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SUMMARY 
 
The quantitative evaluation of earthquake hazard for critical structures, such as dams and nuclear power 
plants, requires an estimate of the ground motion from an earthquake having specified magnitude, 
epicentral distance and focal-depth. To obtain these estimates, one requires development of empirical 
equations to arrive at the ground motion parameters as a function of magnitude, source distance and soil 
conditions. From the characteristics of the worldwide strong motion records, it is seen that attenuation 
relations developed for peak ground acceleration for same type of site condition in different parts of the 
world differ widely. It is, therefore, necessary to develop attenuation relations, specific to each region, 
and, if possible, from the recorded strong motion data of the region, to make more realistic prediction of 
ground motion for given design earthquake specifications. Peninsular India is an area of low to moderate, 
infrequent seismicity, typically of an Intra-plate region. In peninsular India, strong motion records of 
engineering importance are available from Koyna region. A set of 31 three-component accelerograms from 
Koyna region having magnitude ranging 3.5 to 6.5 and hypocentral distance varying from 3.5 km to 25.0 
km have been used to develop an attenuation relation for PGA. The results are of direct engineering 
importance, as these strong motion records provide near-field estimate of ground motion in an intra-plate 
region, which can be used in earthquake-resistant design of critical facilities in the geological environment 
similar to Koyna region. 
 

INTRODUCTION 
 
Estimation of decay of ground motion from earthquake source-to-site, often known as attenuation relation 
or attenuation equation, is of utmost importance for aseismic design of critical structures such as dams and 
nuclear power plants. The attenuation relation has a dependent parameter such as peak ground 
acceleration or spectral acceleration and one or more dependent parameters such as magnitude, 
hypocentral distance or nearest source distance, type of faulting and soil type which can be defined easily 
for practical applications. Coefficients of the attenuation relation are generally obtained using regression 
analysis. Attenuation relation plays an important role in evaluating seismic hazard of an engineering site 
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using methodology of either deterministic seismic hazard analysis (DSHA) or probabilistic seismic hazard 
analysis (PSHA) or both.  
 
Peak Ground Acceleration (PGA) is often used as a parameter to describe strong ground motion, although 
it is only useful for high frequency structures (say 3 Hz and above). Though, it is well known that PGA is 
not well correlated with damage in an earthquake, still it is widely used in engineering design because it is 
the simplest strong motion parameter and directly related to seismic forces generated in structures during 
an earthquake. Though, physical source models are available to compute the ground motion for given 
magnitude and distance, they are not commonly used in engineering applications due to lack of precise 
knowledge of the model parameters. Therefore, in actual design applications, empirical attenuation 
relations developed using recorded strong motion data only are used. Comprehensive reviews and 
comparative study of the past attenuation relations are made by several investigators in the past. The most 
recent being is due to Douglas [1]. It is found that the available strong motion attenuation relations from 
different intra-plate regions of the world give very widely varying results due to differences in geology and 
earthquake source physics. Strictly speaking, the scaling relations for one region is not applicable to other 
regions and hence it is very difficult to arrive at suitable engineering estimates of peak motion amplitudes 
for a site using the relations developed for other regions. For a more realistic estimate of peak parameters, 
it is necessary to have attenuation relations specific to each region, developed by using strong-motion data 
recorded in that region. 
 
In the peninsular India, the first significant strong motion accelerogram was obtained on December 10, 
1967 from an earthquake of magnitude 6.5 in Koyna dam area, which is still considered world’s largest 
Reservoir-Triggered Seismicity (RTS) earthquake. Subsequently, several accelerograms have been 
recorded in the Koyna region from shallow focus earthquakes at small epicentral distances (near-field). In 
the present study, using a data set of 93 acceleration time histories (31 three-component strong motion 
accelerograms), attenuation relation has been developed for peak acceleration for both horizontal as well 
as vertical direction. The geology of the Koyna region consists of Pre-Cambrian rocks overlain by thick 
cover of basaltic rocks of lava flows known as Deccan Traps, which also cover an extensive area of 
Maharashtra, Gujrat and Madhya Pradesh states. Thus, the presented attenuation relation will provide a 
basis to analyze the seismic hazard for all the above areas. A comparison of the present relation with 
several other relations developed for near-field applications from other parts of the world shows that no 
other attenuation relation is close to the relation developed for strong ground motion in the Koyna region 
in particular and peninsular India in general. 
 

  SEISMIC HISTORY AND DATABASE  
 
On the basis of seismic activity, the Indian subcontinent can be broadly divided into three zones, the 
Himalaya zone, the Indian Peninsula and the Indo-Gangetic alluvial plains intervening the two. The 
Himalayan zone is one of the highly seismic areas in the world and it has experienced several destructive 
large magnitude earthquakes exceeding magnitude 8. The northern parts of the Indo-Gangetic plains 
forming the foothills of the Himalayas are moderately seismic. The level of seismic activity in Peninsular 
India except the Kachchh region can be rated as low to moderate with infrequent (rare) occurrence of 
magnitude 6.0 or above. The Kachchh region has experienced earthquakes exceeding magnitude 7.0 and 
falls in seismic zone V, highest severity, as per seismic zoning map of India, IS: 1893 [2]. The recent Bhuj 
earthquake of January 26, 2001, which caused heavy destruction to life and property, is not an unexpected 
event in seismic zone-V. However, the highly damaging September 10, 1993 Latur/ Killari earthquake of 
magnitude 6.3 was indeed an unexpected event, which prompted the revision of seismic zoning map of 
India. A statistical analysis of historical as well as recent data of earthquake occurrences in peninsular 
India by Gupta and Arora [3] shows that the shield region has relatively long period of earthquake 
quiescence, alternating with short periods of activity, more often in the form of spurts, especially during 



the past four to five decades. Thus, the Indian peninsular shield is no longer recognized a continental 
interior of low seismic activity.  
 
Despite above, the systematic study of strong motion data started in late 1970’s. The first useful strong 
motion data set in India was obtained from the Koyna region. Soon, after impounding of the Koyna 
reservoir during 1962, reports of experience of earthquakes began to be prevalent in the vicinity of the 
dam. In March 1966, Central Water and Power Research Station (CWPRS), Pune, India installed two AR-
240 Accelerographs in the body of the dam. On September 12, 1967 the first useful 3-component 
acceleration time histories were recorded by an Accelerograph installed in the foundation Gallery of the 
dam. A number of acceleration time histories were recorded from an earthquake of magnitude 5.0 and its 
aftershocks. Then on December 10, 1967, the main Koyna earthquake of magnitude 6.5 occurred, which 
provided the most significant acceleration time histories. Subsequently, the number of Accelerographs 
were increased to 13. Details of these Accelerograph stations are given in Table-1 and their locations in 
the body and outside the body of the dam is shown in Figures 1A and 1B respectively. 
 

TABLE-1: DETAILS OF ACCELEROGRAPH STATIONS IN THE BODY AND IN THE REGION OF 
KOYNA DAM 

Accelerograph Stations Foundation Type Accelerograph 
Type 

Date of 
Installation 

1. Koyna Dam 1-A gallery, 644m above MSL, 
17o 23.85’N, 73o 45’E 

Concrete monolith 
founded on basalt 

AR-240 
RFT-250 

03/29/1966 
09/24/1971 

2. Koyna Dam shear zone gallery, Monolith 
No. 13, 595m above MSL , 17o 23.85’N, 73o 
45’E 

Dam AR-240 
RFT-250 

03/29/1966 
09/24/1971 

3. Koyna dam inspection gallery, Monolith No. 
17, 585m above MSL, 17o 23.85’N, 73o45’E  

Dam RFT-250 1978 

4. Koyna dam operation gallery, Monolith No. 
17, 610m above MSL, 17o 23.85’N, 73o 45’E 

Dam RFT-250 1978 

5. Koyna Dam top Monolith No. 17,  665m 
above MSL, 17o 23.85’N, 73o 45’E 

Dam RFT-250 09/24/1971 

6. 100m downstream of the dam on right bank, 
644 m above MSL, 17o 23.85’N, 73o45’E 

Basalt AR-240 
RFT-250 

09/10/1968 
09/24/1971 

7. Kirnos Observatory about 300 m from the 
right bank near the dam site, 675m above 
MSL 

Basalt RFT-250 1978 

8. Pophali Power House 17 o 26.00’N,  
    73 o 41.00’E, and 168m above MSL 

Basalt RFT-250 09/17/1971 

9. Pophali Interadit Point,17 o 26.00’N,  
     73 o 41.00’E, and 365m above MSL 

Basalt RFT-250 09/17/1971 

10. Alore Observatory,17 o 29.00’N,  
     73 o 39.00’E, and 85m above MSL 

Basalt RFT-250 10/27/1971 

11. Govalkot Observatory 17 o 32.50’N,  
     73 o 29.43’E, and 15m above MSL 

Basalt AR-240 06/27/1972 

12. Satara Observatory,17 o 40.87’N,  
      74 o 00.00’E, and 650m above MSL 

Basalt AR-240 01/27/1972 

13. Mahabaleshwar Observatory,17 55.36’N,  
      73 39.55’E and 1430m above MSL 

Thick hard lateritic 
soil under lain by 
basalt 

RFT-240 06/27/1972 

 
Most of the Koyna Dam accelerograms have been recorded at different heights in the body of the dam, 
with a large number of them recorded only at the dam top from very small magnitude earthquakes.  Those 



records are thus affected by the response of the dam and have not been used in the present study. 
However, the accelerograms recorded in the foundation gallery may perhaps be approximated as ground 
acceleration records.  After scrutinizing all the available data, a set of thirty-one significant records have 
been selected for the present study. These records are processed to apply the correction for the dynamic 
response of instrument and base line distortions. By suitably choosing the cut-off frequency for the digital 
filter to keep the signal to noise ratio above one, the base-line distortions are removed to obtain accurate 
values of the computed velocity and displacement, Gupta [4]. These accelerograms provide a unique 
database in the sense that all the data are recorded very close to the epicenters, where the attenuation of 
strong motion is not known perfectly and where the destruction is the maximum. 

 
FIGURE-1A: LOCATIONS OF THE ACCELEROGRAPHS 1-5 LISTED IN TABLE-1 AFTER [4]. 
 

 
FIGURE-1B: LOCATION OF ACCELEROGRAPH STATIONS 6-13, LISTED IN TABLE-1 AFTER [4]. 
 



 
 

ATTENUATION RELATION 
 
Following form of equation is selected to describe the scaling of PGA with earthquake magnitude and 
hypocentral distance in the Koyna region, 
 
ln PGA = C1 + C2. M + C3. ln Rh + C4. Rh + C5.v ± σ                                                               (1) 
 
In this equation, PGA is the peak ground acceleration in units of g, M is the local magnitude, v = 
0 for horizontal component and 1 for vertical component of ground motion, Rh is hypocentral 
distance and σ is the standard deviation of ln (PGA). Various terms in equation (1) are introduced on the 
basis of physical principle of engineering seismology and seismic wave propagation. For example, term 
C1 accounts for the finite size of earthquake source, term C3.ln Rh is related to geometrical spreading of 
wave energy and term C4. Rh describes the inelastic attenuation.  Coefficients C1, C2, C3, C4, C5 in 
equation 1 are evaluated empirically by performing a two step regression analysis using the PGA values of 
the largest of the two horizontal components and the vertical component of selected accelerograms. In the 
first step of the regression analysis, only the magnitude and the components of the motion dependent are 
considered, 
 
 ln PGA = C1’ + C2. M + C5.v + ε                                                                                              (2) 
 
In this equation, C1’, C2 and C5 are the regression coefficients and ε represents the residuals due to 
neglecting the distance dependence. In the second step, the distance dependence is obtained by fitting the 
following equation to the residuals, 
 
ε = C1’’ + C3. ln Rh + C4. Rh                                                                                                (3) 
 
The regression coefficients C1’’, C3 and C4 in this equation are estimated using the residuals for all the 
accelerograms. The coefficients C1 in equation (1) is given by C1 = C1’ + C1’’. The complete attenuation 
relation is thus obtained as, 
 
 ln PGA (g) = -7.515 + 1.049 M – 0.105 ln (Rh) –0.0211 Rh – 0.287 v ± 0.511                           (4) 

 
 

RESULTS AND DISCUSSIONS 
 
To study the effect of earthquake magnitude and hypocentral distance on the PGA, Figure-2 shows the 
results on the attenuation of both the horizontal and vertical component of motion for magnitude 6.5 
earthquake along with the observed data normalized to magnitude 6.5 using the magnitude dependence of 
the present relation developed in this study. The smooth continuous curves in this figure for both the 
horizontal and vertical component of motion are computed from the attenuation relation given in equation 
(4). It is seen that the theoretical curves describe the behavior of observed data quite well. The attenuation 
curves in Figure-2 tend to be flat for small distances due to the distance saturation effect. The vertical 
component of peak acceleration is about 3/4th (75%) of the horizontal component. This shows that taking 
vertical component as 2/3rd of horizontal component is unconservative.  
 
 



 
FIGURE-2: FITTING OF THE THEORETICAL ATTENUATION RELATION TO THE OBSERVED 

DATA. 
 
As the present database represent small distances up to 25 km, the attenuation relation developed here is 
considered more suitable for near – field study. It may not be very proper to use this relation for large 
distances, say 50 km or more. Figure-3 shows the comparison of PGA attenuation relation developed in 
this study with some other near-field attenuation relations developed by different investigators [5-9] for 
other parts of the world. 
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FIGURE-3: COMPARISON OF THE PRESENT RELATION WITH OTHER ATTENUATION RELATION. 



The comparison in Figure-3 shows that, though the nature of all the attenuation relations is similar, no two 
relations have good numerical agreement. This may be due to various factors such as geology, source 
mechanism of the earthquakes, method of analysis and database used. Thus the attenuation relation 
developed for one region are not exactly applicable to other regions, and to evaluate more realistic motion 
it is necessary to develop separate attenuation relation for each region. The geology of the Koyna region 
consists of Pre-Cambrian rocks overlain by thick cover of basaltic rocks of lava flows known as Deccan 
Traps, which also cover an extensive area of Maharashtra, Gujrat and Madhya Pradesh states. Thus, the 
presented attenuation relation will provide a basis to analyze the seismic hazard for all the above areas. 
 

CONCLUSIONS 
 
Using near-field data, empirical attenuation relation has been developed to evaluate the PGA for both 
horizontal as well as vertical component of ground motion in Koyna region, India. The geometrical 
spreading is found to be very slow, which may be perhaps due to the guiding effects of seismic wave 
propagation in the thick (more than 1 km basaltic layer) and the distances being small. Hypocentral 
distance considered for most of the recording used in the present study are typically 25 km or less, which 
is also the typical hypocentral distance for most of the critical facilities. Thus, the present relation will 
serve useful purpose for estimating the PGA at near field for critical facilities like nuclear power plants in 
the peninsular India. Also, a large part of Peninsular India is characterized by the Koyna type of geological 
formation and thus the present attenuation relationship has wider applicability. The results are of direct 
engineering importance as these strong motion records provide near-field estimate of ground motion in an 
intra-plate region, which can be used in earthquake-resistant design of critical facilities in the geological 
environment similar to Koyna region. 
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