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The 25th April 2015 Nepal Earthquake was found associated with a series of aftershocks, and the main-
shock rupture propagated predominantly towards SE direction where a major aftershock (Mw 7.3) rocked
on 12th May 2015 to the east of the mainshock that enhanced the rate of occurrence of aftershocks in the
affected region. We conducted a rigorous analysis of strong motion data to understand the characteristics
of ground motion and their bearing on the structural design codes, responsible for the damage to the
structures in the border area of India to Nepal. The effect of ground geology on the acceleration response
spectra are also evaluated using main shock and its associated strong earthquakes. All the sites used in
the present analysis are located on alluvium deposits showing a predominant period of 0.242 sec for hor-
izontal components and at 0.193 sec for vertical components. Our results demonstrated that observed
Peak Ground Acceleration (PGA) has prominent distribution in the border cities of UP and Bihar. PGA
ranges from 3 to 80 cm/sec2 in the study region for the epicentral distance varying from 120 km to
495 km with respect to the source zone (mainshock). The Peak Ground Velocity (PGV) varies from 1 to
16 cm/sec while the Peak Ground Displacement (PGD) lies in between 1 cm and 20 cm for the same area.
Our study shows that variation of PGD, PGV, and PGA are controlled and dictated by the geo-
morphological constraints, besides the nature and extent of structural heterogeneities of the sub-
surface geological formation materials. The obtained normalised spectral amplifications are compared
with the Bureau of Indian Standard code for construction of buildings which shows that the current
Indian building design code is within the structural limits proposed for the seismic forces at all periods
for alluvium sites, suggesting that the structural heterogeneity has the strong role contributing towards
the intrinsic attenuation in the seismic wave propagating medium. Our analysis also shows a good cor-
respondence with the nonlinearity of the seismic waves, which in turn controls the degree of damage in
an area. We infer that extent of damage to the structures in the border cities of India, vicinity to the rup-
ture zone can be avoided if the existing building design code could have been implemented as the earth-
quake risk resilient mitigation plan.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

A major earthquake (Mw 7.9) occurred in the central Nepal
region on 25th April 2015 at 11:41 h (IST) at a depth of 15 km,
which was located 281 km north of Patna, Bihar and about
120 km NNE of Bagha, Uttar Pradesh (UP) of India. The 25th April
2015 Nepal mainshock (28.1�N, 84.6�E) occurred in the expected
seismic gap zone of the central Himalayan region, which has com-
plex seismotectonic settings. It is, therefore the occurrence of the
mainshock was not a puzzle since the continued accumulation of
strain energy in the intricate seismic gap zone with significant
structural heterogeneities may have initiated the brittle failure
beneath the central Himalaya (Mishra, 2014a,b). It has been
observed that the rupture of Nepal earthquake propagated in the
south-east direction from the epicentre towards Kathmandu city,
potentially leading to more severe destruction in Kathmandu.
The rapid loss estimation of CATDAT gives a total damage value
coming out to between 3 and 3.5 billion USD. The 2nd triggered
earthquake has caused much additional damage (Cedim report,
2015). According to USGS report the intensity in Kathmandu was
IX, which is considered to be violent. Tremors were also felt widely
in the neighbouring Indian states of Bihar, Uttar Pradesh, Assam,
West Bengal, Sikkim, Uttarakhand, Odisha, Andhra Pradesh,
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Gujarat, Delhi and Karnataka as well. Many buildings were dam-
aged in Bihar, where the intensity was between VI and VII. Geolog-
ically, this earthquake is located in Lesser Himalayan domain,
bounded on the north by Main Central Thrust (MCT) across which
Higher Himalayan crystalline override southward (Fig. 1). The
main features named as the Main Central Thrust (MCT), the Main
Boundary Thrust (MBT) and the Himalayan Frontal Thrust (HFT)
of the Nepal Himalaya has experienced slip due to the thrust
nature of these faults (Gansser, 1964; DeCelles et al., 2001;
Robinson et al., 2003; http://geode.colorado.edu/~sheehan/pdf/
MonsalveJGR08.pdf). The complex seismotectonic setting of the
central Nepal Himalaya is very intriguing and complicated. The
MHT (Main Himalayan Thrust) exhibits a ramp-flat geometry with
a dip of 15� for a ramp that begins nearly 70 km north of the HFT
(Herman et al., 2010). Along the Himalayan arc, MHT also displays
lateral variations in terms of geometry (Robert et al., 2011). In
between the MBT and MCT, there exists the Lesser Himalayan
thrust belt that has experienced multiple phases of contraction
(Schelling and Arita, 1991). That is why continued crustal deforma-
tion in the central Himalayan region further complicates the pat-
tern of seismogenesis beneath the region. The crustal
deformation occurs mostly on the MHT (Cattin and Avouac,
2000) where the Indian lithosphere underthrusts beneath this
region (Zhao et al., 1993; Nakata, 1989). That explains the occur-
rence of intense microseismicity due to the stress accumulation
Fig. 1. Nepal Earthquakes (Mw 7.9) and (Mw 7.3) given by red star, strong aftershocks
Fault plane solutions for earthquakes plotted here are taken from CMT Harward. Magni
Department (IMD). (For interpretation of the references to colour in this figure legend, t
at the downdip edge of the locked fault resulting in a seismic belt,
which underlies a zone of greater stress accumulation rate along
the front of the high range in Nepal Himalaya (Pandey et al.,
1995, 1999). In review of the seismotectonic set up in light of
abovementioned intricate earthquake generating environment, it
is observed that the mainshock was confined to the Gorkha district
of the central Nepal that ruptured a large, gently dipping thrust
fault in Central Himalaya and had occurred about 200 km west of
the 1934 Bihar Nepal earthquake (M 8.2). The focal depth of this
event is in the range 15 km coupled with strike 295� paralleling
the geology low-angle northeast dip of 7� (CMT Harward) is consis-
tent with the seismotectonic model, which indicates that hypocen-
ters of great and major earthquakes in the lesser Himalaya are
confined to the locked section of the detachment (Seeber et al.,
1981; Ni and Barazangi, 1984). Here it is worthwhile to mention
about the Central Seismic Gap (CSG) extending from 1905 Kangra
Earthquake (Mw 7.8) to 1934 Bihar Nepal Earthquake (M 8.2)
and has the potential to generate a great earthquake as described
by Khattri (1999). The CSG is also studied by several researchers
and they argued that the zone has potential to generate earth-
quakes because of continuous strain building (Khattri, 1987;
Khattri and Tyagi, 1983; Rajendran et al., 2015). Fig. 1 shows
the schematic representation of the Nepal Earthquakes (Mw 7.9
and Mw 7.3) and the corresponding aftershock sequence up to
30th September 2015. Mostly the sequence of aftershocks is
shown by green stars and related aftershock sequence up to 30th September 2015.
tudes of main-shock and it strong aftershocks are taken from India Meteorological
he reader is referred to the web version of this article.)
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conspicuously found concentrated in the SE direction to the
mainshock that corresponds to the mainshock rupture direction.

The maximum slip in Nepal earthquake, estimated from slip
models, observed for Nepal earthquake is around 5 m (Mitra
et al., 2015) by shifting Kathmandu nearly 3 m to the south in
30 sec. The mainshock in Nepal initiated an eastward-
propagating fault rupture which pushed an oval-shaped segment
of the Himalaya of size approximately 150 km long and 65 km
wide southward over the Indian Plate (Bilham, 2015). Slip model
of Nepal earthquake generated by Wang and Fialko, 2015 sug-
gested that the Nepal earthquake ruptured a deeper part of the
seismogenic zone in the Main Frontal Thrust of Himalaya while
in the case of 1934 Bihar Nepal earthquake the shallower part of
the adjacent fault was ruptured. Galetzka et al. (2015) found slip
pulse and resonance of Kathmandu basin during Nepal earthquake.
Yagi and Okuwaki (2015) assessed the acceleration and decelera-
tion of dynamic rupture for the 2015 Nepal earthquake. Several
other researchers also analyzed seismo-geodetic, InSAR and ALOS
data to estimate slip rate and the rupture directivity of the 2015
Nepal earthquake (Avouac et al., 2015; Denolle et al., 2015;
Parameswaran et al., 2015; Galetzka et al., 2015; Fan and
Shearer, 2015; Feng et al., 2015; Lindsey et al., 2015). However,
there is no study made for the 2015 Nepal earthquake to under-
stand the detailed impact of strong motion on the geo-
mechanical properties of the sub-surface formations and its
inter-relationship with damage potential of the shaking. It is
worthwhile to mention that the extent of ground acceleration
due to great/big earthquake has a close bearing on the sub-
surface rock material heterogeneities as well with the geo-
mechanical strength of the sub-surface soil formations that may
get affected differently under varying frequency of the earthquake
shaking. Also the attenuation of seismic waves plays an important
role which is the cause of the dissipating the energy of the wave
into the medium which has been verified by several studies in
India and worldwide (Aki and Chouet, 1975; Sharma et al., 2015;
Sharma, 2014; Sharma and Rastogi, 2014). In this study, we ana-
lyzed strong motion records recorded by a total of 13-strong
motion stations ascribed to the Ministry of Earth Science, New
Delhi, India, which were installed in different parts of Uttarpradesh
Fig. 2. Plot of stations in eastern Uttar Pradesh and northern Bihar (Inverted green trian
2015, Mw 6.6 on 25-04-2015, Mw 6.9 on 26-04-2015 and Mw 7.3 on 12th May) have be
reader is referred to the web version of this article.)
and Bihar, the border states of India with Nepal to understand the
characteristics of ground motion and their bearing on the struc-
tural design codes. This endeavour may provide a plausible expla-
nation for the degree of damage to the structures in the earthquake
affected region. We attempted to estimate different parameters,
such as PGA, PGV, and PGD and their distribution with respect to
distance. The effect of ground geology on the acceleration response
spectra are also evaluated using the mainshock and its associated
strong aftershocks. The normalised response spectra have been
compared with BIS code (2002) for the seismic forces applicable
in the entire country India.
2. Data and analysis

The strong motion Accelerograph (SMA) network installed by
IIT, Roorkee and funded by Ministry of Earth Sciences covers the
entire Himalayan range from Jammu & Kashmir to Meghalaya. In
the present study, strong motion data of sites located in Uttar Pra-
desh and Bihar states of India from this network has been used
(Fig. 2). These instruments are installed at various locations of var-
ied geological conditions in the entire Himalayan range (Mittal
et al., 2006; Kumar et al., 2012). Table 1 depicts the details of sta-
tions whose data have been used in the present analyses. The
SMA’s consist of an internal AC-63 GeoSIG triaxial force-balanced
accelerometers and GSR-18 GeoSIG 18-bit digitizers with external
GPS. The recording for all instruments is in trigger mode at a sam-
pling frequency of 200 sps. All the data used in the present analysis
has been base line corrected and also the band pass filtered from
0.01 to 25 Hz. This base line corrected and filtered data has been
used to find the PGA, PGV, PGD and response in the area of study.

Accelerogram is integrated once to estimate velocity while it is
integrated twice to calculate displacement. The maximum value
obtained for acceleration, velocity and displacement are assigned
PGA, PGV and PGD respectively. We applied Duhamel Integral
approach to generate the acceleration response spectra of each
record at every site using components consisted of two horizontal
and one vertical. The geometric mean of the two horizontal
acceleration response spectra of each record at each station is
gles) where the data of SMA network related to earthquakes of (Mw 7.9 on 25-04-
en recorded. (For interpretation of the references to colour in this figure legend, the



Table 1
Locations of the SMA stations deployed in the states of Eastern Uttar Pradesh and
Northern Bihar of India.

S. no. Station
code

Station name Station
latitude

Station
longitude

State

1 LAK Lakimpur Kheri 27.95 80.79 Uttar Pradesh
2 MAH Maharaj Ganj 27.14 83.54 Uttar Pradesh
3 TUL Tulsipur 27.53 82.40 Uttar Pradesh
4 UTR Utraula 27.31 82.41 Uttar Pradesh
5 KUS KushiNagar 26.75 83.76 Uttar Pradesh
6 LEH Laharpur 27.41 80.89 Uttar Pradesh
7 JAU Jaunpur 25.73 82.69 Bihar
8 DRB Darbhanga 26.12 85.90 Bihar
9 HAR Hardoi 27.40 80.13 Bihar
10 PTN Patna 25.62 85.15 Bihar
11 BAG Bagha 27.13 84.06 Bihar
12 MTR Motihari 26.63 84.90 Bihar
13 KSN Kishanganj 26.10 87.95 Bihar
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determined. The mean and mean plus sigma are estimated to get
average acceleration response spectra for each component of the
recoded stations. The spectra are normalised to get normalised
spectral acceleration (SA) with the first value of ground accelera-
tion. The stations with the same geology are grouped together
and weighted average acceleration response spectra for particular
geological formation in the study area are determined. The
weighted average is considered due to the fact that different num-
bers of records are available at each recording site. Our used sta-
tions are mostly located in the area of Indo-Gangetic plain
associated with quaternary sediments. Fig. 3 presents the subsur-
face geology and tectonic framework of the upper and middle
Ganga basin along with the stations used in the present study
(Sinha et al., 2005). Such type of SMA data is very important as it
can be used to simulate the strong ground motions for the worst
case scenarios for future probable big/great earthquakes in the cor-
responding regions in order to be used further for new construc-
tions & retrofitting the existing structures accordingly (Sharma
et al., 2013, 2015, 2016). In present study SMA stations deployed
in UP and Bihar states of India are used to study characteristic
ground motion and average response spectra, by averaging the
response spectra for each site in the study area.
Fig. 3. Subsurface geology and tectonic framework of the upper & middle Ganga basin.
shown here. 1 - Great Boundary Fault, 2 - Delhi-Moradabad Fault, 3 - Lucknow Fault, 4 -
Kishanganj Fault (modified after Sinha et al., 2005).
3. Results and discussions

In the present study, the effect of ground geology on the accel-
eration response spectra is evaluated at sites situated in Uttar Pra-
desh and Bihar states of India. For this purpose, Nepal Earthquake
(Mw 7.9) of 25th April 2015 and its associated aftershocks (Mw 6.6
& 6.9) along with an earthquake occurred on 12th May 2015 (Mw
7.3) have been used for the analysis. Peak Ground Acceleration
(PGA) ranges from 3 to 80 cm/sec2 for the distance varying from
120 km to 495 km from the source of the Nepal earthquakes as
shown in Fig. 4 and Tables 2a and 2b; whereas Fig. 5a shows PGA
distribution with respect to distance from mainshock and its two
aftershocks along with the shock of 12th May 2015. We attempted
to compare the distribution of PGA calculated for different dis-
tances for the mainshock (Mw 7.9) using the attenuation relation-
ship developed by Sharma et al. (2009) for Himalayan earthquakes.
It is observed that the PGA for Nepal earthquake decreases sub-
stantially showing a similar trend as that of the pattern obtained
by Sharma et al. (2009). Although the generalised trend is follow-
ing the relation of Sharma et al. (2009) but some of the stations
exhibits PGA contrary to this relation which happens due to the
rupture directivity. In order to see the difference of PGA decay in
SW and SE direction of the mainshock we have plotted the PGA
versus distance for both the directions as shown in Fig. 5b. It is
observed that the decay pattern although is the same in both the
directions but the PGA values are relatively higher in the SE direc-
tion of the mainshock as compared with the PGA values in the SW
direction to the mainshock and this may be explained due to
the rupture directivity of the mainshock mainly in the SE of the
mainshock location. In this study, we attempted to show the
attenuation relation with distance by simply plotting the variation
of the estimated PGA with the hypocentral distance, which helps in
understanding the trend of the variation (Fig. 5a). The estimates of
PGA are not derived from the relationship of Sharma et al. (2009),
rather the actual variation of the PGA for the recorded accelero-
grams and its correspondence to the structural heterogeneities
are interpreted. Thus, at few sites the distance and PGA relation-
ship varies, this happens because of the rupture directivity. Our
estimates of PGA, PGV and PGD values are shown in Tables 2a
and 2b for the mainshock and its other strong aftershocks. Fig. 6
Also Sarda Deep & Gandak Deep and Faizabad ridge & Monghyr Saharsa Ridge are
west Patna Fault, 5 - East Patna Fault, 6 - Monghyr-Saharasa Ridge Fault, 7 - Malda-



Fig. 4. Plots of PGA (acceleration in cm/sec2), PGV (velocity in cm/sec) & PGD (displacement in cm) estimated for the main-shock of 25th April 2015 (Mw 7.9) at the sites in
eastern UP and northern Bihar states of India bordering Nepal.
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Table 2a
PGA, PGV and PGD values observed for Nepal earthquake of 25th April 2015 (Mw 7.9).

Date Time (IST)
(hh:mm)

Station Magnitude
(Mw)

PGA
(cm/sec2)

PGV
(cm/sec)

PGD
(cm)

Distance from
event (kms)

25/04/2015 11:41 BAG 7.9 58 8 7 120
25/04/2015 11:41 MAH 7.9 63 11 5 149
25/04/2015 11:41 MTR 7.9 80 11 16 166
25/04/2015 11:41 DRB 7.9 74 12 14 210
25/04/2015 11:41 UTR 7.9 42 5 3 233
25/04/2015 11:41 PTN 7.9 47 4 3 281
25/04/2015 11:41 JAU 7.9 22 3 1 325
25/04/2015 11:41 LAK 7.9 15 2 2 358
25/04/2015 11:41 LEH 7.9 14 2 2 373
25/04/2015 11:41 KSN 7.9 41 16 20 399
25/04/2015 11:41 HAR 7.9 9 2 2 447

Table 2b
PGA values observed in case of strong aftershocks related to Nepal earthquake.

Date Time (IST)
(hh:mm)

Station Magnitude
(Mw)

PGA
(cm/sec2)

Distance from
event (kms)

25/04/2015 12:15 BAG 6.6 23 130
25/04/2015 12:15 MAH 6.6 12 164
25/04/2015 12:15 MTR 6.6 38 164
25/04/2015 12:15 UTR 6.6 28 251
25/04/2015 12:15 PTN 6.6 12 278
25/04/2015 12:15 KSN 6.6 9 383
25/04/2015 12:15 LEH 6.6 8 392
26/04/2015 12:39 MTR 6.9 47 146
26/04/2015 12:39 BAG 6.9 36 189
26/04/2015 12:39 KUS 6.9 34 232
26/04/2015 12:39 KSN 6.9 20 263
26/04/2015 12:39 TUL 6.9 22 345
26/04/2015 12:39 UTR 6.9 15 348
26/04/2015 12:39 JAU 6.9 11 381
26/04/2015 12:39 LEH 6.9 7 495
12/05/2015 12:35 MTR 7.3 69 161
12/05/2015 12:35 KSN 7.3 28 263
12/05/2015 13:06 KSN 6.2 9 248
26/04/2015 12:39 MAH 6.9 23 239
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represents the distribution of PGA, PGV and PGD during the
earthquake shaking of the mainshock, which clearly demonstrates
a distinct partitioning in the estimates of higher and lower values
with respect to the mainshock orienting in the SE and SW
direction, respectively. The principal cause of partitioning may be
due to several causes, such as varied earthquake radiation pattern,
stiffness of the sub-surface formations, and the geo-morphological
barriers that may have retarded or accelerated the seismic wave
propagation differently with the lapse of time in SE and SW
direction (Fig. 6).

3.1. Variation of PGD, PGV and PGA

Based on the distance of SMA sites from the mainshock, initially
it was observed that attenuation of seismic wave and changes in
PGA & PGV values are very much related to the geometrical spread-
ing with respect to the mainshock. It is evident from the distribu-
tion of SMA stations (Fig. 2) that the site BAG located at 120 km
showed PGA estimate of 58 cm/sec2 (PGV of 8 cm/sec), while
HAR located at the epicentre distance of 447 km with estimate of
PGA of 9 cm/sec2 (PGV of 2 cm/sec) (Fig. 6; Tables 2a and 2b). Such
correlation of estimated values of PGA and PGV with epicentre dis-
tance is found valid for most of the stations. Contrary to this, the
analyses of estimated values of PGA and PGV made for other
SMA stations (e.g., BAG, MTR) showed negative correlation and
were not strictly abide by the law of geometrical spreading that
governs the extent of seismic wave attenuation. As described
above, SMA stations, MTR located at the epicentre distance of
166 km and showed the highest values of PGA as 80 cm/sec2 with
PGV of 11 cm/sec. The SMA station of KSN located at the distance of
399 km from the mainshock, which showed PGA of 41 cm/sec with
PGV of 16 cm/sec (Table 2a). It is spectacular to note that values of
PGA, PGV and PGD estimated for SMA stations (e.g., MAH, UTR,
LEH) located in the eastern UP state of India showed decreasing
trend beyond the Faizabad ridge downwardly to the SW direction
of the mainshock, while the increasing pattern of PGV and PGD is
observed at SMA stations located in the Bihar State of India (e.g.,
BAG, MTR, KSN) beyond the Monghyr-Saharsa Ridge downwardly
to the SE direction of the mainshock, which is the rupture direction
of the mainshock (Figs. 3 and 6). Similarly, it is found that there is
no systematic correspondence in variation of the estimated values
of PGA and PGVwith epicentre distance for SMA stations (e.g., BAG,
MTR, HAR, KSN) located in the eastern Uttar Pradesh (Fig. 6 and
Tables 2a and 2b), which suggests that sub-surface material
heterogeneities and geo-mechanical strength of the seismic propa-
gating media are the principal factors that might have controlled
the variation in PGA, PGV, and PGD estimates due to prevalence
of intrinsic attenuation of sub-surface layers, that have strong
bearing on geological vulnerability that controlled the degree of
damage to structures. It is observed that the rupture directivity
plays an important role in varying estimates of PGA, PGV and
PGD for stations located in the SE and SW to the mainshock
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Fig. 5. (a) Observed PGA distribution with respect to distance from main-shock and
associated strong earthquakes with all available SMA data for Uttar Pradesh and
Bihar stations. PGA for main-shock of Mw 7.9 is compared with attenuation
relationship estimated by Sharma et al. (2009) for Himalayan region. (b) Distribu-
tion of PGA in SE and SW direction of the main-shock rupture.
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beneath the study area (Figs. 2 and 6). The rupture directivity
suggests that the propagation of the mainshock rupture
dominantly in a particular direction (SE) to the mainshock of the
2015 Nepal Earthquake (Mw 7.9).

3.2. Geo-morphological constraints and rupture propagation

Geo-morphological constraints play an important role in con-
trolling the extent of earthquake rupture propagation. The exis-
tence of Faizabad Ridge (FR) in the SW direction to the
downward of the Mainshock might have hindered the rupture
propagation of the mainshock towards SW, while the rapid and
uninterrupted propagation of the mainshock rupture towards SE
to that of the mainshock justifies the concentration of almost all
aftershocks in the SE direction of the mainshock ruptured zone
(Fig. 1). It is, however, to be mentioned that the increasing estimates
of PGA values showed no correlation in the prominent rupture
direction towards SE. The lower value of PGA of 41 cm/sec2 at
KSN beyond the Monghyr Saharsa Ridge (MSR) suggests that the
ridge might have retarded the seismic wave acceleration generated
by the mainshock. Consequently, despite the possibly similar sub-
surface formational conditions towards the SE it was the geo-
morphological barriers that might have played a role in reducing
the PGA values farthest to SE and SW of the mainshock rupture.
In order to ascertain the role of sub-surface formational and com-
positional scenario, we critically analyzed the variation trend of
PGD and PGV as shown in Fig. 6 with estimates of values in
Table 2a. It is intriguing to see that the values of PGA started to
decrease further to SE direction beyond the MSR that suggests that
this Ridge might have acted as a barrier to retard the mainshock
rupture propagation beyond the longitude of 87.5 degree east
(Fig. 6). These observations are in good agreement with the lower
estimates of PGA made for beyond the FR in the SW direction and
beyond the MSR in the SE direction, while higher values of these
parameters in the SE direction supports the idea that the sub-
surface media for seismic wave propagation is a key factor to con-
trol the nature and extent of the PGA, PGV and PGD. It is observed
that ridge associated with thicker and compact meta-sedimentary
formation has tendency to retard the seismic wave propagation
through the attenuation and dispersion of seismic wave (Pollitz
and Mooney, 2015). Recent study showed that the character of
the regional seismic-wave propagation gets affected by the passage
of seismic wave through the contrasting terrains associated with
the intricate geo-morphological structures (Pollitz and Mooney,
2015). Higher estimates of PGD and PGV at the station, KSN
towards the SE of the mainshock rupture beyond the MSR suggests
that the zone beyond the ridge may be associated with compara-
tively crystalline and compact rock materials with relatively less
deformed and greater stiffness coefficient of the sub-surface layers.
The hindrance of seismic wave is not related to the causative fault
as causative faults are the generator of the seismic waves radiated
in different directions. The nature and extent of the radiated seis-
mic wave be dictated by the structural heterogeneities, geomor-
phological and geomorphotectonic structures associated with the
source region. The seismic wave amplitude may be enhanced,
retarded or terminated depending on the strength and type of geo-
morphotectonic structures. In this study, we found that the ampli-
tude of the seismic waves might have modified due to presence of
FR and MSR. This interpretation is found in unison to the geo-
morphological study of the area made by Sinha et al. (2005). They
described that the Indo-Gangetic plain was associated with major
and active faults with localized deformational changes, which
may have caused sufficient influence on the geomorphology of
the study area, where the recent Nepal earthquake shook the
Indo-Gangetic plain with different degree of shaking.

Sometimes, the site conditions may be the cause of the amplifi-
cation or de-amplification of the ground acceleration. The Peak
Ground Velocity (PGV) varies from 1 to 16 cm/sec while the Peak
Ground Displacement (PGD) lies in between 1 cm and 20 cm for
the same sites. As mentioned above, Table 2a presents the com-
bined values of PGA, PGV and PGD estimated from the Main earth-
quake of 25th April 2015 at the sites located in the eastern UP and
northern Bihar. The thickness of the alluvium is reported of about
6 km near the foothill zone of Gangetic plain and it decreases grad-
ually towards south (Rao, 1973). This report is also supported by
the geophysical surveys conducted in the area that clearly exhibits
the presence of metamorphic basement with some ridges and
basins in the Gangetic plain area (Fig. 3). Based on the density
Moho relief and rheological study using comprehensive gravity
estimates along the Indo-Gangetic plains, thinning of the crust
around 35–36 was also reported for the area (Mishra et al.,
2004), which may be due to flexure of the Indian plate caused by
the load of the Himalayas.



Fig. 6. Observed PGA (a) and calculated PGV (b) & PGD (c) distribution during the main-shock of 25th April 2015 (Mw 7.9) for the sites in UP and Bihar.
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The extent of damage due to great to major earthquakes is dic-
tated by the size and impacts of the generating earthquake, which
in turn related to the compactness of geo-morphological and the
embedded structural heterogeneities of the source zone where
the process of strain accumulation continues to bring the brittle
failure. This geological condition makes the study region highly
vulnerable in case of earthquake hazards especially in the central
seismic gap. There is a serious debate on the issue that whether
the Nepal earthquake occurred in the central seismic gap zone
what was expected as the asperity for generating the great to
major earthquakes (Bilham and Wallace, 2005). The Nepal
earthquake may not be a gap filling earthquake because it is not
a great earthquake while the central seismic gap region has the
potential to generate a great earthquake (Gupta and Gahlaut,
2014, 2015). The recent review by Mishra (2014a,b) argued that
the seismic gap zone is the zone where big/great earthquake so
far not occurred with emphasis that all gap zones cannot be
regarded as the zones of impending big earthquake in future. It is
so because types of structural heterogeneities (weak and strong)
control the strength of generating earthquakes beneath the seismic
gap zones (Wang et al., 2006; Mishra, 2014a,b). Moreover,
the extent of damage is related to the amplification of the



20 B. Sharma et al. / Journal of Asian Earth Sciences 133 (2017) 12–23
sub-surface foundational formations beneath the structure during
shaking of the earthquake. The presence of the lesser Himalayan
sedimentary rocks cause significant bearing on the degree of
damage to the structures (Shanker et al., 2011). It is pertinent
to note that our most of SMA stations are located in the
Indo-Gangetic plains having neo-gene Quaternary sediments,
which are plausibly apt to the genesis of low velocity beneath
the sub-surface layers (Rao, 1973; Shanker et al., 2011).
3.3. Strong motion and extent of damage

We analyzed the strong motion waveform data recorded by sta-
tion located at Kishanganj (KSN) with the condition to estimate the
excitation of the pulse for the lesser thickness of the sediments
beneath KSN in comparison to that of Indo-Gangetic sites where
most of our SMA stations are located. Our analysis showed that
the excitation pulse became dominant for the estimate of peak hor-
izontal ground velocity of 20 cm/sec. The net effect of long dura-
tion waveform produced at KSN gets resonated in the medium.
Also the rupture directivity in the SE direction from the mainshock
towards KSN might have played an important role for greater val-
ues of PGV and PGD at KSN. The intensity at KSN was reported V
(USGS, 2015) with no considerable damage reported in the district
town of Kishanganj of Bihar, which may be because of lesser peak
ground acceleration (PGA = 41 cm/sec2) in comparison to those
values estimated for other SMA stations located at Darbhanga
(DRB) [PGA = 73 cm/sec2] and Motihari (MTR) [80 cm/sec2],
another district towns of Bihar. Appreciable damages to structures
along with death of about 52 people were reported in India out of
which 25 were from Bihar and 24 from UP, during the mainshock
according to the media report by Hindustan Times on 25th April
2015. Motihari (MTR) and Darbhanga (DRB) district towns showed
intensity of VI on MMI scale during Nepal Earthquake and it is
important to mention that there were huge damages to structures
and the death of people occurred in these two cities (Darbhanga
and Motihari), bordering Nepal during the past 1934 Bihar – Nepal
earthquake (M 8.2) and the 1988 Darbhanga earthquake (Mw 6.8),
which in turn suggests that there is either to implement the older
Building Design Codes strictly or to develop suitable Building
design codes for strict implementations to mitigate the earthquake
risks and hazards of cities of Indian states bordering Nepal.
4. Response spectra of Nepal earthquake and its relevance to BIS
2002 code

Normalised response spectra are determined at 5% damping
from the strong ground motions recorded by several SMAs
deployed in Indian states of UP and Bihar (Figs. 2 and 3). Fig. 7a
shows the response spectra for horizontal components recorded
in UP and Bihar sites. It is observed that stations located over allu-
vium deposits show a peak of average response at 0.242 sec for
horizontal component, while the average response spectra for the
vertical component showed maximum amplification at the period
of 0.193 sec (Fig. 7b). The horizontal component detects the parti-
cle motion in perpendicular to the direction of motion due to
which, the response spectra gets delayed to obtain the higher peri-
ods. On the other hand the vertical component detects the particle
motion in the direction of propagation of the wave which results
the spectra peak to be obtained at low period than the horizontal
component. It has been observed that our acceleration response
spectra at all sites are of similar type of shape due to Indo-
Gangetic Neogene Quaternary sediments, indicating that the accel-
eration response spectra get influenced by the local site conditions.
Our designed response spectra found to depict dominating ampli-
fication for the horizontal components at maximum period than
those of vertical components, which are unison to the standard
norms.

Raghukanth and Iyengar (2007) showed that the response spec-
trum in Indian code (BIS, 2002) underestimates seismic forces at
high frequency for rock sites; while at soft soil sites it overesti-
mates forces at low frequencies. Chopra and Choudhury (2011)
argued that for a period greater than 0.4 sec the spectral amplifica-
tions are overestimated in Indian code both for soft soil and rock
sites; while, for periods below 0.1 sec, the spectral accelerations
are underestimated. Studies made by other researchers suggested
that different site conditions can induce amplifications at different
periods in the response spectra (Seed et al., 1976; Mohraz, 1976),
which are derived from the estimate of spectral acceleration for
different geological formations in diverse tectonic conditions else-
where in the world (Mandal et al., 2013; Chowdhuri et al., 2008).
Some of the researchers suggested that the nonlinearity affects
ground motions from a major/great earthquake significantly
because of their close correspondence with material hetero-
geneities of the seismic wave propagating media beneath the study
region (Su et al., 2006; Raghukanth and Iyengar, 2007; Chopra and
Choudhury, 2011). At large distances, the average soil site shows
higher amplitudes in spectra at all frequencies than that of rock
sites, but at short distances, in the presence of nonlinearity, the
high frequency part of the spectra shows smaller amplitudes on
soil sites than that on rock sites. In the present study, the nonlin-
earity plays an important role in case of Nepal earthquake for nor-
malised Spectral Amplification (SA) as shown in Fig. 7a-(i)–a-(iv)
for stations BAG, MTR, DRB and KSN respectively. The response
spectra of KSN show additional peaks at later periods as shown
in Fig 7a-(iv). This may be the reason for the pulse excitation and
resonance effects experienced by this site in order to get higher
PGV and PGD. Similar effect is also obtained by MTR and DRB sites
which showed more damage during Nepal earthquake. Generally,
the normalised SA values are not much important; the main
important point here is the dominant period. If we carefully see
the Normalised SA for individual stations at the farthest distances
the Normalised SA becomes complicated and at far stations we get
the peaks at the later periods which are more at in the direction of
rupture of the mainshock. BAG being the nearest station shows a
single peak while at MTR being the southern station shows various
peaks, which suggest that the duration of the wave propagation is
more at MTR than BAG. Similarly, DRB being in SE direction shows
more SA and KSN being the farthest station shows more SA and
also generates peaks at later periods in order to satisfy the pulse
excitation and resonance effects (Galetzka et al., 2015). Fig. 7c
shows the site amplification using the SMA data recorded at four
sites (i.e. BAG, DRB, MTR and KSN). This amplification corresponds
to the horizontal to vertical ratio in order to see the amplification
of these particular sites. However, it is observed that the site BAG
had relatively more amplification in comparison to other three
sites. It may suggest softness of the material beneath BAG than that
of DRB, MTR and KSN. It is also confirmed by Sinha et al. (2005)
that in Indo-Gangetic plain the sedimentary thickness decreases
as we go towards the south. MTR shows least amplified while
the DRB and KSN show amplified peak at 2.3 Hz (two peaks) and
7.1 Hz respectively. Again DRB shows one more peak at 5.1 Hz
which indicates the association of damage incurred here in case
of Nepal Earthquake due to site amplification as one of the factor.
It is worthwhile to mention that BAG site is more influenced by the
site effect than MTR. The site of MTR found to be associated with
maximum PGA, which is a function of source, path and site. The
site of MTR falls in SE direction from the mainshock which is influ-
enced by rupture directivity and also showed considerable damage
due to the maximum PGA obtained amongst all the sites in the
study region. Similarly DRB and KSN are amplified with a consider-
able amount of PGA. Thus we can infer that the site amplification



Fig. 7. Normalised SA at sites on Alluvium (Quaternary) for average of horizontal components (red line) (a), vertical components (blue line) (b) and grey colour lines are the
normalised SA of various stations. BAG, MTR, DRB and KSN stations normalised SA are presented in a-(i), a-(ii), a-(iii) and a-(iv) respectively. (c) Estimated H/V with respect to
the frequency for BAG, DRB, MTR and KSN. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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has strong bearing on the shallow sub-surface sediments, while
PGA takes care of the entire sub-surface strata containing bedrock
and shallow sub-surface sediments.

The response spectra assimilated in this study using the records
from horizontal and vertical components by SMA stations (Fig. 7a
and b). The average response spectra of both horizontal compo-
nents are compared with the Bureau of Indian Standard (BIS,
2002) codes, which are applicable for the seismic forces and are
used in construction engineering practices in India (Fig. 8). It is
found that our average response spectra assimilated for horizontal
component are found to fall within the limit of the average
response spectra generated by BIS-2002 with a similar pattern of
variation for our study area associated with alluvial Indo-Gangetic
Neogene sediments (Fig. 8). The damage occurred at few sites of
UP and Bihar was due to the poor construction practices used by
the people. The present damage scenario that occurred aftermath
of the 25th April 2015 Nepal earthquake (Mw 7.9) in the northern
Bihar and eastern UP of India bordering Nepal demonstrates that
the existing BIS-2002 code has not been applied in constructing
structures and buildings in the areas that showed maximum
damage during earthquake shaking. In order to minimize the
degree of damage and loss of lives in the border areas of India
to Nepal, it is imperative to implement the existing BIS-2002
codes under earthquake risk mitigation strategy by developing
earthquake risk resilient buildings and structures. Also it is impor-
tant to be noted that the building design code based on several
constraints of geo-mechanical properties of sub-surface materials
derived from seismic microzonation may have strong deportment
to minimize the huge loss of life and property during future
damaging hazardous earthquakes in Himalaya (Mishra, 2012).



Fig. 8. Comparison of average response spectrum for the main earthquake of 25th
April 2015 (Mw 7.9) with BIS-2002 code.
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5. Conclusions

The Nepal earthquake (Mw 7.9) occurred on 25th April 2015
with a subsequent major earthquake (Mw 7.3) on 12th May 2015
in the Central seismic gap region of Himalaya which is extending
from the 1905 Kangra earthquake to the 1934 Bihar-Nepal earth-
quake. Our estimates of PGA, PGV and PGD values using SMA data
of Nepal Earthquake are found varied with varying pattern in both
SE and SW of the Mainshock around the Indo-Gangetic plain com-
prising eastern UP and northern Bihar. The pattern represents the
distribution of PGA, PGV and PGD during the earthquake shaking
of the mainshock, which clearly demonstrates a distinct partition-
ing in the estimates of higher and lower values with respect to the
mainshock orienting in the SE and SW direction, respectively. The
principal cause of partitioning may be due to several causes, such
as varied earthquake radiation pattern, the stiffness of the sub-
surface formations, and the geo-morphological barriers that may
have retarded or accelerated the seismic wave propagation differ-
ently with the lapse of time in SE and SW direction. Geo-
morphological constraints play an important role in controlling
the extent of earthquake rupture propagation. The existence of
Faizabad Ridge located downward to the Mainshock might have

hindered the propagation of seismic waves generated by the main-
shock towards SW, while the rapid and uninterrupted propagation
of the seismic waves towards SE to the mainshock justifies the con-
centration of almost all aftershocks in the SE direction of the main-
shock ruptured zone. Estimated normalised response spectra found
to depict dominating amplification for the horizontal components
at maximum period than those of vertical components, which are
unison to the standard norms of the SMA estimates. In order to
minimize the degree of damage and loss of lives in the border areas
of India and Nepal, it is imperative to implement the existing BIS-
2002 codes under earthquake risk mitigation strategy by develop-
ing earthquake-resilient buildings and structures. Thus, we can
conclude that, the existing BIS-2002 code may be applicable for
Himalayan Border states as our response curves estimated at all
periods for alluvial sites using SMA data of Nepal mainshock and
its associated strong shocks fall within the structural limits pro-
posed by BIS-2002 code (Fig. 8). We can infer that the structural
designs if followed based on BIS-2002 in northern Bihar and East-
ern Uttar Pradesh could have sustain the earthquake shaking dur-
ing the 2015 Nepal mainshock and its strong aftershocks. It is,
therefore we can suggest that implementation of the suitable
building design code based on several constraints of geo-
mechanical properties of sub-surface materials derived from seis-
mic microzonation may have strong bearing on minimizing the
loss of lives and property during future damaging earthquakes in
Himalaya.
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