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A B S T R A C T

Estimating the frequencies of occurrence of earthquakes

of different magnitudes on a regional basis is an important

task in estimating seismic risk at a construction site.

Analysis of global earthquake data provides an insight into

the magnitude frequency relationship in a statistical

manner. It turns out that, whereas a linear relationship be-

tween the logarithm of eartquake occurrence rates and the

corresponding earthquake magnitudes fits well in the mag-

nitude range between 5 and 7, a second degree polynomial in

M, the earthquake magnitude, provides a better description

of the frequencies of earthquakes in a much wider range of

magnitudes. The linear expression in M can sxill be used for

computing earthquake frequencies in seismic risk

calculations, provided it is based on the data in the inter-

mediate magnitude range ( 5 < M < 7 ) . It may be possible to

adopt magnitude frequency relations for regions, for which

adequate earthquake data are not available, to carry out

seismic risk calculations. Implications of the uncertainty

in the adopted relations are examined in terms of their ef-

fects on expected ground motion parameters to be used in

aseismic design. Using earthquake magnitude frequencies,

adopted in this manner for areas falling under the different

seismic zones of the IS code-1893, typical values of return

periods of specified peak ground acceleration have been

estimated.
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MAGNITUDES AND FREQUENCIES OF EARTHQUAKES IN

RELATION TO SEISMIC RISK

by

R.D.Sharma

1. INTRODUCTION

Locations, magnitudes (or intensities) and frequencies

of past earthquakes constitute an important part of the

data base required for assessing seismic risk at a construc-

tion site, and designing earthquake resistant structures to

mitigate the impending earthquake hazard (Sharma, 1987,88).

Earthquake occurrence is a complex phenomenon. It is dif-

ficult to model a physical process involving a set of known

parameters to either predict with certainty the location,

magnitude or time of an earthquake, or to quantify its ef-

fects in the surrounding area. Information on past

earthquakes occurred in a region is used for estimating

earthquake risk, and designing earthquake resistant struc-

tures for its mitigation. Though earthquake occurrence is

not repetitive in a strict sense, past earthquakes have fol-

lowed an orderly behaviour. For example, on global scale,

earthquakes show a typical magnitude frequency relationship.

The number of occurrences decrease with increase in the

strength of the earthquake. Numerous strong earthquakes have

been preceded by appreciable foreshock activity. Large

earthquakes often occur in what are called seismic gaps

(Mogi, 1979). It is now well recognized that tectonic

earthquakes are caused by large scale movements, which have

been taking place in the interior of the earth over geologi-

cal times. Any major change in the course of these movements

to alter the patterns of future occurrences significantly

may be considered unlikely. Observed earthquakes may,

therefore, be used to quantify seismic risk, provided that

accurate observations on past earthquakes are available for



a sufficiently long duration.

Seismic risk at a construction site may be thought of

as a weighted sum of the probabilities of occurrence of

earthquakes of different magnitudes during a specified time

interval, the weights being proportional to the consequences

of the earthquake at the site. This document deals with

those effects of earthquakes which result from elastic

vibrations, and which can be quantified in terms of ground

motion parameters at the site (ground acceleration, velocity

and displacement), as a function of frequency and damping in

the structure. (Other effects of earthquakes at a site are

those arising from inelastic phenomena e.g. surface

faulting, slope instability, liquefaction and seismically

induced flooding.)

2. ESTIMATION OF RISK DUE TO VIBRATORY GROUND MOTIONS

Seismic risk from earthquake induced ground shaking at

a site may be expressed in terms of the probability P(a) of

a specified ground motion parameter, say peak ground

acceleration, exceeding a certain specified value a' during

a specified time interval (say, life time of the structures)

at the site. P(a) may be expressed as:

T /•"P(a) I J PidD.Ps.tM.SJdM dS (1)

M=MC, S=a

where Pi(M) is the probability that an earthquake of mag-

nitude: M occurs during this period and Pa(M,S) is the prob-

ability that, as a result of the earthquake, the specified

ground motion parameter exceeds a value S. M<, is the value

of magnitude, below which earthquakes are of little en-

gineering consequence. S/n«» is the upper limit on the value

of the ground motion parameter. P(a) may be relatad to the



return period T of the causative event through the relation:

T = - l_/log..[1.0-P(a) ] (2)

where L is the life time of the structures in years (see

Lomnitz, 1976). To evaluate P(a) we need:

(a) frequencies of earthquakes of different magnitudes

in space and time,

(b) estimates of ground motion produced by each earth-

quake in the epicentral region, and

(c) a relationship between the ground motion in the epi-

central region and that at the site (i.e.the at-

tenuation law for ground motion).

Values of P(a) will depend on the distribution of earthquake

sources in the region, their geometry (length, width, area,

orientation etc.), their activity levels (rates of seismic

energy release) and locations of the earthquake sources with

respect to the site. For the purpose of calculations, an

earthquake source may be considered a geometrical unit

(line, area or volume) over which a single magnitude

frequency relationship may be assumed to describe the

frequencies of earthquakes (per unit length, area or volume

per unit time) of different magnitudes. That value of the

ground motion parameter which has a "low" probability of

being exceeded will determine the earthquake design basis,

on which safety of the structures against earthquakes will

be based. Acceptability of the probability level as "low" is

determined by the importance of the structure and the con-

sequences of failure (or acceptable risk).

Assessment of earthquake risk at a site, thus, requires

that the probabilities of exceedance of different levels of

ground motion from future earthquakes are estimated. In the

following pages the global earthquake hypocentral and mag-

nitude data are analyzed in order to examine the magnitude



distribution in the earthquake population on global scale.

The probabilities of different levels of maximum peak ground

acceleration at typical sites are then obtained. The

analysis is then extended to regional data.

3. FREQUENCIES OF EARTHQUAKES ; GLOBAL DATA

Observations on data from past earthquakes have brought

out that, on a global scale, the frequency of occurrence of

an earthquake of a specified magnitude is related to mag-

nitude of the earthquake. On a global scale, the frequencies

of earthquakes of magnitude II or greater are given by a

relationship of the type:

Log N(M) = a - b M (3)

where N(M) is the number of earthquakes occurring annually

in a specified area, and having magnitude equal to or

greater than M, and 'a' and 'b' are two constants called

seismicity parameters. The values of the parameters a and b

vary from region to region, and may vary substantially from

region to region. The parameter 'a' determines the number of

earthquakes having magnitudes equal to or greater than 0

(see Richter,1958). The value of the parameter 'b' depends

on the magnitude distribution in the earthquake population.

Its value varies between 0.5 and 1.5. (Higher b values Are

associated with weak zones whereas lower b values are con-

sidered the characteristics of competent rocks.) A similar

relationship has been found to hold good for regions which

are moderately seismic, or which exhibit higher rates of

earthquake occurrence (Kaila and Narain,1971). Estimation of

the 'a' and 'b' parameters for a seismic region is an impor—

tant part of seismic risk assessment in a region.

The magnitude frequency relationship was originally

proposed by Sutenberg and Richter on the basis of data be-



tween 1904 and 1946. Since then, earthquake hypocentral data

have greatly improved in quality, as well as in quantity. It

has now become clear that the number of earthquakes of large

magnitudes^ say above 7.5, is not as large as indicated by a

linear Log N - M relationship (see Figure 1). Similarly, the

number of earthquakes of small magnitudes, (say magnitudes <

4), is much smaller than what is predicted by such a

relationship (see Oliver et al.,1966). Normally, earthquake

frequencies are estimated from observations in the inter—

mediate magnitude range (say between 5 and 7.5), in which

the linear trend of Log N vs M is quite apparent. Outside

this range, confidence in the data drops down due to poor

detectability of the seismographic network for smaller

earthquakes (magnitude below 4) on the one hand, and long

recurrence intervals of large earthquakes on the other. A

part of the decrease in earthquake frequencies in the low

and high intensity regions of the curve is real, and there

exists an upper limit on the magnitude of the earthquake. In

terms of regression analysis, more than two constants would

be required to describe the earthquake frequencies in wider

magnitude range. A novel scheme of limiting the number of

constants two, and still introducing the type of non-

linearity in the magnitude frequency relation has been

deviced through a probabilistic mo3sl of a fracturing

process (see Murty,1983).

Irrespective of the causes of the deviations from

linearity, the magnitude frequency relation for earthquakes

remains uncertain in the high and low intensity parts of the

curve. Some approximations are, therefore, implied when the

integral of Equation (1) is evaluated using a limited data

set. Earthquake magnitude frequency data from the NOAA

earthquake data file for the period 1963-1980 for magnitudes

4.5 and above grouped in 0.5 magnitude unit interval are

given in Table I (see NOAA, 1976). Statistical analysis of



these data based on correlation between M and Log(N) showed

that for earthquakes having magnitude 4.5 and above, a

linear relationship between M and Log N(li) may be considered

statistically acceptable at IV. significance level.

Earthquake risk calculations are normally carried out at 5"/.

level of significance (see Dowrick, 1977 Chapter 2). A

linear relationship between M and Log N(M) fitted to the

global earthquake data set of Table I gives a magnitude

frequency relation, namely:

Logi0N(M) = (8.3355+1.0252)-(1.0468+0.176)11 (4)

where the error bars have been computed using the t-

distribution. (The error bars estimated for the mean value

of LogxoC N(M) have been applied to the constant term).

Though the given magnitude frequency data can be

statistically represented by a linear relationship between M

and Log N(M), there are definite indications in the data

that the earthquake frequencies tend to be smaller than what

a linear relationship would predict for magnitudes higher

than 7.5. Limited observations from microearthquake data

have also indicated smaller earthquake frequencies in the

microearthquake range (see Oliver et al., 1966). A regres-

sion analysis (see Ostle, 1954) of the magnitude frequency

data of earthquakes of Table I shows that in a limited mag-

nitude range (say between 5 and 7.5) the earthquake

frequencies are best described by an empirical relation

similar to Equation (3), namely:

Loglc. N(M) = 8.3621 -1.0510 M (5)

but extension of the magnitude range requires higher powers

of M to be included on the right hand side of equation 5 to

obtain the best fit to these data. For magnitudes 4.5 and

above the magnitude frequency relationship is best repre-
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-Log -io 'N(M). = 5*8780-0.2274 Mr©.0659

Magnitude frequency relations containing higher powers of

magnitude had been suggested earlier for estimating seismic

risk in the high intensity segment of the data (Shlien and

Toksoz;, 1970; Merz and Gomel!,; 1973) . 'Thus analysis of

global data indicates a drop in earthquake frequencies out-

side the intermediate magnitude range. A magnitude frequency

relationship of the type of Equation (6) may, therefore, be

considered closer to a true representation of earthquake

frequencies compared to that of Equation (4).

3.1. USE OF EXTREME EVENT THEORY

An alternative approach for estimating the earthquake

magnitude frequency relationship utilizes the extreme event

analysis procedure, which is based on the magnitudes of

largest yearly earthquakes (Epstein and Lomnitz, 1966).

Here, the largest annual magnitude of an event is assumed to

be distributed according to a cumulative distribution func-

tion B(M) given by:

G(M) = Exp(-o(Exp(-#M) ) (7)

The parameters «{ and {J are related to the seismicity

parameters a and b through the equations

o< = Exp(a log.10) and P =b log.10 (7a)

Eighty one largest global yearly magnitudes picked up from

the N0AA earthquake data file (see Table 11) were subjected

to the extreme event analysis. Values of a and b estimated

from this analysis show that the estimates are somewhat de-



pendent on the estimation interval(see Table III). Taking

the estimates based on the largest estimation interval of

eighty one years, the magnitude-frequency relation, for the

global data may be written as :

Logi0N(M) = 8.8092 -1.0986 M ..(B)

The values of the parameters a and b in equation (7)

lie well within the range predicted by the regression prace-
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Research Institute (NGRI) near Hyderabad (Gupta and

Mohan,1968). Some seismograph stations are also operated by

regional bodies e.g. river valley projects, but their data

are not generally reported on a routine basis. Sometimes,

information collected by these seismographs may be useful in

evaluating the seismicity of a region, particularly when one

is faced with the problem of investigating induced

seismicity, e.g. seismic activity resulting from the filling

of a reservoir or extractions of hydrocarbons etc. A seis-

mological network is operated by the Central Water and Power

Research Station (CWPRS) in the Koyna region (Guha et

al.,196B). Bulletins are prepared by BARC, NGRI .̂nd IMD for

events recorded at their respective stations. Events, which

ars big enough to be recorded by other stations of the WWSSN

network, are included in the NOAA data file. Magnitude and

hypocentral data on well recorded earthquakes in the Indian

subcontinent were compiled into a computer compatible data

file, which contains nearly seven thousand events. This file

can be easily handled through small computer (PC/XT) through

a data base management program or FORTRAN or COBOL programs.

It is this data file which is used to make preliminary

evaluations of seismicity in a region. As and when

available, these data are supplemented with those from a

regional network.

3.3. PRELIMINARY EVALUATION OF SEISMICITY

For a preliminary evaluation of the seismicity of dif-

ferent regions in India, the region bounded by 10-40°N

latitudes and 70-100=E longitudes was divided into lO^lO 0

squares, shown as 1 through 16 in Figure 2. Frequencies of

different earthquake magnitudes observed during the period

1963-80, and the corresponding observed 'a' and 'b' values,

(estimated by fitting a linear logi0 N(M) - li relationship

to each data set) are shown in Table IV. Data on earthquakes



having magnitudes above 4.5 and above only have been used in

estimating the a' and 'b' values, because below this mag-

nitude the data are less reliable due to poor signal detec-

tability and magnitude estimation errors. The quality of the

straight line fit varies from region to region. Also in most

cases higher degree polynomials provide a better fit to the

data compared to a linear fit.

4. DEALING WITH REGIONS HAVING INADEQUATE DATft

Adequate data to determine the parameters of the mag-

nitude frequency relationship for the region are not often

available. Unless evidence exists to demonstrate the

contrary, there is some merit in assuming a similarity be-

tween the magnitude frequency relationships of global and

regional data sets. The changes in the values of the seis-

micity parameters 'a' and "b' may be used to reflect

regional differences. Depending on the availability of data,

one of the following situations may exist:

(a) The region under consideration exhibits above

average seismicity, has a reasonably good network of

seismographs to locate most earthquakes above, say,

magnitude 3 and hypocentral data for a few decades

are well documented. A regression analysis of these

data may be carried out to estimate a magnitude

frequency relation.

(b) The region has a well documented history of inten-

sities or magnitudes of large earthquakes for

several tens of decades, but data on smaller

earthquakes are not of sufficiently good quality to

permit a regression analysis for estimating the mag-

nitude frequency relationship. Extreme event

analysis procedures may be adopted to estimate the

regression coefficients using largest earthquake

magnitudes (Gumbel, 1958; Lomnitz, i976).

10



(c) There is evidence that earthquakes of magnitude 5

or greater have occurred in the past. Also, sporadic

seismic activity is observed in the region. No sys-

tematic documentation of historical or instrumental

data ars available. Depending on the extent of the

information available from historical or geological

investigations, a magnitude frequency relation may

be adopted for approximately describing the

earthquake frequencies in the region.

In either situation, there will always be some uncer-

tainty in the estimated relationship, which will influence

the seismic risk calculations. The uncertainty may be quan-

tified by determining the upper and lower bounds on the mag-

nitude frequency relationship under some limiting

conditions, and then using these relationships to estimate

ground motion parameters.

ST USE OF SEISMIC ZONING HAPS

A seismic zoning map based on the intensities of his-

torical earthquakes was prepared by the Indian Standard In-

stitution and is published in the IS-1893 (151,1975). In

this map (see Figure 3) earthquake effects in various parts

of India have been described in terms of the maximum inten-

sity scale value (on the Modified liercalli Intensity Scale)

observed from past earthquakes. Five distinct seismic zones,

each characterized by a maximum MM intensity, have been

postulated. It may be assumed that the differences in the

Observed earthquake intensities in the different regions are

related to the maximum earthquake potential of the region.

Using an appropriate magnitude intensity relationship, the

maximum MM intensities may, then, be converted into

earthquake magnitudes. The intensities may be scaled up,

before conversion, to arrive at a conservative estimate

11



(i.e.to account for a probable revision ofthe map in future)

of the size of the strongest earthquake in future, the scal-

ing factor being determined from the desired degree of con-

servatism depending on the importance of the structures.

In estimating design basis ground motion for important

structures, the estimates may be based on one or two inten-

sity more than the intensity scale value of the maximum his-

torical earthquake(IAEA,1979). Table V shows the assigned

intensities of the various seismic zones of IS-1893, the sc-

aled up intensities and the corresponding magnitudes based

on intensity magnitude relations suggested by Gutenberg and

Richter, namely:

= (2/3)Io

where Jo is the maximum MM intensity produced by the

earthquake near the epicentral region and M« is the surface

wave magnitude. The seismicity parameters based on Equation

<4) are also given in the table. These parameters have been

derived by scaling the IS-1893 intensities upwards by two MM

scales for arriving at the maximum earthquake potential for

each zone. [ On scaling up the observed intensity in arriv-

ing at design basis, it has been observed in the IAEA guide

50-S6-S1: "In some parts of the world, where seismotectonic

data are inadequate and the procedure describe above cannot

be used, the following procedure has been used for obtaining

a preliminary estimate of the S2. First, the maximum his-

torical earthquake of the region is determined. The S2 is

then defined as one or two units of intensity (MSK or

Modified Mercalli scale) more than the intensity scale value

of the maximum historical earthquake. In areas where the

historical earthquake record is short, this procedure to es-

timate the S2 may give results which are not reliable."]

Magnitude frequency relations represented by these

parameters are illustrated in Figure 4. In this figure,

12



similar estimated relationships based on Equation (6) have

been superimposed for the purpose of comparing the number of

earthquakes at different magnitudes in the two situations.

The seismicity parameters for these curves (broken lines:

LoQic.N{M)=a-bH) are given in Table VI. Following this

approach, a gradation among the various seismic zones has

been introduced in terms of the maximum earthquake potential

associated with each zone, and a specific earthquake mag-

nitude frequency relationship has been attributed to each

zone. Description of seismicity in this form may not be very

close to representing the actual earthquake occurrences in

the regions, but it serves as a reference model, which may

be refined if additional information becomes available. An

aUvni'.Uye jf adopting such an approach is that conservatism

is introduced in a quantitative manner. Earthquake

frequencies as predicted by the a and b values of Tables V

and VI are more likely to be on the higher side because of

the scaling up of the intensities.

<»T ESTIMATING THE

When adequate data to establish a magnitude frequency

relationship are not available for the region under

consideration, a magnitude frequency relation for earthquake

occurrence may have to be adopted for the purpose of es-

timating design basis ground motion parameters. The adopted

relationship may represent the frequencies of earthquakes of

different magnitudes in that region, but with some

uncertainty. Bounds of this uncertainty can be estimated

using certain basic assumptions, and limits of the

frequencies of earthquakes at each magnitude can be

assessed. For example, it may be assumed that:

(a) The shape of the magnitude frequency curve in the

zone of interest is of a standard form as given by

equations (5) or (6).

(b) The differences in the frequencies of earthquakes

13



of different magnitudes in the regional data aid

those of a standard data set are interpretable in

terms of the differences in the maximum earthquake

potential of the region under consideration over

that of the standard region. (For definition of the

maximum earthquake potential see Appendix-A).

(c) The maximum earthquake potential of the region

under consideration may be assessed within specified

units of intensity or (magnitude), on the basis of

the available geological and geophysical data.

Three levels of seismicity representing a typical lower

bound, a middle value and an upper bound were calculated for

a 300 kilometers area around a site. Equation (6) when nor-

malized to a circular area of 300 km radius, may be written

as:

=2.6218-0.2274 M-0.0659M= (10)

This equation represents an average seismic zone, which

might experience one earthquake of magnitude equal to or

greater than 4.8 in the chosen area in a year. At intervals

of about one hundred years, the magnitude of the earthquake

may exceed 6.8. The lower bound is based on the average ob-

served intensity during historical earthquakes, and is rep-

resented by Equation 10. The intermediate level is chosen by

scaling the intensity by one MM unit (which produces a

change of about 0.7 units in magnitude) upwards, and the up-

per bound by scaling the same upwards by two MM units.

Bounds on the magnitude frequency relation obtained on these

postulates for a region of average seismicity, i.e. choosing

the global magnitude frequency relationship (Figure 1) as

the standard, are shown in Figure 5. The three magnitude

frequency relationships represented by the three different

curves were then utilized to estimate values of peak ground

acceleration in seismic risk assessment using the ground mo-

14



tion attenuation model of Housner (1975) for the simple case

of a floating earthquake population (i.e. earthquakes are

equally likely to occur everywhere in the region under

consideration), probabilities of specified values of peak

ground acceleration at a typical site being exceeded were

estimated. This model implies a homogeneous and simple geol-

ogy with uniform and isotropic attenuation characteristics

around the site. The ground motion attenuation is described

in terms of the felt area of specified levels of ground mo-

tion (see Table VII), and earthquake occurrence in the en-

tire area of interest is described by a single magnitude

frequency relation. All earthquakes are assumed to be sur-

face focus. Specific source geometry and site combinations

are a matter of computational detail, and a convenient algo-

rithm to suit a particular situation may be adopted

(Cornell, 1968; Underwood, 1969; McGuire, 1976) for a

specific situation. Earthquakes having magnitudes smaller

than 5 have not been considered. The site is assumed to lie

in the far field region of the earthquake. Calculations show

that the effect of the change in the shape of the magnitude

frequency relationship on exceedance probability is only

marginal. This is because of the very large recurrence in-

tervals of large earthquakes. Therefore, a linear Log N(M)-M

relationship may be usefully deployed in estimating the

probabilities of exceedance of the ground motion parameters,

provided the linear relationship is not determined from the

data in the very high or very low magnitude range (in which

case the number of earthquakes for the intermediate mag-

nitude range are likely to be overestimated leading to ovei—

estimates of the ground motion parameters). Peak ground

accelerations, which may be exceeded at a site in this mode!

versus return periods of the causative earthquakes for the

three magnitude frequency relations of Figure 5 are plotted

in Figure 6. [Return periods of the order of 10,000 to

100,000 years are generally considered acceptable for design

15



basis events, when probabilistic approaches of analysis are

used (Stevenson, 1979).]

7. PEAK GROUND ACCELERATION FOR VARIOUS ZONES

A more recent empirical relation to relate the peak

ground acceleration from an earthquake of a given magnitude

to the distance between the source and the site was given by

Joyner and doore (1981). The radius of the felt area for

different level of peak ground acceleration for earthquakes

having magnitudes between 4.0 and 8.5 is given in Table-

VIII. The return periods of peak ground acceleration in dif-

ferent seismic zones of IS-1893 based on the seismicity

parameters given in Table-V and the ground motion attenua-

tion pattern of Table-VIII are plotted in Figure-7. The

horizontal line intersecting the different curves in this

figure shows the 10,000 years return period (about 0.05 per—

cent probability) values of peak ground acceleration in dif-

ferent seismic zones. It may here be noted that Figure-7

depicts only typical average values. Actual design coeffi-

cients may not be necessarily close to these values. These

are, by no means, intended to specify earthquake design

basis values on the basis of seismic zones. These estimates

illustrate the type of accelerations, which could be or—

dinarily expected and which could serve the reference for

future investigations. For example, if a site lies in seis-

mic zone III, the design basis peak ground acceleration

could remain well below 0.2g, but only if it can be seen

through detailed investigations that no major earthquake

source (fault zone) capable of producing an earthquake of

magnitude 0+ exists within 50 kilometers of the site (see

Sharma,1988).



8. THE NATURE OF THE SEISMICITY PARAMETERS a AND b.

The earthquake magnitude frequency relationship repre-

sented by Equation <3) is based on observed data on

earthquakes, and has been investigated by different

investigators. An extensive account of such investigations

has been given Kaila and Narain (1971), who estimated a and

b values for different parts of the globe, and used these

values in preparing detailed seismicity maps in later

studies (Kaila et al.,1972; Kaila and Rao,1975). It has been

observed that a correlation existed between the estimated

values of a and b. From such an observation Kaila and Narain

(1971) postulated a relationship between a and b, and postu-

lated that seismicity of a region could be describeo using

either the 'a ' values or the 'b' values. According to this

relationship the 'a' value (for a 14 year period and 2°x2°

area) and 'b' are related by the equation:

a = 6.35b-1.41 (11)

Though the possibility of lower 'a' values being found in-

areas of lower 'b' values and higher 'a' values in areas of

higher 'b' values may not be discounted, inferring a linear

relationship between the two parameters raises some serious

questions. For instance, a comparision of Equation (11) with

Equation (3) that the validity of the former implies that

irrespective of what the value of the parameter a for a

region is, the value of Log N(M) for M=6.35 is -1.41,i.e.

the return period of a 6.35 magnitude in 2°x2° area is about

360 years. Such a conclusion is not tenable, at least on the

basis of the data. This situation has arisen from the inter—

pretation of the partial correlation between the estimated

values of a' and b', and then transforming it to a total

correlation. It may be observed that the errors in the es-

timated values of 'a 'and 'b' cannot be independently

17



estimated. An underestimate of 'a' results in reduced value

of 'b' and vice versa. Secondly, expressing one constant in

terms of the other goes against the basic formulation of the

magnitude frequency relationship of the type of Equation

(3), in which two constants are needed to complete the

formulation. Despite any observed correlation, the two con-

stants must, therefore, be treated as independent. It is

therefore desirable that, having accepted the applicability

of the Gutenberg-Richter magnitude frequency relation, both

the seismicity parameters are simultaneously used to

describe seismicity of a region. Expressing the effects of

both in terms of return periods will stll be as much valid

as the relationship itself.

9. CONCLUSIONS

Postulating an earthquake magnitude frequency relation-

ship for a site region is an important part of calculating

the probabilities of exceedance for ground motion

parameters. These calculations offer a means to introduce a

certain amount of objectivity in the judgment on accept-

ability of the estimates. Quantifying the effects of the

variations in the seismicity level is helpful in deciding on

the level of conservatism in the design basis parameters.

The degree of conservatism (or the lack of it) should be

traceable in the adopted procedures, and allow reassessment

when more data become available. Though, probabilistic

considerations, which involve the use of statistical models

and extrapolation of the data outside the range of the

observations, may not always be considered suitable for es-

timating design basis ground motions on several grounds,

they are well suited for relating earthquake risk and

earthquake occurrence parameters. It may be noted that

referring to an event with a return period of the order of

tens of thousands of years within a data set encompassing a

18



relatively very short time span, (at best a few hundred

years), is only a statistical procedure of quantitatively

describing the probability of the event, which is to be

taken as the design basis. Extrapolation is, actually, only

for the next one hundred years or so (i.e. the life time of

the engineering structures), a time interval which is not

much too large compared to the length of the available data.

Deterministic approaches also have such limitations inherent

in the model because of the underlying assumptions. In the

probabilistic analysis, calculations show that if the

earthquake frequencies in the intermediate magnitude range

(between 5 and 7) Are estimated reasonably accurately, the

derived linear M-Log N(M) relationship may be utilized in

seismic risk calculations without committing large errors.

The int&nsity data reflected in the seismic zoning maps

could be used to set lower limits on design parameters, and

can be very useful in formulating the steps for further

investigations.
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APPENDIX-ft

MAGNITUDE-FREQUENCY RELATION FROM INADEQUATE DATA

It was seen in the case of the global data that an ex-

pression of the type:

Log N(M) =a -bM-cM= (A.I)

represents the frequencies of earthquake occurrence as

afunction of magnitude. We assume that, unless evidence ex-

ists to the contrary, a similar relationship is applicable

to earthquake frequencies at regional levels. We define the

"maximum earthquake potential" of a region as M* so that the

number of earthquakes occurring annually in that region and

having magnitudes equal to or greater than M* is N* (where

N* is very small). If M,, is the magnitude for which equation

(A.I) produces N* earthquakes annually over the same

area, then we can wite:

a-bd^cM,,3 = A-BM*-CM*= (A.2)

where A,B,C are the seismicity parameters for the region un-

der consideration. If we write:

M» = M* + m (A. 3)

where m may be positive or negative, and assume that m is

independent of N* (i.e. the shape of the Log N - M curve

ispreserved), we can write using equations (A.2) and (A.3):

A = a - bm -cm=

B = b +2cm

C = c
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Thus the seismicity parameters A,B,C of one region may be

estimated in terms of those of another region, provided the

differential in the maximum earthquake potential m may be

quantified. The global magnitude frequency relation with a

maximum earthquake potential of, say 9, may be used to ap-

proximately estimate the regional seismicity parameters.

Surface expressions of the tectonic structures, historical

earthquake data or geological data on ancient earthquakes

may be utilized for assigning a maximum earthquake potential

to the region. It is by no means suggested here that the use

of the global relation is the best choice for a comparision

standard. Therefore, more accurate estimates of the seis-

micity parameters are likely to be obtained if a regional

magnitude frequency result, representing geological and tec-

tonic conditions similar to those of the site under

consideration.

24



A C K N O W L E D G E M E N T S

I am grateful to Mr.I.Achuthankutty, a former member of

the Health Physics Division,B.A.R.C., who helped in organiz-

ing the earthquake data for the Indian Subcontinent used in

this work, and to Dr.G.S. Murty for critically reading the

manuiscript.



Table I; YEARLY MAGNITODK-FREQOENCY DATA FOR EARTHQUAKES BKTWEKN 19B3-B0

YEAR CUMULATIVE FREQUENCY IN MAGNITUDE RANGE TOTAL

4.5-4.9 5.0-5.4 5.5-5.9 6.0-6.4 6.5-6.9 7.0-7.4 7.5-7.9 >8

1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980

1057
1473
2040
1699
1637
1774
1698
1631
1643
1528
1584
1669
1809
1858
1825
1729
1877
2095

489
777
1123
911
903
974
1026
950
1065
1021
1038
1052
1151
1324
1338
1207
1112
1060

183
273
408
216
236
270
264
266
276
299
299
263
309
340
330
318
254
239

57
87
98
56
75
63
74
80
78
85
65
69
71
82
71
66
71
73

5
19
56
25
27
15
26
38
35
25
30
30
37
32
18
25
25
32

1
0
9
4
1
9
14
15
13
12
6
12
7
12
8
9
8
11

0
0
3
2
1
3
3
5
6
3
7
2
7
3
3
7
5
2

0
1
0
0
0
0
1
0
1
0
0
0
1
2
2
1
0
1

792
2630
3737
2913
2880
3108
3106
2985
3117
2973
3029
3100
3393
3653
3595
3364
3352
3513

TOTAL 30626 18521 5043 1323 504 151 62 10 56240



Table II: YEARLY MAXIMUM MAGNITUDES FOR THE WORLD

Year Maximum magnitude Year Maximum magnitude

1897.
1899.
1901.
1903.
1905.
1907.
1909.
1911.
1913.
1915.
1917.
1919.
1921.
1923.
1925.
1927.
1929.
1931.
1933.
1935.
1937.
1939.
1941.
1943.
1945.
1947.
1949.
1951.
1953.
1955.
1957.
1959.
1961.
1963.
1965.
1967.
1969.
1971.
1973.
1975.
1977.

8.70
8.60
8.40
8.30
8.70
8.30
8.30
8.70
8.30
8.10
8.70
8.40
8.10
8.40
7.60
8.30
8.60
8.10
8.90
6.10
8.10
8.60
8.70
8.30
8.30
7.90
8.10
7.90
8.30
7.40
8.30
8.00
7.60
7.40
7.80
7.50
8.00
7.90
7.80
8.40
8.40

1898.
1900.
1902.
1904.
1906.
1908.
1910.
1912.
1914.
1916.
1918.
1920.
1922.
1924.
1926.
1928.
1930.
1932.
1934.
1936.
1938.
1940.
1942.
1944.
1946.
1948.
1950.
1952.
1954.
1956.
1958.
1960.
1962.
1964.
1966.
1968.
1970.
1972.
1974.
1976.

8.30
8.40
8.60
8.30
8.90
8.10
8.60
7.90
8.70
8.10
8.30
8.60
8.40
8.30
8.30
8.30
7.40
8.30
8.40
7.70
8.70
8.40
8.60
8.30
8.40
8.30
8.70
8.60
7.40
7.80
8.70
8.50
7.40
8.50
7.60
7.50
7.60
7.50
7.50
8.40



Table III: ESTIMATED VALUES OF THE SEISMCITY PARAMETERS (A tb>
0S7R8~EXTRERE~E9Ef)T~AMC7SIS~0F~fWIIMlfr?EmC?~EffRTHQUAKE
HAGSITODES"FROinflE"E»WI»O«E"DATA'FIK: "

S.NO. NUMBER OF ESTIMATION ESTIMftTED PARAMETERS
OBSERVATIONS INTERVAL

( year5) a a-error b b-error

1 54 27 9.1138 .4598 1.1235 .B52B
2 53 28 9.1045 .4294 1.1229 .0484
3 52 29 9.0824 ,3928 1.1206 .0441
4 51 30 9.1866 .3939 1.1237 .0443
5 50 31 9.1174 .3909 1.1251 .0448
6 49 32 9.1210 .3831 1.1257 .0431
7 49 33 9.1154 .3685 1.1252 .0413
8 47 34 9.1060 .3524 1.1243 .0393
9 46 35 9.1417 .3650 1.12B6 .0408
10 45 36 9.1734 .3750 1.1325 .8420
11 44 37 9.2043 .3824 1.1364 .0429
12 43 38 9.2377 .3915 1.1486 .0439
13 42 39 9.2683 .3975 1.1446 .0446
14 41 40 9.2956 .4894 1.1481 .0449
15 40 41 9.3275 .4880 1.1522 .0457
16 39 42 9.3528 .4149 1.1553 .0465
17 38 43 9.3755 .4233 1.1582 .0474
18 37 44 9.3962 .4319 1.1609 .0484
19 36 45 9.4154 .4397 1.1634 .0492
20 35 46 9.4309 .4487 1.1656 .0503
21 34 47 9.4399 .4576 1.1670 .8513
22 33 48 9.4460 .4614 1.1680 .0517
23 32 49 9.4491 .4643 1.1686 .0528
24 31 50 9.4453 .4672 1.1685 .0524
25 30 51 9.4314 .4671 1.1672 .0524
26 29 52 9.4134 .4663 1.1653 .0523
27 28 53 9.3876 .4607 1.1624 .0517
28 27 54 9.3502 .4489 1.1582 .0503
29 26 55 9.3064 .4309 1.1533 .0482
30 25 56 9.2578 .4873 1.1477 .0454
31 24 57 9.1976 .3740 1.1408 .6415
32 23 58 9.1272 .3197 1.1327 .0358
33 22 59 9.0910 .2990 1.1287 .0326
34 21 60 9.0792 .3000 1.1275 .0328
35 20 61 9.0685 .2981 1.1265 .0326
36 19 62 9.0448 .2926 1.123? .0319
37 18 63 9.0125 .2846 1.1283 .0311
38 17 64 8.9725 .2626 1.115B .0285
39 16 65 8.9181 .2199 1.1097 .0236
40 15 66 8.8641 .1734 1.1035 .0180
41 14 67 8.8375 .148? 1.1005 .8152
42 13 68 8.8341 .1436 1.1004 .8146
43 12 69 8.8206 .1329 1.8991 ,0135
44 11 70 8.7937 .1131 1.0961 .0114
45 10 71 8.7676 .0924 1.0932 .0090
46 9 72 8.7619 .0844 1.0927 .0084
47 8 73 8.7788 .8821 1.0949 .0888
48 7 74 8.7793 .0786 1.0953 .0081
4? 6 75 8.7815 .0710 1.0958 .0070
SB 5 76 8.7738 .0547 1.8951 .0060
51 4 77 8,7820 .0390 1.B96I .0039
52 3 78 8.7700 .0423 1.0947 .0056
53 2 79 8.8036 .0702 1.B985 .0090
54 1 80 8.8092 .8008 1.B986 .0008
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Table V: ESTIMATED SEISMICITY PARAMETERS FOR VARIOOS SEISMIC ZONES
fIS:1893) ASSUMING A LINEAR MAGNITUDE-FREQUENCY RELATIONSHIP

SEISMIC ASSIGNED SCALED UP MAXIMUM SEISMICITY
ZONE INTENSITY INTENSITY EARTHQUAKE PARAMETERS*

(MM) (MM) POTENTIAL
a+ b

I V VII 5.7 1.64 1.051

II VI VIII 6.3 2.27 1.051

III VII IX 7.0 3.01 1.051

IV VIII X 7.7 3.74 1.051

V >IX XII 9.0 5.11 1.051

* BASED ON THE GLOBAL LINEAR MAGNITUDE-FREQUENCY RELATION

LOG N = 8.3621 - 1.051 M

+ a -VALUES NORMALIZED TO A CIRCULAR AREA OF 300 KM RADIUS.



Table VI: ESTIMATED SEISMICITY PARAMETERS FOR REGIONS
OF SEISMIC ZONES IN INDIAfIS:1893)

(based on a nonlinear log N(M) - M relationship)

SEISMIC ASSIGNED SCALED UP MAXIMUM SEISMICITY *
ZONE INTENSITY INTENSITY EARTHQUAKE PARAMETERS

(MM) (MM) POTENTIAL
a+ b c

1.1537 0.6623 0.0659

1.5274 0.5833 0.0659

1.9034 0.4910 0.0659

2.2148 0.3987 0.0659

2.6218 0.2774 0.0659

* BASED ON THE G;OBAL SEISMICITY RELATIONSHIP

LOG N = 5.8780 - 0.2274 M -0.0659 M2

+ a -VALUES NORMALIZED TO A CIRCULAR AREA OF 300 KM RADIUS.
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B00SNER.1975)

FELT AREA (1000 sq.kms) FOR EARTHQUAKE MAGNITUDE
ACCELERATION

(%g) 4.50 5.5 $.0 6.5 7.0 7.5 8.0 8.5

5,0 1.02 4.07 9.16 17.20 33.33 71.63 142.53 284.63
7.5 - 2.64 6.36 12.87 26.02 52.28 109.86 207.50

10.0 - 1.52 4.07 9.16 19.61 35.97 81.43 142.53
12.5 - - 2.64 6.94 15.39 30.17 75.48 109.86
15.0 - - 1.52 5.03 11.31 24.88 53.09 81.43
17.5 - 3.63 8.82 20.11 43.74 75.48
20.0 - 2.29 6.36 15.39 35.30 53.09
22.5 - - - - 4.07 12.87 30.79 43.74
25.0 - 2.29 10.21 26.59 35.30
27.5 _ _ . . - _ 7.54 21.12 30.79
30.0 _ _ _ _ _ 5.03 16.29 26.59
32.5 _ _ _ _ _ 3.02 13.27 21.12
35.0 _ _ _ _ _ j.52 10.21 16.29
37.5 _ _ _ _ _ _ 6 08 13.27
40.0 _ _ _ _ _ _ 3.02 !0.21
42.5 _ _ _ _ _ _ 0.75 7.00
45.0 - - - - - - - 3 . 7 0
47.0 - - - - - - - 1 . 1 0



Z

S3
s

en

I
w i en

CO I

Si

oo
•Si

I T-t
IO

'33

S) '

co

z
o

W il

woo

NCMHHH

CO

co

uO

eg

CO

IT)

O)

eg

CO

C\]CDCSJO>C-LO' t t f lC\j lS!SS!!S)K'Si<S}tS!Si<S!
CM T-I in

oo CD <S Q (S (S (S 5S S5 S) IS

si s ta si s! ts ts si s i s <s is s! isis s si si

•3

si Si si si si S si S> S! si si <S si si Si si S! Si



u
2
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Figure-l:Global Earthquake Magnitude-Frequency Data
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Figure 2: Ten Degree Squares corresponding to the region numbers of

Table IV used for presenting the Earthquake Magnitude

Frequency Data for the Indian subcontinent. (Boundaries of

the map are based on digitized data obtained from the Auto-

mated Cartography CeJl of Survry of India)
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Figure-3:Seismic Zonin Map of India
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Figure-4: Estimated Earthquake Magnitude-Frequency Relationships

for the five seismic zones of the Seismic Zoning Map of

India, IS-1893 (see Tables V and VI).



log N = 2-7487 -0-1351 M -00659 *T

log N = 2-6218 - 0-2274M - 00659 M2

log N = 2-4303- 0-3197M -00659M 2

1
Magnitude (M) - •

Figure-5: Earthquake Magnitude-Frequency Relationship for

a 300 km radius circular area, based on average

global seismicity. The broken lines show the

bounds to allow for ± one MM unit difference in

the observed maximum intensity during earthquakes

in historical times.
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Figure-6- Estimated Return Periods of Peak Ground Acceleration

for a typical site located in an area, where seismicity

is represented by the Magnitude-F'requency Relationships

of Figure 5, and earthquakes are equally likely to occur

everywhere in the region.
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Figure 7: Typical values of Peak Ground Acceleration, which can be expected
to be exceeded at average sites in Seismic Zones I to V (IS-1893),
estimated on the basis of the ground notion attenuation formula of
Joyner and Boore(1981) and a floating earthquake population in
different zones.
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