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SUMMARY
The 2015 M,, 7.8 Gorkha, Nepal earthquake is the largest event to have struck the capital
city of Kathmandu in recent times. One of its surprising features was the frequency con-

tent of the recorded ground motion, exhibiting a notable amplification at low frequencies

(< 2 Hz) and a contrasting depletion at higher frequencies. The latter has been partially at-
tributed to the damper behaviour of the Kathmandu basin. While such weak high-frequency
ground motion helped avoiding severe damage in the city, the catastrophic outcomes of
earlier earthquakes in the region attest to a contrasting role of the Kathmandu basin as a
broadband amplifier, in addition to possible source effects. Given the possibility of future
strong events in the region, our main objective is to elucidate the seismic behaviour of the
Kathmandu basin by focusing on site effects. We numerically model 2D P-SV wave prop-
agation in a broad frequency band (up to 10 Hz), incorporating the most recent data for
the Kathmandu basin geometry, soil stratigraphy and geotechnical soil properties, and ac-
counting for the non-linear effect of multi-dimensional soil plasticity on wave propagation.

We find that: 1) the Kathmandu basin generally amplifies low frequency ground motion
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2 E. Oraletal
(< 2 Hz); 2) waves with large incidence angles relative to vertical can dramatically amplify
the high frequency ground motion with respect to bedrock despite the damping effect of soil
nonlinearity; 3) the spatial distribution of peak ground motion amplitudes along the basin
is highly sensitive to soil nonlinearity and wave incidence (angle and direction), favoring
larger values near the basin edges located closer to the source, as observed during the 2015
event. Our modelling approach and findings can support the ongoing resilience practices in
Nepal and can guide future seismic hazard assessment studies for other sites that feature

similar complexities in basin geometry, soil stratigraphy and dynamic soil behaviour.

Key words: Numerical modelling, Earthquake ground motions, Site effects, Wave propa-

gation, Elasticity and anelasticity, Asia

1 INTRODUCTION

The 25 April 2015 Gorkha, Nepal earthquake (magnitude 7.8) was the largest event to hit the
capital city of Kathmandu in recent times, yet seismic hazard in the region remains high (e.g.,
Avouac et al. 2015; Galetzka et al. 2015; Rajaure et al. 2017). The rupture broke the bottom por-
tion of the locked zone of an eastern segment of the Main Himalayan Thrust (MHT) (Avouac
et al. 2015; Zhang et al. 2016). Kathmandu is located within 80 km of the epicenter. Within a
month, two M6+ aftershocks occurred (magnitudes 6.7 and 6.8) in the southeast of the main-
shock epicenter. The following day, the strongest aftershock of magnitude 7.3 occurred east of
Kathmandu, near Dolakha, and was followed by a M 6.2 aftershock in its proximity (Fig. 1a).
The ruptures during this sequence of five events did not reach to shallower parts of the fault. The
possibility of stress transfer to the unbroken shallower portion of the fault and the long-known
seismic gap in the western part of the MHT underline the likelihood of another M7+ megathrust
event in the area (Avouac et al. 2015; Dal Zilio et al. 2019).

The seismic response of the Kathmandu basin during the Gorkha event was particular:
ground motion was notably weak at high frequencies and enhanced at low frequencies com-
pared to empirical expectations (e.g., Galetzka et al. 2015; Rajaure et al. 2017; Takai et al.
2016; Asimaki et al. 2017). The recorded amplitudes at the stations of the Kathmandu Val-

ley were below the estimations of ground motion prediction equations (GMPE) at frequencies
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Figure 1. Overview of the 2015 Gorkha, Nepal earthquake sequence and Kathmandu basin. (Top) Epi-
centres of the selected past earthquakes (stars), surface trace of the Main Himalayan Thrust (red curve),
lateral extension of the 1934 rupture (black curve), and location of the Kathmandu basin (black dashed
square, with the red line indicating the 2D cross-section). (Bottom) Detailed view of the 2D basin model,
with vertical axis scaled 10 times for better visualisation. Red squares indicate the locations of seismic

stations.
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higher than about 2 Hz (Rajaure et al. 2017; Hough et al. 2016). Since such weakness of high-
frequency ground motion was observed at both rock and soil stations, it is mainly associated
with source effects, namely a deficiency of high-frequency radiation by the earthquake rupture
in the proximity of the basin. Soil nonlinearity is an additional factor that could have led to
further attenuation of high-frequency ground motion inside the basin, and is a subject of the
present work. Ground motion amplification by the basin, quantified by peaks in the basin-to-
rock spectral ratios of ground motion, was observed to occur at lower frequencies during the
strongest events of the sequence (M 7.8 Gorkha mainshock and M 7.3 Dolakha aftershock) than
during the weaker aftershocks. This observation was interpreted as a reduction of the resonance
frequency of the basin induced by soil nonlinearity (e.g., Rajaure et al. 2017; Asimaki et al.
2017).

On the other hand, low-frequency ground motion in Kathmandu was enhanced due to site
effects controlled by the basin geometry and soil stratigraphy. A striking difference between the
recordings of rock and soil stations is the prolonged ground motion at the soil stations at low
frequencies, on the order of 40 seconds longer. This difference is exemplified in Figure 2 by
comparing the recordings of a rock station (KTP) and a soil station (TVU) that are separated
by less than 1 km — short enough to ignore differences in source effects. Moreover, during all
the events of the Gorkha sequence, the ground motion Fourier spectra below ~ 2 Hz at soil
stations were up to 5 times larger than at rock stations, which is an indication of site effects
of the Kathmandu basin (e.g., Rajaure et al. 2017). The amplification of ground motion at low
frequencies due to basin resonance is indeed a well-recognised phenomenon that has been re-
ported for many areas, such as Seattle, USA (Frankel et al. 2002), L’ Aquila, Italy (De Luca et al.
2005), and Quito, Ecuador (Laurendeau et al. 2017).

Concerning high-frequency ground motion, Kathmandu basin may have played a contrast-
ing role during past earthquakes. Prior to the 2015 earthquake, severe seismic vulnerability was
reported for the structures in the Kathmandu Valley (JICA 2002; Dixit et al. 2013). The weak-
ness of the high-frequency ground motion during the Gorkha sequence, which was partially
due to the basin nonlinearity as discussed above, was a fortunate feature: it may have prevented

further damages in Kathmandu. Damage was not severe on residential structures, which are
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Figure 2. Ground motion recordings of the 2015 Gorkha earthquake at rock and soil stations. East-west
ground velocity time histories (top) and short-time Fourier transform spectogram (bottom) for the rock
station KTP (a) and the soil station TVU (b). Origin time is 2015-04-25 06:11:25.95.

commonly reinforced concrete buildings with masonry infills, mostly three to four stories high,
and sensitive to higher frequencies than high-rise buildings (Chiaro et al. 2015; Hashash et al.
2015; Kaushik et al. 2016). By contrast, available documentation on earlier earthquakes points
to extensive and much higher human and damage tolls (e.g., Sapkota et al. 2013; Dixit et al.
2013). For example, the 15 January 1934 earthquake, which likely had a magnitude of M, 8.1-
8.2, caused great destruction and 11,000 deaths (Auden & Ghosh 1935; Singh & Gupta 1980).
Its extensive damage in Kathmandu was possibly due to strong amplification inside the basin
(e.g., Hough & Roger 2008). Similar outcomes were also reported for the 1255 earthquake (e.g.,
Sapkota et al. 2013). In light of such a contrast between the impact of different earthquakes on
Kathmandu, and given the poor construction practice (e.g., Dixit et al. 2013), we hypothesise a
stronger high-frequency ground motion for the events before the Gorkha earthquake.

Given the high seismic hazard and the possible disparity of the Kathmandu basin behaviour
in the past, we primarily address the following question: What seismic response of the Kath-
mandu basin should we expect during future earthquakes — possibly a different frequency
content or spatial distribution than during the Gorkha earthquake? To answer this question, we
here focus on site effects: despite possibly short source-to-site distance, we ignore complexities

arising from fault finiteness by limiting our study to the assumption of plane wave incidence.
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6 E. Oraletal
We numerically model the 2D broadband seismic response of the Kathmandu basin for linear
and non-linear soil behaviour and different wave incidences. Previous numerical modelling of
the Gorkha earthquake supported that the Kathmandu basin can enhance low frequency ground
motion (Ayoubi et al. 2018; Wei et al. 2018) and attenuate high frequency ground motion by soil
nonlinearity (Ayoubi et al. 2018; Chen & Wei 2019), but these studies were based on substan-
tial simplifications, notably simplified basin geometry and soil stratigraphy, and 1D modeling of
soil nonlinearity. Here we take these initial efforts a step further, by considering a realistic basin
structure and geotechnical soil properties, obtained by a recent geotechnical survey (SAFER,
Gilder et al. 2020), together with a 2D nonlinear modelling approach that couples 2D basin
effects and multi-dimensional soil plasticity (Oral et al. 2019). Previous work showed that the
amplification of ground motion due to basin effects can be severely damped by soil nonlinear-
ity (Marsh et al. 1995; Psarropoulos et al. 2007; Roten et al. 2014; Esmaeilzadeh et al. 2019),
yet a 1D wave propagation modelling approach underestimates the ground motion even when
soil nonlinearity is triggered (Ragozzino 2014; Chen et al. 2015; Oral et al. 2019). Moreover,
2D and 3D wave propagation effects also enhance nonlinearity when multi-dimensional soil
plasticity is considered, compared to 1D plasticity, which can affect final surface displacement
(e.g., Oral et al. 2017). Thus the consideration of multi-dimensional soil plasticity is necessary
for a robust estimation of ground motion amplitudes. In addition, as reported in earlier studies
on simplified 2D basin models, wave incidence angle can significantly impact the amplitude,
duration and spatial distribution of ground motion (Liu et al. 1991; Papageorgiou & Kim 1993;
Bonilla et al. 2011; Zhu et al. 2016; Zhang et al. 2017). Site-specific features, such as surface
topography, irregular geometry of layer interfaces, and asymmetry of basin geometry, can fur-
ther contribute to variability of ground motion across the basin (e.g., Ragozzino 2014) and are
not well captured by 1D modelling approaches. Given that the Kathmandu basin is surrounded
by active faults and is not symmetrical, we also investigated the sensitivity of the ground motion
inside the Kathmandu basin to the obliquity of incident waves.

In the following, we first present the studied area, and the methods and data used for numer-

ical modelling. Then, we report our results on site effects in the Kathmandu basin at low and
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Seismic response of Kathmandu basin 7
high frequencies. Next, we discuss the spatial variation of ground motion along the Kathmandu

basin. Last, we summarise our main findings and perspectives for future research.

2 METHODS AND SITE PROPERTIES

Kathmandu is located on an intermontane basin in the midland of the Lesser Himalayas (Sakai
et al. 2002). Here we study one of its 2D cross-sections that extends in the east-west direction.
We first created the 3D geometry of the Kathmandu basin by combining the sub-surface images
of Piya (2004) with geotechnical data. Piya (2004) developed a database of subsurface geometry
for liquefaction hazard assessment; we processed these images with the geotechnical dataset of
SAFER (Gilder et al. 2020) and obtained a 3D model of the basin geometry. For the numerical
models in this study, we selected a 2D cross-section that covers the locations of the stations that
were deployed by Takai et al. (2016), as indicated by the red line in Fig. 1a.

We set three sediment layers for the basin and consider that the shallowest layer is nonlinear.
Figure 1b displays the geometry of the layers in our 2D section. The deepest part is mostly
filled with sand and gravel; the middle part is mainly clay; and the shallowest part is made of
fine-to-medium sand, and silt intercalated with clays (Sakai 2001). Outside the basin, basement
rock is formed by Precambrian to Devonian rocks. In accordance with this knowledge, we set
three types of basin soil: Bagmati (prelake deposit), Kalimati (lake deposit) and Patan (postlake
deposit). The basin model has a length of 24.4 km and a maximum depth of about 450 m in the
central part. We referred to the recent geotechnical project SAFER (Gilder et al. 2020) while
setting up the soil properties in the 2D Kathmandu basin model, listed in Table 1. To simplify
the evaluation in the following, we virtually divided the basin into three sections, referred to
hereafter as the western, middle, and eastern parts of the basin, respectively, as denoted by I, 1,
and III in Fig. 1b.

In the absence of detailed knowledge of soil nonlinearity properties, we assumed that only
the first layer is nonlinear, given its soil type, relatively shallow depth and low velocity. We set
a cohesion and friction angle of 20 kPa and 10 degree, respectively. We verified our choice by
determining soil nonlinearity properties, mainly the backbone curve, from the shift of resonance

frequencies observed during strong events, by applying the method of Castro-Cruz et al. (2020)
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Table 1. Soil properties of the Kathmandu basin model.

Layer Soil type Density Vp, (m/s) Vs (m/s) Qp Qs

Postlake deposit  Fine to medium sand and silt 1600 416.33 200 40 20
Lake deposit Clay 1800 810.00 425 80 40
Prelake deposit Gravel and Sand 2000  2298.40 1250 230 125

Bedrock Precambrian to Devonian rocks 2530 5500.00 3200 300 150

to the ground motion recordings of the Gorkha sequence (detailed in SI). In our models, the
overburden (or effective) stress increases with depth, such that the backbone curve varies with
depth inside the nonlinear layer. With our choice of nonlinearity parameters, the mid-layer has
a backbone curve consistent with the one obtained by frequency-shift analysis. In addition, for
all layers, we considered viscoelastic attenuation by setting quality factors that approximately
equal 10% of the velocity values, as shown in the table. We denote the viscoelastic cases as
‘linear’ cases throughout the manuscript.

We numerically modelled seismic wave propagation in linear and nonlinear media in 2D
with P-SV polarisation (in-plane). We used the spectral element method (e.g. Komatitsch &
Vilotte 1998; Chaljub et al. 2007) implemented in the software SEM2DPACK for 2D seismic
wave propagation (Ampuero et al. 2002; Ampuero 2012) including soil nonlinearity (Oral et al.
2019). (See Data and resources section for software availability.) The implemented model of
soil nonlinearity follows the Iwan (1967) method and is based on the formulation of Joyner
(1975), as detailed in Oral et al. (2019). We set the element size to achieve a good resolution of
the wavefield up to 10 Hz, accounting for possible velocity reduction due to soil nonlinearity.
We set the boundary conditions as periodic on the sides, free surface on top, and absorbing
(Clayton & Engquist 1977) at the bottom. We verified for both vertical and oblique incidence
cases that our model set-up satisfactorily works to avoid artificial reflections from boundaries
towards the basin. We use the leap-frog scheme for time discretisation and set the time step to
satisfy a Courant-Friedrichs-Lewy (CFL) condition with Courant number < 0.3.

We analysed different levels of triggered soil nonlinearity by comparing the basin response
to two different input motions with same amplitude but contrasting waveform complexity. Trig-

gered soil nonlinearity is known to correlate with the peak amplitude of input motion: a dynamic
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Figure 3. Input motions used in the simulations. Velocity-time histories (left) and Fourier amplitude
(right) for the pulse-like input (top) and the Northridge input (bottom).

loading with a larger peak acceleration generally induces larger plastic strain. In addition, the
complexity of the input motion, qualified by the number of loading-unloading cycles, also af-
fects the level of soil nonlinearity (Gélis & Bonilla 2012). This implies that stronger nonlinearity
can be expected for input time histories with more zero-crossings. Thus, we prepared two input
motions, with the same peak acceleration of 0.1 g —simply by scaling their amplitude— but
contrasting level of complexity: a smooth pulse-like input motion made of a Ricker wavelet
(hereafter referred to as ‘pulse-like’ input) and a real input motion based on the recording of the
1994 Northridge earthquake at LAQO station in the east-west direction (hereafter referred to as
‘Northridge’ input). Figure 3 displays their velocity-time histories and corresponding Fourier
amplitudes. Both inputs have sufficiently high energy below 5 Hz, and the Northridge spectrum

peaks at half lower frequency (~ 1 Hz) than the pulse-like spectrum.

3 RESULTS
3.1 Kathmandu Basin typically enhances the low-frequency ground motion (< 2 Hz)

We find that the Kathmandu Basin can amplify low-frequency ground motion with and without

soil nonlinearity. Figure 4a displays the site-to-rock spectral ratios along the basin length for



189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

10 E. Oral et al.

linear and nonlinear models up to 4 Hz, the upper frequency at which the input motions have
substantial energy (Fig. 3). We used the geometric mean of the fast Fourier amplitudes of ground
motion at rock stations when calculating the spectral ratios. To isolate the effect of rheology, we
considered vertically incident plane waves. In the linear model, the spectral ratios reach values
around 8 inside the basin, in particular below 2 Hz. We find fundamental frequencies in the
range of 0.3-1.5 Hz. The largest spectral ratios correspond to about 0.5 Hz mostly in the central
basin sections. Spatial variations to higher values are present near local basin edges as expected
given the irregularities of the basin geometry and layer interfaces, and the rough topography
near the basin edges (Fig. 1b). Our frequency range is in agreement with the 0.1-2.5 Hz range
reported in the observational studies on the Gorkha earthquake cited above. Potential reasons
for the narrower range found here are the lack of 3D effects (coupling of P-SV and SH waves),
geometrical features at surface and depth that are not represented in our 2D cross-section, and
a spatial variability of the presence of nonlinear layers and triggered nonlinearity in contrast to
our assumption that only the 1st layer is nonlinear. Investigating whether the inclusion of these
factors can capture the reported frequency range of basin resonance is of interest for further
studies on Kathmandu. Consideration of basin nonlinearity notably reduces the spectral ratios
for both input motions. However, the spectral amplification around the fundamental frequency
persists. Thus, the Kathmandu Basin can enhance low-frequency ground motion, as observed
during the Gorkha earthquake, for both linear and nonlinear basin rheologies.

Pronounced low-frequency ground motion in the Kathmandu Basin also occurs under oblique
wave incidence. In Figure 5, we present the soil-to-rock spectral ratios for three wave incidence
angles relative to the vertical axis: 30 degrees from west, 0 degrees and 30 degrees from east.
An incidence of 30 degrees is plausible for the regional seismotectonics and useful for com-
parison purposes. We used the Northridge input and considered soil nonlinearity in all the three
cases. The change of incidence angle causes local variations in the fundamental frequencies and
spatial pattern of the spectral ratios. If incidence is from west (east), the largest amplification
appears in the western (eastern) side of the basin. In all cases, the largest soil-to-rock spec-
tral ratios occur at low frequencies, below 2 Hz, which corroborates the amplification of low

frequency ground motion by the Kathmandu basin effects.
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Figure 4. Site-to-rock spectral ratios for different soil rheologies. (Left) 2D spectral ratios for a vis-
coelastic model (top) and nonlinear models with pulse-like input (middle) and Northridge input (bot-
tom). (Right) Spectral ratios of the three models at the location of station TVU (yellow triangle on the
left plots). Wave incidence is vertical in the three cases. Outer and inner dashed lines indicate the basin-
bedrock limits and inner basin sections, respectively.

3.2 Oblique wave incidence can boost high frequency ground motion despite soil

nonlinearity

Soil nonlinearity causes ground motion damping and local reduction of fundamental frequen-
cies for the input motions used here. To evaluate how the soil nonlinearity can affect the wave
propagation in the basin, we evaluated the soil-to-rock spectral ratios of the nonlinear cases
with pulse-like and Northridge inputs (Figure 4). Both cases lead to smaller spectral ratios and
slight reductions of fundamental frequencies compared to the linear simulation. As expected
from the discussion in Section 2, the Northridge input case produces stronger nonlinearity than
the pulse-like case, manifested by slightly smaller fundamental frequencies at certain basin lo-
cations (e.g., between 17 and 20 km) and additional damping that changes the spatial pattern
of spectral ratios. The spectral ratios at the TVU station (Figure 4b) show a damping in both
nonlinear cases up to a factor of 3 with respect to the linear case. The higher nonlinearity level
in the Northridge case is seen at TVU by slightly smaller spectral ratios above ~1 Hz. In ad-

dition, both nonlinear cases produce a slight shift in the resonance frequencies (from 0.5 Hz
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Figure 5. Site-to-rock spectral ratios for different cases of wave incidence. Shown for oblique incidence
from west with 30 degrees (top), vertical incidence (middle), and oblique incidence from east with 30
degrees (bottom). We used Northridge input and considered soil nonlinearity in all the three cases. Outer
and inner dashed lines indicate the basin limits and inner basin sections, respectively.

to 0.45 Hz for TVU), which are comparable to the reported frequency shift values during the
Gorkha mainshock with respect to aftershocks.

Our further comparisons between the simulations using Gorkha and Northridge inputs sup-
port the role of source frequency-content on depletion of high frequency ground motion during
the Gorkha earthquake, in addition to soil nonlinearity. We performed additional simulations by
using as incident input motion the east-west component of the Gorkha event recording at the
rock-site station KTP. For both the Gorkha and Northridge inputs, we first quantify the damp-
ing due to soil nonlinearity, specifically by calculating the relative change of Fourier spectrum
integral of nonlinear case with respect to that of the linear case. Details about the chosen time
windows to compute the damping percentages are given in SI. Figure 6 (a-b) shows the ground

velocity Fourier amplitudes at the soil station TVU. For both input motions, soil nonlinear-
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Seismic response of Kathmandu basin 13
ity causes notable reduction of the ground-motion spectral amplitude above 0.4 Hz, reaching
more than 50% reduction relative to the linear case. Second, we quantified the difference of
high frequency source content (above 0.4 Hz) between the two cases. In Figure 6¢, we compare
the spectra of the two input motions: The spectral content above 0.4 Hz in the Gorkha case is
weaker by roughly 20 % compared to the Northridge case. In reality, incident ground motion
can further vary due to the fault finiteness. Despite the plane wave assumption here, such a
20% vs 50% partition of the roles of source and soil nonlinearity on the high-frequency ground
motion depletion underlines the likelihood of the coupled effect of these two factors during the
Gorkha earthquake.

On the other hand, despite basin nonlinearity, a critically oblique wave incidence can boost
the high frequency ground motion (> 2 Hz) inside the Kathmandu basin with respect to the
outer rock. We performed an additional set of simulations with gradually increased incidence
angles and adopting the Northridge input. Figure 7a shows the soil-to-rock spectral ratios in
linear simulations with wave incidence angles of 30, 40 and 45 degrees from East. The basin
strongly amplifies ground motion over a broader frequency band at increasing incidence angle.
At 40 degrees of incidence, the amplification above 1 Hz is concentrated at the edges of the
three sections of the basin, and the soil-to-rock spectral ratio reaches a factor of ~10 below
5 Hz. At 45 degrees of incidence, the amplification is dramatically larger all over the basin. The
theoretical value of refraction due to impedance contrast (by Snell’s law) ranges between 20
and 28 degrees for the 1D simplification of the soil strata. Our additional 2D simulations prob-
ing more incidence angles (supporting figures in SI) show that strong broadband amplification
above 2 Hz occurs at incidences higher than ~42 degrees. Figure 7b shows the same compar-
ison but including soil nonlinearity. The soil nonlinearity attenuates the ground motion for all
the cases of wave incidence angle. Despite that, the enhanced high-frequency amplification at
increasing incidence angle prevails. Such a dominant amplification effect is also seen at the lo-
cations of two soil stations, TVU and THM (Figure 8): their spectral ratios are a factor of ~ 5
larger at 45 degrees incidence than at 30 degrees incidence, at frequencies > 0.5 Hz.

We propose that the incidence angle effect may have contributed to the differences in the

response of the Kathmandu basin during past earthquakes, in addition to possible differences
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Northridge input motions (bottom).
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Figure 7. High-frequency ground motion amplification due to the criticality of wave incidence. Site-
to-rock spectral ratios for oblique incidence with 30 degree (top), 40 degree (middle), and 45 degree
(bottom), for linearity (left) and nonlinearity (right) considerations. Outer and inner dashed lines indicate
the basin limits and inner basin sections, respectively. Locations of TVU (x=13.8 km) and THM (x=23.1

km) stations are denoted by triangles.
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Figure 8. High-frequency ground motion amplification due to wave incidence angle at selected soil
stations. Comparison of the soil-to-rock spectral ratios between the cases of 30 and 45 degrees, and
the observation during the 2015 Gorkha earthquake, shown for stations TVU (left) and THM (right),

calculated as the ratio of Fourier amplitudes between each station recording and that of KTP rock station.
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of source frequency-content. The 2D cross-section that we are analysing extends almost paral-
lel to the fault strike of the 2015 earthquake, in the east-west direction (Figure 1). Given that
the rupture propagation was also in this direction during the 2015 earthquake, the real case
scenario of the dominant incidence angle and direction is likely to have varied along our 2D
model, differently than our plane wave assumption. Comparing our simulation results with the
Gorkha observations, in Figure 8, the spectral ratios for the incidence of 30 degrees fit better
the observations. At TVU station, there is good agreement up to frequencies of ~2 Hz, and the
resonance frequencies are mostly compatible. At THM station, the synthetics overestimate the
observation, but the spectral shape is similar up to ~4 Hz. Moreover, for both incidences the
synthetic cases result in larger spectral ratios than the observations above ~2 Hz. Because the
Northridge input has a broader spectrum than the Gorkha source, this result supports the idea
that a larger high-frequency amplification could have been observed if the Gorkha source had
been richer in that frequency range. We do not have any means to make a similar evaluation for
the earlier earthquakes (such as the 1255 and 1934 events) due to the absence of instrumentation
at the time, which makes it unclear to assess whether these events are near- or far-field sources.
Assuming near-field sources and given that those past earthquakes likely occurred farther from
Kathmandu than the 2015 event and yet caused more damages in the Kathmandu basin, the inci-
dence angle deserves to be accounted for in seismic hazard assessment studies for Kathmandu,

besides possible source effects.

3.3 Soil nonlinearity and oblique wave incidence can sharpen the spatial heterogeneity

of ground motion in the basin

The damping effect of soil nonlinearity in the Kathmandu basin enhances the contrast of peak
ground motion amplitudes between the edges and deeper parts of the basin. We analysed the
spatial variation of ground motion amplitudes across the basin and how it relates to the basin
nonlinearity. Figure 9 displays the comparison of PGA along the basin length between linear
and nonlinear cases, together with the maximum —total— strain reached in the nonlinear layer.
Results are shown for the two input cases: pulse-like (top) and Northridge (bottom). Wave

incidence is vertical in both cases. In the pulse-like input case, the shallower parts close to
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the basin edges undergo higher strains. In the Northridge input case, the maximum strain is
higher everywhere. The stress-strain curves at locations close to eastern and western edges of
the basin, Figure 9 (b, d), show higher complexity of the loading cycle for the Northridge input,
consistently with its larger number of zero-crossings (See the discussion in 2). For both input
motions, in the linear simulations, the PGA values are comparable all along the basin length,
although the combined effects of basin geometry and soil stratigraphy lead to slightly larger
PGA values close to corners and section boundaries (e.g., at x=13, 15, 18.5, 22, and 30 km). In
the simulations with soil nonlinearity, PGA is strongly reduced everywhere there is a sufficiently
thick nonlinear layer below but remains high elsewhere (details in SI). The local peaks in the
deeper parts of the basin mostly disappear, and the PGA shows notable contrasts near the edges
of basin sections favouring larger amplitudes where nonlinear soil is not thick. Despite higher
level of nonlinearity triggered in such thin layers (e.g., x=22 km), the PGA in the proximity
remains large, such that the PGA ratio between basin corners and deeper sections can rise to a
factor of 5, as seen in the case of Northridge input (at x=22 km vs x=25 km).

The direction of wave incidence can cause further variation of triggered basin nonlinearity.
Figure 10 compares the basin response to wave incidence from east and west, for the Northridge
input. The incidence angle equals 30 degrees in both cases. Incidence from east results in larger
strains in the eastern section. The effect of such higher nonlinearity on ground motion is rather
slight, manifesting as further local variation of PGA in that section. Incidence from west triggers
a similar effect on the western section.

Given that Kathmandu is inhabited by a dense population and hosting highly vulnerable
constructions, our findings of the local variation of the ground motion due to the direction
of wave incidence and soil nonlinearity warrant further research on regional seismic hazard
including these factors. Our study is limited to plane wave incidence, and further investigation
of the spatial variability of ground motion deserves a closer look into possible effects of source

finiteness and rupture directivity.
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Figure 9. The effect of basin nonlinearity on peak ground motion for the two cases of input motion. (a)
The comparison of PGA variation along the basin length between linear and nonlinear cases (top), and
maximum strain distribution in the basin (bottom), and stress-strain curves at selected basin locations,
for the case of Ricker input, (b) same as (a) for the case of Northridge input use. We only show the max.
strain values for the nonlinear layer and set zero strain elsewhere in the 2D plots. Selected locations are

denoted by triangles in the 2D plots. Wave incidence is vertical in both cases.
4 CONCLUSIONS

We found that the Kathmandu basin typically enhances low-frequency ground motion (< 2 Hz)
with and without nonlinear soil behaviour, and regardless of wave incidence angle. This find-
ing supports and expands the insights from past studies of ground motions produced by the
2015 Gorkha earthquake. Here, accounting for the 2D basin geometry, soil stratigraphy and
multi-dimensional soil nonlinearity, thanks to the most recent geotechnical data, we find that
low-frequency ground motion amplification in Kathmandu should be expected during future
earthquakes.

We also found that the angle of wave incidence can tremendously boost the high-frequency
ground motion across an entire basin, compared to bedrock, despite the damping effect of soil
nonlinearity. In our models, ground motion amplification appears prominently (up to a factor

of 5) at wave incidence angles larger than ~42 degrees relative to vertical. We propose that
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Figure 10. The effect of basin nonlinearity on peak ground motion for different wave incidence direction.
(a) The comparison of PGA variation along the basin length between linear and nonlinear cases (top), and
maximum strain distribution in the basin (bottom), and stress-strain curves at selected basin locations,
for the case of wave incidence from west, (b) same as (a) for the case of wave incidence from east. We
only show the max. strain values for the nonlinear layer and set zero strain elsewhere in the 2D plots.
Selected locations are denoted by triangles in the 2D plots. The incidence angle equals 30 degrees in

both cases.

the position of the source relative to the basin, through the effective wave incidence angle,
may have contributed to the differences in damage impact between the Gorkha event and earlier
earthquakes. Investigating in broadband to what extent such wave incidence effects prevail when
considering 3D basin effects and finite sources can further advance seismic hazard studies in
Kathmandu and other areas.

The spatial variability of ground motion along the Kathmandu basin can be enhanced by
basin nonlinearity and wave incidence effects. Ground motion can be much stronger near basin
edges compared to deeper parts of the basin (up to 5 times here) due to nonlinearity effects. The
amplitude and location of amplification is also affected by the direction and angle of incident
waves. While the significance of both soil nonlinearity and oblique wave incidence is well de-

veloped in the literature for simplified sites, our analyses on the Kathmandu basin highlight the
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necessity of considering their coupled effects in seismic hazard assessment studies worldwide
on sites with complex basin geometry and soil stratigraphy, such as Los Angeles, Mexico City,
and Grenoble basins. In that sense, further investigation on the above-mentioned factors can

help to better constrain the spatial variability of ground motion in such areas.
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