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Return Period of 2475 years analysis, for most of the BDPA Factor of Safety is 
above 2 for different depth, but for few regions, liquefaction potential has 
increased as factor of safety value dipped below 2 or even 1, viz., small scattered 
patches in the North of BDPA (for EQ Return Period of 475 years), Uttara and 
few small patches in the North of BDPA (for EQ Return Period of 2475 years), 
Chakesaini and east of Chakesaini (for EQ Return Period of 2475 years). 
 

 
Figure 8.3: Scenario of water table depth map of Bhubaneswar Development Plan Area 
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Figure 8.4: Liquefaction Hazard map of Bhubaneswar city at depth 0-3m under 10% 
Probability of Exceedance of Ground Motion in 50 years 
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Figure 8.5: Liquefaction Hazard map of Bhubaneswar city at depth 3-6m under 10% 
Probability of Exceedance of Ground Motion in 50 years 
 



121 
 

 
Figure 8.6: Liquefaction Hazard map of Bhubaneswar at depth 6-9m under 10% 
Probability of Exceedance of Ground Motion in 50 years 
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Figure 8.7: Liquefaction Hazard map of Bhubaneswar at depth 9-12m under 10% 
Probability of Exceedance of Ground Motion in 50 years 
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Figure 8.8: Liquefaction Hazard map of Bhubaneswar at depth 0-3m under Earthquake 
Return Period of 2475 years 
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Figure 8.9: Liquefaction Hazard map of Bhubaneswar at depth 3-6m under Earthquake 
Return Period of 2475 years 
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Figure 8.10: Liquefaction Hazard map of Bhubaneswar at depth 6-9m under Earthquake 
Return Period of 2475 years 
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Figure 8.11: Liquefaction Hazard map of Bhubaneswar at depth 9-12m under 
Earthquake Return Period of 2475 years 
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CHAPTER 9 
 

Hazard Index Map 
 

9.1 Generation of Hazard Index (HI) Map 
 
The Analytic Hierarchy Process (AHP) is used to estimate the Hazard Index map 
of Bhubaneshwar 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 are trying to solve (here it is used to calculate hazard Index) 
using all possible criteria (here individual hazard maps like peak ground 
acceleration, 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 computational 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 7 x 7 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 



128 
 

scored a “7” times above amplification Factor (AF); “9” above engineering 
bedrock (EBR); whereas AF is 1/7thtime above PGA and EBR is 1/9 times above 
PGA and so on (Table 9.2). From Table 9.2 in column 9 it shows the importance of 
each category in 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 
has4.2% and GG has 1.9%. 
 

 
 

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

−

−
=  

 

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 9.2 (2% probability of 
exceedance of ground motion in 50 years) and 9.4 (2% probability of exceedance 
of ground motion in 50 years) show a GIS based Hazard Index map generated 
using the product sum of AHP and Normalized Rank associated for all hazard at 
each site. 

 

Figure 9.3, Hazard Index (HI) map for 10% Probability of Exceedance of Ground 

Motion in 50 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).  Broadly 4% of 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 2% probability of 

exceedance of ground motion in 50 years condition (Figure 9.4) represented by 

three type of zone that is Low, Moderate and High hazard zones(Figure 9.5). Low 

hazard for 2% probability of exceedance of ground motion in 50 years condition 

is slightly more than 10% Probability of Exceedance of Ground Motion in 50 

Years  condition in the proportion area in three hazard zones. The area ratio for 

the low, moderate and high hazards in the 2% probability of exceedance of 

ground motion in 50 years is 4 : 85 : 11 details are shown in Figure 9.5.
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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 (Saatey 1980) 

Criteria 
Extremely 

favors 

Very 
Strong 
favors 

Strongly 
favors 

Strong 
favors 

Equal 
Favor 

Strong 
Favors 

Strongly 
favors 

Very 
Strong 
favors 

Extremely 
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 
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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) 

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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Table 9.2: Demonstration of the estimation of normalized weight function for the 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: Ranks and normalized ranks for the different hazard parameters 
 

Type of Hazards Assigned ranges Normalized 
Weight 

Rank Normalized 
Rank 

Peak ground 
acceleration (PGA) in 

g 

0.105 - 0.138  
0.336 

1 0 

0.138 - 0.172 2 0.25 

0.172 - 0.206 3 0.5 

0.206 - 0.240 4 0.75 

0.240 - 0.274 5 1 

Liquefaction (LQ) <1 0.336 3 1 

1-2 2 0.5 

>2 1 0 

Peak amplification 
factor (PA) 

< 05 0.129 1 0 

05 to 07 2 0.2 

07 to 10 3 0.4 

10 to 12 4 0.6 

12 to 15 5 0.8 

>15 6 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 

760 - 1500 0.062 1 0 

360 - 760 2 0.5 

< 360 3 1 

Peak Frequency (PF) 
in Hz 

1 to 2 0.042 1 0 

2 to 4 2 0.2 

4 to 6 3 0.4 

6 to 8 4 0.6 

8 to 10 5 0.8 

> 10 6 1 

Geology and 
Geomorphology 

(GG) 

Sandstone, shale 0.019 
 

 

1 0 

Laterite/ lateritic soil 2 0.33 

Compact clay with 
caliche nodules 3 

0.67 

Sand, silt & gravel 4 1 
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Figure 9.2: Hazard Index map of Bhubaneswar Development Plan Area under 10% Probability of Exceedance of Ground Motion in 50 years  
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Figure 9.3: Hazard index map of Bhubaneswar Development Plan Area under 10% Probability of Exceedance of Ground Motion in 50 years 
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Figure 9.4: Hazard Index map of Bhubaneswar Development Plan Area under 2% probability of exceedance of ground motion in 50 years 
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Figure 9.5: Hazard Index map of Bhubaneswar Development Plan Area under 2% 
probability of Exceedance of Ground Motion in 50 years 
 
 

Hazard Index (HI) values range from 0.089 to 0.881 for Bhubaneshwar 
Development Plan Area (BDPA) for 10% probability of Exceedance of Ground 
Motion in 50 years analysis. Spatial variability of hazard Index values depicts 
that Seismic vulnerability of BDPA is low for most of the area (HI < 0.3). 
Moderate (HI between 0.3 to 0.5) to High (HI > 0.5) risk zones lies in the Eastern 
part of the BDPA along the course of Kuakhal River. Similar trends are noticed 
for 2% probability of Exceedance of Ground Motion in 50 years analysis where 
HI values vary from 0.101 to 0.745. Spatial variability of hazard Index values 
depicts that Seismic vulnerability of BDPA is low for most of the area (HI < 0.3). 
Moderate (HI between 0.3 to 0.5) to High (HI > 0.5) risk zones lies in the eastern 
part of the BDPA along the course of Kuakhal River.   
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CHAPTER 10 
 

Salient Observations 
 
Seismic Hazard Microzonation was carried out for the Bhubaneswar city for a 
sprawl over an area of 420km2. The area is falling broadly the entire Municipal 
Corporation of Bhubaneswar (MCB) city and its surroundings. The detail 
Seismological, Geotechnical, Geophysical and Geological surveys were 
conducted to delineate the hazard at the surface level of Bhubaneswar city.  The 
site-specific seismic hazard parameters such as peak ground acceleration (PGA), 
Spectral acceleration (Sa) at different period, predominant frequency (PF), peak 
amplification (PA) and the liquefaction potential (LP) etc. are estimated at the 
surface level. To compute the surface level ground motion, it followed two steps, 
firstly the probabilistic seismic hazard analysis at the rock level and then the 
based rock ground motion is considered as the input ground motion below the 
surface and transfer this ground motion at the surface level by using the transfer 
function which is depending upon the subsurface layer velocity, density, shear 
modulus, damping, stress, strain and the propagation characteristic of shear 
wave  from bottom to the surface level using multiple reflection theory.  
 

Vs=78.84N0.358 

 
This is an empirical relationship between the shear wave velocity(m/s) and the 
Standard Penetration Test (SPT-N) is obtained for all soil type using the data 
obtained through Multichannel Analysis of Surface wave (MASW) and Down 
Hole Test (DHT) and the SPT-N Blow counts. This empirical relationship is also 
compared with the similar work done by other researchers for different 
countries. This empirical relationship is further used for estimation of layer wise 
Vs for the other boreholes where DHT and MASW data are not available. 
 
The engineering bedrock depth is obtained after extrapolating the shallow depth 
(~30m) shear wave velocity to the depth where shear wave velocity (Vs) 
attending a value of 760m/s.  In Bhubaneshwar city the engineering bedrock 
depth is varying from 2m to 86m. The western part of the city has comparatively 
less alluvial thickness and the maximum thickness is reaching up to ~86m in the 
eastern periphery where few drainage rivers are meeting in the eastern part. The 
average shear wave velocity up to 30 m i.e., Vs (30) obtained in the 
Bhubaneshwar city is varying between 190m/s to 1090m/s. The low Vs (30) is 
obtained in the thick alluvium deposited sites like eastern part of the city and 
whereas a relatively higher Vs (30) is obtained in the western part of the city.  The 
high Vs (30) values i.e., >760m/s are further interrelated and compared with the 
local geology and geomorphology of Bhubaneswar city and it is noticed that the 
hard and the compact rocks are found in the shallow-depth in between ~2-8m 
depth in the western part of the city. Based on these Vs (30) data, the sites are 
classified and categorized as A, B, C, and D types as per National Earthquake 



138 
 

Hazard Reduction Program (NEHRP) of United States of America (USA)-2003. 
Most of the sites in Bhubaneshwar city are falling under B, C and D types sites. 
 
Based on the SPT and UDS samples, the detail soil laboratory analysis (grain size 
analysis, plasticity, liquid limit, plastic index, direct shear test, tri-axial test, 
resonant column test, cyclic tri-axial test etc.) were carried out and classified the 
soil types like CH, CL,CI,MH,ML,MI, SM,SM-SC, GM etc. for about more than 
1200 samples and  few samples of advanced tests are also estimated the strain 
variable parameters like shear modulus, soil damping  and stress-strain curve  
and liquefaction potential, internal angle of failure (Phi) and the cohesion 
coefficient(C) etc. For example, the clean sand provided C=0.0 and internal 
friction angle is varying from 150 to 300. However other types of samples (except 
sand) the coefficient of cohesion is varying between 0.5 to 17.0kPa and internal 
frictional angle is varying from 50 to 320 across the Bhubaneswar city. 
 
Acceleration time series at the EBR is generated at 126 sites for a total duration of 
40.96s at 5% damping, the PGA at the rock level is varied between 0.08g to 0.13g 
for 10% probability of Exceedance of Ground Motion in 50 years. and 0.1g to 
0.16g for 2% probability of Exceedance of Ground Motion in 50 years. These 
input ground motions are used to estimate the site-specific soil response analysis 
at the surface level using state of the art soil response analysis software 
(DYNEQ). The surface level peak ground acceleration (PGA), response spectra, 
amplification factor and factor of safety are estimated for both 10% probability of 
Exceedance of Ground Motion in 50 years and 2% probability of Exceedance of 
Ground Motion in 50 years.The surface PGA varies between 0.112g to 0.156g for 
Design based earthquake (DBE, 10% probability of Exceedance of Ground 
Motion in 50 years) of maximum moment magnitude 6.5 and PGA varies 
between 0.135g to 0.224g for Maximum Credible Earthquake (MCE, 2% 
probability of Exceedance of Ground Motion in 50 years.).  These values have 
found to be comparatively higher than the ones estimated from BIS 2016 (figure 
10.1 & figure 10.2). A list of PGA values and the spectral acceleration (Sa) at four 
different periods (0.2s, 0.5s, 1.0s and 2.0s) are also given in tables of Annexure V. 
These data are useful for earthquake resistance design structures to meet the 
sustainable development goal by preparing smart city infrastructures and 
earthquake resilience structures at Bhubaneswar city. 
 
Liquefaction (LQ) hazard map are prepared using the factor of safety (FS) 
parameter. The range of FS is lies in between the depth such as 0-3m, 3-6m 6-9m 
and 9-12m. The factor of safety less than 1.0 indicates that the area is highly 
potential for soil liquefaction with probability of liquefaction of chances greater 
than 75%. The probability of chance of liquefaction is 50% if the factor of safety 
(FS) is lies in between 1.0 to 2.0. Here moderate or marginal liquefaction may 
occur. Whereas the factor of safety greater than 2.0 indicates that there are no 
chances of liquefaction, here the probability of liquefaction potential is less than 
23%. List of site-specific Factor of safety and the probability of liquefaction is 
listed in the Annexure VI. Maps generated are annexed in Annexure VII. 
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Figure 10.1: Comparison between Normalized design spectra and BIS based spectra (2% 
probability of Exceedance of Ground Motion in 50 years.) 

 
Figure 10.2: Comparison between Normalized design spectra and BIS based spectra 
(10% probability of exceedance of ground motion in 50 years) 
 

10.1 Conclusions and Recommendations 

Seismic microzonation study of Bhubaneshwar city, which fall under the 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. 
 
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 of Bhubaneshwar city is conducted on 1:25,000scale of 
Survey of India Toposheet map comprising a total surface area of 420 km2 of 
Bhubaneshwar city to unveil the degree of seismic hazard and risk associated 
in the city. 
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3) 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 confirmed 
through near surface geotechnical and geophysical investigations.   

4) 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 Bhubaneshwar 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.  

5) 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%). 

6) Water table has a key role for seismic hazard assessment which measure the 
depth dependent confining pressure and estimated pore water pressure are 
useful parameters for estimation of soil liquefaction and factor of safety. In 
this study the water table depth of Bhubaneshwar city is verified by drilling 
through this project and the data collected from the other agencies like state 
and central ground water broad authorities. A wide variation of water table 
(WT) are found from 2m to over 100m across the city. Minimum Water Table 
is noted at north east to the city and maximum depth is found in the Central 
East of the city. These WT data are used for estimation of 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.   

7) Probabilistic 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.  

8) The engineering bedrock depth is varying from 2m to 86m whose average 
shear wave velocities are varies between 350m/s to Vs.760m/s, respectively 
using geophysical methods. 

9) Surface Peak ground acceleration (PGA) varies from 0.081-0.171g at 10% 
probability of ground motion and the surface PGA varies from 0.111 to 0.267g 
based on 2% probability of exceedance at 50 years. These surfaces PGA are 
compared with the seismic zone factor for Bhubaneshwar city. These results 
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showed some higher side of PGA value compared to existing seismic Zone 
factor map of IS 1893, this may be possible because of influence of subsurface 
soil and its physical behavior 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 Bhubaneshwar city by proper planning 
of land use and land covered. 

10) Liquefaction hazard analysis also conducted for the Bhubaneshwar city, and a 
GIS based Map of soil liquefaction is generated based on the factor of safety. 
Results shows that liquefaction characteristic were noticed to some extent 
near the North-East part of the Bhubaneshwar city for earthquake return 
period of T=475year, also, moderate liquefaction characteristic were noticed 
for T=2475 years too. 

11) Overall, the multiparametric GIS based seismic hazard maps of 
Bhubaneshwar 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. 

12) 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. 

13) 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). 

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

15) Users may directly apply these seismic hazard parameters for structural 
design purposes, ensuring that they align with the specific interests and 
requirements of the site. However, for important or critical structures in the 
same area, it is highly recommended to consult the National Centre for 
Seismology (NCS), Ministry of Earth Sciences (MoES), beyond the standard 
consideration of a 2% or 10% probability of exceedance within a 50-year 
period to ensure that the designs incorporate the most comprehensive and 
up-to-date seismic data and safety measures, thereby enhancing the resilience 
and safety of critical infrastructure. 

 

10.2 Use of Microzonation Maps 

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 



142 
 

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. 

 

 

 

 

 

 

 

 



 

143 
 

References 
 

Algermissen, S. T., DM Perkins, PC Thenhaus, SL Hanson, BL Benderl (1982). “Probabilistic 
estimates of maximum acceleration and velocity in rock in the contiguous United States.” 
Open File Rep. No. 82-1033, U.S. Geological Survey, Reston, Va. 
 
Anbazhagan P, Sitharam TG (2006) Evaluation of dynamic properties and ground profiles 
using MASW: correlation between Vs and N60. In: 13th symposium on earthquake 
engineering indian institute of technology. Roorkee, pp 1-10 
 
Anderson, J. G. and M. D. Trifunac (1978). On uniform risk functionals which describe strong 
ground motion, Bull. Seism. Soc. Am. 68, 205-214. 
 
Andrus, R. D., Stokoe, K. H., II, and Chung, R. M. (1999). "Draft Guidelines for Evaluating 
Liquefaction Resistance Using Shear Wave Velocity Measurements and Simplified 
Procedures,"NISTIR6277, Nat. Institute of Standards and Technology, Gaithersburg, MD, 121 
p 
 
ASTM D 4015-07: Standard Test Method for Modulus and Damping of Soil by Resonant – 
Column Method 
 
ASTM D 5311-11: Standard Test Method for Load Controlled Cyclic Triaxial Strength of Soil 
 
ASTM D-4428M-91: Standard Test Methods for Crosshole Seismic Testing 
 
Athanasopoulos, G. A. (1995). “Empirical correlations Vs-NSPT for soils of Greece: a 
comparative study of reliability,” Proc. 7th Int. Conf. on Soil Dynamics and Earthquake 
Engineering (Chania, Crete) ed. A S Cakmak (Southampton: Computational Mechanics),19–
36  
 
Bellotti, R., Ghionna, V., Jamiolkowski, M., & Lancellotta, R. (1986). Deformation 
characteristics of cohesionless soils from in situ tests. In Situ Tests in Geotechnical Engineering 
(ASCE Geotechnical Special Publication No. 6), 47–73. 
 
Beura, D. (2015, May 20). Odisha in quake zones; needs to be fully geared up. The Pioneer. 
Retrieved from The Pioneer archives. 
 
Building Seismic Safety Council (BSSC), (1997). "NEHRP Recommended Provisions for 
Seismic Regulations for New Buildings and Other Structures, Part 2: Commentary," FEMA 
303, Federal Emergency Management Agency, Washington, D.C. 
 
Cetin K. O., Seed R. B., Der Kiureghian A., Tokimatsu K., Harder Jr. L. F., Kayen R. E., Moss 
R. E. S. (2004). "SPT-Based Probabilistic and Deterministic Assessment of Seismic Soil 
Liquefaction Potential", ASCE J. of Geotech. and Geoenvir. Eng. 130(12): 1314-1340. 
 



 

144 
 

CGWB (2013). Report link: chrome-
extension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.cgwb.gov.in/old_website/
Annual-Reports/Annual%20Report-2013-14.pdf 
 
Cornell Allin C. (1968). Engineering Seismic Risk Analysis, Bulletin of the Seismological 
Society of America. Vol. 58, No. 5, pp. 1583-1606. October, 1968 
 
Dikmen, U. (2009). “Statistical correlations of shear wave velocity and penetration resistance 
for soils,” Journal of Geophysics and Engineering, 6, 61-72. 
 
Directorate of Economics and Statistics, Odisha. (2020). District Survey Report for 
Bhubaneswar City, Odisha. https://www.desorissa.nic.in/ 
 
District Survey Report for Bhubaneswar City (2020). Department of Mines and Geology, 
Government of Odisha. 
 
Dobry, R. (1989). "Some Basic Aspects of Soil Liquefaction during Earthquakes," Earthquake 
Hazards and the Design of Constructed Facilities in the Eastern United States, K. H. Jacob and 
C. 1. Turkstra, Eds., New York Academy of Sciences, Vol. 558, pp. 172-182. 
 
Fujiwara, T. (1972). “Estimation of ground movements in actual destructive earthquakes,” 
Proc. 4th European Symp. Earthquake Engineering (London), 125–32.  

Ghosh, A., J. E. Vidale, J. R. Sweet, K. C. Creager, A. G. Wech, and H. 
Houston (2010a), Tremor bands sweep Cascadia, Geophys. Res. Lett., 37, L08301, 
doi:10.1029/2009GL042301. 

Ghosh, A., J. E. Vidale, J. R. Sweet, K. C. Creager, A. G. Wech, H. Houston, and E. E. 
Brodsky (2010b), Rapid, continuous streaking of tremor in Cascadia, Geochem. Geophys. 
Geosyst., 11, Q12010, doi:10.1029/2010GC003305 
 
Gupta, H. K. (2005). Identification and characterization of earthquake sources. In Proceedings 
of the Indian National Science Academy, Part A: Physical Sciences, 71(4), 563–573. 
 
Hardin, B. 0., and Drnevich, V. P. (1972). "Shear Modulus and Damping in Soils: Design 
Equations and Curves," Journal of the Soil Mechanics and Foundations Division, ASCE, Vol. 
98, SM7, pp. 667-692. 
 
Hasancebi, N. and Ulusay, R. (2006). “Empirical correlations between shear wave velocity and 
penetration resistance for ground shaking assessments,” Bull Eng GeolEnviron, 66, 203-213. 
 
Holzer, T. L., Ed. (1998). "Map Showing Locations of Ground-Failures and Damage to 
Facilities on Treasure Island Attributed to the 1989 Lorna Prieta Earthquake," The Loma 
Prieta, California Earthquake of October 17, 1989--Liquefaction, U.S. Geological Survey 
Professional Paper 1551-B, U.S. Gov. Printing Office, Washington, D.C., BI-B8. 
 

https://www.desorissa.nic.in/
https://doi.org/10.1029/2009GL042301
https://doi.org/10.1029/2010GC003305


 

145 
 

Idriss, I. M. (1998). "Evaluation of Liquefaction Potential, Consequences and Mitigation—An 
Update," Presentation notes for Geotechnical Society Meeting, held 17 February 1998, 
Vancouver, Canada. 
 
Idriss, I. M. (1999). "An Update of the Seed-Idriss Simplified Procedure for Evaluating 
Liquefaction Potential," Presentation notes for Transportation Research Board Workshop on 
New Approaches to Liquefaction Analysis, held 10 January 1999, Washington, D.C. 
 
Idriss, I. M., and Boulanger, R. W. (2004). Semi-empirical procedures for evaluating 
liquefaction potential during earthquakes, in Proceedings, 11th International Conference on 
Soil Dynamics and Earthquake Engineering, and 3rd International Conference on Earthquake 
Geotechnical Engineering, D.  Doolin et al., eds., Stallion Press, Vol. 1, pp. 32–56.  
Imai, T. (1977). “P-and S-wave velocities of the ground in Japan,” Proc.9th Int. Conf. on Soil 
Mechanics and Foundation Engineering, vol 2, 127–32 
 
Imai. T. Tonouchi, K. 1982. Correlation of N value with S-wave velocity and shear modulus. 
Proc. TJ European Symposium on Penetration Testing. Amsterdam 
 
IS (1893): Part 1(2016). Criteria for earthquake resistant design of structures 
 
IS 1892-1979: Code of Practice for Subsurface Investigation for Foundations, Bureau of Indian 
Standards, New Delhi 
 
IS 1893 (Part 1) - 2016 (Reaffirmed 2021): Criteria for Earthquake Resistant Design of 
Structures, Part 1 - General Provisions & Buildings, Bureau of Indian Standards, New Delhi. 
 
IS 2131-1981: Method of Standard Penetration Test, Bureau of Indian Standards, New Delhi 
 
IS 2720 Part 11: 1993 (RA 2016) guidelines for Triaxial Shear Test  
 
IS 2720 Part 13: 1986 (RA 2016) guidelines for Direct Shear Test  
 
IS 2720 Part 15:1965 (RA 2016) guidelines and procedure for Consolidation Test 
 
IS 2720 Part 2:1973 (RA 2020) guide lines for estimation of Bulk & Dry Density 
 
IS 2720 Part 3: Sec 2:1980 (RA 2016) guidelines for estimation of specific gravity and Natural 
Moisture Contents. 
 
IS 2720 Part 4:1985 (RA 2020). Guidelines for Grain Size Analysis (Sieve & Hydrometer) and 
Grain Size Analysis by Lazer Analyzer. 
 
IS 2720 Part 5:1985 (RA 2020). Guidelines for analysis of Liquid Limit & Plastic Limit 
 
IS 2720 Part 6:1972 (RA 2016). Guidelines for determination of Shrinkage Limit. 
 



 

146 
 

IS 4968 (Part 2) - 1976 (Reaffirmed 2021): Method for Subsurface Sounding for Soils: Part 2 
Dynamic method using cone and bentonite slurry, Bureau of Indian Standards, New Delhi 
 
Ishihara, K. (1999). Terzaghi Oration: Geotechnical Aspects of the 1995 Kobe Earthquake. 
Presented at the 14th International Conference on Soil Mechanics and Foundation 
Engineering, Hamburg, September 6–12, 1997, Vol. 4, pp. 2047–2073. 
 
ISSMGE1999. Manual for zonation on seismic geotechnical hazard. Technical Committee TC 
4 for Earthquake Geotechnical Engineering. 
 
Iyisan, R. (1996). “Correlations between shear wave velocity and in-situ penetration test 
results,” Tech. J. Chamber Civil Eng. Turkey, 7, 1187–99 (in Turkish). 
 
Juang, C. B., Andrus, R. D., Jiang, T., and Chen, C. J. (2001 a). "Probability-Based Liquefaction 
Evaluation Using Shear Wave Velocity Measurements," Proceedings, Fourth International 
Conference on Recent Advances in Geotechnical Earthquake Engineering and Soil Dynamics, 
S. Prakash, Ed., held 26-31 March 2001, San Diego, Calif, University of Missouri at Rolla, Paper 
4.25. 
 
Juang, C. B., Chen, C. J., Jiang, T., and Andrus, R. D. (2000a). "Risk-Based Liquefaction 
Potential Evaluation Using SPT," Canadian Geotechnical Journal, Vol. 37, No.6, pp. 1195-1208. 
 
Juang, C. B., Jiang, T., and Andrus, R. D. (2002). "Assessing Probability-based Methods for 
Liquefaction Potential Evaluations," Journal of Geotechnical and Geo-environmental 
Engineering, ASCE. 
 
Kanai., 1966, Improved Empirical Formula for Characteristics of Stray Earthquake Motion. 
Proceedings of The Japanese Earthquake Symposium (1-4). Japan: Reported in Trifunac & 
Brandy (1975). 
 
Kiku, H., Yoshida, N., Yasuda, S., Irisawa, T., Nakazawa, H., Shimizu, Y., Ansal, A. and Erkan, 
A (2001). “In-situ penetration tests and soil profiling in Adapazari, Turkey,”Proc. 
ICSMGE/TC4 Satellite Conf. on Lessons Learned from Recent Strong Earthquakes, 259–65. 
 
Kimura, M. (1996). "Damage Statistics," Soils and Foundations, Special Issue on Geotechnical 
Aspects of the January 17, 1995 Hyogoken-Nambu Earthquake, Japanese Geotechnical 
Society, pp. 1-5. 
 
Kokusho, T., Tanaka, Y., Kudo, K, and Kawai, T. (1995a). "Liquefaction Case Study of Volcanic 
Gravel Layer during 1993 Hokkaido-Nansei-Oki Earthquake," Third International Conference 
on Recent Advances in Geotechnical Earthquake Engineering and Soil Dynamics, S. Prakash, 
Ed., held 2-7 March 1995, St. Louis, MO, University of Missouri at Rolla, Vol. I, pp. 235-242. 
 
Kokusho, T., Yoshida, Y., and Tanaka, Y. (1995b). "Shear Wave Velocity in Gravelly Soils with 
Different Particle Gradings," Static and Dynamic Properties of Gravelly Soils, Geotechnical 
Special Publication No. 56, M. D. Evans and R. J. Fragaszy, Eds., ASCE, pp. 92-106. 
 



 

147 
 

Kokusho, T., Tanaka, Y., Kawai, T., Kudo, K, Suzuki, K., Tohda, S., and Abe, S. (1995c). "Case 
Study of Rock Debris Avalanche Gravel Liquefied During 1993 Hokkaido-Nansei-Oki 
Earthquake," Soils and Foundations, Japanese Geotechnical, Vol. 35, No.3, pp. 83-95. 
 
Kompalli, S. K., Nair, V. S., Jayachandran, V., Gogoi, M. M., and Babu, S. S. (2020). Particle 
number size distributions and new particle formation events over the northern Indian Ocean 
during continental outflow, Atmos. Environ., 238, 117719, 2020.  

Kramer SL (1996). Geotechnical earthquake engineering. Pearson Education Ptd. Ltd, Delhi, 
India (Reprinted 2003) 
 
Liao, S. S. C., and Whitman, R. V. (1986). "Overburden Correction Factors for SPT in Sands," 
Journal of Geotechnical Engineering, ASCE, Vol. 112, No.3, pp. 373-377. 
 
Liao, S. S., C., Veneziano, D., and Whitman, R V. (1988). "Regression Models for Evaluating 
Liquefaction Probability," Journal of Geotechnical Engineering, ASCE, Vol. 114, No.4, pp.389-
411 
 
Mahalik N.K. (1996). Lithology and tectono thermal history of the Precambrian rocks of Orissa 
along the eastern coast of India. 
 
Mahalik, N. K. (1998). Precambrians. Geology and mineral resources of Orissa (pp. 43–81). 
SGAT Publ. 
 
Maheswari U R, Boominathan A and Dodagoudar G R (2008) "Development of empirical 
correlation between Shear wave velocity and Standard Penetration Resistance in soils of 
Chennai City", Proceedings of the 14th World Conference on Earthquake Engineering Beijing, 
China 
 
Mandal, H. S., Khan, P. K., & Shukla, A. K. (2014). Soil responses near Delhi ridge and adjacent 
regions in Greater Delhi during the incidence of a local earthquake. Natural Hazards, 70(1), 
93–118.  
 
Ministry of Earth Sciences. (2011a). Seismic Microzonation Manual (228 pp.). National Centre 
for Seismology, Ministry of Earth Sciences, Government of India. 
 
Ministry of Earth Sciences. (2011b). Seismic Microzonation Handbook (507 pp.). National 
Centre for Seismology, Ministry of Earth Sciences, Government of India. 
 
Mishra, O. P. (2013). Crustal heterogeneity in bulk velocity beneath the 2001 Bhuj earthquake 
source zone and its implications. Bulletin of the Seismological Society of America, 103(6), 
3235–3247. 
 
Mishra, O. P., & Zhao, D. (2003). Crack density, saturation rate and porosity at the 2001 Bhuj, 
India, earthquake hypocenter: A fluid‑driven earthquake? Earth and Planetary Science 
Letters, 212(3–4), 393–405. 



 

148 
 

Mishra, O. P., Singh, P., Ram, B., Gera, S. K., Singh, O. P., Mukherjee, K. K., Chakrabortty, G. 
K., Chandrasekhar, S. V. N., Selinraj, A., & Som, S. K. (2020). Seismic site-specific study for 
seismic microzonation: A way forward for risk resiliency of vital infrastructure in Sikkim, 
India. International Journal of Geosciences, 11(3), 125–144. 
 
Mishra, O. P., Mandal, H. S., Singh, P., Mahato, R., Gera, S. K., Kumar, V., Vandana, Sharma, 
B., Shekhar, S., Gusain, P., Prajapati, S. K., Tiwari, A., & Jaladi, S. (2022). Seismic 
microzonation of Indian cities and strategy for safer design of structures. In V. K. Gahalaut & 
M. Rajeevan (Eds.), Social and Economic Impact of Earth Sciences (pp. 393–419). 
 
Mukhopadhyay, D., & Matin, A. (2020). Recent studies on the Singhbhum Craton. 
Proceedings of the Indian National Science Academy, 86(1), 329–336 
 
Nakamura, Y. (1989). A Method for Dynamic Characteristics Estimation of Subsurface using 
Microtremor on the Ground Surface, Quarterly Report of RTRI, 30:1, 25-33. 
 
National Centre for Seismology, Ministry of Earth Sciences, Government of India. (2015). 
Seismic hazard microzonation of Delhi.  
 
Ohta, Y, and Goto, N. (1978). "Physical Background of the Statistically Obtained S-Wave 
Velocity Equation in Terms of Soil Indexes," Butsuri-Tanko (Geophysical Exploration), Vol. 
31, No.1, pp. 8-17 (in Japanese; translated by Y Yamamoto). 
 
Reiter, L., 1990. Earthquake Hazard Analysis: Issues and Insights. New York: Columbia 
University Press. 
 
Report from the 1996 NCEER and 1998 NCEERINSF Workshops on Evaluation of 
Liquefaction Resistance of Soils," Journal of Geotechnical and Geo-environmental 
Engineering, ASCE, Vol. 127, No. 10, pp. 817-833. 
 
Robertson, P. K, and Wride, C. E. (1997). "Cyclic Liquefaction and its Evaluation Based on the 
SPT and CPT," NCEER Workshop on Evaluation of Liquefaction Resistance of Soils 
 
Robertson, P. K, Woeller, D. 1., and Finn, W.D. L. (1992). "Seismic Cone Penetration Test for 
Evaluating Liquefaction Potential Under Cyclic Loading," Canadian Geotechnical Journal, 
Vol. 29, pp. 686-695. 
 
Roesler, S. K. (1979). "Anisotropic Shear Modulus Due to Stress Anisotropy," Journal of the 
Geotechnical Engineering Division, ASCE, Vol. 105, No. GT7, pp. 871-880. 
 
Rollins, K. M., Evans, M. D., Diehl, N. B., and Daily, W. D., ill (1998a). "Shear Modulus and 
Damping Relationships for Gravels," Journal of Geotechnical and Geo-environmental 
Engineering, ASCE, Vol. 124, No.5, pp. 396-405. 
 
Rollins, K M., Diehl, N. B., and Weaver, T. 1. (1998b). "Implications of Vs-BPT (NI)60 
Correlations for Liquefaction Assessment in Gravels," Geotechnical Earthquake Engineering 



 

149 
 

and Soil Dynamics III, Geotechnical Special Publication No. 75, P. Dakoulas, M. Yegian, and 
B. Holtz, Eds., ASCE, Vol. I, pp. 506-517. 
 
Saaty, T.L. 1980. The analytic hierarchy processes. McGraw-Hill, New York. 
 
Saaty, T. L. (1968). Decision making with the analytic hierarchy process. McGraw-Hill. 
 
Schnabel, P. B., Lysmer, J. and Seed, H. B. (1972): SHAKE A Computer program for 
earthquake response analysis of horizontally layered sites, Report No. EERC72-12, University 
of California, Berkeley. 
 
Seed, H. B., and Idriss, 1. M. (1971). "Simplified Procedure for Evaluating Soil Liquefaction 
Potential," Journal of the Soil Mechanics and Foundations Division, ASCE, Vol. 97, SM9, pp. 
1249-1273. 
 
Seed, H. B., and Idriss, I. M. (1982). ‘‘Ground motions and soil liquefaction during 
earthquakes.’’ Earthquake Engineering Research Institute Monograph, Oakland, Calif. 
 
Seed, H. B., Tokimatsu, K., Harder, L. F., and Chung, R. M. (1985). "Influence of SPT 
Procedures in Soil Liquefaction Resistance Evaluations," Journal of Geotechnical Engineering, 
ASCE, Vol. Ill, No. 12, pp. 1425-1445. 
 
Seed, H. B., Wong, R. T., Idriss, I. M., and Tokimatsu, K. (1986). "Moduli and Damping Factors 
for Dynamic Analysis of Cohesionless Soils," Journal of Geotechnical Engineering, ASCE, Vol. 
112, No. 11, pp. iOI6-1032. 
 
SESAME., 2004, Guidelines for the Implementation of the H/V Spectral Ratio Technique on 
Ambient Vibrations Measurement, Processing and Interpretation, European Commission - 
Research General Directorate. 
 
Skempton, A. K. (1986). ‘‘Standard penetration test procedures and the effects in sands of 
overburden pressure, relative density, particle size, aging, and 
overconsolidation.’’Ge´otechnique, London, 36(3), 425–447. 
 
Stokoe, K. H., II, and Nazarian, S. (1985). "Use of Rayleigh Waves in Liquefaction Studies," 
Measurement and Use of Shear Wave Velocity for Evaluating Dynamic Soil Properties, R. D. 
Woods, Ed., ASCE, pp. 1-17. 
 
Sykora, D. W. (1987b). "Creation of a Data Base of Seismic Shear Wave Velocities for 
Correlation Analysis," Geotechnical Laboratory Miscellaneous Paper GL-87-26, U.S. Army 
Engineer Waterways Experiment Station, Vicksburg, MS. 
 
Technical Report NCEER-97-0022, T. L. Youd and I. M. Idriss, Eds., held 4-5 January 1996, Salt 
Lake City, UT, Nat. Center for Earthquake Engineering Research, Buffalo, NY, pp. 41-87. 
 
Woods, R. D., Ed. (1994). Geophysical Characterization of Sites, A. A. Balkema, Rotterdam, 
Netherlands. 



 

150 
 

Yokota, K., Imai, T., Konno, M., (1991). Dynamic deformation characteristics of soils 
determined by laboratory tests. OYO Tee. Rep. 3, p. 13. 
 
Yoshida, N., & Suetomi, I. (2003). DYNEQ: A computer program for dynamic response 
analysis of level ground by equivalent linear method (Version 3.35). Tohoku Gakuin 
University, Engineering Research Institute. 
 
Yoshida, N., & Suetomi, I. (2004). DYNEQ: A computer program for dynamic response 
analysis of level ground based on the equivalent‑linear method. Tohoku Gakuin University, 
Engineering Research Institute. 
 
 
Youd, T. L., Idriss, I. M., Andrus, R. D., Arango Ignacio, Castro G., Christian J. T., Dobry R., 
Finn W. D. L., Harder L. F. Jr., Hynes M. E., Ishihara K., Koester J. P., Liao S. S. C., Marcuson 
W. F. III, Martin G. R., Mitchell J. K., Moriwaki Y., Power M. S., Robertson P. K., Seed R. B., & 
Stokoe K. H. II. (2003). Closure to “Liquefaction resistance of soils: Summary report from the 
1996 NCEER and 1998 NCEER/NSF workshops on evaluation of liquefaction resistance of 
soils.” Journal of Geotechnical and Geoenvironmental Engineering, 129(3), 284–286. 
 
Youd, T. L., and Noble, S. K (1997). "Liquefaction Criteria Based on Statistical and Probabilistic 
Analyses," NCEER Workshop on Evaluation of Liquefaction Resistance of Soils, Technical 
Report NCEER-97-0022, T. L. Youd and 1. M. Idriss, Eds., held 4-5 January 1996, Salt Lake 
City, VT, National Center for Earthquake Engineering Research, Buffalo, NY, pp.201-215 
 
Youd, T. L., Kayen, R. E., and Mitchell, J. K. (1997). ‘‘Liquefaction criteria based on energy 
content of seismograms.’’ Proc., NCEER Workshop on Evaluation of Liquefaction Resistance 
of Soils, Nat. Ctr. for Earthquake Engrg. Res., State Univ. of New York at Buffalo, 217–224. 
 
Youd, T. L., & Idriss, I. M. (1999). Liquefaction resistance of soils: Summary report from the 
1996 NCEER and 1998 NCEER/NSF workshops on evaluation of liquefaction resistance of 
soils (Report No. NCEER-99-0022). National Center for Earthquake Engineering Research. 
 
Youd, T. L., Idriss, I. M., Andrus, R D., Arango, I., Castro, G., Christian, J. T., Dobry, R, Finn, 
W. D. L., Harder, L. F., Jr., Hynes, M. E., Ishihara, K., Koester, J. P., Liao, S. S. C., Marcuson, 
W. F., ill, Martin, G. R, Mitchell, J. K., Moriwaki, Y., Power, M. S., Robertson, P. K, Seed, R. B., 
and Stokoe, K H., II (2001). "Liquefaction Resistance of Soils: Summary Report from the 1996 
NCEER and 1998 NCEER-INSF Workshops on Evaluation of Liquefaction Resistance of Soils," 
Journal of Geotechnical and Geo-environmental Engineering, ASCE, Vol. 127, No. 10, pp. 817-
833 
 
 


