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ABSTRACT

Empirical prediction relationships have been developed for the peak accelerations, velocities and
displacements for five different combinations of earthquake sources and the regions of recording along
Himalayan orogenic belt with widely differing source-to-site path attenuation characteristics. Due to a
limited number of strong motion records available, a specially devised regression analysis has been
carried out to develop these relationships. The predicted values have been shown to be in good agreement
with the recorded data and to be physically realistic on seismological grounds and other independent
measurements like stress drop and Q-parameter. These prediction models specific to local earthquakes
recorded in the Northwest Himalayan (NWH) region, the Northeast India (NEI) region and the National
Capital Region (NCR) of India, and the distant earthquakes in the Indo-Burmese subduction (IBS) and
Hindu Kush Subduction (HKS) zones recorded in the NEI and NWH regions, respectively, will provide a
basis for hazard mapping of several different quantities of interest in these regions derived from one or
more of the peaks of the earthquake ground motion.

KEYWORDS: Peaks of ground mation along the Himalayan orogenic belt; Peak strains in the ground
caused by earthquake waves; Correction of response spectra for differential ground
motion

INTRODUCTION

The recorded strong motion data in India is very limited and pertains mainly to the Himalayan region.
This data has been used in the past by a number of investigators (e.g.; Sharma et al., 2009; Anbazhagan et
al., 2013; Raghukanth and Kavitha, 2014; Raghucharan et al., 2019; Ramkrishnan et al. 2021; etc.) to
develop empirical ground motion prediction relations for 5% damped response spectral acceleration
ordinates.

The purpose of this paper is to present the scaling and attenuation equations of peak accelerations,
velocities, and displacements based on recorded earthquake ground motions along the Himalayan orogeny
(Figure 1a). The results are intended to complement the scaling equations for the Fourier and response
spectral amplitudes, which we developed for the same regions (Figure 1b; Gupta and Trifunac 2017,
2018 a, b, ¢, 2019). Peak accelerations can be used for traditional scaling of design spectra and knowledge
of all three peak parameters to generate the complete response spectrum (Malhotra 2006). Peak velocities
will be used for the extension of response spectral amplitudes at short periods, for large-in-plan and
high-frequency (stiff) structures (Trifunac and Todorovska 1997; Trifunac and Gicev 2006), and for
deterministic and probabilistic estimates of strains in the soil (Todorovska and Trifunac 1996 a, b,
Trifunac et al. 1996; Trifunac and Lee 1996). Peak displacements can be used to evaluate the contribution
of cord rotations to the response of tall structures with large plan dimensions (Trifunac et al. 2020) and
for a probabilistic fault displacement hazard analysis (Todorovska et al. 2007; Gupta, 2024).
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Fig. 1a A geotectonic map of the Tibetan Plateau with adjacent areas (orogenic belt, Cenozoic
sedimentary basins, major river systems, and their submarine fans; modified from Wang et al.
2014). Also shown are: (1) the deep earthquake sources in the Hindu Kush, (2) the earthquake
regions of Western Himalaya and Northeast India (enclosed by irregular lines), (3) the deep
earthquakes in the Indo-Burmese subduction zone, and (4) the National Capital Region of India,
where small earthquakes occur near Delhi
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Fig. 1b Spatial relationships among the regions where we have previously analyzed attenuations of strong
motion spectral amplitudes. The squares cover areas of epicenters and of the recording stations in
the Hindu Kush, Western Himalaya region, the National Capital Region of India, Northeast India,

and

the Indo-Burmese subduction zone (Gupta and Trifunac 2017, 2018 a, b, ¢, 2019)
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Before the age of digital computers, only the amplitudes of uncorrected peak accelerations (Trifunac
and Brady 1975, 1976) could be correlated with earthquake magnitude or site intensity. Following the
1971 earthquake in San Fernando, California, and the systematic digitization and processing of strong
motion accelerograms (Hudson 1979), it became possible to develop advanced empirical scaling of
spectral amplitudes. Since that time numerous studies of strong ground motion have been and continue to
be published (Douglas 2003, 2017; Douglas and Aochi 2008).

STRONG MOTION DATA

The uniformly processed strong motion data utilized in this study has been described in detail in
Gupta (2018), which includes 485 three-component digital records from PESMOS site
(http://www.pesmos.in) and 146 analog records from Chandrasekaran and Das (1993) and Shrikhande
(2001). The available data has been grouped into five different combinations of earthquake source zones
and regions of recording that represent five different source-to-site path attenuation characteristics. These
are local earthquakes recorded in the Northwest Himalayan (NWH) region, local earthquakes recorded in
the Northeast India (NEI) region, local earthquakes recorded in the National Capital Region (NCR) of
India, the Indo-Burmese subduction (IBS) earthquakes recorded in NEI region zone and large earthquakes
in HKS region recorded in NWH region, as shown in Figure 1b and described in detail in the papers cited
in this figure. For brevity, we refer to the five cases considered simply as the NWH, NEI, NCR, IBS and
HKS regions. The distributions with respect to epicentral distance, earthquake magnitude, and focal depth
of the three-component strong motion records available in each of the five regions are shown in Figure 2.
In general, the distance range of recording is seen to increase with an increase in magnitude, but the
distribution with respect to depth is somewhat random.
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Fig. 2 The distributions of available strong motion records with respect to epicentral distance,
earthquake magnitude, and focal depth in each of the five regions considered in this paper
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Table1: The Number of Records and Corresponding Ranges of Magnitude, Distance, and
Depth of Available Data in Each Region

Region No. of Magnitude Distance Range Depth Range
Records Range (km) (km)
NWH 249 3.0-6.9 4.4-326.6 5.0-525
NEI 149 40-6.7 125-337.9 7.0-79.0
HKS 19 55-6.2 547.7-1010.1 160.0 - 215.4
IBS 108 48-7.2 155.2 - 560.0 83.4-118.9
NCR 68 2.3-5.0 25-1185 5.0-20.3

The number of three-component records used and the ranges of magnitude, epicentral distance, and focal
depth covered by available data in each region are summarized in Table 1. The available number of
records are seen to vary widely among the five regions, with the largest number of 249 records in the
NWH region, and the smallest number of only 19 records in the HKS region. The available data is not
sufficient to develop the prediction equation for the peak parameters of ground motion for any of the
regions independently. A specially devised technique used by the authors (Gupta and Trifunac, 2017,
2018 a, b, c; 2019) to develop the empirical scaling equations for the Fourier and pseudo-relative velocity
spectrum amplitudes for the same five regions is used in the present study and summarized in the next
section of the paper.

The available database comprises a total of 593 three-component records (including 146 analog type
records) giving a total of 593x3 = 1779 components of motion. These accelerograms have been suitably
processed to minimize the low- and high-frequency noise and to correct for the baseline distortions as
detailed in Gupta (2018). The analog records have been also processed to apply the instrument correction
(Trifunac, 1972a; Chandrasekaran and Das, 1993). As the baseline correction involves high-pass filtering
above a lower cut-off frequency specific to each component of motion (Gupta 2018), the peak amplitudes

of ground displacement (d,_, ) become lower than their true values. This has been compensated for by
using random vibration theory in conjunction with the long-period extension of the empirically derived
Fourier amplitude spectrum, FS, up to a 100 s period beyond the cut-off period, T, corresponding to the
cut-off frequency used for baseline correction (Lee et al. 1995). The scaling factors for correction of the

peak displacement amplitudes are then defined as the ratios of the integrals of the squares of the extended
and the original Fourier Spectra. The distribution of the scaling factors obtained for all 1,779 components

of ground motion is shown in the histogram of Figure 3. The d_, amplitudes thus corrected are used

along with the peak acceleration amplitudes (a.,, ) and peak velocity amplitudes (v, ) to develop the

empirical prediction relationships for all three peak parameters in all five zones considered in the present
study.
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Fig. 3 A histogram of the correction factors for d,,, amplitudes
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PREDICTION MODEL AND REGRESSION ANALYSIS

1 Functional form of the Prediction Model

The functional form of the ground motion scaling and attenuation model used to develop the
prediction relations for peaks of earthquake ground motion in this paper is the same as that used for
developing the scaling model for Fourier spectrum amplitudes for the regions of Western Himalaya and
Northeast India by Gupta and Trifunac (2017). This model can be expressed as

log,, y=M + A log,, A+C, +C,M +C,M? +
+C,v+C,s+CgS! +CeS; +CZS?
In this expression, y represents the &, V., or d . amplitude, M denotes the earthquake

magnitude, S denotes the site geology parameter (with s = 0 for alluvium, s =1 for intermediate sites
and s = 2 for basement rocks; as defined in Trifunac and Brady 1975), v denotes the component

orientation (with v = 0 for horizontal and 1 for vertical component of motion), and Sf, Sﬁ , and Sf are

@)

indicator variables taking on the value of 1 for the site soil parameter s, =0, 1, and 2 representing rock
soil, stiff soil, and deep soil, respectively, and zero otherwise. The coefficients C,, C,, C,, C,, C;, C,
Cé, and (362 are the coefficients estimated by regression analysis of the recorded data.

The attenuation term, A log,, A, is defined in terms of the representative distance A from the
earthquake source to the site under consideration as proposed by Gusev (1983):

R24+H2+82 )"

A=S|In 2—282 )]
R°+H"+S;

where R is the epicentral distance, H is the focal depth, S is the (magnitude-dependent) source size,

and S, is the correlation radius of the source function.

The source size S (in km) is approximated empirically to be a linear function of earthquake
magnitude M and is defined by (Gupta and Trifunac, 2017) as

0.2 for M <3.0
S=40.2+(S:s—-0.2)(M -3)/3.5 for3.0<M <6.0 (3)
13.96 for M >6.0

Here, S is the fault rupture length for M = 6.5, which is obtained as 16.25 km from the following

relationship for fault rupture length L(M) and rupture width W(M) as a function of earthquake magnitude
M:

L(M) =0.0032x10%"™
W (M) =0.0278x10***" for M >6 (4)
W(m)=L(m)forM <6.

For magnitudes greater than 6.0, the source size is assumed not to increase and is assigned a maximum
value of 13.96 km (equal to that for magnitude 6.0).

The correlation radius S, is defined by (Gusev, 1983) as

S, = min[ﬁ,ﬁ) (5)
2 2

where [ is the shear wave velocity at the earthquake source, taken equal to 3.5 km/s in the present study.
Value of wave period T is taken as 0.1 s or 1.0 s for peak acceleration or peak velocity amplitudes,
respectively. The correlation radius S; for the peak displacement is given as (Lee et al., 1995)
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S, =min(S,.S)/2 (6)

L(M) forM <35

with S¢ = LS\;)+W6('\(;I) for3.5<M <7.0 @)
L(M nax) +W(Mmax) forM>M_, =70

2.2 6.0

Further, very close to the source (say, hypocentral distance of less than 5 km) and for M<4.5, the
representative distance A for the case of peak displacement can be approximated by
-12

2
S
A=S In[s—oj (8)

with the source size defined such that it is equal to the value of S for M = 4.5 with the magnitude
dependence as per the empirical relationship, we obtain
S =0.0193(5.5— M) x10%*"™™ (9)
2. Common Regression Analysis for the NWH and NEI Regions
As previously mentioned, due to the limited strong motion data available, it is not possible to carry

out a regression analysis on the model of Equation (1) for each region independently. The dependence on
magnitude M, component of motion parameter v site geological parameter s, and the site-soil condition

parameter S, is therefore estimated by a common regression analysis for the NWH and the NEI regions,

which, with 249 and 149 three-component records, comprise the largest number, with a total of 398
records. A multistage regression analysis is used for this purpose, wherein a limited number of regression
coefficients are estimated and constrained at each stage.

Stage-1: A combined equation of the following form is fitted for each of the three peak parameters in both
the NEI and the NWH regions:

log, Y — M = A5 [(logy, A)Se 1+ Ay [(10gye A)S, 1+

N
Cv+Css+ ) Bje;
j=1

(10)

In this equation, &,y and Jg are the indicator variables with assigned values of 1.0 for the data points
belonging to Northeast India and Western Himalaya, respectively, and 0.0 otherwise. The e; is also an
indicator variable assigned a value of 1.0 if the data belongs to the j-th of the N number of earthquakes
and 0.0 otherwise. The use of independent regression coefficient B; for each earthquake is able to

account in a balanced way for the effect of different numbers of data points contributed by different
earthquakes. The attenuation coefficients AOE and A(‘)N for the NEI and NWH regions, respectively, and

the common coefficients C,,C, and B, forj=1to Nin Eqg. (10) are estimated by a simple least-squares

regression analysis using 1,194 components of ground motion data points corresponding to 398
three-component records for both the NEI and the NWH regions.

To minimize the possible bias that may arise due to an uneven distribution of data over different
magnitudes, the data points actually used in the analysis, - i.e., site geology parameters, site soil condition
parameters, and the components of motion - are obtained using a decimation scheme proposed by

Trifunac and Anderson (1977). Also, the 28 data points with significantly small a_,, below 1.0 cm/s?, all

of which belong to the NWH region, have been excluded being close to the noise level. The remaining
1166 data points for each of a_,, V.., , and d . are separated into the magnitude groups of 3-3.9,
4-4.9, 5-5.9, and 6-6.9. The data points in each magnitude group are then successively subdivided
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according to site geology parameter s (= 0, 1 and 2), site soil parameter S, (= 0, 1 and 2), and

component orientation parameter v (= 0, 1), giving a total of 72 subgroups of data for each peak
parameter. The data in each subgroup is arranged in increasing order of the peak-amplitude values and a
maximum of only 33 data points closest to the 3rd, 6th,....., 96", and 99th percentile positions are
retained. By this procedure, the 1,166 data points are reduced to 788 data points for each of the peak
parameters, which are then used in the Eq. (10) regression analysis.

Stage-2: In this stage of analysis, a two-step weighted regression analysis (Searle et al., 1971) is applied
to estimate the regression coefficients defining the earthquake magnitude dependence common to both the
NEI and NWH regions. In the first step, the following equation is fitted by a simple least-squares
regression analysis:

J
logy, y =M — Ag[(Iogy, A)Se 1 Ay [(10gy A) Sy ]—-Cov—Cys = Z Bje; (11)
=1

The magnitude dependence is defined in the second step by a weighted least-squares regression analysis
on the following system of equations:

B,=C/ 6. +C/'8, +C,M, +C,M7 (12)
The weight for the jth earthquake contributing n; number of data points is defined by
w, = (o7 In;+0;)" with o and o as the variances of the fitting of Egs. (11) and (12), respectively.
As the variance 022 for the second step of regression analysis is not known in advance, an iterative search
method is used by starting with an initial value of 0'22 as zero and increasing it in very small steps. The

value of 022, which results in a weighted variance of the fitting of Eqg. (12) close to 1.0, indicates the
condition of convergence. To achieve negative values for the coefficient C, in Eq. (12) to meet the

physical requirement of magnitude saturation, only 704 data points with magnitudes 4.0 or above have
been used in this stage of analysis out of the 788 decimated data points used in the Stage-1 analysis.

Stage-3: The dependence on the site soil condition is next developed by a least-squares fitting of the
following equation using all 788 decimated data points for both the NEI and NWH regions:

logy, y—M — AY)E[(|0910 A)oe]- At\)N [(log,g A)dN]_ClEé‘E _ClNéN -

(13)
C,M —C,;M?—C,v—Cis=CJS +CgS; +C2S}
Table 2:  Regression Coefficients Defining the Dependences on the Earthquake Magnitude,
Component of Motion, Site Geological Condition and Site Soil Condition for Both
NEI and NWH Regions

Parameter | amax (cm/s?) Vmax (CM/s) dmax (€M)
C, -0.310832 -0.101431 0.117228
C, -0.018108 -0.025898 -0.018373
C, -0.167876 -0.279776 -0.259237
Cs 0.020532 -0.022429 -0.037847
c? 0.038012 -0.007977 -0.046398
ct 0.051841 0.051274 0.063319
C2 0.068059 0.099612 0.123517

This completes the estimation of the regression coefficients C,, C,, C,, C,, C¢, C;,and CZ common

to both the NWH and NEI regions, which will also be assumed to be applicable to the other three
regions. The values of these coefficients defining the dependence on magnitude M , component of



82 Attenuation of the Peaks of Earthquake Ground Motion Along the Himalayan Orogenic Belt

motion parameter V, site geology parameter S, and site soil condition parameter s for the peak
parameters a .., V., and d_. are listed in Table 2.
3. Prediction Models and Statistics of Residues for the NWH and NEI Regions

In the preceding analysis, the distance attenuation coefficients AbE and AOW and the corresponding

constant terms ClE and Ci” for the NEI and the NWH regions, respectively, have been estimated

simultaneously using the combined data set for both the regions. Some degree of trade-off between the
values of these coefficients for the two regions cannot thus be ruled out. The 788 decimated data points

for both regions are therefore separated out into 526, 521, and 512 data points respectively for the a__ ,
V... »and d_. amplitudes in the NWH region and into 262, 267, and 276 data points respectively for
the a, . V.., . and d_. amplitudes in the NEI region. The data points for the respective peak
parameters and the region are used to estimate the final values of the attenuation coefficient A, and the

constant coefficient C, by regression analysis on the following equation:
log;, y—M —C,M —C;M? —C,v—C.s—CJS) —CiS| —CZ2S? =
Aylog,, A+C;

The values of A, and C, thus obtained independently for the NWH and NEI regions are given in Tables
3 and 4, respectively.

(14)

Table 3:  Attenuation Coefficient A, Constant Term Cl, and the Statistical Parameters for
the Gaussian Distribution of the Residuals for the Three Peak Amplitudes for the
Local Earthquakes Recorded in the NWH Region
Parameter | amax (CM/s?) Vmax (CM/S) dmax (CM)
A -1.106289 -1.035888 -1.123484
C, -0.003742 -2.373145 -4.559549
H 0.0 0.0 0.0
o 0.32800 0.34744 0.37094
KS 0.036 0.030 .026
KS.05 .059 .060 .060
2 10.05 7.14 9.90
2o 14.07 14.07 14.07
Table 4:  Attenuation Coefficient A, Constant Term C,, and the Statistical Parameters for

the Gaussian Distribution of the Residuals for the Three Peak Amplitudes for the
Local Earthquakes Recorded in the NEI Region

Parameter | amax (cm/s?) Vimax (CM/S) Omax (cm)

A, -1.310963 -1.241734 | -1.091398
C, 0.762275 -1.660238 -4.304131
H 0.0 0.0 0.0
o 0.27786 0.29786 0.32542
KS 0.062 0.042 0.032

KSy .6 0.084 0.083 0.082
7’ 10.94 5.19 9.81

22 14.07 14.07 14.07

0.95
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The coefficients A, and C, given in Tables 3 and 4, along with the common regression coefficients

given in Table 2, can be used to estimate expected value § of the three peak parameters in the NWH and
NEI regions, respectively, from the prediction model of Eq. (1) as follows:

log;y ¥ =M + Ay log;p A+C, +C,M +CsM % +C,v+ Ces +CJS. +C5St +CES¢ (15)
For given values of variables M, A, v,s, and s _, Eq. (15) has a parabolic dependence on magnitude

M . As in Gupta and Trifunac (2017), it is thus assumed that this equation applies only in the range of
M., <M <M, with

M., =-C,/(2C,) and M, =—(1+C,)/(2C,) (16)
M in the terms C,M +C,M? is replaced by M
M is replaced by M . throughout Equation (15).

For magnitudes below M whereas for magnitudes

min’ min !

greater than M

max !

The differences between the logarithm of the recorded values y of a peak parameter (@, , V., Of

axX
d...) and the corresponding expected values log,,y obtained from the prediction relationship of
Equation (15) gives the residues € as

e=log,, y—log,, ¥ 17)
Following Gupta and Trifunac (2017), it is assumed that the residues of the recorded data for all three
peak amplitudes can be described by a normal distribution function with the mean value & and the
standard deviation o of the residues. The values of statistical parameters x and o obtained for the three

peak parameters are also given in Tables 3 and 4 for the NWH and NEI regions, respectively. These can
be used to define the probability of having the value of the residues less than or equal to a specified value

€ as:
C L[ e ZY(xm)
p(e)_amhexp{ 2( - j }dx (18)

To test the null hypothesis H, that the Gaussian probability distribution can be used to describe the

statistics of the residuals, the Kolmogorov—Smirnov (KS) and chi-square ( ;(2) statistical tests are
performed as in Trifunac (1987). For this purpose, the KS and ;(Zestimates along with their respective
95% cutoff levels KS,4, and y, o for rejecting the hypothesis are also listed for NWH and NEI regions

in Tables 3 and 4, respectively. At the 95% confidence, both the KS and the ;(2 tests are not seen to
reject the assumption that the Gaussian distribution can describe the distribution of residues for all three
peak parameters.

4. Prediction Models for the NCR, IBS, and HKS Regions

A perturbation method is used to develop the prediction relations for the three peak parameters of
earthquake ground motion in the National Capital Region (NCR) of India, the Indo-Burmese subduction
(IBS) earthquakes recorded in NEI region, and the Hindu Kush subduction (HKS) earthquakes recorded
in the NWH region, all of which have a limited number of strong motion records. In this approach, the
dependence on magnitude M, component of motion parameter Vv, site geological parameter S, and
site-soil condition parameter S, is taken the same as that obtained for the NWH and the NEI regions with
a much larger database, which is defined by the regression coefficients given in Table 2. To define the
complete prediction relationships, the distance attenuation and the constant terms are only evaluated by
the regression analysis in Equation (14) of the limited database available for these three regions. The
prediction relationships thus developed are then used to analyse the statistics of residuals using the same
database.

There are a total of 204 data points from 68 three-component records from the local earthquakes
recorded in the NCR of India. After excluding 5 data points with a__, below 1.0 cm/s?, the remaining 199
data points are used in the present analysis. No further reduction has occurred in these data points due to
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the process of decimation used to minimize the possible bias due to the uneven distribution of data over
different magnitudes, site geology parameters, site-soil condition parameters, and components of motion.
The decimation was attempted by retaining a maximum of 16 data points closest to the 6™, 12t ....., 90™
and 96th percentile positions for each data group as defined in the case of the NWH and NEI regions. The
regression coefficients and the statistical parameters for the three peak parameters obtained using the 199
data points for the NCR of India are listed in Table 5. The assumption that the Gaussian distribution can
describe the distribution of the residuals of all three peak parameters of ground motion in the NCR is not

rejected by the KS as well as the ;(2 tests at the 95% confidence.

Table 5:  Regression Coefficients and Statistical Parameters for the Gaussian Distribution of
the Residuals for the Three Peak Amplitudes for the Local Earthquakes Recorded
in the NCR

Parameter | amax (CM/S?) | Vmax (CM/S) Omax (€M)

A -1.649400 | -1.594599 | -1.517270
C, 1.035711 -1.434263 | -4.034816
u 0.0 0.0 0.0
o 0.33732 0.36485 0.38809
KS 0.062 0.048 0.054

KS, 05 .0964 .0964 .0964
Ve 11.10 11.76 7.26

o 14.07 14.07 14.07

For the IBS earthquakes recorded in the NEI region, we have a total of 324 data points from 108
three-component strong motion records. All these records are characterized by a_,, values greater than or

equal to 1.0 cm/s?. To estimate the regression coefficient A, and C, from Eq. (14) and to analyze the

statistics of the residuals, a reduced database of 224 data points obtained by retaining a maximum of 19
data points closest to the 5th, 10™",....., 90", and 95th percentile positions for each data group is used. The
regression coefficients and statistical parameters thus obtained are listed in Table 6. The validity of the
Gaussian distribution for all three peak parameters recorded in the NEI region from the IBS earthquakes

is established by the KS test and as well as the y* test for the residues of v and d . The y° testis
seen to reject the Gaussian hypothesis only marginally for the case of a,_, .

Table 6:  Regression Coefficients and Statistical Parameters for the Gaussian Distribution of
the Residuals for the Three peak Amplitudes for the IBS Earthquakes Recorded in

the NEI region

Parameter | amax (CM/S?) | Vmax (cM/S) Omax (CM)

A -1.061131 -.950267 -1.432349
C, 0.416568 -2.218496 -3.493796
H 0.0 0.0 0.0
o 0.26197 0.27431 0.29743
KS 0.042 0.053 0.035

KS, 6 0.091 0.091 0.091
7? 14,91 12.63 4.68

22 14.07 14.07 14.07

0.95
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A very meagre database of only 57 data points from 19 three-component records is available for the
HKS earthquakes recorded in the NWH region. Only 49 data points with a_,  values greater than or

equal to 1.0 cm/s? are used in the present study. This has been further reduced marginally to 47 data
points by retaining a maximum of 9 data points closest to the 10th, 20™,....., 80", and 90th percentile

positions for each data group. These 47 data points are used to estimate the regression coefficient A, and
C, from Eq. (14) and to analyze the statistics of the residuals, and the results obtained are given in Table
7. Although the KS test does not reject the applicability of the Gaussian distribution to all three peak
parameters, the ;(2 test at a 95% confidence level rejects the Gaussian hypothesis for the residuals of
A and v amplitudes, which may be related to the very small sample size of only 47 data points.

However, the Gaussian distribution may still be used with the belief that it will not be rejected when more
of the recorded data becomes available.

Table 7:  Regression Coefficients and Statistical parameters for the Gaussian Distribution of
the Residuals for the Three Peak Amplitudes for the HKS earthquakes Recorded in
the NWH region

Parameter max | Vimax (CM/S) | dmax (cM)
(cm/s?)
A, -0.607183 | -0.831728 | -1.019233
C, -1.297295 | -2.765896 | -4.573787
H 0.0 0.0 0.0
o 0.18056 | 0.25485 | 0.34344
KS 0.106 0.112 0.071
KSy g5 0.198 0.198 0.198
7? 17.92 22.82 8.78
2o 14.07 14.07 14.07

COMPARISONS OF RECORDED AND PREDICTED PEAK AMPLITUDES

and

ax

We now show that the prediction relations developed for the three peak parameters (a, . . Vi,

d....) in the five different regions encompassing the Himalayan orogenic belt can provide the empirical

estimates in good agreement with the available recorded data. For this purpose, a set of six plots is
presented for each region with two plots for each of the three peak parameters as given in Figures 4 to 8
for the NWH, NEI, NCR, IBS and HKS regions, respectively. The first plot (left-hand side panels in
Figures 4 to 8) for each peak parameter in a region shows the predicted vs. observed peak amplitudes
along with the continuous 1:1 line idealizing the exact matching and two dashed lines representing an
80% confidence interval between the 10% and 90% confidence levels. This has been termed as the scatter
plot. The second plot (right-hand side panels in Figures 4 to 8), termed as the attenuation plot, shows the
normalized observed data vs. the hypocentral distance, where normalization is carried out to a specified
magnitude, horizontal component of motion (v =0), basement rock type of site geology (s=2), and

hard rock type of site soil condition (S, =0). These plots also show the attenuation curves computed

from the developed prediction relationships for confidence levels of p = 0.1, 0.5, and 0.9 for the
parameters used for normalization of observed data, where the attenuation curves for p = 0.1 and 0.9
represent the 80% confidence interval.
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The scatter and attenuation plots in Figures 4 to 8 are used to assess the quality of agreement between
the observed data and the estimates from the developed prediction relations by finding the fraction of the
observed data points lying within the p = 0.1-0.9 confidence interval, which is required to be 80% or
more for excellent agreement. The estimates of these percentages for all five regions and three peak
parameters for each region are summarized in Table 8. The first four columns from left to right in this
table give the serial number of the region, the abbreviation used to identify the region, the type of peak
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parameter, and the total number of data points used in the regression analysis. The last two columns give
the total number and percentage of data points lying within p = 0.1-0.9 band, which are the same for the
scatter as well as the attenuation plots.

The results in Table 8 indicate that in 11 out of the total of 15 cases (5 regions x 3 peak parameters),
the fraction of data points within the p = 0.1-0.9 confidence interval is higher than or equal to 79.9%.
This can be taken to represent very good matching between the observed and predicted peak amplitudes.
Moreover, in the remaining four cases, this fraction is higher than 77%, which can also be considered to
represent good matching. The largest number of data points in all 15 cases are seen to be clustered close
to the 1:1 line in the scatter plots and the median curve in the attenuation plots. Thus, the empirical
prediction relations developed in this study can be considered to describe the observed data well.

Table 8:  Percentage of Observed Data Lying Within p = 0.1-0.9 Confidence Intervals in the
Scatter Plots given in the left-hand side panels and attenuation plots given on the
right-hand side of Figures 4 to 8 for the Peak Amplitudes Recorded in the Five

Regions

Sr. | Region Peak Total No. | Datawithin | % of Data

No Parameter of Data p=0.1-0.9
Ao 526 427 81.2

1. | NWH Viax 521 423 81.2
d 512 415 81.2
Qo 262 206 786

2. NEI Vi 267 207 775
(o J 276 213 7
Ao 199 162 814

3 NCR Viax 199 159 79.9
A 199 159 79.9
Aoy 224 185 82.6

4 IBS Vi 224 180 80.4
d. o 224 179 79.9
a. 47 7

5 HKS Viax 47 38 80.9
d. o 47 39 82.9

VALIDATION AT EARTHQUAKE SOURCE

In the previous section, the validity of the prediction relations developed in this paper has been
addressed by showing the degree of matching of the observed and the estimated amplitudes of the three
peak parameters. In this section we examine other validations based on the seismological estimates of
stress drop in India and for a comparison in California.

Figure 9 shows a qualitative comparison of the maximum displacement at faults (hypocentral distance
of zero) for different magnitudes as obtained from the prediction equations developed for the NWH, NEI,
NCR, HKS and IBS regions, with such trends reported by Thatcher and Hanks (1973) and Trifunac
(1972 b, c) for California earthquakes. It is seen that while our equations extrapolated to zero epicentral
distances are in fair agreement with observed trends for intermediate and small earthquakes, our equations
lead to a smaller rate of growth of fault displacement vs. magnitude for larger earthquake events. The
observed differences are caused by regional differences between the Himalayan and California
seismogenic zones, specifically in terms of their depths and geometries. Also, there are differences
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between the somewhat gently dipping, thrust-type faulting mechanism of Himalayan earthquakes
compared to steeply dipping and strike-slip faulting of California earthquakes.

1000 o
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Fig. 9 Extrapolated peak displacements to zero hypocentral distance and a comparison with such trends
in California (Trifunac 1972 b, c; Thacher and Hanks 1973). Peak displacement amplitudes are
plotted only within the magnitude ranges for which the data is available. The numbers at each line
show the distance range for which strong motion data was available for the regressions presented
in this paper (e.g., 3 to 119 km for events in the NCR region)
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Fig. 10 Extrapolated peak velocities to zero hypocentral distance for the NWH, NEI, NCR, HKS and IBS
regions. Predicted peak velocities are plotted only within the magnitude ranges for which
corresponding data is available. The numbers at each line show the distance range for which
strong motion data was available for the regressions presented in this paper (e.g., 3 to 119 km for
events in the NCR region)

Figure 10 shows the same rate of increase in peak velocities vs. magnitude in all regions studied in
this paper and the largest peaks associated with large events in the IBS, NEI and NWH regions. As in
Figure 9, the trends are shown only within the magnitude intervals for which strong motion data is
available.

Figures 11 and 12 compare the magnitude dependence of peak strong motion velocities via their
rough estimates in terms of stress drop at the earthquake faults. Because no measurements of strong
motion velocities exist at the earthquake sources, we perform rough comparison of velocities via reported
values of stress drop. For this purpose, we employ the far-field body wave spectra of shear waves and
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Brune’s model (Trifunac 1972b,c) that describes the first-order relationship between the ground velocity
v and stress drop o asin vV~ of/ i, where [ is the shear wave velocity in the source region and x is

the shear modulus of the surrounding rocks. We assume that peak velocity v .. is also proportional to

of !y and compute o from o ~v  u/ . However, the v . amplitudes of the empirical scaling
relations are diminished due to anelastic attenuation, which can be approximated by
exp[—(z fA)/ (BQ(f))], where B is the average shear wave velocity along the source-to-site travel

path. The peak velocity from the empirical scaling relations corrected for anelastic attenuation thus leads
to the following approximation for the stress drop:

~ 7 fAyl SQ
Ot = /usourcevmaxe ’ / ﬂsource (19)

where o is the Brune effective stress taken to be representative of the stress drop parameter as we use it
in this paper (Trifunac 1972b). The expression of Equation (19) is used to estimate the values of stress
drop for different magnitudes in the five different regions considered in the present study assuming that
V... IS associated with frequencies in the vicinity of 1.0 Hz. The £, .. and z,.. used for this purpose
are the same as given in our earlier work on scaling equations for Fourier and response spectral

amplitudes for the same regions (Gupta and Trifunac 2017, 2018a,b,c, 2019). These are /3 =3.3

source
km/s and g1, =3.0x10™ dyne/cm? for the NWH region, S, =3.5 km/s and ., =3.4x10"
dyne/cm? for both the NEI region and the NCR of India, S, =42 km/s and g, =5.9x10"
in the NEI Bowe =49 km/s and

recorded region, and
Ueyre = 1-56x10™ dyne/cm? for HKS earthquakes recorded in the NWH region. To evaluate the

dyne/cm? for IBS earthquakes

correction factor f, =exp[(zfA,)/(BQ(F))] for anelastic attenuation along the travel path, we also

need to specify

velocity B along the travel path between the source and recording station, and frequency-dependent
quality factor Q(f) for each combination of earthquake and the region of observation. The values of

average distance A, at which the available database has been recorded, shear wave

these parameters used and the correction factors f; obtained for all the five regions are summarized in
Table 9.

Table9: The Average Distance of Recording A,, Q-factor at f =1.0 Hz, and Shear Wave
Velocity S Along the Travel Path Used to Obtain the Correction Factors f, for
Anelastic Attenuation for the Five Regions Considered in this Study

Region | Distance | Q(f =1.0 Hz) Wave velocity | Correction
A, (km) (km/s) factor f,
NWH 125 70 3.3 5.47
NEI 200 200 3.5 2.45
NCR 50 150 3.0 1.42
IBS 400 400 4.54 2.00
HKS 800 70 for A<100 km 3.3 for A<100 km 7.00
750 for A>100 km 5.0 for A>100 km

In Table 9, the average distances of recording A, for various regions are decided subjectively from
the plots in Figure 2. The values of the Q-factors have been decided judiciously from the published
literature. A large number of publications have developed frequency-dependent relations for the anelastic
attenuation factor Q(f) for different parts of the NWH region (e.g., Nath et al., 2008a; Joshi et al., 2010
2012; Harbindu et al., 2012; Chopra et al., 2012; Sharma et al., 2014; Vandana et al., 2015; Kumar et al.,

2015). The value of 70 adopted in Table 9 is the median of the 11 values from these publications, which
vary widely between 28 and 159 at 1.0 Hz. For the NEI and IBS regions, Raghukanth and Somala (2009)

obtained the relations Q(f)=2241%" and Q(f)=431f"", respectively, which have been used to
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assign the Q-values for these zones in Table 9. The value for the NCR of India has been decided from the
relation Q(f)=142f"* developed by Mohanty et al. (2009). Finally, for the HKS earthquakes at very
long distances, the Q-factor up to 100 km taken is the same as that of the local earthquakes in the NWH
region, and the value of 750 adopted for longer distances is based on Wu and Aki (1988).

The shear wave velocity £ of 3.3 km/s and 3.0 km/s given in Table 9 for the crustal earthquakes in
the NWH region and the NCR of India, respectively, are based on the trend of the values indicated by
crustal models developed by Borah et al. (2015) using the receiver function method. The £ value of 3.5
km/s for crustal earthquakes in the NEI is also based on receiver function modelling for the region
developed by Borgohain and Bora (2018) and Saikia et al. (2016). The £ =4.54 km/s for the IBS
earthquakes at a very long distance is the average value obtained by assuming that the nearest 100 km of
the wave path is traveled through the Earth’s crust with £ =3.5 km/s in the NEI and the remaining wave
path is traveled through the upper mantle with £ =5.0 km/s. For the HKS earthquakes, £ =3.3 km/s
for the nearest 100 km is the crustal velocity in the NWH region and £ =5.0 km/s for longer distances

corresponds to the wave path through the upper mantle. The correction factors obtained are given in the
last column of Table 9.

The expression of Equation (19) is used to estimate the stress drop for different magnitudes in all five
regions based on the /3 and ... values previously mentioned, the correction factor for anelastic

source

attenuation as obtained in Table 9, and the predicted peak velocity amplitude v, extrapolated to a zero

hypocentral distance. In Figure 11, we compare our estimates of o for the NWH and in Figure 12 for the
NEI, with various published estimates of o . In all calculations of o, we also introduce a correction
factor of 1.65 to compensate approximately for the decay of high-frequency spectral amplitudes beyond

f . (GiCev and Trifunac 2022). This correction was introduced in addition to the correction for anelastic
attenuation with factors f; given in Table 9. We show a comparison of our results for o with published

stress-drop estimates only for the NWH and the NEI. There is not enough published data to make similar
comparisons for sources in the NCR, HKS, and IBS based on earthquake recordings.

Western Himalaya

7 1 Oeff= “sourceFSFFmaxenfR/BQ/Bsource
6 4 Raghukanth & Kvitha (2014)
* Sharma et al. (2014) NVVH
2 | a Bhatetal. (2013)
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> | * Sharma &Wason (1994) Qf.*
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[ [ [ [ |
0.0 0.5 1.0 1.5 2.0 2.5
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Fig. 11 A comparison of the stress drop trend vs. magnitude (wide red line for magnitudes between 3 and
7) based on v~ off/ 1 with the peak velocities for different magnitudes at the fault surface
estimated for the NWH in this paper by extrapolation of regressed attenuation equation for v,
with (a) independent estimates of published values of stress drop by different investigators, (b)
with average trends in California, and (c) with estimates of o, based on empirical scaling model
for Fourier Spectra (FS) by Gupta and Trifunac (2017)
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By the way of a general comparison with other source regions, having different stress conditions and
different types of faulting, in Figure 13 we illustrate a comparison of the trends for o based on strong
motion data in India, vs. earthquake magnitude, with such corresponding estimates for stress drop based
on strong motion recordings in California (Fletcher et al. 1984; Housner and Trifunac 1967; Trifunac and
Hudson 1971; Trifunac 1972 b, c; Trifunac et al. 1998) and in Taiwan (Chen et al. 2001). In view of the
fact that the data we use in this paper can provide only rough estimates of strong motion amplitudes at the
earthquake source by means of extrapolation involving great distances between the areas where the data is
recorded and the corresponding earthquake sources (especially for the HKS and IBS), it is interesting to
note that the trends we find in this paper are in fair agreement with the data trends in California, which are
based on recorded strong motion data there.

The slight trends seen in the v data where high values are underestimated and low amplitudes are

overestimated (see Figures 4c, 5c¢, 6¢, 7¢ and 8c) are another indicator that the form of attenuation
equation in Equation (1) may call for additional higher-order terms. This trend may contribute to

underestimates of o in Figures 11 and 12 in terms of v__ . A similar trend is also seen in Figure 9 that

suggests a low growth rate of d__ with magnitude. We leave a detailed analysis of such trends and the
development of more refined scaling equations for one of our future papers.

Northeastern India

it California
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Fig. 12 A comparison of the stress-drop trend vs. versus magnitude (wide blue line for magnitudes
between 4 and 6.75) based on v~ of/ 1 with the peak velocities for different magnitudes at
the fault surface estimated for the NEI in this paper by extrapolation of regressed attenuation
equation for v___, with (a) independent estimates of published values of stress drop by different
investigators, (b) with average trends in California, and (c) with estimates of o, based on
empirical scaling model for Fourier Spectra (FS) by Gupta and Trifunac (2017)
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Fig. 13 A comparison of estimated trends for stress drop vs. magnitude (based on v ~of/ ), at

sources in the NWH, NEI, NCR, HKS and IBS with the stress-drop in California. Solid, wide
lines show the trends for the intervals of magnitudes for which the data is available in this paper

CONCLUSIONS

In this paper we have presented empirical scaling equations for peak accelerations, velocities, and
displacements of strong earthquake ground motion in five source-to-recording area regions of India
(Figure 1b): the NWH for earthquakes that occur in Northwest Himalaya and are recorded in the same
region, the NEI for earthquakes that occur in Northeast India and are recorded in the same region, the
NCR for earthquakes that occur in the National Capital Region and are recorded in the same region, the
IBS for earthquakes in the Burmese subduction zone and are recorded by stations in Northeast India, and
the HKS for earthquakes that occur in the Hindu Kush and are recorded by stations in Northwest
Himalaya. The five scaling equations describe different attenuations, which are representative of the
specific source-path-recording station configurations. These equations complement our scaling equations
for Fourier and pseudo-relative velocity spectra, which we developed for the same five regions (Gupta
and Trifunac 2017, 2018 a, b, ¢, 2019). The scaling equations for peak velocities will make it possible to
develop (a) hazard maps and (b) microzonation maps for extensions of response spectral amplitudes to
include the effects of pseudo-static deformations caused by differential ground motion, and (c) for the
design of underground structures that are sensitive to earthquake-induced strains.
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