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Abstract5

We performed a damage survey of buildings and carried out microtremor observations in the source6

region of the 2015 Gorkha eathquake. Our survey area spans the Kathmandu valley, and areas to the7

east and north of the valley. Damage of buildings in the Kathmandu valley was localized, and the8

percentage of the totally collapsed buildings was less than 5%. East of the Kathmandu valley, especially9

in Sindhupalchok district, damage of buildings was more severe. In the center of Chautara and10

Bahrabise, towns in Sindhupalchok district, the percentage of the totally collapsed houses exceeded11

40%. North of the Kathmandu valley, the damage was moderate, and 20 to 30% of the buildings were12

totally collapsed in Dhunche.13

Based on the past studies and our microtremor observations near the strong motion station, the H/V14

spectrum in Kathmandu has a peak at around 0.3 Hz, which reflects the velocity contrast of the deep15

sedimentary basin. The H/V spectra in Bahrabise, Chautara, and Dhunche do not show clear peaks,16

which suggests that the sites have stiff soil conditions. Therefore, the more severe damage outside the17

Kathmandu valley compared to the relatively light damage levels in the valley, is probably due to the18

source characteristics of the earthquake and/or the seismic performance of buildings, rather than the19

local site conditions.20
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Introduction23

The 2015 Gorkha earthquake on April 25 killed about 9,000 people and injured more than 22,000 in24

across a broad region of Nepal including the capital city of Kathmandu (The Ministry of Home Affairs,25

Government of Nepal 2015). It was the worst natural disaster to strike this country since the 193426

Bihar-Nepal earthquake (Piya 2004). There were only a few strong-motion instruments operating in the27

region at the time of the earthquake (e.g. Center for Engineering Strong Motion Data 2015; Bhattarai28

et al. 2015; Dixit et al. 2015), so it is difficult to understand the intensity and damage distribution of the29

earthquake from instrumental records.30
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We performed a building damage survey in and around the Kathmandu valley to study the distribution of31

building damage in the source region. We also carried out microtremor observations at various locations32

to understand the effect of the site amplification on the damage.33

Earthquake and strong motion records34

The 2015 Gorkha earthquake occurred at 6:11:25 UTC (11:56:25 local time) on 25 April, with a moment35

magnitude of 7.8 (USGS 2015). The estimated maximum Mercalli Intensity is IX (USGS 2015). The36

hypocenter of the earthquake is in the Gorkha district, 80 km northwest of the capital city Kathmandu37

at a depth of approximately 10 km (USGS 2015). The fault rupture extended from west to east, about38

150 km. According to several waveform inversion studies, the location of the largest slip was estimated39

to be about 80 km east of the hypocenter in the region north of Kathmandu (Galetzka et al. 2015; Yagi40

and Okuwaki 2015; Fan and Shearer 2015; USGS 2015; Wang and Fialko 2015; He et al. 2015).41

The USGS strong motion station KATNP in Kathmandu city (Center for Engineering Strong Motion Data42

2015; Dixit et al. 2015) recorded the mainshock and the acceleration and velocity waveforms are shown43

in Figure 1. The sensor records acceleration, and the velocity waveforms are obtained by integration in44

time domain after applying a baseline correction (Iwan et al. 1985; Boore 2001). The maximum velocity45

exceeds 100 cm/s on the EW component. The dominant period of the ground motion is about 5 sec (see46

Figure 2). Similar characteristics were observed in other seismograms recorded in the valley (Takai et al.47

2016). As a comparison with ground motions that have produced severe damage in Japan, we show a48

record from the 1995 Kobe earthquake in Figure 2. This recording shows predominant periods of ground49

motion of 1 to 2 sec, whereas the KATNP record has a predominant period that is unusually long-period50

(5 sec). This long-period ground motion may be due to the response of the Kathmandu basin (Galetzka51

et al. 2015). Although the long-period component is large, the shorter-period component (1-2 sec) is52

relatively small, resulting in a peak ground acceleration value of 182 cm/s2 on the UD component.53

Field survey54

We performed a damage survey of masonry buildings and microtremor measurements on September55

18-24, 2015. Our survey area spans the Kathmandu valley and regions east and north of the valley56

where we selected several major towns and classified the damage level of buildings. Our selected sites57

are: Kathmandu, Bhaktapur, Patan, Changunarayan, Nagadesh, and Piker inside the valley, Banepa,58
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Chautara, Khadichaur, and Bahrabise to the east of the valley, and Bidur, Betrawati, and Dunche to the59

north of the valley. Figure 3(a) shows the location of the target area and our survey sites are shown with60

square symbols.61

Damage survey of masonry structures62

In order to estimate the percentage of totally collapsed buildings in a town, we determined the damage63

level of the observed masonry structures (both unreinforced and confined reinforced concrete). The64

damage level is divided into 4 classes (D1-D4) depending on the integrity of the structural elements (see65

Figure 4). D1 buildings have non-structural damage such as small cracks on walls or fallen plasters,66

or minor structural damages. These buildings can be used without loss of function. D2 buildings have67

moderate damage on structural elements, such as failure of walls or cracks on columns, and require68

additional supports to maintain the seismic performance. D3 buildings have serious damage of structural69

elements, such as a tilt of the structure, and cannot be used. D4 buildings are totally collapsed or were70

cleared at the time of the survey. We defined D2 buildings as partially collapsed, and D3 and D4 buildings71

as totally collapsed. Compared to the European Macroseismic Scale (EMS-98), our D2 corresponds to72

Grade 4 of EMS-98, and D3 and D4 correspond to Grade 5. For the comparison with the ASCE structural73

performance levels (ASCE41), D1 corresponds to the immediate occupancy (S-1), D2 to the life safety74

(S-3), and D3 and D4 to the collapse prevention (S-5).75

We spent 1 to 2 hours for larger towns and classified 50 to 100 masonry buildings at each location into76

the damage categories that are described above. The selected buildings are located in the main business77

district of each town. The towns outside of Kathmandu that were surveyed (Bahrabise, Chautara, and78

Dhunche) are relatively small so we were able to see most of the buildings, and we visually confirmed79

that the damage percentage of buildings selected for a detailed survey is consistent with that of the entire80

town. Four people participated in the survey of each town and all photos and observations of the damage81

were shared among the participants in order to obtain a more complete damage survey.82

Although there were many reports of severe damage to older historical structures (e.g. Goda et al. 2015),83

we focused on the modern houses and shops for consistency. In transit to the various towns, we also84

recorded the percentage of totally collapsed buildings with a visual inspection from the vehicle. These85

records may be less precise, and are shown with small circles in Figure 3(a).86
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Ambient noise measurement87

The microtremor survey has been used to evaluate the relationship between the earthquake damage88

and local site effects (e.g. Chatelain et al. 2008; Hellel et al. 2010; Yamada et al. 2014). We also89

performed ambient noise measurements to evaluate the near-surface site response characteristics for each90

town. We used the JU210 instrument made by Hakusan Corporation, which includes a three-component91

accelerometer, data logger, and battery, in a single casing. The sampling frequency was 100 Hz and the92

cut-off frequency of the high-cut filter was 30 Hz. We performed these measurements for 5-30 minutes93

depending on the site condition. Typical 2-3 sites were measured in each town.94

The ratio of the horizontal to vertical spectrum (H/V) at each site is computed from the ambient noise95

record (Nakamura 1989), using the following method. First, 5 segments with 4096 points (40.96 s) were96

randomly selected from each record and the Fourier amplitude spectrum of each segment was computed.97

After smoothing the spectra with a filter (Parzen window at 0.05 Hz), each horizontal spectrum is divided98

by the vertical spectrum. We repeated this selection 100 times, and a set of the 5 spectra with the smallest99

variance were selected. In the end, we take the mean of the spectra from the two horizontal components.100

Results of the survey101

Building damage102

The percentage of the totally collapsed buildings in each site is shown in Figure 3(a). Damage of buildings103

in the Kathmandu valley was localized (Bhaktapur, Sanku, and near the bus terminal in Kathmandu104

city), and the percentage of the totally collapsed buildings was less than 5% in the entire valley (personal105

communication from the Department of Mines and Geology, DMG). East of the Kathmandu valley,106

especially in Sindhupalchok district, damage of buildings was severe. In the towns of Chautara and107

Bahrabise, the percentage of the totally collapsed houses exceeds 40%. There were also totally destroyed108

small villages observed on the way to those towns. North of the Kathmandu valley, the damage was109

moderate, with 20 to 30% of the buildings totally collapsed in the towns of Betrawati and Dhunche.110

Figure 3(a) also shows the fatalities in each district with the background color (The Ministry of Home111

Affairs, Government of Nepal 2015). The distribution of the heavily damaged villages was consistent with112

the distribution of fatalities. The most fatalities are in Sindhupalchok district, where more than 3000113

people were killed (The Ministry of Home Affairs, Government of Nepal 2015). In our damage survey, two114

towns in the district (Chautara and Bahrabise) were severely damaged with 40% of the totally collapsed115
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buildings. This suggests that the substantial fatalities were caused by the collapse of the structures.116

Next we focus on four major population centers (Kathmandu, Bahrabise, Chautara, and Dhunche) and117

describe the city properties, building types, and damage (see Figures 5 and 6).118

Kathmandu: Kathmandu is the capital of the country with a population of about 1 million people.119

There are modern high-rise buildings with reinforced concrete structures in the central business district,120

but the majority of the buildings are masonry structures. The USGS strong motion station is located121

inside the old embassy building in the Thamel district, in the center of the city. There are almost no122

totally collapsed structures around the station.123

Bahrabise: Bahrabise is a village located 60 km east-northeast of Kathmandu, in Sindhupalchowk124

district. It is located on the Araniko Highway which connects Kathmandu to the Chinese border in the125

north. The village is developed along this main highway, running along the Sun Koshi river. There are126

quite a few stone structures in this village. These are made by piled rubble stones and the surface is127

covered by plaster, with an added decoration of brick pattern on top (EERI and IAEE b). In our field128

survey, 42% of buildings were totally collapsed, and 11% were partially collapsed.129

Chautara: Chautara is a municipality located 40 km east-northeast of Kathmandu, and headquarters130

of Sindhupalchowk district. It is a city in a mountainous region with an elevation of approximately 1,600131

m above sea level. Most of the buildings are masonry structures which were heavily damaged during the132

earthquake. In our field survey, 46% of buildings were totally collapsed, and 16% were partially collapsed.133

Some houses are made by entirely made of brick, and others have reinforced concrete frames and brick134

infill.135

Dhunche: Dhunche is a village located 50 km north of Kathmandu, and headquarters of Rasuwa district.136

It is a village within the Langtang national park, and was popular among hikers before the earthquake.137

The altitude of the village is about 2,000 m. The Pasang Lhamu Highway, connecting Kathmandu and138

Dhunche, was heavily damaged by landslides induced by the earthquake. In our field survey, 27% of139

buildings were totally collapsed, and 25% were partially collapsed. Most of the structures are made of140

brick, with or without reinforced concrete frames (EERI and IAEE a).141

Microtremor survey142

Figure 6 shows the H/V spectra of the ambient noise measured in Kathmandu, Bahrabise, Chautara, and143

Dhunche. The location of the measurement in Kathmandu is near the USGS strong motion station, and144

others are close to the centers of the towns. We performed multiple measurements within the damage145
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survey area, and confirmed that the major characteristics of the spectra were consistent among the146

measurements.147

The H/V spectrum in Kathmandu has a single peak at around 0.3 Hz. The frequency of this peak148

is consistent with the past studies (Paudyal et al. 2012, 2013) and reflects the velocity contrast of the149

deep sedimentary basin (Paudyal et al. 2012, 2013; Sakai et al. 2002). This low-frequency basin response150

is generally consistent with the long-period (0.2 Hz) transient waves that were excited by the Gorkha151

earthquake, as seen on the strong-motion record (Galetzka et al. 2015). The frequency is somewhat152

different, however, we note that the predominant period of the soil structure tends to become longer153

under strong shaking.154

The H/V spectra in Bahrabise, Chautara, and Dhunche do not show clear peaks, which suggests that155

there is no strong contrast in the velocity structure. Since these areas located mountainous areas, we156

think the site conditions are rather stiff and effect of the near-surface amplification is probably not large157

(Bonnefoy-Claudet et al. 2009).158

Discussion159

Our field survey shows relatively less damage in the Kathmandu valley, and more significant damage160

east of the valley. The source models generated by near-source GPS and teleseismic waveform inversions161

suggest that the maximum slip is 20 to 30 km north of Kathmandu. The long-period pulse originating162

from this large slip caused the transient response in the Kathmandu valley, and generated long-period163

ground motions with a predominant period of 5 sec. However, this period is probably too long to cause164

severe damage to the low-rise masonry structures. We measured the natural period of several masonry165

structures in Kathmandu during the field survey, and found they were 3-4 Hz for 2 story buildings.166

The recorded long-period ground motion may have caused more serious damage if there had been many167

high-rise buildings in the city.168

The cause of the significant damage east of Kathmandu valley is more difficult to explain. Since the169

structure types are low-rise masonry buildings, the natural period of buildings is about a few Hz.170

Therefore, the ground motion should have included more high-frequency content to cause the serious171

damage in structures that we observed. Since the earthquake rupture propagated from west to east172

(Galetzka et al. 2015) and the towns are located in the direction of propagation from the large slip (see173

Figure 3(b)), seismic directivity may contribute to the strong shaking in the eastern region.174
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Difference of the seismic performance of structures is also one of the possible reasons of the damage.175

Although majority of construction was a masonry structure, there are various forms of masonry, consisting176

of solid brick, concrete block, or stone, with either cement or mud mortar connection Bhattarai and177

Conway (2010); Shrestha et al. (2012). Reinforcement of concrete frame also sometime exists. The178

percentage of reinforced buildings affects on the damage ratio of buildings. Our microtremor survey in179

Bahrabise and Chautara showed the effect of near-surface soil amplification is probably minor and at180

least that is not the cause of the severe damage.181

Note that since our survey was performed after the M 7.3 aftershock of May 12, 2015, it is difficult to182

definitively separate the damage due to the mainshock from that caused by the aftershock. However, at183

most of the sites the USGS shakemap predicts that the strong motion of the mainshock was larger than184

that of aftershock. On-site interviews with local residents confirmed that most damage was due to the185

April 25, 2015 mainshock. However, some of the observed damage at easternmost sites close to the May186

12 aftershock, such as Bahrabise, may have been caused by the aftershock.187

Conclusions188

We performed a damage survey of buildings and carried out microtremor observations in and around the189

Kathmandu valley to estimate distribution of damage and ground motions of the 2015 Gorkha eathquake.190

Damage of buildings in the Kathmandu valley was heterogeneous, but overall, the percentage of the191

totally collapsed buildings was less than 5% in the Kathmandu valley. On the other hand, outside of192

the Kathmandu valley, especially to the east, damage to buildings was more severe, exceeding 40% of193

totally collapsed buildings in Chautara and Bahrabise. Our preliminary survey was limited in space194

and resolution, and more complete survey is required to obtain a complete assessment of the damage195

distribution.196

Based on the past studies and our microtremor observations near the strong motion station, the H/V197

spectrum in Kathmandu has a peak at around 0.3 Hz, which reflects the velocity contrast of the deep198

sedimentary basin. The H/V spectra in Bahrabise, Chautara, and Dhunche, which are in severely199

damaged areas, do not show clear peaks, which suggests that the soil conditions have stiff properties.200

Therefore, the more severe damage outside the Kathmandu valley compared to the relatively light damage201

levels in the valley, is probably due to the source characteristics of the earthquake and/or the seismic202

performance of buildings, rather than the local site conditions.203
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Figure 1. Strong motion record of the mainshock recorded at the USGS KNTNP station in Kathmandu.

Top: acceleration waveforms, bottom: velocity waveforms.

Figure 2. Comparison of acceleration response spectra. The USGS data recorded in Kathmandu KATNP

station and the JR Takatori record for the 1995 Kobe earthquake (all measurements have a 5% damping

coefficient).

Figure 3. Summary of the damage survey and a source model. (a) Damage percentage of totally collapsed

buildings at the sites we visited (squares), and sites visually inspected from the vehicle (circles). The

large and small stars show the epicenter of the mainshock and aftershock on May 12, respectively. The

background color indicates the fatalities in each district. (b) Source model (Fig 1A of Galetzka et al.

(2015) was revised). The area is the same with Figure 3(a).

Figure 4. Photo of buildings with damage levels D2-D4. (a) D2: plasters on the column was fallen down.

(b) D3: permanent drift was observed. (c) D4: almost all infil was fallen down.

Figure 5. Photo of the areas where damage surveys and microtremor measurements were carried out.

Figure 6. Location of mictotremor measurements and H/V spectra in each town. Left: Map of the

surveyed area (white painted area) and location of H/V measurements (yellow circles). Google Earth

was used to make maps. Right: H/V spectra measured at the location.
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