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Abstract

On 25 April 2015, a large interplate earthquake Mw 7.8 occurred in the Himalayan Range of Nepal. The focal area
estimated was about 200 km long and 150 km wide, with a large slip area under the Kathmandu Valley where our strong
motion observation stations were installed.

Kathmandu is the capital of Nepal and is located in the Kathmandu Valley, which is formed by soft lake sediments of Plio-
Pleistocene origin. Large earthquakes in the past have caused significant damage as the seismic waves were amplified in the
soft sediments. Four stations were installed along a west-to-east profile of the valley at KTP (Kirtipur), TVU (Kirtipur),
PTN (Patan) and THM (Thimi); KTP is a rock site and the others are sedimentary sites.

The strong ground motions were observed during this large damaging earthquake. The maximum horizontal peak ground
acceleration at the rock site was 271 cm/s?, and the maximum horizontal peak ground velocity at the sedimentary sites
reached 112 cm/s. We found while the peak accelerations were smaller than the predicted values, the peak velocities were
approximately the same as the predicted values.

The horizontal components were rotated to N207E and N117E directions. The velocity waveforms at KTP showed about 6 s
triangular pulses on the N207E and the UD components; however the N117E component was not a triangular pulse but a
single-cycle sinusoidal wave. This distinguishing 6 s triangular pulses can be predicted by the regression model of “Fling-
Step Pulse”.

The derived displacements at KTP are characterized by a monotonic step on the N207E and UD components. The vector
sum of these displacement waveforms is 147 cm. Inside the Kathmandu Valley, the 163 cm vector-sum deformation and the
same moving direction as the USGS fault normal direction (N205E) were obtained from GPS data. Our results derived from
the KTP acceleration records are consistent with these observations.

The vertical ground velocities observed at the sedimentary sites have also the same pulse motions as observed on the rock
site. On the contrary, the horizontal ground velocities (also accelerations) at the sedimentary sites have a long duration with
conspicuous long-period oscillations; these are effect of the horizontal valley response. The horizontal valley response is
characterized by large amplification and prolongation of oscillations. However, the predominant period and envelope shape
of their oscillation differ from site to site; these features demonstrate that the long-period valley response of the Kathmandu
Valley is considerably complicated.

Considering geological formations in and around the Kathmandu Valley, we may expect that the maximum horizontal peak
ground acceleration is observed at the sedimentary site. However, the peak ground acceleration was recorded at the rock site
KTP; this acceleration was given by isolated large ground acceleration. Finally we make a preliminary examination of the
nature of the isolated large ground acceleration.
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1. Introduction

The Himalayan mountain range formed by the collision of the Indian and Eurasian plates is regarded as one of
the earthquake prone zones in the world. The Indian Plate underthrusts the Eurasian Plate and a number of large
earthquakes have occurred in Nepal Himalaya. Kathmandu is the capital of Nepal and is located on the
Kathmandu Valley. The Valley is surrounded by mountains on all sides and is filled with soft lake sediments of
Plio-Pleistocene origin [1]; the thickness of the sediments is more than 500 m at the central part of the valley.
Large earthquakes in the past have caused significant damage in the Kathmandu Valley; in case of the 1934
Nepal-Bihar earthquake (Mw 8.2), nearly 19 % of buildings were destroyed inside the Valley and more than
8,000 people lost their life all over the country [2]. A principal factor in the significant damage is considered to
be effect of the soft lake sediments on seismic motion. Considering these tectonic and site conditions of the
Kathmandu Valley, we have started a strong motion array observation (four sites; one rock site and three
sedimentary sites) in the Valley, on 20 September 2011, to understand the site effects of the Kathmandu Valley
on strong ground motion.

On 25 April 2015, a large earthquake of Mw 7.8 occurred along the Himalayan front. This event has a
low-angle thrust faulting mechanism and the 8.2 km hypocentral depth [3]. The epicenter is near the Gorkha
region, 80 km north-west of the Kathmandu Valley, while the source area propagated eastward, passing the
Kathmandu Valley [3-7]. This event resulted in over 8,000 deaths, mostly in the Kathmandu and adjacent
districts [8]. We succeeded in observing strong ground motions at our array sites in the Kathmandu Valley
during this devastating earthquake.

In this article we describe characteristics of ground motions observed in the Kathmandu Valley and a
preliminary examination of the slip pulse and isolated large ground acceleration only recorded at the rock site.
Data used in this article include the ground motions observed by the Faculty of Engineering, Hokkaido
University in collaboration with the Central Department of Geology, Tribhuvan University, Nepal, also those
observed by USGS [9] and high-rate GPS data recorded by UNAVCO [7].

2. Strong Ground Motion Observation

Accelerometers have been installed at four sites along the straight (west-to-east) profile in the Valley: the sites
are KTP (Kirtipur), TVU (Kirtipur), PTN (Patan) and THM (Thimi) as shown in Fig. 1. We are using highly
damped moving coil type Mitsutoyo JEP-6A3-2 accelerometers [10] and Hakusan DATAMARK LS-8800 data
loggers with GPS time calibration. The accelerometer has a flat response (-3 dB) of ground acceleration from
0.1 Hz to an aliasing frequency. It is necessary to apply a correction of the sensor-response to the observed
records in order to derive true ground motions[10].

The surface (~ 20 m) S-wave velocities of the observation sites were investigated by the surface wave
method when we installed the instruments [11]. The velocity of S-wave is over 700 m/s at the KTP site, but it is
less than 200 m/s at the other three sites. These velocities are consistent with the geological formations; KTP is
located on rock and TVU, PTN and THM are located on the lake sediment of the valley (Fig. 1). The detail of
this array network system and data processing were described in Takai et al. [12].

3. Overview of Strong Ground Motion Records

3.1 Ground accelerations

The focal area of the 2015 Gorkha earthquake estimated by USGS [3] is about 200 km long and 150 km wide
(Figure 1b), with a large slip area near the Kathmandu Valley. During data processing, first we made a base-line
correction by removing the mean determined from a segment of the pre-event part of the original record from
the whole original acceleration record. Next we applied the sensor-response correction in the frequency domain
by using FFT. Next, we derived the velocity and displacement waveforms from the sensor-response corrected
accelerograms by integration in the time domain. Finally, the horizontal components were rotated in the N207E
and N117E directions; the rotation angle was that one of the horizontal components at KTP yields the maximum
horizontal displacement at the end of shaking. The N207E and N117E directions are nearly the same as the
opposite to fault dip direction (N205E) and the opposite direction of fault strike (N115E) directions of the
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USGS fault plane [3]. In this paper, we show the whole records using the N117E, N207E, and UD coordinate
system.

The accelerograms obtained after applying the sensor-response correction and rotating the horizontal
components are shown in Fig. 2 along with that of the KATNP station achieved by USGS. The largest peak
ground acceleration (PGA: 246 cm/s®) is recorded on the N117E component at the rock site KTP, and the vector
sum of the horizontal components is 255 cm/s? at this station. This large PGA is given by isolated large ground
acceleration at about 28 s from the origin time. The horizontal PGA values are compared with those predicted by
the ground motion prediction equation (GMPE; [14]) for ground accelerations. We find the observed PGA
values are smaller than those estimated by the GMPE [14]; the average of the observed PGAs is less than one-
third of the predicted PGA (Fig. 3). One cause of the low PGA on sedimentary basin might be considered the
nonlinear soil response[15]. However, we have not grasped the cause of this including Q of this area and source
characteristics completely.

The horizontal accelerograms at the sedimentary sites have a long duration with conspicuous long-period
oscillations; however, the envelopes of the oscillations differ from site to site. On the other hand, the vertical
accelerograms at all the sites are nearly the same and have no long-period oscillations. These characteristics
demonstrate the site effects of the Kathmandu Valley, that is, the valley response.

These conspicuous long-period accelerations were also observed on the lake zone in Mexico City during
the 1985 Michoacan earthquake (Mw 8.0) [16]. Both the PGA values are comparable, while the predominant
periods are somewhat different; the periods in the Kathmandu Valley are 3 to 5 s (also see Fig. 4) and those in
Mexico City are 2 to 3 s. We should note that although both the conspicuous long-period accelerations are effect
of the lake sediments under the valleys, the exciting mechanism may be different because the distance from the
source area to the Kathmandu Valley is about 10 km, while the distance to Mexico City is about 300 km;
therefore, the incoming wave-fields into both the valleys are different from each other.

It is well known that the long-period accelerations collapsed or severely damaged many tall buildings in
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Fig. 1 Location map of strong motion stations.

a) Observation sites in the Kathmandu Valley with geological formations (modified from Shrestha et al. [13]).
Strong motion accelerometer (SMA) stations are divided to HU-TU: Hokkaido University and Tribhuvan
University, and USGS sites. GPS stations are used in Galetzka et al. [7].

b) The epicenter of the 2015 Gorkha earthquake is shown by the red star. The fault plane estimated by USGS
[3] is shown with the red rectangular. A beach ball is the focal mechanism by USGS [3].
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the lake zone in Mexico City [16]. Fortunately, in case of the Gorkha earthquake, there were no high-rise or base
isolated buildings with the long natural period in the Kathmandu Valley.
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Fig. 2 Observed ground accelerations at five stations during the 2015-04-25 Gorkha EQ. The horizontal
components are rotated ones; the rotation angle is that one of the horizontal components at KTP yields the
maximum horizontal displacement at the end of shaking (see Fig. 5). According to the USGS fault model [3], the
N117E and N207E directions nearly correspond to the opposite direction of fault strike and opposite to fault dip

direction, respectively.
Boore et al. (2014)
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Fig. 3 Comparison between the observed and predicted PGAs (Left) and PGVs (Right); the predicted ones were
obtained by using GMPE[14]. The solid red lines indicate rock site (Vs3 = 760 m/s) with standard error (dashed
lines). The solid blue lines indicate soil site (Vs3 = 200 m/s) with standard error (dashed lines). Distance Rjg
means closest distance to the surface projection of the fault plane, therefore, 0 km (Kathmandu valley placed on
the fault plane) are replaced to 1 km in the figures.
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Fig. 4 Ground velocities at five stations. The N117E and N207E are the fault parallel and fault normal
components, respectively.

N117E N207E ub

N _J\P’“N 35 cm __/J\’\\‘A 185 cm ‘__/\/\,N 131 ¢cm

I T T T T T T 1 T T T T T T T 1 I T T T T T T 1
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80

Time after origin [s] Time after origin [s] Time after origin [s]

| |
100 cm

Fig. 5 Ground displacement at the rock site KTP. The N117E and N207E are the fault parallel and fault normal
components, respectively. The KKN4 and NAST ground displacements were obtained by GPS records; these
were obtained from UNAVCO [7].
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3.2 Ground velocities

The highest peak ground velocity 107 cm/s (the vector sum of the horizontal components) is given at TVU. We
compare the observed PGV values with those predicted by the GMPE as the same manner for the PGA values.
While the observed PGA values are much smaller than the predicted ones, the observed PGV values are a bit
smaller than the predicted ones at the sedimentary stations (Fig. 3).

The UD component ground velocities at the sedimentary sites are nearly the same as that observed at the
rock site KTP. On the contrary, the horizontal ground velocities at the sedimentary sites have a long duration
with conspicuous long-period oscillations. When we assume the KTP (rock site) ground velocities are the
incoming wave fields into the Kathmandu Valley, we may consider the large ground velocities on the
sedimentary sites in Fig. 4 to be the long-period (3~5 s) valley response. Takai et al. [12] compared the Fourier
amplitude spectral ratios of the sedimentary site spectra to the rock site spectrum for each component, and
pointed out that the long-period valley response of the Kathmandu Valley is considerably complicated.
Furthermore, the site effect of deep underground velocity structure were discussed preliminary with aftershocks
data [17, 18]

The velocity waveforms on the N207E and UD components observed at the rock site KTP show the
distinguishing velocity pulse ground motions; the arrival time of the velocity pulses roughly corresponds to the
S-wave arrival time from the hypocenter. They show a single-sided velocity pulse with a width of about 6 s,
while the N117E component show a double-sided pulse with a period of about 10 s. The ground velocities at
KKN4 obtained from the high-rate (5 Hz sampling) GPS record [7] have the similar waveforms as observed at
KTP, while the amplitudes of the KKN4 velocity pulses are about 1.4 times larger than those of the KTP
velocity pulses; KKN4 is a rock site located northwest of the Kathmandu Valley as shown in Fig. 1.

3.3 Ground displacements

The ground velocities at KTP where the simple velocity pulses are observed are integrated to derive the
displacement waveforms. The KTP displacement waveforms are shown in Fig. 5, together with those observed
by the high-rate GPSs at KKN4 and NAST [7]; these locations are shown in Fig. 1.

The derived displacements at KTP are characterized by a monotonic step, also including the contributions
of dynamic phases, on the fault-normal and UD components. They show permanent displacements of 133 cm in
the fault-normal direction and 63 cm in the upward direction; the vector sum is 147 cm, while there is negligible
permanent displacement in the fault-parallel direction.

The displacement waveforms at KTP are similar to those at the rock site KKN4 for the three components.
However, their permanent deformation values are different; the values at KKN4 are larger than those at KTP
because the KKN4 site is more near the large slip area [7]. The UD displacement and permanent deformation at
the sedimentary site NAST are similar to those at KTP. However, the horizontal displacement waveforms at
NAST are different from those at KTP; the long-period oscillations observed at NAST result from the valley
response as mentioned in the previous section. In spite of the contamination by the valley response, the
horizontal permanent deformation values at NAST are nearly the same as those at KTP; the distance between
NAST and KTP is only 6 km. These evidences indicate that the displacement waveforms at KTP derived from
the accelerograms give the reliable motion of the Earth’s surface.

4. Effect of Permanent Tectonic Offset on Strong Ground Motions

The velocity pulse and pulse-like ground motions observed near surface faults are considered to be effect of
forward rupture directivity or a permanent tectonic offset [e.g., 19, 20-23]. The Kathmandu Valley is located at a
very close distance (~10 km) to the rupture area and the estimated large slip areas exist near the valley [7].
Furthermore, the displacement waveforms derived from the velocity pulses on the N207E and UD components
show a monotonic step as shown in Fig. 5. These facts demonstrate the observed velocity pulses are effect of a
permanent tectonic offset [19]. On the other hand, the N117E component at KTP shows clear double-sided pulse
on the velocity waveform. This pulse is considered to be effect of along-strike directivity [19], and the pulse
shape was explained by the joint inversion result for rupture process [24].

The distinguishing KTP velocity pulses may be assumed to be the “Fling-Step” motion [21, 25]. Recently
Kamai et al. [25] developed an updated parametric model for the fling-step components based on an extensive
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Fig. 6 Comparison of the width of the velocity pulse observed at KTP with the regression model of the period
of the fling-step pulse for the reverse fault by Kamai et al. [25] . Medians are shown by a solid line and
confidence intervals, by the dashed lines.

set of finite-fault simulations. Their three fling-step parameters are the fling-step amplitude, the period of the
fling-step pulse (this parameter corresponds to a width of the velocity pulse), and the onset time of the fling step
pulse.

Here we compare the width of the velocity pulse observed at KTP with their regression model of the
period of the fling-step pulse for the reverse fault. As mentioned in the 3.2 section, the width of velocity pulses
at KTP is about 6 s. This value is nearly the same as the median value of the regression model by Kamai et al.
[25] as shown in Fig. 6. This means that the Gorkha earthquake with Mw 7.8 is normal one with respect to the
fling-step motion.

As shown in Fig. 4, the horizontal long-period ground motions, the fling-step pulse (N207E) and the
along-strike directivity pulse (N117E), observed at the rock site KTP were strongly amplified and elongated on
the sedimentary sites; that is, the long-period valley response. Takai et al. [12] calculated horizontal velocity
response spectra (h=0.05) for the horizontal ground motions shown in Fig. 4 to discuss their destructive power
for buildings. They concluded that the horizontal long-period oscillations on the sedimentary sites had enough
destructive power to damage high-rise buildings which have natural periods of 3 to 5 s.

5. Isolated Large Ground Acceleration at the Rock Site KTP

Considering geological formations in and around the Kathmandu Valley (Fig. 1), we may expect that the largest
PGA is observed at the sedimentary site. In the 3.1 section, however, we pointed out that the largest PGA was
recorded on the N117E component at the rock site KTP (Fig. 2). This PGA was given by isolated large ground
acceleration at about 28 s from the origin time; the acceleration appears as a spike on the time scale used in Fig.
2. We make a preliminary examination of the nature of the isolated large ground acceleration based on the
enlarged time-scale acceleration time histories.

First, we compare the three-component acceleration time histories at the KTP site and their Fourier
spectra for the short time window which include the isolated large ground acceleration on the N117E component
(Fig. 7). The predominant frequency of the isolated large ground acceleration on the N117E component, which
lasted for about 1 s, is about 4 Hz. The other components, however, have no this predominant frequency. This
means the particle motion of the isolated large ground acceleration is polarized into the N117E direction.

Next, we compare the N117E-component acceleration time histories at our array sites; the rock site KTP
and three sedimentary sites (Fig. 8). Figure 8 clearly shows strong amplification of the long-period (3-5 s)
accelerations at the sedimentary site; that is, the long-period valley response which has been discussed based on

8
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the ground velocities in the 3.2 section. However we cannot identify the isolated large ground acceleration on the
acceleration time histories at the sedimentary sites. This disappearance of the isolated large ground acceleration
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Fig. 8 Comparison of the N117E-component accelerations at our array stations. Note that the acceleration time
histories are shown in enlarged time scale.
the sedimentary sites may result from nonlinear soil response induced by large peak horizontal ground velocities
(70 - 90 cm/s); the nonlinear soil response resulted in the reduced amplitudes of short-period ground motions.

It is interesting to consider the excitation mechanism of the isolated large ground acceleration observed at
KTP. Since the instruments are covered with wooden box, it is not considered to be potentially the isolated peak
associated with some falling objects. In addition, 4 Hz are relatively low for the cause of the falling objects
effects. The isolated large ground acceleration appeared at nearly the same time when the large (~40cm/s)
velocity pulse arrived at KTP (see Fig. 4). This may suggest that dynamic stress carried by the large velocity
pulse triggered a small event around the main fault plane beneath KTP. The Fourier spectrum of whole part on
N117E component are strongly affected by this isolated large ground acceleration; short period strong motion is
characterized by this isolated large ground acceleration at KTP. However, since the observed record of the
isolated large ground acceleration is only one, it is difficult to confirm this excitation mechanism anyway.

6. Concluding Remarks

Since the capital city of Nepal, Kathmandu, on the sediment-filled valley, was located at a very close distance to
the fault plane of the 2015 Gorkha earthquake, a wealth of new strong ground motions was obtained there. On
the rock sites, the simple velocity pulses were observed on the fault normal and vertical components; they are
effect of a permanent tectonic offset. On the sedimentary sites, although the velocity pulses were also observed
on the vertical component, the horizontal ground velocities showed largely amplified and prolonged long-period
oscillations compared with the rock site motions; these resulted from the valley response. Since the horizontal
long-period oscillations have enough destructive power to damage high-rise buildings, it is important for us to
understand the factors in the long-period valley response observed in the Kathmandu valley based on the 3-D
velocity structure of the valley.
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