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Strong ground motion in the Kathmandu Valley during the 2015 Gorkha, Nepal, earthquake
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Abstract
On 25 April 2015, a large earthquake of Mw 7.8 occurred along the Main Himalayan Thrust fault in central Nepal. It was caused by a collision of the Indian Plate beneath the Eurasian Plate. The epicenter was near the Gorkha region, 80 km northwest of Kathmandu, and the rupture propagated toward east from the epicentral region passing through the sediment-filled Kathmandu Valley. This event resulted in over 8000 fatalities, mostly in Kathmandu and the adjacent districts. We succeeded in observing strong ground motions at our four observation sites (one rock site and three sedimentary sites) in the Kathmandu Valley during this devastating earthquake. While the observed peak ground acceleration values were smaller than the predicted ones that were derived from the use of a ground motion prediction equation, the observed peak ground velocity values were slightly larger than the predicted ones. The ground velocities observed at the rock site (KTP) showed a simple velocity pulse, resulting in monotonic-step displacements associated with the permanent tectonic offset. The vertical ground velocities observed at the sedimentary sites had the same pulse motions that were observed at the rock site. In contrast, the horizontal ground velocities as well as accelerations observed at three sedimentary sites showed long duration with conspicuous long-period oscillations, due to the valley response. The horizontal valley response was characterized by large amplification (about 10) and prolonged oscillations. However, the predominant period and envelope shape of their oscillations differed from site to site, indicating a complicated basin structure. Finally, on the basis of the velocity response spectra, we show that the horizontal long-period oscillations on the sedimentary sites had enough destructive power to damage high-rise buildings with natural periods of 3 to 5 s.
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Introduction
The Himalayan mountain range formed by the collision of the Indian and Eurasian plates is regarded as an earthquake prone zone. The Indian Plate underthrusts the Eurasian Plate in this region, and a number of large earthquakes have occurred in the Himalayas. Kathmandu, the capital city of Nepal, is located in the Kathmandu Valley. The valley is surrounded by mountains on all sides and is filled with soft lake sediments of Plio-Pleistocene origin (Dhital 2015); the thickness of the sediments is more than 650 m in the central part of the valley (Moribayashi and Maruo 1980). Large earthquakes in the past have caused significant damage in the Kathmandu Valley; for example, during the 1934 Nepal-Bihar earthquake (Mw 8.2), nearly 19 % of the buildings were destroyed inside the valley and more than 8000 people from all over the country lost their lives (Dixit et al. 2013). The principal factor associated with the significant damage is considered to have been the responses of soft lake sediments during seismic motion. Considering these tectonic and site conditions within the Kathmandu Valley, we have established four strong-motion array observation stations (one rock site and three sedimentary sites) in the valley to understand the site effects of the Kathmandu Valley to strong ground motion. These sites were established on 20 September 2011.
On 25 April 2015, a large Mw 7.8 earthquake occurred along the Himalayan front (USGS 2015a). This event had a low-angle thrust faulting mechanism and an 8.2-km hypocentral depth (USGS 2015a). The epicenter was near the Gorkha region, 80 km northwest of the Kathmandu Valley, and the rupture propagated eastward from the epicentral region passing through the Kathmandu Valley (e.g., Avouac et al. 2015; Fan and Shearer 2015; Galetzka et al. 2015; Grandin et al. 2015; Hayes et al. 2015; Kobayashi et al. 2015; Yagi and Okuwaki 2015). This event resulted in over 8000 fatalities, which occurred mostly in Kathmandu and in adjacent districts (MoHA 2015). Although the earthquake vulnerability of Kathmandu was considerably serious, there were only two official seismometers recording earthquakes on the sedimentary sites: KATNP by USGS (2015b) and DMG (Bhattarai et al. 2015). We succeeded in observing strong ground motions at our array sites in the Kathmandu Valley during this devastating earthquake. In this letter, we describe the characteristics of the ground motions observed in the Kathmandu Valley and perform a simple examination of the long-period valley response in the frequency domain. Finally, we discuss the velocity response spectra for the horizontal ground motions. Data used in this letter include the ground motions observed by the Faculty of Engineering, Hokkaido University in collaboration with the Central Department of Geology, Tribhuvan University, Nepal, and also those observed by some other organizations (Galetzka et al. 2015; USGS 2015b).

Strong-motion array observations in the Kathmandu Valley
Accelerometers have been installed at the following four sites along a straight (west to east) profile in the Kathmandu Valley: KTP (Kirtipur Municipality Office, Kirtipur), TVU (Central Department of Geology, Tribhuvan University, Kirtipur), PTN (Pulchowk Campus, Institute of Engineering, Tribhuvan University, Patan), and THM (University Grants Commission Office, Sanothimi, Bhaktapur). The site locations are shown in Fig. 1a. We collected data using highly damped moving coil type (dimensionless damping constant h ~ 26, natural frequency of 3 Hz) Mitsutoyo JEP-6A3-2 accelerometers (Kudo et al. 2002) and Hakusan DATAMARK LS-8800 data loggers at a sampling rate of 100 Hz. The data loggers can perform GPS time calibration. Due to long hours of power outage in Kathmandu, the observation system is powered by chargeable batteries and voltage stabilizers for smooth operation. The accelerometer has a flat response (−3 dB) of ground acceleration from 0.1 Hz to an aliasing frequency (Kudo et al. 2002). It is necessary to apply a correction of the sensor-response to the observed records in order to derive accurate ground motions (Kudo et al. 2002). We installed these instruments on the first floor of reinforced concrete buildings that were one- to four-stories high, and the accelerometers were fixed to the floor with bolts. We have recorded data continuously at the four sites for over 2 years. We had observed and analyzed the data from a few moderate-size earthquakes (Bijukchhen et al. 2015) during 2 years’ observations before the 2015 Gorkha earthquake.[image: A40623_2016_383_Fig1_HTML.gif]
Fig. 1Location map. a Observation sites in the Kathmandu Valley with geological formations (modified from Shrestha et al. 1998). Strong-motion accelerometer (SMA) stations are divided into HU-TU (Hokkaido University and Tribhuvan University; red) and USGS sites (green). The GPS stations were used in Galetzka et al. (2015). b The epicenter of the 2015 Gorkha earthquake is shown by the red star. The fault plane shown with the red rectangular and the focal mechanism are estimated by USGS (2015a)




                     
The shallow subsurface S-wave velocities of the observation sites were investigated by the surface wave method during installation of accelerometers (Takai et al. 2015). The tested velocity of S-wave at a depth of 10 m was over 700 m/s at the KTP site, but it was less than 200 m/s at the other three sites. These velocities are consistent with the geological formations; KTP is located on a rock and TVU, PTN, and THM are located on lake sediments in the valley (Fig. 1a).

Ground accelerations
The fault size of the 2015 Gorkha earthquake estimated by USGS (2015a) was about 200 km long and 150 km wide (Fig. 1b), and it was associated with a large slip area near the Kathmandu Valley. During data processing, we first made a baseline correction by removing the mean determined from a segment of the pre-event part of the original record from the entire original acceleration record. Next, we made the sensor-response correction by using the FFT deconvolution filter. The accelerograms obtained after applying the sensor-response correction are shown in Fig. 2 along with those from the KATNP (Kanti Path, Kathmandu) station, which is managed by United States Geological Survey (USGS) (the records of KATNP lack absolute timing).[image: A40623_2016_383_Fig2_HTML.gif]
Fig. 2Observed ground accelerations at five stations. These have been corrected for the sensor-response; KTP is a rock site and the others are soft sedimentary sites. The waveform records at KATNP were provided by USGS (2015b)




                     
The largest peak ground acceleration (PGA, 241 cm/s2) was recorded on the EW component at the rock site KTP, and the peak amplitude of the horizontal components was 250 cm/s2 at this station. This large PGA was due to isolated short-period waves at about 30 s from the origin time. The horizontal PGA values were compared with those predicted by two ground motion prediction equations (GMPEs) for ground accelerations. We found that the observed PGA values were smaller than those estimated by the GMPEs (Si and Midorikawa 1999; Boore et al. 2014). Anderson et al. (1986) pointed out that the observed PGA values above the source area during the 1985 Michoacan, Mexico, earthquake (Mw 8.0) were considerably smaller (PGA, 100–200 cm/s2) than those during the 1985 Valparaiso, Chile, earthquake (Mw 8.0). This may indicate that the Mexico and Chile subduction zones are different from each other in terms of the nature of the interplate coupling as discussed by Houston and Kanamori (1986). The nature of interplate coupling at the Nepal collision zone on the other hand has to be studied in detail.
The horizontal accelerograms at the sedimentary sites had long duration with conspicuous long-period oscillations; however, the envelopes of oscillations in waveforms differed from site to site. Conversely, the vertical accelerograms at all the sites were nearly the same and were associated with no long-period oscillations. These observations are characterized by the site effects of the Kathmandu Valley, that is, the valley response. Conspicuous long-period accelerations were also observed within the lake zone in Mexico City during the 1985 Michoacan earthquake (Mw 8.0) (Anderson et al. 1986). The PGA values at both locations were comparable, while the predominant periods were somewhat different; specifically, the periods in the Kathmandu Valley were 3 to 5 s (see Figs. 3 and 4), while those in Mexico City were 2 to 3 s. We should note that although both the conspicuous long-period accelerations represent an effect of the lake sediments under the valleys, the exciting mechanisms may have been different because the fault distance of the Kathmandu Valley was about 10 km, whereas the relevant distance in Mexico City was about 300 km; therefore, the incoming wave fields into the two valleys were different from each other. It is well known that the long-period accelerations caused the collapse of, or severe damage to, many tall buildings in the lake zone in Mexico City (Anderson et al. 1986). Fortunately, in the case of the Gorkha earthquake, there were no high-rise or base-isolated buildings with the long natural period in and around the Kathmandu Valley.[image: A40623_2016_383_Fig3_HTML.gif]
Fig. 3Ground velocities at five stations. These velocity waveforms were derived by integrating the accelerograms, shown in Fig. 2, by using a linear acceleration method in the time domain




                        [image: A40623_2016_383_Fig4_HTML.gif]
Fig. 4Fourier amplitude spectra and spectral ratios. The Fourier amplitude spectra of the ground velocities shown in Fig. 3 (upper panel). The ratios of amplitude spectra at the sedimentary sites to those at station KTP (lower panel)




                     
The original array data are provided as Additional files 1, 2, 3, and 4.

Ground velocities
We derived the velocity waveforms by integrating the sensor-response corrected accelerograms with a linear acceleration method in the time domain (Fig. 3). The highest peak ground velocity (PGV, 99 cm/s) was given by the NS component record at TVU, and the peak amplitude of the horizontal components was 108 cm/s at this station. We then compared the observed PGV values with those predicted by the GMPEs in the same manner as that for the PGA values. While the observed PGA values were smaller than the predicted ones, the observed PGV values were slightly larger than the predicted ones.
The velocity waveforms on the NS and UD components observed at the rock site KTP displayed the typical velocity pulse ground motions; the arrival time of the velocity pulses roughly corresponded to the S-wave arrival time from the hypocenter. They showed a single-sided velocity pulse with a width of about 6 s, while the EW component showed 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 (Galetzka et al. 2015) had waveforms similar to those observed at KTP, while the amplitudes of the KKN4 velocity pulses were about 1.4 times larger than those of the KTP velocity pulses; KKN4 is a rock site in Kakani located northwest of Kathmandu as shown in Fig. 1. The velocity pulse and pulse-like ground motions observed near surface of the faults can be considered to be the effect of the forward rupture directivity or the tectonic offset (e.g., Loh et al. 2000; Mavroeidis and Papageorgiou 2003; Hisada and Bielak 2003; Baker 2007; Dreger et al. 2011). The Kathmandu Valley is located at a very close distance (~10 km) from the rupture area, and large slip areas likely exist near the valley (Galetzka et al. 2015). Furthermore, the displacement waveforms derived from the velocity pulses showed a monotonic step, as shown in Fig. 5. These facts demonstrate that the observed velocity pulses were the result of static displacement for the tectonic offset.[image: A40623_2016_383_Fig5_HTML.gif]
Fig. 5Ground displacements. Ground displacements at KTP were derived from the ground velocities shown in Fig. 3. Ground displacements at KKN4 and NAST were obtained by high-rate GPS records; these were downloaded from the UNAVCO website (Galetzka et al. 2015). The numbers attached to the gray, bolded-arrows indicate the amount of permanent deformation




                     
The UD component ground velocities at the sedimentary sites were nearly the same as those observed at the rock site KTP. In contrast, the horizontal ground velocities at the sedimentary sites had long duration with conspicuous long-period oscillations; we pointed out these features for the accelerograms discussed in the previous section (Fig. 2). Assuming that the KTP (rock site) ground velocities represent incoming wave fields into the Kathmandu Valley, we can consider the large ground velocities at the sedimentary sites in Fig. 3 to be the long-period (3–5 s) valley response. Here, we perform a simple examination of the long-period valley response in the frequency domain. The upper panel in Fig. 4 displays the Fourier amplitude spectra of the ground velocities shown in Fig. 3; we classified the spectra into three components in order to compare one another’s spectral shape for a given component. The lower panel in Fig. 4 shows the Fourier amplitude spectral ratios of the sedimentary site spectra to the rock site spectrum for each component; these figures correspond to the valley response in the frequency domain for a given site. From examination of Figs. 3 and 4, we found that the long-period valley response had the following features: (1) the horizontal valley response was characterized by large amplification (about 10) and prolonged oscillations, (2) the predominant period and envelope shape of the horizontal oscillation differed not only from site to site but also between the NS and EW components at a given site, and (3) the vertical valley response had no amplification and no prolonged oscillations. These features demonstrate that the long-period valley response of the Kathmandu Valley is considerably complicated, because they cannot be understood with one-dimensional seismic wave amplification. Previous studies indicated an uneven basement topography of the valley with many undulations (Moribayashi and Maruo 1980; Paudyal et al. 2013) which may result in a complicated response. In order to understand the factors involved in the observed long-period valley response of the Kathmandu Valley, we will have to clarify the three-dimensional underground structure of the valley in addition to the dense strong-motion observations in and around the valley.

Ground displacements
The ground velocities at KTP where the simple velocity pulses were observed on the UD and NS components were 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 (Khumaltar, Lalitpur) (Galetzka et al. 2015); these locations are shown in Fig. 1. Here, the horizontal components were rotated to the fault-normal (N205E) and fault-parallel (N115E) directions based on the USGS fault model (USGS 2015a) in order to obtain a reasonable interpretation of the Earth’s surface motion. The derived displacements at KTP were characterized by a monotonic step (also including the contributions of dynamic phases) on the fault-normal and UD components. They showed permanent displacements of 135 cm in the fault-normal direction and 63 cm in the upward direction (the vector sum was 149 cm), while there was a negligible permanent displacement in the fault-parallel direction. The displacement waveforms at KTP were similar to those at the rock site KKN4 for the three components. However, their permanent deformation values were different; the values at KKN4 were larger than those at KTP because the KKN4 site was closer to the large slip area (Galetzka et al. 2015). The UD displacement and permanent deformation at the sedimentary site NAST were similar to those at KTP. However, the horizontal displacement waveforms at NAST were different from those at KTP; the long-period oscillations observed at NAST resulted 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 did not greatly differ from those at KTP; the distance between NAST and KTP was only 6 km. These pieces of evidence indicate that the displacement waveforms at KTP derived from the accelerograms produced reliable motion for the Earth’s surface.
Conversely, the ground displacements derived from the accelerograms at our sedimentary sites and KATNP showed different waveforms than those of KTP. Although the UD displacements had similar waveforms and permanent deformations as those at the rock site KTP, the horizontal displacements showed considerable drifts. According to Boore (2001), the source of the drifts was likely the shift in the zero level due to tilting (either dynamic or permanent) in the instruments; however, the effect of tilt on the vertical components was much smaller. These observations demonstrate that the high-rate GPS waveforms captured the ground displacements better than the horizontal accelerograms at the sedimentary sites where the horizontal long-period ground motions were largely amplified, as shown in Fig. 3.

Horizontal velocity response spectra
Finally, to discuss the destructive power of observed strong ground motions for buildings, we calculated horizontal velocity response spectra (h = 0.05); the horizontal response spectrum was obtained based on the maximum of the vector sum of the two horizontal-component response histories for a specific natural period. Figure 6 shows the horizontal velocity response spectra for the five sites in the Kathmandu Valley. In this figure, the two notable response spectra TKT (Takatori, Kobe, Japan) and TCU068 (Shigang District, Taichung, Taiwan) are also shown; these were derived from records observed at the near-surface fault. The ground velocity at TKT showed pulse-like motion with a large PGV of 161 cm/s during the 1995 Kobe earthquake in Japan; the pulse-like motion was caused by the directivity effect (Kamae and Irikura 1998). The ground velocity at TCU068 showed a velocity pulse with a large PGV of 400 cm/s and a long pulse width of 8 s during the 1999 Chi-Chi earthquake in Taiwan; the velocity pulse was caused by fling-step motion (Bolt and Abrahamson 2003). These records are frequently used for building structure assessments of pulse motion (e.g., Hall et al. 1995; Kalkan and Kunnath 2006).[image: A40623_2016_383_Fig6_HTML.gif]
Fig. 6Horizontal velocity response spectra. The horizontal velocity response spectra for five sites in the Kathmandu Valley and two notable sites (TCU068 and TKT); these horizontal response spectra were obtained based on the maximum of the vector sum of the two horizontal-component response histories for a specific natural period by using the damping factor h = 0.05. The TCU068 and TKT records were downloaded from CESMD




                     
First, we compare the two response spectra for KTP and TCU068, which were derived from the velocity pulses. The TCU068 spectrum had a large peak at a period of 10 s, which was several times larger than the KTP peak at 6 s; this was due to the difference in amplitude and width of the two pulses. The spectral peaks for the sedimentary sites (TVU, PTN, THM, and KATNP) were considerably larger than that for the rock site KTP in the period range of 3 to 5 s. Furthermore, we should point out that these peaks, except for the one at PTN, were larger than the two notable response spectra in the period range of 3 to 5 s. These were due to the long-period valley response, as mentioned in the previous section. In general, we may conclude that the horizontal ground motions at the sedimentary sites had enough destructive power to damage high-rise buildings which have natural periods of 3 to 5 s.

Concluding remarks
Since the capital city of Kathmandu in Nepal is located on a sediment-filled valley and was located at a very close distance to the fault plane of the 2015 Gorkha earthquake, a wealth of new information on strong ground motions was captured there. At the rock sites, simple velocity pulses were observed on the NS and UD components; these were the result of the tectonic offset. At the sedimentary sites, although 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. Finally, we found that the horizontal long-period oscillations had enough destructive power to damage high-rise buildings. It will be important for us to understand the factors involved in the long-period valley response observed in the Kathmandu Valley based on the three-dimensional velocity structure of the valley in future studies.
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