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Several empirical models for the prediction of ground motion duration were developed across the world,
but no model has been generated for the Himalayan region in the past. In this study, an attempt is made
to study the duration models developed for different regions and compare them with a reference model
developed for the Himalayan region for a wide range of magnitudes. The comparison is performed using
the log-likelihood method and aims to identify the best duration prediction models based on the developed
by Bajaj and Anbazhagan (2019) for the study region. The data support index values along with the
weights of the corresponding models across the different distances and magnitude ranges have also been
estimated. The study found that the predictive duration relation given by Lee and Green (2014) for
Western North America is suitable for M B 5, while the model developed by Ghanat (2011) is suitable for
M[5 for the Himalayan region. The model developed by Afshari and Stewart (2016) is also very close to
the reference model. It is always preferable to have a single duration predictive model for a wide range of
magnitude and distance range; hence, there is a need to develop a region-speciBc duration predictive
model for the Himalayan region.
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1. Introduction

The Himalayan region is regarded as one of the
most seismically active regions globally. Nineteen
thousand deaths in the great 1905 Kangra earth-
quake, loss of eleven thousand lives in the great
1934 Bihar earthquake (Auden and Ghosh 1934),
and another thirty thousand casualties in the 1935
Quetta earthquake vividly remind us of the
potential for great earthquake disaster in the
shadows of the Himalayas (Khattri 1987). Earth-
quakes that occur in densely populated

mountainous regions, such as the Himalayas, have
shown more significant earthquakes in the past due
to a fast tectonic-plate collision. The high level of
seismicity in the Himalayas is attributed to the
collision of the Eurasian and the Indian tectonic
plates 40 million years ago, leading to a rise of
extensive folds and faults. The Indian plate was
observed to be converging at a rate of 55 mm/year.
Amongst this rate, a convergence of 22 mm/year
was recorded by the Himalayas, while the
remaining was accounted for by Tibet and Asia
(Sharma et al. 2009; Ramkrishnan et al. 2019). The
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Main Boundary Thrust (MBT), Main Central
Thrust (MCT), and Main Frontal Thrust (MFT),
formed due to the collision of the Indo-Eurasian
tectonic plates, have attracted considerable inter-
est from a large number of researchers worldwide.
Even though this region is a highly earthquake-
prone zone, no duration model has been generated
for it in the past.
Currently, earthquake ground motions are usu-

ally characterized by peak ground acceleration and
spectral ordinates. However, recent research
investigations have revealed that the damage to a
structure depends not only on these spectral
parameters but also on the duration of ground
motion (Yaghmaei-Sabegh et al. 2014). The dura-
tion of earthquake ground motion has also been
shown to have significant eAects on the extent
of damage sustained by engineered structures
during moderate to strong earthquakes. For two
accelerograms of equal accelerations with different
duration, the record with a longer duration would
be more damaging, whereas, for two records with
the same energy content, the record with a shorter
duration would cause more damage (Bommer et al.
2009). Hence, the duration of earthquake ground
motion should be considered an important param-
eter in addition to the amplitude and frequency
content for adequately characterizing the eAect of
ground motion on seismic damage of structures.
Bommer et al. (2006) reviewed a large number of

studies regarding ground motion duration. Infer-
ences were made regarding the inCuence of dura-
tion on damage from a range of sources, including
Beld studies of earthquakes, theoretical models of
structural response, and experimental investiga-
tions. It was concluded that the inCuence of dura-
tion on a structure depends on several factors, such
as the type of structure examined, the structural
parameters used to quantify damage, and the other
parameters used to characterize ground motion.
The studies that consider hysteric energy loss Bnd
that the duration has an appreciable inCuence on
the damage to the structures. In contrast, those
studies that characterize damage by maximum
response parameters Bnd little or no impact on
duration. The response of steel structures is
expected to be far less sensitive to duration,
whereas those structures whose strength deterio-
rates under the action of seismic shaking have a
noticeable inCuence on duration.
This study compares various significant duration

models developed for different regions with a ref-
erence model developed by Bajaj and Anbazhagan

(2019) for the Himalayan region. This comparison
is performed by ranking various applicable dura-
tion models based on the log-likelihood values
obtained through statistical analysis. The model
with the highest rank for different magnitudes
would be most accurate for estimating significant
duration in the Himalayan region. Due to the lack
of a large amount of ground motion duration data
in the Himalayas, a duration model has not been
developed in the past. Duration estimation can be
performed more accurately if a regression model is
developed using data from the Himalayas.

2. Seismotectonic of the study area

The entire Himalayan arc, 2500 km long, extending
from Arunachal Pradesh in the northeast to
Kashmir in the northwest, evolved as a result of the
collision of the Indian and Asian continents about
50–60 million years ago. Over time, the sedimen-
tary pile was completely folded. This, in turn, led
to it being repeatedly split by faulting and
thrusting. The Himalayan tectonic zone, being a
collision plate boundary, is manifested with several
north dipping thrusts that are exposed at the sur-
face. These thrusts originate at a decollement
surface dipping 15� from the south towards the
north at depths ranging from about 12–20 km.
These faults are the Trans-Himadri Fault (THF),
the Main Central Thrust (MCT), the Main
Boundary Thrust (MBT), and the Himalayan
Frontal Thrust (HFT). The seismicity belt is
mostly conBned between Main Central Thrust
(MCT) in the north and Main Boundary Thrust
(MBT) in the south. It is relatively closer to the
MCT. An outline map for the study region is shown
in Bgure 1. The map also includes great earth-
quakes that have occurred in the past in this
region. Anbazhagan et al. (2021) compiled 16 pos-
sible seismic sources capable of producing more
significant earthquakes and estimated possible
maximum and average ampliBcation at 275 loca-
tions using site-speciBc deep shear wave velocity
measured using passive and active seismic surface
wave surveys. The study shows how different parts
of North India are seismically hazardous due to
future earthquakes and associated soil ampliBca-
tion. It is necessary to estimate the duration at
different parts of the Himalayan region due to any
future earthquake.
Anbazhagan et al. (2017) worked on developing

empirical relationships for ground motion duration
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in the intraplate region using combined (Indian
and other similar seismotectonic regions) intra-
plate earthquake data. However, very limited
duration predictive relationships could be devel-
oped for the Himalayan region, due to the lack of a
large amount of recorded ground motion data.
Also, the role of Indian recorded data in the seismic
duration predictive models on a global scale is very
limited. For the Brst time, Bajaj and Anbazhagan
(2019) developed a duration model using recorded
earthquake data of 78 strong to moderate earth-
quakes that occurred in the Himalayan region from
1988 to 2015. The moment magnitude varied from
4.5 to 7.8, while the hypocentral distance ranged
between 10 and 500 km. This model was developed
for rock site conditions for the simulation of syn-
thetic ground motions for the Himalayan region
to develop a ground motion predictive equation
applicable for a magnitude range of 4 to 9 and a
distance of up to 750 km. However, there is no
exclusive duration predictive model for the Hima-
layan region. Hence in this study, the duration
model developed by Bajaj and Anbazhagan (2019)
was used to identify the best suitable duration
predictive models for the Himalayan region from
the applicable duration predictive models.

3. Ground motion duration

A large number of definitions of strong-motion
duration have been put forward by several research-
ers. However, these can generally be grouped into
three generic categories, i.e., bracketed, uniform, and
significantduration.Eachof these definitions is based
upon the fact that the damage potential of an earth-
quake is a functionof the energy of the quake (Salmon
etal.1992;Bommeretal.2006), andthat themajority
of the total energy associated with any earthquake is
contained in portions of the earthquake time history
which ismuch shorter in time than theentire duration
(Bommer et al. 2006).
The Brst is the significant duration, which is

deBned as the interval between the times at which
different values of Arias intensity are reached. Two
generic measures of significant duration are the
time intervals between 5–75% and 5–95% Arias
intensity and are represented as Ds5–75 and Ds5–95,

respectively. Ds5–75 intends to capture the energy
from the body waves, whereas Ds5–95 captures the
energy from the full-wave train (Xie et al. 2012).
The Arias intensity (AI) is deBned as the time
integral of the square of ground acceleration as per
Arias (1970).

Figure 1. An outline map focusing on the Himalayan region, including historical great earthquakes that have occurred in this
region in the past. The Bgure does not give a true representation of political borders and focuses on the distribution of the
historical great earthquakes in the study area.
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IA ¼ p
2g

Z t

0

a2 tð Þdt ð1Þ

where IA represents the Arias intensity in m/s,
a(t) is the time acceleration history in m/s2, t is the
total duration of the acceleration in seconds, and
g is the acceleration due to gravity in m/s2. A plot
of AI is called the Husid plot. Figure 2 shows the
Husid plot of the 1991 Uttarkashi earthquake with
markings of the time intervals between 5–75% and
5–95% energy. It can be noted here, that even
though it would be expected that 5–75% energy
should cover the entire body wave, we observe that
this is not the case and instead the 5–95% energy
covers the entire body and surface waves. The
significant duration is useful as it reasonably helps
in determining the duration of the most significant

shaking (Bommer and Mart�ınez-Pereira 1999). We
observe from Bgure 2 that the duration of the
energy release from 5–95% was 13.56 seconds,
while the duration for the Bnal 5% is a little over 23
seconds.
Bracketed duration, DB, is deBned as the inter-

val between the Brst and the last excursion of a
speciBed threshold acceleration. Uniform duration,
DU, is similar to bracketed duration. However, in
uniform duration, only those intervals are consid-
ered for which the ground acceleration is above the
threshold. For this reason, DB is always larger than
DU for a given record. Three threshold accelera-
tions are used with each definition, these being
0.025, 0.05, and 0.10g, whence in total, six duration
DB (0.100g), DB (0.050g), DB (0.025g), DU (0.100g),
DU (0.050g) and DU (0.025g) definitions are

Figure 2. Husid plot for a significant duration of the 1991 Uttarkashi earthquake along with the corresponding time acceleration
history of the region.
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Figure 3. Bracketed duration of the 1991 Uttarkashi earthquake: (a) DB, 0.1g, (b) DB, 0.05g and (c) DB, 0.025g.
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employed (Bommer et al. 2009). Figure 3(a–c)
shows the 1991 Uttarkashi earthquake’s bracketed
duration for the considered threshold acceleration
values. It is observed the value of DB changes from
3.96 to 8.88 to 15.74 seconds as the threshold
acceleration changes from 0.1g to 0.05g to
0.025g. This clearly indicates that the bracketed
duration is very sensitive to the threshold acceler-
ation and small sub-event occurrences towards the
end of a recording. For this reason, bracketed
duration is not preferred.
Even though duration-related studies are signif-

icantly advanced in the world, minimal eAort was
made to understand different durations of Hima-
layan earthquakes and develop the region as a
speciBc model for estimation of the same. Several
duration predictive equations have been developed
for interplate regions; however, very few have been
developed for intraplate regions. Anbazhagan et al.
(2017) developed the Brst duration model for the
intraplate region, which included several datasets
from the Indian region. The authors used data from
75 earthquakes from the intraplate regions from
several locations of the globe, including Peninsular
India. At the same time, there is no exclusive
duration model which includes Indian active region
earthquake data, so Bajaj and Anbazhagan (2019)
used several parameters for the simulation of
ground motion in the Himalayan region, one of
them being the path duration function. The total
duration was assumed to be the combination of the
source duration and the path duration. However,
due to a lack of a path duration model, authors
developed a duration model part of the ground
motion prediction equation development. The
model used by Bajaj and Anbazhagan (2019) for
calculating path duration used data from the entire
Himalayan region for the rock site. It was noted
that for smaller magnitudes, the input and output
duration were almost similar. However, for a higher
magnitude (M [ 5.5) the output duration was
approximately 0.94 of the input duration. The
input duration was hence adjusted accordingly and
the Bnal model developed can be expressed as:

Tp ¼ R� 16:8

60
; R\60 km

16:8þ 0:05� R� 60ð Þ; R� 60 km;

(
ð2Þ

where R is the hypocentral distance.
Since there is no duration model for the Hima-

layan region, in this study, we use the above
regional data-based model as reference model to
compare similar seismotectonic duration predictive

models developed and identify duration models for
future applications. About 16 duration predictive
models were developed across the globe for varying
magnitudes and are applicable to the Himalayan
region. All details for these duration models are
given by Douglas (2021). All the models used to
calculate and compared in this study are for a
significant duration of 5–95%.
The total duration is the combination of the

source duration and the path duration. The source
duration is assumed to be the reciprocal of corner
frequency, while the path duration relates to the
propagation eAects and other eAects related to the
site and complex source eAects. Thus, the source
duration is subtracted from the total duration to
estimate the path duration. Bajaj and Anbazhagan
(2019) have developed the duration model using
either acceleration or velocity database using
eAective duration (D’95) as described in Boore and
Thompson (2014) and it stated that the simula-
tions of eAective duration could be compared in
terms of total duration. Since the variation is uni-
form and can be compared, we conclude that
comparing the path duration with significant
duration will not aAect the comparison. Further,
the path duration equation speciBed by Bajaj and
Anbazhagan (2019) is based on 5 to 95% of AI, so it
is similar to the significant duration in the other
papers. A report generated by Douglas (2021)
summarizes all the predictive equations developed
in Engineering Seismology from 1963. Duration
predictive models for a significant duration of 5 to
95% are considered in this study. A table was also
provided in the report to include the general
characteristics of these empirical equations for the
prediction of duration and summarized a number
of models for a relatively significant duration. The
predictive duration equation considered in this
study is outlined in table 1.

4. Analysis of duration predictive equations

Simple duration predictive models are a function of
magnitude and hypocentral distance, whereas some
complex models need fault rupture parameters and
site conditions to determine duration. A summary
of duration models considered in the study, along
with their regression coefBcients, is given in table 1.
An increasing number of duration models necessi-
tates a structured, quantiBable, and robust tech-
nique to select and rank different models for the
Himalayan region. It is significant to select an
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appropriate model to predict ground motion
duration in the region where no such model was
developed, as it is a crucial element in seismic
hazard analysis. In the past, comparisons between
various models were performed using the eDcacy
test. EDcacy tests can be performed for quantita-
tive assessments of numerous models. This test
makes use of the average sample log-likelihood
(LLH) method for ranking purposes.
LLH method is based on the log-likelihood

approach, which measures the distance between
two continuous probability density functions f(x)
and g(x). The distribution of an observed data
point is represented by the function f(x), whereas
the distribution of the estimated data point is
represented by the function g(x) (Scherbaum et al.
2009; Anbazhagan et al. 2016). This approach
calculates the average log-likelihood of the predic-
tive model considered using the data of the
observed model to obtain a model selection index.
The LLH value is calculated by

LLH g; xð Þ ¼ � 1

N

XN
i¼1

log2 g xið Þð Þ ð3Þ

where xi represents the observed data for i = 1
through N. The variable N represents the total
number of data points. A smaller LLH value
indicates a better relationship between the
observed and the estimated ground motion data.
In this study, the LLH approach is used to measure
the distance between the reference model developed
by Bajaj and Anbazhagan (2019) and the duration
models developed for regions across the globe. The
LLH values can then be used to estimate the LLH-
based weights for each model using the below
equation stated in Delavaud et al. (2012).

wi ¼
2�LLH gi ;xð ÞPn
k¼1 2

�LLH gi ;xð Þ ð4Þ

The LLH-based weight gives an indication to
what degree data increases or decreases the weight
of the model with respect to the state of non-
informativeness (Delavaud et al. 2012). Delavoud
also proposed another parameter called Data
Support Index (DSI) which estimates the degree
to which the data supports or rejects a model with
respect to the state of non-informativeness. DSI
can be estimated using the equation:

DSI ¼ 100� wi � wunif

wunif
ð5Þ

where wi is the LLH-based weight and wunif =
1/M and M represents the number of duration
predictive models used during LLH calculation. A
positive DSI value shows that the duration model
supports the reference model whereas a negative
DSI value rejects the model. In the present study,
LLH-based weights are initially estimated to
determine if the DSI value for a model is positive or
negative. The models having negative DSI values
are then rejected, and revised weights are esti-
mated for the models with positive DSI.

5. LLH analysis and discussion

Ranking of the duration models not only provides
the best model but also helps in predicting reliable
duration for potential future earthquakes. In this
study, different duration models are ranked based
on log-likelihood values. Three different ranges of
hypocentral distance are considered for this study,
i.e., segmented analysis as per Anbazhagan et al.
(2016). The three ranges are 0–150, 150–300, and
300–450 km, respectively. Since an accurate dura-
tion equation has not been developed in the past
for the Himalayan region, the applicable magni-
tude and distance range cannot be predicted if the
total distance is used. In the interest of an engi-
neering hypothesis, it is assumed that all equations
compared to the reference equation are within the
prescribed range for magnitude and distance. Using
this presumption, the analytical correlation has
been further studied. Graphically comparing each
model could give debatable results, and hence the
log-likelihood value is calculated to provide quan-
titative values. Log-likelihood values are calculated
for the three ranges of hypocentral distance for a
magnitude ranging from 4.0–8.0. Table 2 repre-
sents these log-likelihood values along with their
corresponding ranks, DSI value, and LLH-based
weight. The number of times the LLH rank is
repeated within a threshold value is also noted. We
have considered 3 threshold values in this study,
i.e., 3, 5, and 10. Since 3 hypocentral distance
ranges are considered, we have chosen the least
threshold value as 3. It was noticed that the LLH
values were lower for a hypocentral distance of
0–150 km and increased as the distance increased
for most cases. A graphical comparison of different
models is shown in Bgure 4 for a magnitude of 6.5 in
the 0–150 km range. Models with LLH ranks of
eight and above have been excluded from this
Bgure.
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In the 0–150 km range, the model developed by
Kempton and Stewart (2006) has low log-likelihood
values for magnitudes up to seven. However, for
moment magnitudes of seven and above, this model
may not give accurate values for the duration in
the Himalayan region. The models developed by
Kamiyama (1984), Dobry et al. (1978) and San-
dikkaya and Akkar (2016) have very high LLH
values and are hence not suitable. It was not pos-
sible to calculate the exact LLH values for these
models as the normal distribution value for these
points tends to be zero. Since the LLH value could
not be determined, the weights and, ultimately the
DSI value could also not be estimated. The model

developed by Podili and Raghukanth (2019) also
has very high LLH values and is hence not suit-
able. The model developed by Lee and Green
(2014) for WNA ranks Brst for a magnitude of 4.0
and 5.0 and also has good LLH values for a mag-
nitude up to 7.0. However, for a magnitude of
8.0, the LLH value obtained is 8.44, which is
higher compared to other models and is hence not
recommended. A negative DSI value was also
obtained for this magnitude which cross-veriBes
that this model is unsuitable. The model developed
by Ghanat (2011) using data from the NGA data-
base is excellent for magnitudes greater than 5.0
and will thus give accurate values for the duration

Figure 4. Graphical comparison for various duration models for a magnitude of 6.5 (hypocentral distance range 0–150 km).

Figure 5. Comparison of the models developed by Bajaj and Anbazhagan (2019) with Afshari and Stewart (2016) for a moment
magnitude of 5.0 at a distance of 0–150 km.
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Figure 6. Ranking of various duration models for the 3 distance ranges considered. The models whose LLH values were
undetectable have been excluded. Magnitude ranges considered (a) 4.0, (b) 5.0, (c) 6.5, (d) 7.0 and (e) 8.0.
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Figure 7. Graphical representation of the weights of different models for different hypocentral distance ranges. The models whose
LLH values were undetectable have been excluded. Magnitude ranges considered (a) 4.0, (b) 5.0, (c) 6.5, (d) 7.0 and (e) 8.0.
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for the Himalayan region. The model developed by
Afshari and Stewart (2016) is very close to the
reference model developed by Bajaj and Anbazha-
gan (2019) for all the magnitudes. A comparison of
the two models is shown in Bgure 5 for a moment
magnitude of 5.0.
The models developed by Dobry et al. (1978),

Kamiyama (1984) and Sandikkaya and Akkar
(2016) have very high LLH values in the 150–300
and 300–450 km range as well. Snæbj€ornsson and
Sigbjornsson (2008) and Trifunac and Brady
(1975) developed models with moderate LLH val-
ues, however, the ranking for these models amongst
various magnitudes and hypocentral distance ran-
ges is relatively higher. The model developed by
Lee and Green (2014) for WNA has low values for
magnitudes less than 6.5. However, for higher
magnitudes, the hypothesis proposed by Ghanat
(2011) shows the best values. The LLH values of
the model developed by Ghanat (2011) for magni-
tudes greater than 6.5 in the 150–300 km range are
not as low when compared to those in the range of
0–150 km. However, it is the best when compared
to the other models. If one model is to be used for
all magnitudes, the hypothesis proposed by Afshari
and Stewart (2016) would be the most suitable.
For hypocentral distances in the range of

300–450 km, the model developed by Afshari and
Stewart (2016) gives the most suitable values for
magnitudes 4.0 and 5.0. The hypothesis by Ghanat
(2011) has the best value for a magnitude of 4.0 but
a relatively higher value for a magnitude of 5.0. For
higher magnitudes, the model developed by Gha-
nat (2011) would be the best as it has top ranks in
the magnitudes 6.5, 7.0, and 8.0. Figure 6 shows
a graphical representation of these ranks. The

weights of each model have also been estimated for
all distance ranges and are represented in Bgure 7.
The model developed by Afshari and Stewart
(2016) is the most consistent and coincidently has a
rank of two across all magnitudes. As one would
expect, since the LLH values of this model are
relatively low for most cases, their DSI values
and corresponding weights are relatively higher.
Figure 8 represents the number of times an LLH
rank has been repeated within a threshold rank of 3.
We observe from this chart that the hypothesis by
Afshari and Stewart (2016) gives the highest return
for not one but all magnitudes considered. This
means that the rank of this model is within the top 3
ranks for all ranges of hypocentral distance for each
of the considered magnitudes, clearly indicating the
robustness of the equation. This model is also the
only model that has positive DSI values for each
range of hypocentral distance and all considered
magnitudes. If a single model is to be used to esti-
mate duration, the model developed by Afshari and
Stewart (2016) would be most suitable. If multiple
models are to be selected, we suggest using the
model developed by Lee and Green (2014) for WNA
for a magnitude up to 5.0 and the model by Ghanat
(2011) for magnitudes above 5.0.

6. Summary and conclusion

Ground motion duration has a significant eAect on
the extent of damage to a structure. Presently,
duration is not accounted for in the seismic resis-
tance design of structures in India due to a lack of
region-speciBc studies on duration and predictive
models. This study presented suitable duration

Figure 8. Graphical representation of the number of repeated ranks within the range of 3 for different magnitude ranges. We
infer from this chart that Afshari and Stewart (2016) is the most suitable model for all the magnitude ranges.
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models developed for different parts globally, con-
sidering data from past earthquakes. Different
duration predictive models developed for the sig-
nificant duration (D5–95) are compared using the
log-likelihood method. Log-likelihood value is
estimated for each model and is used to rank all
applicable models. This approach measures the
distance between two continuous probability dis-
tribution functions. The LLH ranks, DSI values,
and weights for all applicable models have been
presented. Different models were recommended
across various hypocentral distance ranges. How-
ever, the model developed by Afshari and Stewart
(2016) using the NGA-West 2 database has been
consistent across all 3 ranges of hypocentral dis-
tance and is hence highly recommended for dura-
tion estimation in the Himalayas. One must be
very cautious in selecting the suitable model
depending on the magnitude and hypocentral dis-
tance for appropriate duration estimation. Ground
motion duration estimation can be further
improved if a model is generated by incorporating
significant data from the Himalayan region.
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