4.6 (a–d) illustrates the response acceleration curves at rock level 

corresponding to the 475-year return period (Design Basis Earthquake – DBE) for four 
representative sites: (a) Ennore, (b) Venkatapuram, (c) Valasarakkam, and (d) Karappakkam. 
Figure 4.7 (a–d) displays the corresponding response acceleration curves for the 2475-year return 
period (Maximum Considered Earthquake – MCE) at the same locations. 
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Figure 4.2: Probabilistic Seismic Hazard analysis (PSHA) of Chennai City at 10% probability of 
exceedance in 50 years at rock level (Vs>760m/s) (a) spatial variation of peak ground acceleration 
(PGA); (b)Spectral acceleration (SA) at 0.2s; (c) Spectral acceleration at 0.3s and (d) spectral 
Acceleration at 1.0s 
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Figure 4.3: Probabilistic Seismic Hazard analysis (PSHA) of Chennai City at 2% probability of 
exceedance in 50 years at rock level (Vs>760m/s) (a) spatial variation of peak ground acceleration 
(PGA); (b)Spectral acceleration (SA) at 0.2s, (c) Spectral acceleration at 0.3s, and (d) spectral 
Acceleration at 1.0s 
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Figure 4.4: Design response spectra at rock level (at Vs=760m/s) for return period 475 years at 
four representative sites (a) Ennore, (b) Venkatapuram, (c) Valasarakkam, and (d) Karappakkam 
city 
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Figure 4.5: Design response spectra at rock level (at Vs=760m/s) for return period 2475 years for 
representative sites, (a) Ennore, (b) Venkatapuram, (c) Valasarakkam and (d) Karappakkam city 
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(a)                                                                   (b) 

    

(c)                                                                 (d) 

Figure 4.6: Design response acceleration at rock level (at Vs=760m/s) for return period 475 years 
at four representative sites: (a) Ennore, (b) Venkatapuram, (c) Valasarakkam, and (d) 
Karappakkam city 
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(a)                                                                   (b) 
 

 

(c)                                                                  (d) 

Figure 4.7: Design response acceleration at rock level (at Vs=760m/s) for return period 2475 years 
at four representative site (a) Ennore, (b) Venkatapuram, (c) Valasarakkam, and (d) Karappakkam 
city 
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CHAPTER 5 

Ambient Noise Survey and Analysis 

5.1 Microtremor Measurements 

The earth surface continuously vibrating with a natural frequency comprising a 
displacement amplitude of the order of 10-4 to 10-2 mm which is quite small for normal 
human sense.  Sources of these vibrations are daily human activities like movements of 
vehicles, sports activities, machineries movements and natural phenomenon like flow of 
waters in drainage systems, movements of winds making roots of trees and vegetations 
under stress, variation of atmospheric pressures and tides. Both human cause and natural 
activities varies with time and place consequently microtremor activities varies 
temporally and spatially. These variations are very complex and irregular. Microtremors 
are the assemblage of surface and body wave (Toksoz and Lacoss, 1968). Human 
activities generating microtremors of having frequency greater than 1 Hz and natural 
phenomenon have less than 1 Hz. Microtremor survey done to record spatial variation of 
these vibrations. Microtremor survey have an interest between frequency range 0.1 to 10 
Hz. 

Surface waves are naturally considered dominant component of surface waves over body 
waves. Microtremor survey done to utilize this dominant mode of surface wave 
propagation. Microtremor survey is basically a method to estimate the dispersion of 
surface waves contained within the microtremors. 

With the appropriate instruments, microtremors could be recorded in the form of a 
combination of body and surface waves containing in general: 

1) information on complex sources,  

2) information on the transmission path, and  

3) information on the subsurface structure at the observation station. 

The amplification of seismic ground motion is mainly dependent on local site effects and 
geology conditions. The assessment of local site amplification forms a major step in 
seismic hazard analysis for a particular region. Recently, 2017 Manu earthquake in 
Tripura caused extensive structural damage because of local site amplification. Such 
examples of catastrophic consequences of earthquakes have demonstrated the 
importance of reliable analyses procedures and techniques in earthquake hazard 
assessment and in earthquake risk mitigation strategies. Ambient vibration recordings 
combined with the H/V spectral ratio (HVSR) technique help in characterizing local site 
effects. Different structures undergo varying damage induced by earthquake due to the 
difference in seismic response characteristics of the structures. Also, the surface layers 
carrying these structures have different seismic response characteristics. Whereas the 
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effect range to a structure is specific, the effect of surface layers covers a larger spread of 
the area. Hence, understanding the dynamic properties of surface layers is important in 
the seismic microzonation studies.  

The H/V spectral ratio method is an experimental technique to evaluate the 
characteristics of soft-sedimentary i.e. soil deposits. The H/V technique has been 
frequently adopted in seismic microzonation investigations. However, it should be 
pointed out that the H/V technique alone is not sufficient to characterize the complexity 
of site-effects and in particular the absolute values of seismic amplification. The method 
has proven to be useful to estimate the fundamental period of soil deposits. The main 
recommended application of the H/V technique in microzonation studies is to map the 
fundamental period of the site and helps to constrain the geological and geotechnical 
models used for numerical computations. 

 
The H/V technique is a very useful tool for microzonation and site response studies. This 
technique is most effective in estimating the natural frequency of soft soil sites when there 
is a large impedance contrast with the underlying bedrock. The method is especially 
recommended in areas of low and moderate seismicity, due to the lack of significant 
earthquake recordings, as compared to high seismicity areas. Interpretation of the H/V 
results will be greatly enhanced when combined with geological, geophysical and 
geotechnical information. 
 
Source characterization, an essential parameter to adjudge the nature and extent of 
excitation of different soil layers for which source can be located at near or 
shallow/surface or it can be located at a distance inside the sediments or it can be at 
deeper location inside the bedrock. All these features can be distinctly distinguished by 
analyzing peaks in H/V ratio. Thus, source characterization can be made on various 
characteristics, which have been thoroughly studied and ascertained following facts. It is 
observed that a single peak is observed in H/V curve in the case when the source is near 
and on surface, on the other hand double peak in H/V graph may happen due to the 
source at a distance and located inside the sedimentary layer. Most importantly, H/V 
ratio exhibits peak at the fundamental and harmonic resonance frequencies when sources 
are deep, located inside the bedrock, while surface sources are the major controlling 
factors for H/V peaks. 
 
5.2 Nakamura Technique for H/V Spectral Ratio 

 
The Nakamura technique or HVSR (Horizontal to Vertical Spectral Ratio) was introduced 
by Yutaka Nakamura in 1989 as a method for the estimation of dynamic properties of 
subsurface layers by measuring the microtremors on the ground surface using a triaxial 
velocity sensor. Dynamic properties of subsurface layers are one of the most critical 
factors which influences the ground motion characteristics. The seismic waveform at a 
particular site is almost similar for any earthquake recording because of the influence of 
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the dynamic characteristics of the subsurface layers on the ground motion. The incoming 
seismic waves due to any earthquake event are amplified depending on the local site 
conditions upon reaching the ground surface. If the frequency of this surface ground 
motion matches with that of the superstructure built on it, then resonance can take place 
leading to enormous damage and economic loss, and in worst cases loss of lives. Hence, 
estimation of local site amplification becomes very important in this context.  

Nakamura proposed the H/V technique, which is now ubiquitously used, based on 
experimental observations. Horizontal-to-Vertical Spectral Ratio (HVSR) analysis on 
microtremor (ambient noise) measurements offers advantage of easy data acquisition, 
besides being inexpensive and reliable (Nakamura, 1989, 2000; Luzón et al., 2001). The 
theoretical basis has been contentious and the approach mostly experimental. The HVSR 
curve has been implicated to body waves (Nakamura, 2000; Herak, 2008) as well as 
surface waves (Konno and concurring with the predominant frequency and its vicinity. 
At the same time, the dependence of HVSR on source distribution yields minor 
aberrations to the location of HVSR maximum. Several studies have demonstrated 
applicability of microtremor analysis, especially on soft soils where clear HVSR peaks can 
be ascribed to the contrast at the soil-bedrock interface (Field et al., 1995a; Lachet et al., 
1996; Bard et al., 1997; Mucciarelli, 1998; Mucciarelli et al., 2003; SESAME, 2004; Gosar et 
al., 2009; Gallipoli et al., 2009a). Ohmachi, 1998; Arai and Tokimatsu, 2005). On the basis 
of theoretical modeling, Albarello and Lunedei (2009) observed surface-waves’ 
approximation to be consistent with the larger frequencies while the body waves’ 
interpretation to be The results from Site Effect Assessment using Ambient Excitations 
(SESAME, 2004) project under the European Commission delivered assessments on the 
HVSR technique, guidelines, and recommendations to probable applications. 

Nakamura technique that uses the H/V ratio, which is the ratio between the Fourier 
spectra of the horizontal and vertical components of ambient noise is adopted. It is also 
defined as the ratio of horizontal-to vertical component of ground motion. The advantage 
of this technique is that it is simple to apply, and does not require a reference station. 
H/V is basically related to the ellipticity of Rayleigh waves in vertical component. This 
ellipticity is frequency dependent and exhibits a sharp peak around the fundamental 
frequency for sites displaying a high enough impedance contrast between the surface and 
deep materials. On soft soils the ratio exhibits a clear peak that is well correlated with the 
fundamental resonant frequency. Nakamura noted that in the basement to surface layer, 
frequency dependent horizontal transfer function TBS(f) that HS(f) is readily affected by 
locally generated social noise, which mainly consists of Rayleigh waves. Nakamura also 
noted that the vertical spectrum at the surface layer VS (f) should include the local 
Rayleigh wave contribution, but the basement vertical spectrum VB (f) is devoid of 
Rayleigh wave (Figure 5.1). The surface layer does not amplify the vertical ground 
motion, the effect of the local Rayleigh waves on the incident microtremor motion within 
the surface layer that can be presented as the ratio of vertical spectrum at the surface layer 
[Vs(f)] to the basement vertical spectrum [VB(f)], which can be mathematically expressed 
as: 
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Figure 8.6 (b): Liquefaction scenario map of Chennai city for Design based earthquake (return 
period 475 years) at depth 4.5 m 
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Figure 8.6 (c): Liquefaction scenario map of Chennai city for Design based earthquake (return 
period 475 years) at depth 7.5 m 
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Figure 8.6 (d): Liquefaction scenario map of Chennai city for Design based earthquake (return 
period 475 years) at depth 10.5 m 
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Figure 8.7 (a): Liquefaction scenario map of Chennai city for Maximum credible earthquake 
(return period 2475 years) at depth 3m 
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Figure 8.7 (b): Liquefaction scenario map of Chennai city for Maximum credible earthquake 
(return period 2475 years) at depth 4.5 m 
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Figure 8.7 (c): liquefaction scenario map of Chennai city for Maximum credible earthquake 
(return period 2475 years) at depth 7.5 m 
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Figure8.7 (d): liquefaction scenario map of Chennai city for Maximum credible earthquake 
(return period 2475 years) at depth 10.5m 
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CHAPTER 9 

 Seismic Hazard Index Mapping 

9.1 Development of Composite Hazard Index 

The Analytic Hierarchy Process (AHP) is used to estimate the Hazard Index Map of 
Chennai city. The AHP process is a method for organizing and analyzing complex 
decisions (Saaty, 1980). It contains three parts: the ultimate goal or problem you’re 
trying to solve (here it is used to calculate hazard Index) using all possible criteria 
(here individual hazard maps like peak ground acceleration (PGA), liquefaction, Peak 
frequency (PF), Vs (30), Engineering bedrock (EBR), Peak Amplification (PA) and 
Geology (GG)). all of the possible solutions (AHP process between a pair wise 
comparisons). AHP provides a rational framework for a needed decision by 
quantifying its criteria and alternative options, and for relating those elements to the 
overall goal. Stakeholders compare the importance of criteria, two at a time, through 
pair-wise comparisons. For example, do you care about job benefits or having a short 
commute more, and by how much more? AHP converts these evaluations into 
numbers, which can be compared to all of the possible criteria. This quantifying 
capability distinguishes the AHP from other decision-making techniques. In the final 
step of the process, numerical priorities are calculated for each of the alternative 
options. These numbers represent the most desired solutions, based on all users’ 
values.  The following (Figure 9.1) shows computation procedures of the seismic 
hazard index maps using all the criteria of individual hazard maps with its site-
specific pair wise importance factor and then its normalized factors are first by 
comparing pair wise with each hazard parameters and then assigned ranks and its 

normalization ranks of each hazard maps. 

Here, we used 7 independent variables such as PGA, LQ, PF, Vs(30), EBR, PA and GG 
that are compared pair wise. For example, comparison between PGA-LQ, PGA-AF, 
PGA- Vs(30), PGA-PA, PGA-EBR, PGA-GG, and vice versa are done best on the choice 
between each other. The choices between two quantities are further decided by 
putting numerical values 1,3,5,7 and 9 as per the AHP. 1: represents equally favors, 3; 
means strong favors, 5: means strongly favors, 7: means very strongly favors and 9: 
means extremely strongly favors.   Based on these numerical numbers the two 
quantities are compared by assigning the values 1, 3, 5, 7, and 9. Table 9.1 shows the 
detail assign numerical values between these 7 hazard parameters (PGA, LQ, PF, Vs 
(30), EBR, PF, and GG). Left side parameters are considered more propriety than right 
side is listed in Table 9.2 and it is prepared a 7x7 square matrix where rows and 
columns values are fixed based on Table 9.1 based on the criteria that 1 is equally 
importance and if the value is located in the right side of 1 then that value will be 
considered reciprocal of assigned values and considered less to lesser importance with 
respect to right side element. The red numbers are indicating the assign values of 
importance between two quantities.  For example, looking at top rows, PGA scored a 
“7” times above amplification Factor (AF); “9” above engineering bedrock (EBR); 
whereas AF is 1/7-time above PGA and EBR is 1/9 times above PGA and so on 
(Table9.2). From Table 9.2 in column 9 it shows the importance of each category in 
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decimal values represents the Eigen vector.  The Eigen vector for PGA is 33.6%, LQ is 
33.6%, AF is 12.9%, Vs (30) has 7.7%, EBR has 6.2% and PF has 4.2% and GG has 1.9%. 

 

 

Figure 9.1: Flow chart for computation of Hazard Index Map using Analytic Hierarchy 
process (AHP) (after Saaty, 1968) 

To integrate all the hazard maps to prepare a single hazard maps, here we adopted 
the Rank normalized process that is first we provided the rank of the numerical hazard 
values such that higher the rank is assigned corresponding to the high seismic 
0vulnerable and higher values (Table 9.3).  The Rank is normalized using the following 
equation that provides the relative hazard contribution of hazards using minimum 
and maximum ranks. 

minmax

min

xx

xx
NR

−

−
=             (9.1) 
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where NR is the normalized rank, x is variable rank, xmin, and  xmax  are minimum and 

maximum ranks. 

Normalized Rank (NR) is estimated for each observed variable (PGA, LQ, PA, PF, Vs 
(30), GG, EBR) shown in Table 9.3. Figure 9.1 Shows that a GIS based Hazard Index 
map is generated using the product sum of AHP and Normalized Rank associated for 
all hazard at each site.

 
Figure 9.2 Hazard Index (HI) map for design-based earthquake (return period 475 

years) is demarcated into broadly three zones that are represented by Low hazard of 

HI<0.2(green shaded area), Moderate hazard of HI varies between 0.2 to 0.4 (orange 

area) and high Hazard of HI indicated the value of greater than 0.4(red area).   

Table 9. 1: Pair-wise comparison between Peak ground acceleration (PGA), Liquefaction (LQ), 
Amplification factor (AF), depth of engineering bedrock (EBR), average velocity of shear 
waves up to 30m (Vs (30)), 1st mode peak frequency (PF), geology and geomorphology (GG) 
using AHP (Saaty, 1980) 

Criteria 
Extremel
y favors 

Very 
Strong 
favors 

Strongly 
favors 

Strong 
favors 

Equal 
favors 

Strong 
favors 

Strongly 
favors 

Very 
Strong 
favors 

Extrem
ely 

favors Criteria 

PGA 9 7 5 3 1 3 5 7 9 PGA 

PGA 9 7 5 3 1 3 5 7 9 LQ 

PGA 9 7 5 3 1 3 5 7 9 AF 

PGA 9 7 5 3 1 3 5 7 9 EBR 

PGA 9 7 5 3 1 3 5 7 9 Vs(30) 

PGA 9 7 5 3 1 3 5 7 9 PF 

PGA 9 7 5 3 1 3 5 7 9 GG 

LQ 9 7 5 3 1 3 5 7 9 PGA 

LQ 9 7 5 3 1 3 5 7 9 LQ 

LQ 9 7 5 3 1 3 5 7 9 AF 

LQ 9 7 5 3 1 3 5 7 9 EBR 

LQ 9 7 5 3 1 3 5 7 9 Vs(30) 

LQ 9 7 5 3 1 3 5 7 9 PF 

LQ 9 7 5 3 1 3 5 7 9 GG 

AF 9 7 5 3 1 3 5 7 9 PGA 

AF 9 7 5 3 1 3 5 7 9 LQ 

AF 9 7 5 3 1 3 5 7 9 AF 

AF 9 7 5 3 1 3 5 7 9 EBR 

AF 9 7 5 3 1 3 5 7 9 Vs(30) 

AF 9 7 5 3 1 3 5 7 9 PF 

AF 9 7 5 3 1 3 5 7 9 GG 

EBR 9 7 5 3 1 3 5 7 9 PGA 

EBR 9 7 5 3 1 3 5 7 9 LQ 

EBR 9 7 5 3 1 3 5 7 9 AF 

EBR 9 7 5 3 1 3 5 7 9 EBR 

EBR 9 7 5 3 1 3 5 7 9 Vs(30) 

EBR 9 7 5 3 1 3 5 7 9 PF 

EBR 9 7 5 3 1 3 5 7 9 GG 

Vs(30) 9 7 5 3 1 3 5 7 9 PGA 

Vs(30) 9 7 5 3 1 3 5 7 9 LQ 

Vs(30) 9 7 5 3 1 3 5 7 9 AF 

Vs(30) 9 7 5 3 1 3 5 7 9 EBR 

Vs(30) 9 7 5 3 1 3 5 7 9 Vs(30) 

Vs(30) 9 7 5 3 1 3 5 7 9 PF 

Vs(30) 9 7 5 3 1 3 5 7 9 GG 

PF 9 7 5 3 1 3 5 7 9 PGA 

PF 9 7 5 3 1 3 5 7 9 LQ 

PF 9 7 5 3 1 3 5 7 9 AF 

PF 9 7 5 3 1 3 5 7 9 EBR 

PF 9 7 5 3 1 3 5 7 9 Vs(30) 
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Broadly of 4% a total area is represented green as low hazard zone, 87% of total area 

is falling under Moderate hazard(yellow) and rest 8% of total area is falling under 

high hazard(red) (Figures 9.2, and 9.3). Similarly, the surface level Hazard Index (HI) 

map is prepared for maximum credible earthquake (return period 2475 years) 

condition at the 2% probability of exceedance of ground motion in 50 years 

represented by three type of zone that is Low, Moderate and High hazards zones 

(Figure 9.4 and 9.5). Low hazard for maximum credible earthquake (return period 

2475 years) condition is slightly more than design-based earthquake (return period 

475 years) condition in the proportion area in three hazard zones.  

Table 9.2 Demonstration of the estimation of normalized weight function for the contributing 
hazard parameters 

Goal PGA LQ AF EBR Vs 
(30) 

PF GG Normalized over all 
priority 

PGA 1 1 7 9 9 9 9 0.336 

LQ 1 1 7 9 9 9 9 0.336 

AF 1/7 1/7 1 5 5 7 7 0.129 

EBR 1/9 1/9 1/5 1 3 5 7 0.077 

Vs(30) 1/9 1/9 1/5 1/3 1 5 7 0.062 

PF 1/9 1/9 1/7 1/5 1/5 1 7 0.042 

GG 1/9 1/9 1/7 1/7 1/7 1/7 1 0.019 

Table 9.3 Table Hazard index calculation using analytical hierarchy process (AHP) under 
design-based earthquake (return period 475 years) 

 
Type of Hazards Assigned 

ranges 
Normalized 

Weight 
Rank Normalized 

Rank 

Peak ground acceleration 
(PGA) in g 

<0.13  
0.336 

1 0.00 

0.13-0.16 2 0.14 

0.16-0.19 3 0.29 

0.19-0.22 4 0.43 

0.22-0.25 5 0.57 

0.25-0.28 6 0.71 

0.28-0.31 7 0.86 

>0.31 8 1.00 

Liquefaction (LQ) <1 0.336 3 1 

1-2 2 0.5 

>2 1 0 

<5 0.129 1 0 

PF 9 7 5 3 1 3 5 7 9 PF 

PF 9 7 5 3 1 3 5 7 9 GG 

GG 9 7 5 3 1 3 5 7 9 PGA 

GG 9 7 5 3 1 3 5 7 9 LQ 

GG 9 7 5 3 1 3 5 7 9 AF 

GG 9 7 5 3 1 3 5 7 9 EBR 

GG 9 7 5 3 1 3 5 7 9 Vs(30) 

GG 9 7 5 3 1 3 5 7 9 PF 

GG 9 7 5 3 1 3 5 7 9 GG 
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Peak amplification factor 
(PA) 

5 to 10 2 0.25 

10 to 15 3 0.5 

15 to 20 4 0.75 

>20 5 1 

Engineering bedrock depth 
(EBR) in m 

<20 0.077 1 0 

20-40 2 0.5 

>40 3 1 

Average shear wave velocity 
up to 30m Vs (30) m/s 

<350 0.062 5 1 

350-450 4 0.75 

450-550 3 0.5 

550-650 2 0.25 

>650 1 0 

Peak Frequency (PF) in Hz ≤3 0.041 5 1 

3 to 9 4 0.75 

9 to 12 3 0.5 

12 to 15 2 0.25 

≥15 1 0 

Geology/Geomorphology 
(GG) 

Granite 
Gneiss 

0.019 1 0 

Laterite 2 0.5 

Grey Fine 
Sand (Active 
Beach Ridge) 

3 1 

 
 
 
 
 
 
Table 9.4: Hazard index calculation using analytical hierarchy process (AHP) under 
maximum credible earthquake (return period 2475 years) 

 
Type of Hazards Assigned ranges Normalized 

Weight 
Rank Normalized 

Rank 

Peak ground acceleration 
(PGA) in g 

<0.13  
0.336 

1 0.00 

0.13-0.16 2 0.14 

0.16-0.19 3 0.29 

0.19-0.22 4 0.43 

0.22-0.25 5 0.57 

0.25-0.28 6 0.71 

0.28-0.31 7 0.86 

>0.31 8 1.00 

Liquefaction (LQ) <1 0.336 3 1 

1-2 2 0.5 

>2 1 0 

<5 0.129 1 0 
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Peak amplification factor 
(PA) 

5 to 10 2 0.25 

10 to 15 3 0.5 

15 to 20 4 0.75 

>20 5 1 

Engineering bedrock 
depth (EBR) in m 

<20 0.077 1 0 

20-40 2 0.5 

>40 3 1 

Average shear wave 
velocity up to 30m Vs (30) 

m/s 

<350 0.062 5 1 

350-450 4 0.75 

450-550 3 0.5 

550-650 2 0.25 

>650 1 0 

Peak Frequency (PF) in 
Hz 

≤3 0.041 5 1 

3 to 9 4 0.75 

9 to 12 3 0.5 

12 to 15 2 0.25 

≥15 1 0 

Geology/Geomorphology 
(GG) 

Granite Gneiss 0.019 1 0 

Laterite 2 0.5 

Grey Fine Sand 
(Active Beach 

Ridge) 

3 1 
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Figure 9.2: Integration of constituent Maps to the generation of Hazard Index Map for 475 
years of probable earthquake return period 
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Figure 9.3: Hazard Index Map for 475 years of probable earthquake return period 
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Figure 9.4: Integration of constituent Maps to the generation of Hazard Index Map for 2475 
years of probable earthquake return period 
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Figure 9.5: Hazard Index Map for 2475 years of probable earthquake return period 
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CHAPTER 10 

 Conclusions and Recommendations 

10.1 Summary 

Seismic hazard and risk microzonation study is carried out for the Chennai City using 
a state of the art seismic microzonation model. The city is falling under seismic zone 
III as per the IS (1893) Part (1):2016 having a seismic zone factor 0.16. Present level of 
hazard information provided by the Bureau of Indian Standards (BIS, 2016) is not 
enough to address the actual site-specific hazard level of Chennai city. So, detail 
seismic hazard parameters like surface level Peak Ground Acceleration (PGA), 
Liquefaction potential, predominant frequency and peak soil amplification, spectral 
acceleration, engineering bedrock depth, geology and geomorphologic information 
are collated to form an integrated seismic hazard map of Chennai city. The 
seismotectonic map of Chennai is updated using all resources from the seismogenic 
active faults and lineaments of the Geological survey of India (GSI) and the past 
earthquake activities in and around of 300km radial distance from the heart of the 
Chennai city.  

Probabilistic seismic hazard assessment (PSHA) at the rock level where shear wave 
velocity greater than 760 m/s are used to find out the acceleration time series at rock 
level. The acceleration time series are generated at rock level at 5% damping for a total 
duration of 40.96 s are used as an input ground motion under the variable soil column 
thickness represented as the engineering bedrock depth. There are about 124 sites such 
acceleration time series are generated across the Chennai city considered as the 
individual site input ground motion. Few of the acceleration time series are shown in 
Chapter 4 are generated for both at 10% and 2% probability of Exceedance in 50 years. 

Hazard map of Chennai city is prepared at two level of probability of ground motion 
that are at 10% and 2% probability of exceedance in 50 years for a maximum 
earthquake moment magnitude (Mw) 6.5. An extensive seismological, geotechnical 
and geophysical investigations are carried out for seismic microzonation of Chennai 
city under the project “Seismic microzonation of 30 cities in India”. Maps of peak 
amplification and predominant period of Chennai city are obtained from the 1801 Nos 
of Microtremors data analysis where peak frequency and amplification factor is varied 
from 0.4 Hz-6.0 Hz and 3 to 20 respectively. The Microtremor data are collected in a 
very close spacing of dimension 500 m x 500 m. The results obtained from the 
Microtremor data are useful to further site identification for Geotechnical drillings and 
Geophysical surveys.  

82 sites for geotechnical drillings, 25 sites multichannel analysis of surface wave 
(MASW), 10 sites down Hole Test (DHT) and 8 Nos of Dynamic cone penetration test 
(DCPT) and 8 Nos of Seismic Cone Penetration test (SCPT) are conducted in the field 
across Chennai city. Geotechnical drillings are conducted up to shallow depth 30 m or 
rock depth encounter whichever is earlier, by this method Standard penetration test 
and sample collections both Disturbed and undisturbed samples (DS &UDS) 
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simultaneously are taken at every 3.0m interval of change of strata.  Few common 
points MASW, DHT and SCPT and DCPT surveys are conducted to correlated the 
variation of in-situ shear wave velocity (Vs) with the SPT (N values). This is an 
important relationship first ever obtained in the Chennai city for all type of soil 
categories (SM, SM-SC, SP, ML, CL, MH, CH, CI, MI etc).  The relationship between 
SPT and Vs are also compared with global data and research done by other researchers 
for the different countries. The comprehensive geotechnical investigation conducted 
in various areas of Chennai, focusing on Meenambakkam, Guindy, Karapakkam, and 
Kottivakkam, has provided valuable insights into the seismic hazard and liquefaction 
potential in the region. 

The Standard Penetration Test (SPT) N-values, which range from 30 to 100, indicate 
varying degrees of soil density and strength across the studied sites. Higher N-values, 
particularly in the southern parts of Chennai, suggest the presence of firmer or denser 
soil or rock formations, potentially including stiff clays, dense sands, or even rock 
strata. Conversely, as we move towards northern Chennai, SPT N-values tend to 
increase with depth, indicating the likelihood of encountering harder rock formations 
at greater depths. This variation in soil and rock properties has significant implications 
for seismic hazard assessment and liquefaction susceptibility. 

Based on the computed Vs(30) values using Equation (7.1), it's evident that the south 
Chennai region exhibits higher Vs (30) values ranging from 126m/s to 982 m/s, 
indicating relatively stiff and stable ground conditions. In contrast, north Chennai 
shows lower Vs(30) values, suggesting softer ground conditions. These findings align 
with the National Earthquake Hazard Reduction Program (NEHRP) site classification, 
where most of north Chennai falls under site class B, indicating moderate to high 
seismic risk, while localized patches of site class C are observed. Conversely, a few 
patches in south Chennai fall under site class A, indicating lower seismic risk. 

Analysis of peak ground acceleration (PGA) values for both Design Basis Earthquake 
(return period 475 years) and Maximum Considered Earthquake (return period 2475 
years) scenarios reveals that ground acceleration tends to be higher at the surface 
compared to bedrock level for earthquakes of varying return periods. For return 
period 475 years (475 years), surface PGA ranges from 0.106g to 0.308g, whereas at 
bedrock level, it ranges from 0.046g to 0.186g. Similarly, for return period 2475 years 
(2475 years), surface PGA ranges from 0.123g to 0.502g, compared to 0.085g to 0.301g 
at bedrock level. This indicates that structures closer to the surface are more 
susceptible to seismic forces. These values have been found to be comparatively 
higher than the ones estimated from BIS 2016 (Figure 10.1 and Figure 10.2). 

Spectral acceleration values provide critical information for seismic design and 
liquefaction assessment. For both return period 475 years and return period 2475 years 
scenarios, spectral acceleration varies across different vibration periods, indicating the 
expected intensity of ground motion during seismic events. Structures must be 
designed to withstand these accelerations to ensure resilience against seismic hazards 
and mitigate liquefaction risks. 
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10.2 Salient Conclusions 

1. Geotechnical and Geophysical Investigations Conducted 

i. 82 sites – Geotechnical drillings (up to 30 m depth or rock encounter). 
ii. 25 sites – Multichannel Analysis of Surface Waves (MASW). 

iii. 10 sites – Down Hole Test (DHT). 
iv. 8 sites each – Dynamic Cone Penetration Test (DCPT) and Seismic Cone 

Penetration Test (SCPT). 

2. Seismic Hazard Variation: Different regions of Chennai exhibit varying seismic 
hazards and liquefaction potential. Spatial distribution of Hazard and Liquefaction 
Potential is provided in this study. 

3. Soil and Rock Properties Across Chennai 

i. Southern Chennai: Higher SPT N-values (30-100), indicating firmer ground 
conditions. 

ii. Northern Chennai: Increasing SPT N-values with depth, suggesting harder 
rock formations at deeper levels. 

iii. Vs (30) values range from 126m/s to 982m/s, with the south showing stiffer 
ground and the north exhibiting softer soil conditions. 

4. SPT and Shear Wave Velocity (Vs) Relationship 

i. First-ever correlation between in-situ Vs and Standard Penetration Test (SPT-
N values) for all soil categories in Chennai. 

ii. Compared with global data for validation. 

5. Seismic Risk Classification (NEHRP Site Classes) 

i. North Chennai: Mostly Site Class B (moderate to high seismic risk), with some 
patches of Class C. 

ii. South Chennai: Few patches fall under Site Class A (low seismic risk). 

6. Liquefaction Potential Mapping 

i. Liquefaction hazard maps prepared for depths up to 10.5m at 3.0m intervals 
shows most prominent liquefaction susceptibilities area. 

ii. Analysis was conducted for return periods of 475 years and 2475 years, with 
the latter showing a 10-15% increase in liquefaction-prone areas. 

iii. The central coastal region is identified as highly susceptible to liquefaction. 
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7. Peak Ground Acceleration (PGA) Analysis 

i. Surface PGA values are higher than bedrock levels, indicating greater 
susceptibility to seismic forces. 

ii. For a 475-year return period, surface PGA ranges from 0.106g to 0.308g, while 
bedrock PGA ranges from 0.046g to 0.186g. 

iii. For a 2475-year return period, surface PGA ranges from 0.123g to 0.502g, while 
bedrock PGA ranges from 0.085g to 0.301g. 

8. Spectral Acceleration and Structural Resilience 

i. Variation in spectral acceleration across different vibration periods influences 
seismic design and liquefaction assessment. 

ii. Structures must be designed to withstand these seismic forces for enhanced 
safety and resilience. 

10.3 Recommendations for Seismic Risk Mitigation 

1. Seismic microzonation of 30 Indian Cities are selected based on the population 
density of more than half million and falling under seismic zone III, IV and V 

2. Seismic microzonation study of Chennai city which falling under seismic zone 
III is conducted under the project of seismic microzonation of 30 cities in India 
by National Centre for Seismology, Ministry of Earth sciences, Government of 
India. 

3. Seismic microzonation of Chennai city is conducted on 1:25,000 scale of Survey 
of India Toposheet map comprising a total surface area of 426 km2 of Chennai 
city to unveil the degree of seismic hazard and risk are associated in the city. 

4. First a preliminary hazard analysis is conducted based on the seismic 
instrumental data more commonly known as the noise survey in a close grid 
size 500m x 500m which provided site specific variation of the peak 
amplification ratio and predominant frequency (Hz) for each site and based on 
these data two hazard maps of Peak amplification and predominant Frequency 
are generated using GIS.  Relatively high frequency contents and low 
amplification are observed which directly indicating the complex geological 
and geomorphic formation terrain and indicating weathered basaltic and hard 
formation these erroneous values are further confirm through near surface 
geotechnical and geophysical investigations.   

5. Near surface geological and geomorphic attributes are identified from few 
selected sites after the correlation between field SPT data and soil laboratory 
data yielding by geotechnical drilling, dynamic cone penetration test and 
average shear wave velocity by geophysical methods Based on shear wave 
velocity and SPT N values an empirical relation between SPT (N) and Shear 
waves is obtained first time for the Chennai city soils. This empirical 
relationship is an important parameter for this city which could be used for 
direct estimation of shear wave velocity where the parameters of N values are 
readily available.  
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6. A thin soft soil followed by weathered rock and hard rock from the surface are 
identified based on both Down hole seismic test (DHT), Multichannel Analysis 
of Surface Waves (MASW) and samples collected through Standard Penetration 
Test (SPT). Further compact rock is confirmed through core drilling 
(RQD>75%). Most of the places generally depth from varies from 8 to 30m. 

7. Water table has a key role for seismic hazard assessment which measure the 
depth dependent confining pressure and estimated the pore water pressure are 
useful parameters for estimation of soil liquefaction and factor of safety. In this 
study the water table depth of Chennai city is verified by drilling through this 
project and the data collected from the other agencies like state and central 
ground water broad authorities. Water table is found less than 3m in few 
pockets which could be the possibility of liquefaction on the shallow water table 
condition but the thickness of the soil deposit is negligible resulting there is no 
chances of soil liquefaction for the Chennai city.   These WT data are used for 
estimation effective confining pressure for correcting N value for a subsurface 
soil lay and cyclic resistance ratio under which the soil layer is placed under 
certain overburden pressure.   

8.  Probabilistic based seismic hazard analysis for (a) 10% probability of 
exceedance of ground motion in 50 years for an earthquake of return period of 
475 years and (b) 2% probability of exceedance of ground motion for an 
earthquake of return period of 2475years are estimated at the surface level.  

9. The engineering bedrock depth is varying from 3m to 75m whose average shear 
wave velocities are varies between 350m/s to Vs.760m/s respectively using 
geophysical methods. 

10. Surface Peak ground acceleration (PGA) is varied from 0.106g to 0.308g. at 10% 
probability of ground motion and the surface PGA varies from 0.123g to 0.502g 
best on 2% probability of exceedance at 50years. These surfaces PGA are 
compared with the seismic zone factor for Chennai city. These results showed 
some higher side of PGA value compare to existing seismic Zone factor map of 
IS 1893 this may be possible because of influence of subsurface soil and its 
physical behavior is included in this analysis. These data along with the 
earthquake response spectra will be useful for the different Stakeholder for city 
planning and preparedness of earthquake resistance design structures, 
development of infrastructures in the Chennai city by proper planning of land 
use and land covered. 

11.  Liquefaction hazard analysis also conducted for the Chennai city, and a GIS 
based Map of soil liquefaction is generated based on the factor of safety. Results 
shows that no significant liquefaction characteristic is noticed for the Chennai 
city for earthquake return period of T=475years but moderate liquefaction 
characteristic are noted few clean sands with shallow WT along the NS coast of 
the city, but clay of plasticity index (>35) indicating no favorable potential for 
liquefaction in the coastal clay deposited sites. 

12. Over all the multiparametric GIS based seismic hazard maps of Chennai city 
will be useful for smart city planning against natural disaster due to earthquakes 
to meet the sustainable development Goals under the Sendai Frame Work of 
sustainable development goals. 
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13. Alluvium and coastal sediments in Chennai produce relatively higher seismic 
hazards compared to the crystalline bedrock (charnockites, gneisses, and 
granites). Flood plains along rivers like Adyar and Cooum show moderate 
hazard levels as they pass through Chennai city. Central and northern Chennai 
are identified as high seismic hazard zones. Based on this study, Chennai is 
categorized into five hazard groups: Very Low, Low, Moderate, High, and Very 
High. The distribution is approximately 10-15% Very High, 20-25% High, 25-
30% Moderate, 15-20% Low, and 10-15% Very Low hazard. The Analytical 
Hierarchy Process (after Saaty 1980) was used to generate Hazard Index maps, 
integrating 7 categories: Peak Ground Acceleration, Spectral Acceleration, 
Predominant Frequency, Engineering Bedrock Depth, Liquefaction Potential, 
Geology and Geomorphology, and Average Shear Wave Velocity (Vs30). 
Chennai's geology is characterized by Archaean crystalline formations overlain 
by Quaternary and Tertiary sediments, with geomorphological features 
including coastal plains, alluvial plains, and buried pediments. The final hazard 
index map is represented by five color-coded levels from Very Low (Green) to 
Very High (Red), calculated for both 2% and 10% probabilities of exceedance in 
50 years, corresponding to return periods of 2,475 and 475 years respectively for 
design ground motion. 

14. In this project site-specific surface level hazard parameters are estimated based 
on the earthquake load only, however, wind load is also an important factor for 
coastal areas that need to be considered before the construction of high rise 
structures in these areas  

15. Broadly seven levels of GIS-based seismic microzonation maps (PGA, factor of 
Safety, amplification ratio, predominant frequency, engineering bedrock depth, 
average shear wave velocity, Geology, and geomorphology) based on the 
geotechnical and geophysical data generated through this project and some 
other reliable data sources (SOI, GSI, and literature) 

16.  Factors of safety of less than one unit are confirmed liquefaction sites are 
estimated after considering the worst-case water table depth (zero m). 

17. Users may use these site-specific seismic hazard parameters for multiple 
purposes including structural design within the demarcated study area. 
However, they may be further consult to NCS-MoES, if the designing structures 
are located beyond this study area or construction of important/critical 
structures within the study area. (e.g., Nuclear Power Plants or Thermal power 
plants, Hydropower plants, etc). 
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Figure 10.1: A comparable study of Normalized design spectra with BIS (2016) for return 
period 475 years 

 

Figure 10.2: A comparable study of Normalized design spectra with BIS (2016) for return 
period 2475 years 
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10.4 Uses of Seismic Microzonation Map 

Seismic microzoning maps are crucial tools in earthquake risk assessment and urban 

planning. The microzoning maps, such as special variation of predominant frequency 

(PF), Peak Amplification (PA), Peak ground acceleration (PGA), Spectral acceleration 

(SA), liquefaction (LQ), shear wave velocity (Vs), Ground water Table, are classify area 

based on their susceptibility to seismic hazards, considering factors like soil 

composition, geological structure, and ground shaking potential. By integrating these 

seismic microzonation maps helps in policy making and construction practices, cities 

can reduce earthquake damage and enhance resilience, here are some key uses. 

1. Urban planning and zoning- Helps in designing infrastructure by identifying 

areas with higher seismic risks and recommending appropriate construction 

techniques etc. 

2. Building code implementation- assists in enforcing seismic resistant building 

codes tailored to local ground conditions etc. 

3. Public awareness and safety-educates communities about local seismic hazards 

and necessary precautions etc. 

4. Insurance and Risk Assessment- helps insurance companies assess earthquake 

risk levels for properties and set appropriate premium etc. 

5. Infrastructure developments- Guides the safe construction of critical structures 

like bridges, dams, schools, hospitals, etc. in less hazardous zones. 

6. Disaster Risk Reduction- supports emergency response planning by 

pinpointing zones prone to liquefaction, landslides and amplification of 

seismic waves. 

7. Post - earthquake Recovery- Aids in reconstruction planning by identifying 

safe for rebuilding. 
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