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Single-site ground motion prediction equations (GMPEs) for the acceleration response spectra of each site in the
Kathmandu Valley was constructed using strong motion records of magnitude 5.0 through 7.3 the 2015 Gorkha
Nepal earthquake aftershocks observed at eight sites in the Kathmandu Valley. The regression coefficient for the
site term has a strong correlation with the bedrock depth at each site in the Kathmandu Valley. Therefore, a new
GMPE applicable to the whole Kathmandu Valley in the long-period range of 1-10 s was generalized using the
bedrock depth as a parameter. We applied this GMPE to the largest aftershock. Consequently, at each sedi-

mentary station, the residuals of the predicted value by GMPE are smaller than those predicted by the existing
GMPE, and the peaks of the observed response spectra are reproduced well.

1. Introduction

The moment magunitude M,, 7.8 2015 Gorkha Nepal earthquake
occurred in the Gorkha district, which is in the northwestern part of the
capital city Kathmandu, Nepal, killed 8948 people, and caused damage
to the World Heritage Sites in the Kathmandu Valley. The fault length
and width are approximately 120 km and 80 km, respectively. The dip
angle is low, and fault rupture extends from the epicenter to the east-
southeast direction. The distance from the epicenter to central Kath-
mandu is approximately 80 km. However, the source fault reached just
below Kathmandu. The depth of the source fault is approximately 10
km. Following the main shock, many aftershocks greater than M, 5.0
occurred near the fault of the main shock. The largest aftershock of My,
7.3 occurred in the northeast of Kathmandu.

Nepal is located on the Himalayan collision zone where the Indian
plate and Eurasia plate collide, and at least seven earthquakes larger
than M 7.5 have occurred in this zone since 1897 [1]. The 1934
Nepal-Bihar earthquake (M 8.3) was the largest earthquake, and caused
serious damage as well as killing 8519 people in Kathmandu [2].
Moreover, Bilham et al. [3] pointed out the possibility of a
mega-earthquake occurring in the Central Seismic Gap based on the
occurrence interval of large earthquakes and stress accumulation in the
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Himalayan collision zone.

The Kathmandu Valley is covered with soft lake sediments [4], and
the thickness is up to approximately 600 m. Since the basement topog-
raphy of the basin is uneven [5], the sediment thickness varies greatly
depending on the location of the valley. As strong motion is strongly
affected by underground structure, understanding the ground motion
characteristics in the Kathmandu Valley is significant. During the 2015
Gorkha earthquake, strong motions observed on sedimentary layers in
the Kathmandu Valley were dominated by long-period ground motions
with a period of 3-5 s due to the effect of the thick sedimentary layers
[6-8]. In order to consider the cause of the long-period ground motion in
Kathmandu Valley, Bijukchhen et al. [9] estimated one-dimensional
S-wave velocity structure models under strong motion stations using
observed records during aftershocks of the 2015 Gorkha earthquake.
Additionally, Bijukchhen [10] constructed a three-dimensional velocity
structure model. The difference of ground amplification characteristics
at each site can be recognized.

A ground motion prediction equation (GMPE) is an equation that
calculates seismic ground motion intensity, such as the response spec-
trum, including the characteristics of the source, path, and site effects. A
GMPE is constructed by statistical regression analysis of many strong
motion records. A GMPE is used for strong motion prediction over a
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Table 1
Earthquakes analyzed in the present study from USGS [17].
Event No. Origin time (UTC) M, Latitude (N) Longitude (E) Depth (km) Data
1 2015/04/25 06:11:25 7.8 28.231 84.731 8.2 4
2 2015/04/25 06:45:21 6.6 28.224 84.822 10.0 4
3 2015/04/26 07:09:10 6.7 27.771 86.017 229 4
4 2015/04/26 16:26:06 5.0 27.830 85.865 14.0 4
5 2015/05/12 07:05:19 7.3 27.809 86.066 15.0 8
6 2015/05/12 07:36:54 6.3 27.625 86.162 15.0 8
7 2015/05/16 11:34:09 5.5 27.560 86.073 7.0 8
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Fig. 1. (a) Epicenters of the main shock and aftershocks of the 2015 Gorkha earthquake and the source faults of the main shock (black dashed line) and the largest
aftershock (red dashed line). Inset shows the location of the study area. Epicenters and focal mechanisms, fault planes were estimated by USGS [17] and Grandin
et al. [18]. (b) Location of the strong motion stations [6,16] used in the present study and the bedrock depth distribution in the Kathmandu Valley [10]. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

wide area because the average characteristics of strong motion can be
obtained by a simple model. However, few GMPEs applicable to Kath-
mandu have been constructed because insufficient strong motion re-
cords have been accumulated in Nepal. Recently, the population and
high-rise building have been increased in the Kathmandu Valley. The
long-period GMPE is important for the Kathmandu Valley. As a previous
study for Kathmandu, Singh et al. [11] constructed a GMPE using strong
motion records of the 2015 Gorkha Nepal earthquake sequence observed
at a strong motion observation network in India and one station in the
central Kathmandu Valley. However, using records at only one sedi-
mentary site is not appropriate for earthquake evaluation for the en-
tirety of Kathmandu, which has complex sedimentary layer structures.

Thus, in the present study, we firstly investigate the ground motion
characteristics individually at each site in the Kathmandu Valley,
comparing strong motion records of the aftershocks of the 2015 Gorkha
Nepal earthquake with existing GMPEs [12,13]. Next, we construct a
single-site GMPE (SS-GMPE) [14] that predicts the acceleration response
spectrum of each site in the Kathmandu Valley. Moreover, by general-
izing the coefficients that related to the site effects and obtained at each
site with the bedrock depth, the constructed GMPE is applicable to the
whole Kathmandu Valley in the long-period range. Finally, we consider
the applicability to the largest aftershock (M, 7.3).

2. Database

We used instrument corrected acceleration records observed by the
highly damped moving coil type strong motion seismometers (Mitsutiyo
Corp. JEP-6A3-2) [15] installed at the Kathmandu Valley by Hokkaido
University and Tribhuvan University: four permanent stations (KTP,
TVU, PTN, and THM) installed on September 20, 2011, and four

temporary stations (BKT, RNB, PPR, and KPN) installed from May to
July 2015 [16]. Station KTP is located on a rock site, and the other
stations are located on sediment sites. The 2015 Gorkha Nepal earth-
quake (M,, 7.8: event 1) and six of its aftershocks (between M,, 5.0 and
7.3: events 2 through 7), for which strong motion records were obtained
at stations in the Kathmandu Valley, were used (Table 1). All events are
inter-plate earthquakes in the collision zone with a low angle reverse
fault focal mechanism, and the epicentral distance is approximately
60-80 km to Kathmandu. In the permanent stations, strong motion re-
cords of all events were obtained, and, at temporary stations, those of
events 5 through 7 were obtained. Fig. 1a shows the epicenters of the
main shock and aftershocks of the 2015 Gorkha Nepal Earthquake. The
fault models of the 2015 Gorkha Nepal earthquake and the largest
aftershock (M, 7.3: event 5) are based on models by the United States
Geological Survey [17] and by Grandin et al. [18], respectively. Fig. 1b
shows the locations of the strong motion stations used in the present
study and the bedrock depth distribution in the Kathmandu Valley [10].
At the same sedimentary stations, the sedimentary layers to the bedrock
at PTN and THM appear to be thicker, while those at KPN appear to be
thinner. In addition, TVU is located close to KTP, a station on the rock,
and is surrounded by complex deep sedimentary layers.

3. Ground motion characteristics in the Kathmandu Valley

In order to focus on the long-period range, the pseudo-velocity
response spectra at each station for the main shock and six after-
shocks, as well as the site amplification factors of SH-wave at each site
are shown in Fig. 2. These pseudo-velocity response spectra were ob-
tained using the maximum of the vector sum of the horizontal-
component response time histories with damping factor h = 0.05
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Fig. 2. Pseudo-velocity response spectra and SH-wave amplification factors [9] at each station. These pseudo-velocity response spectra were obtained by dividing the
maximum values of the vector sum of the two horizontal-component response time histories with the damping factor (h = 0.05) for a specific natural period by the

angular frequency. T; is a first peak period of the amplification factor.

divided by the angular frequency, the site amplification factor was
calculated by the propagator matrix method [19] using the S-wave ve-
locity structure under each station [9]. The Q-value was assumed to be
one-tenth of the S-wave velocity for each layer. The strong motions of
event 1 (M, 7.8) at the sedimentary sites are affected by non-linear
amplification of the ground. Therefore, the peak period shifts to a
longer period compared to that for the weak motions of aftershocks.
Rajaure et al. [20] also compared the response spectra of the 2015
Gorkha Nepal earthquake with the existing GMPEs [13,21] and sug-
gested the existence of non-linear ground behavior during the main
shock (M,, 7.8). From the above, these sites might be affected by
non-linear ground behavior during sever strong ground motion. How-
ever, it is difficult to clarify the applicability and limitations of a GMPE
for a huge earthquake, without a large number of records. Therefore, in
the next chapter, we will construct the GMPE using only the data of the
aftershocks (events 2 through 7) with peak ground acceleration less than
200 cm/s® that show linear ground behavior [e.g. Ref. [22,23]]. In
events 2 through 7, the peaks are unclear at KTP on the rock site, while
each site on the sediment layers has a peak with the same period in the
long-period range. The peak period is widely distributed in the range of
approximately 1.0-4.0 s. Compared with the amplification factor
calculated from the one-dimensional S-wave velocity profile [9], the
long-period peaks observed at the sedimentary sites correspond to the
theoretical values. These amplifications are affected by high velocity
contrast at the bedrock depth. Thus, the pseudo-velocity response
spectra reflect the site effect of the sedimentary sites, and the ground
amplification characteristic differs greatly at each site in the Kathmandu

Valley.

We compared the observed and predicted pseudo-velocity response
spectra using existing GMPEs in order to grasp the attenuation charac-
teristics of the inter-plate earthquake in the collision zone in the Kath-
mandu Valley. Since few equations were available for the inter-plate
earthquake in the collision zone, the following two equations for
different earthquake types were selected for comparison.

The first GMPE was reported by Morikawa and Fujiwara [12]. This
GMPE is for the 5% damped acceleration spectra and updated the strong
motion database of Kanno et al. [24], including strong motion records
observed in Japan from 1968 to 2011, in California, the United States,
and in Turkey. The target earthquake category is the inter-plate earth-
quake in the subduction zone plate. We used the model for M, 5.5
thorough 8.0 (equation (5) Model 2 of Morikawa and Fujiwara [12]). In
the present study, we apply the model also to a My, 5.0 event. The dis-
tance parameter is the shortest distance to the fault. Here, we used a
correction term for shallow soft soils, and the average S-wave velocity of
the uppermost 30 m soil (Vs3p) is calculated from the S-wave velocity
profiles reported by Bijukchhen et al. [9].

The second GMPE was reported by Boore et al. [13] and was
developed as a part of the “Next Generation of Ground Motion Attenu-
ation Models Project” for shallow crustal earthquakes in the United
States. The database also includes the 1999 Chi-Chi Taiwan earthquake,
which was an inter-plate earthquake in the collision zone. This GMPE is
for the 5% damped pseudo-spectral acceleration. The distance param-
eter is the shortest distance to the surface projection of the fault plane.
The fault type used was reverse slip (RS). Here, Vg3 is calculated using
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Fig. 3. Comparison of observed pseudo-velocity response spectra of events 1 through 7 at KTP (a station on the bedrock) and the corresponding records predicted by
the two GMPEs [12,13] (upper) as well as the residuals (log [pre/obs]) (lower).

the same method as Morikawa and Fujiwara [12]. We used the default
value of 0.0 as the regional coefficient Ac. In the case of an earthquake of
M,, > 7, the distance parameters are calculated using fault models
(Fig. 1). Otherwise, a hypocentral distance and an epicentral distance
were used for the GMPEs of Morikawa and Fujiwara [12] and Boore
et al. [13], respectively. Moreover, the correction term of the amplifi-
cation by deep sedimentary layers are proposed by two GMPEs. These
correction terms are expressed as the depth to the layer of S-wave ve-
locity for 1400 m/s in Morikawa and Fujiwara [12], 1000 m/s in Boore
et al. [13] respectively. Whereas S-wave velocity by Bijukchhen (2018)
[10] used in the present study is 200, 300, 350, 400, 500, 700, 3200 m/s,
there is no value corresponding to each parameter of both GMPEs.
Therefore, we applied the top of the bedrock depth which is affected the
amplification by deep sedimentary layers in the Kathmandu Valley
instead of each parameter. For comparison, here, we used the
pseudo-velocity response value converted from the acceleration
response value by Morikawa and Fujiwara [12], and the velocity
response spectrum from dividing the pseudo-acceleration response
spectrum calculated from Boore et al. [13] by the angular frequency.
Fig. 3 shows the observed pseudo-velocity response spectra of events
1 through 7 at station KTP on the rock site and those predicted by the
two GMPEs. The residuals, which are the differences between the pre-
dicted and observed values, are also shown. We defined the acceptable
residual range as the observed value + 0.3, which is a common loga-
rithm of 1/2 to 2 times the observed value in the present study. At KTP

on the rock site with a relatively small influence of the site effect, the
predicted values by the two GMPEs for all events are almost within the
acceptable residual range. This suggested that the source and path ef-
fects of the two equations are applicable to the 2015 Gorkha earthquake
sequence, which was an inter-plate earthquake in the collision zone.
Fig. 4 shows the observed pseudo-velocity response spectra of event 5
(M, 7.3) at all stations, as well as those predicted by the two GMPEs, and
their residuals. At the sedimentary sites with a large site effect, the
predicted values by the two GMPEs tend to underestimate in the long-
period range of the peak period of each station of approximately
1.0-4.0 s. There are no significant changes in the correction of the
amplification by deep sedimentary layers. Therefore, the effect of the
sedimentary layer of the Kathmandu Valley is assumed not to be suffi-
ciently reflected in the existing equations.

4. Construction of ground motion prediction equations

From the results of the previous section based on the strong motion of
the rock site, we confirmed that the equations of Morikawa and Fujiwara
[12] and Boore et al. [13] are applicable with regard to source and path
effects in the Kathmandu Valley. In this section, we construct a GMPE
that can take into account the site effects of the Kathmandu Valley based
on the existing equations. As mentioned above, since the valley has a
complex underground structure, the single-site GMPE that is derived
through regression analysis of pseudo-velocity response spectra
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Fig. 4. Comparison of observed pseudo-velocity response spectra of event 5 (M, 7.3) and the corresponding records predicted by the two GMPEs [12,13] (upper) and
residuals (log [pre/obs]) (lower). Predicted values are shown also in the case that amplification by deep sedimentary layer is corrected.

calculated from multiple observed strong motion records at one site is
constructed at first.

4.1. Single-site ground motion prediction equations

According to Fig. 2, the amplitude of the pseudo-velocity response
spectra of other than the main shock (event 1; M,, 7.8), including the
influence of nonlinearity at each site, tends to be correlated with the
magnitude. In order to confirm this tendency, an example of the rela-
tionship between M,, and the response value at periods of T = 0.1, 0.3,
1.0, and 3.0 s is shown in Fig. 5. There is a linear relationship between
the logarithm of the pseudo-velocity response value and M,, for any
period range. Although the slope is different, the correlation coefficient
shows a very high value. Therefore, we construct the SS-GMPE by
regression analysis of the response value with My,. In the present study,
based on equation (5) Model 2 of Morikawa and Fujiwara [12] (equation
(1)), which is a relatively simple model predicted for the acceleration
response spectrum. We performed linear regression analysis using the
least-squares method for the observed acceleration response spectra of
events 2 through 7 with different M, (equation (2)).

log pre =a;M,, + b, X —log (X + d>10°™) + ¢, €h)

where a5 is the regression coefficient for the source term of the inter-
plate earthquake in the subduction zone, by and d are those for the

path anelastic attenuation term, c is that for the site condition term, pre
is the predicted 5% damped acceleration response spectra (pre in cm/s2).
In addition, X is the shortest distance from the source fault to a station (X
in km).

aM,, + ¢; = log Obs; — b,X + log (X+ dzloo.SMW) @

where Obs;, X are the same parameters as equation (1), and i indicates
the number of the observation site (1-8). We thus obtain regression
coefficients a for the source term and c; for each site condition term.
Coefficients by and d, are the same as the values reported by Morikawa
and Fujiwara [12]. Here, coefficient a is the average of the values ob-
tained at each site. After regression analysis, coefficient c; is calculated
again using coefficient a. Table 2 and Fig. 6 show the coefficients of the
newly constructed SS-GMPE.

From Fig. 6, coefficient a for the source term exhibits the same ten-
dency as coefficient ay of the equation of Morikawa and Fujiwara,
although the variation of an at each site is somewhat large for the period
of 1-4 s. Hence, the equation of Morikawa and Fujiwara [12] for the
inter-plate earthquake in the subduction zone is also applicable to the
2015 Gorkha Nepal earthquake sequence, which is the inter-plate
earthquake in the collision zone. Coefficient c; obtained by regression
analysis mostly exhibits the same tendency at each site. However, a
difference in period of more than approximately 1 s can be confirmed for
each site.
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of this article.)

4.2. Ground motion prediction equation in the long-period range

The peak period in Fig. 6b appears to correspond to the natural
period at each site shown in Fig. 2. Therefore, in order to consider the
relationship between the peak period in Fig. 6b and the underground
structure, Fig. 7a shows the difference between the coefficient ¢ at
sedimentary sites and that at KTP. In addition, Fig. 7b shows the rela-
tionship between the bedrock depth at each site in the Kathmandu
Valley and the peak period for the difference between coefficient ¢ on
the sedimentary sites and that at KTP. Fig. 7 shows that coefficient c; is
large at the natural periods at each site. There is a correlation between
the peak period and the sediment thickness at each site in the Kath-
mandu Valley [9]. Therefore, we generalize the coefficient c¢; of
SS-GMPE constructed in the previous chapter using the bedrock depth
for constructing a GMPE applicable to the whole Kathmandu Valley.
Fig. 8 shows the relationship between the coefficient ¢ of each site at T =
0.3, 0.5, 1.0, 3.0, 5.0 and 10.0 s and the bedrock depth (Vs = 3200 m/s)
at each site. From Fig. 8, it can be seen that there is a strong linear
correlation in the long-period range over 1.0 s. In Kathmandu Valley, the
long-period ground motions are remarkable, so this result is considered
significant for constructing a GMPE applicable to the whole Kathmandu
Valley. From the above, we performed linear regression analysis using
the least-squares method for the coefficient ¢ of each site with the
bedrock depth at each site in shown as equation (3).

¢c=pDyyp+q (T = 1 — 10 seconds) 3)
where p and q are the regression coefficient, c is the coefficient of a
GMPE applicable to the whole Kathmandu Valley, and D35 is the top of
the bedrock depth at each site (Dsggp in m; see supplementary infor-
mation). Table 3 shows the coefficient p and q for determining c of the
GMPE. On the other hand, for the period less than 1.0 s, it is necessary to
consider another modeling such as using the shallow underground ve-
locity structure as a parameter. However, since there is not enough of
these structure data, the present study targets the long-period range.
Next, we verify the applicability of the GMPE constructed in the
present study. Since strong motion data are limited, the data of event 5
(M 7.3) were used for verification of the regression analysis. Fig. 9
shows the observed and predicted pseudo-velocity response spectra of

earthquake records at all stations, as well as the residuals. For com-
parision, the predicted values are acceleration spectra. therefore, the
pseudo velocity will be reproduced with dividing by omega. At the
sedimentary sites, the residuals of the values predicted by the present
study are smaller than those predicted by the equation of Morikawa and
Fujiwara [12], and the peaks of the observed pseudo-velocity response
spectra are reproduced well.

Similarly, we constructed SS-GMPE based on Boore et al. [13] and
confirmed that there was no difference between the predicted value
based on two equations (see supplementary information).

5. Conclusion

In the present study, the ground motion characteristics of the Kath-
mandu Valley were discussed by comparing the pseudo-velocity
response spectra of the aftershock records of the 2015 Gorkha Nepal
earthquake observed in the valley with those obtained by existing
GMPEs. Although the predicted values of the equations of Morikawa and
Fujiwara [12] and Boore et al. [13] were within the acceptable residual
range, at sedimentary sites, the predicted values of each site were
significantly underestimated. This is due to the thick sedimentary layer
covering the Kathmandu Valley, which gives different amplifications to
the ground motion at each site. This amplification by the deep sedi-
mentary structure, which is a feature of the Kathmandu Valley, could not
be properly evaluated by existing GMPEs.

Therefore, we constructed the SS-GMPE, which considers the ground
motion characteristics of each site in the Kathmandu Valley appropri-
ately. The acceleration response spectra of the six aftershocks of the
2015 Gorkha Nepal earthquake were used to construct the SS-GMPE,
and the regression equation based on an existing GMPE was regressed
using M. As a result of applying the constructed SS-GMPE to the six
aftershocks using regression analysis, the amplification characteristics at
each site were appropriately evaluated. In addition, we confirmed that
regression coefficient a related to the source effects in the present study
exhibited the same tendency as the corresponding coefficient in the
equation of Morikawa and Fujiwara [12]. Moreover, regression coeffi-
cient ¢ related to the site effects differed by more than a period of
approximately 1 s at each site. We calculated the difference between
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Table 2
Regression coefficients a and ¢; in shown as equation (2).

Period a CKTP crvu CPTN CTHM CBKT CRNB CPPR CKPN
0.05 0.5411 0.3205 0.5293 0.3226 0.3774 0.1900 0.5291 0.3678 0.4897
0.06 0.5549 0.3045 0.4793 0.3186 0.3336 0.1532 0.5534 0.3889 0.4657
0.07 0.5411 0.5047 0.6003 0.4663 0.4767 0.3034 0.7302 0.5968 0.6473
0.08 0.5440 0.5546 0.6303 0.5315 0.4927 0.3717 0.7653 0.6411 0.7441
0.09 0.5460 0.6420 0.6527 0.6025 0.5292 0.4263 0.7866 0.7189 0.7660
0.10 0.5605 0.5818 0.5664 0.5623 0.4998 0.3561 0.6859 0.6309 0.6764
0.11 0.5513 0.6218 0.6150 0.6461 0.5777 0.4024 0.7013 0.8276 0.8040
0.12 0.5509 0.6401 0.6288 0.6849 0.5860 0.4024 0.7533 0.8104 0.9029
0.13 0.5357 0.7971 0.7459 0.7568 0.7281 0.5265 0.8641 0.9001 0.9941
0.15 0.5478 0.7358 0.6921 0.6981 0.6938 0.4827 0.8617 0.8146 0.8719
0.17 0.5815 0.4815 0.4750 0.4809 0.5181 0.3030 0.5728 0.4889 0.6527
0.20 0.5935 0.2563 0.4099 0.2742 0.3303 0.0705 0.3489 0.3229 0.4841
0.22 0.5744 0.3940 0.5349 0.3770 0.4616 0.2346 0.4580 0.4043 0.5493
0.25 0.5271 0.5920 0.8237 0.6519 0.8023 0.5270 0.8213 0.7209 0.8545
0.30 0.5816 0.1051 0.5234 0.2759 0.3648 0.1889 0.5390 0.3331 0.4096
0.35 0.5299 0.4214 0.8600 0.5771 0.6763 0.4778 0.7743 0.5340 0.7306
0.40 0.5237 0.4425 0.8919 0.5188 0.7074 0.4710 0.7178 0.4232 0.7353
0.45 0.5424 0.2108 0.7102 0.3084 0.5329 0.2751 0.5137 0.3533 0.4184
0.50 0.5447 0.0728 0.6201 0.2515 0.5042 0.1554 0.4906 0.2497 0.3931
0.60 0.5994 —0.3884 0.2475 —0.1454 0.1292 —0.2086 0.0958 —0.1721 0.0337
0.70 0.6102 —0.6313 0.0883 —0.2315 0.0121 —0.3185 —-0.1137 —0.2949 —0.1811
0.80 0.6390 —0.9158 —0.1474 —0.6207 —0.3419 —0.5063 —0.3801 —0.5177 —0.4920
0.90 0.6843 —1.2976 —0.4523 —0.9190 —0.6830 —0.9018 —0.8078 —0.8778 —0.8187
1.00 0.7106 —1.5333 —0.6120 —1.1009 —0.8101 —1.1029 —1.0553 —1.0566 —1.0569
1.10 0.7194 —1.6602 —0.6880 —1.1266 —0.8727 —1.1872 —1.2323 —1.1457 —1.2305
1.20 0.7089 —1.6447 —0.7231 —1.0304 —0.8452 —-1.2172 —1.1765 —1.1109 —1.2340
1.30 0.7060 —1.6528 —0.7324 —1.0218 —0.8810 —1.2601 —1.1432 —1.1372 —1.2674
1.50 0.6600 —1.4312 —0.4930 —0.9104 —0.6252 —0.9983 —0.8786 —0.9828 —1.0548
1.70 0.6950 —1.7314 —0.7265 —1.1398 —0.8753 —1.1592 —1.2763 —1.2900 —1.4322
2.00 0.6710 —1.6958 —0.5252 —0.9468 —0.8974 —1.1039 —1.1088 —1.1427 —1.4862
2.20 0.6767 —-1.7517 —0.4987 —0.9647 —1.0146 —1.2255 —1.2279 —1.1852 —1.6447
2.50 0.6918 —1.9945 —0.6752 —1.0368 —1.1479 —1.3493 —1.4129 —1.2735 —1.8691
3.00 0.6965 —2.1537 —1.1499 —1.1085 —1.1160 —1.6207 —1.4077 —1.2821 —2.0389
3.50 0.7164 —2.3491 —1.5781 —1.4981 —1.2343 —1.9460 —1.6678 —-1.6219 —2.2484
4.00 0.7456 —2.6070 —1.9014 —1.8405 —1.6239 —2.3234 —1.9496 —2.0698 —2.4888
4.60 0.8042 —3.0666 —2.4111 —2.3998 —2.2133 —2.7788 —2.5582 —2.6317 —2.9270
5.00 0.8543 —3.4138 —2.8167 —2.8031 —2.6387 —3.1833 —2.9643 —2.9941 —3.2718
5.50 0.8665 —3.5385 —2.9760 —3.0008 —2.8488 —-3.3199 —-3.1339 —3.1528 —3.4134
6.00 0.8938 —3.7528 —3.2293 -3.2617 —3.1403 —3.5801 —3.4222 —3.4198 —3.6674
6.50 0.9085 —3.9148 —3.3848 —3.4329 —3.3237 —-3.7079 —-3.6151 —3.6042 —3.8307
7.00 0.9167 —4.0412 —3.4883 —3.5506 —3.4530 —3.8162 —3.7246 —3.7278 —3.9220
7.50 0.9223 —4.1389 —3.5926 —3.6473 —3.5645 —3.9291 —3.8035 —3.8267 —3.9959
8.00 0.9190 —4.1626 —-3.6197 —-3.7010 -3.6151 —3.9905 —3.8337 —3.8690 —4.0354
8.50 0.9129 —4.1847 —3.6322 —-3.7173 —3.6454 —4.0312 —3.8620 —3.9084 —4.0581
9.00 0.9024 —4.1751 —3.6267 —3.7224 —3.6370 —4.0246 —3.8779 —3.9029 —4.0565
9.50 0.8902 —4.1440 —3.5951 —3.7286 —3.6154 —3.9906 —3.8741 —3.9017 —4.0342
10.00 0.8774 —4.1154 —3.5565 —3.7018 —3.5882 —3.9465 —3.8604 —3.8792 —4.0077
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Fig. 6. (a) Average values of the regression coefficient an obtained at each site and coefficient a; used in the Morikawa and Fujiwara [12]. Error bars indicate
standard deviations. (b) Constructed coefficient c; at each site.
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Table 3
Coefficient p and g for deerminingc in shown as equation (3).

Period p q

1.00 0.0014 —1.4695
1.10 0.0016 —1.6260
1.20 0.0017 —-1.6302
1.30 0.0017 —1.6463
1.50 0.0017 —1.4361
1.70 0.0019 -1.7647
2.00 0.0021 —1.7460
2.20 0.0022 —1.8259
2.50 0.0025 —2.0804
3.00 0.0029 —2.3284
3.50 0.0027 —2.5713
4.00 0.0024 —2.7991
4.60 0.0020 —3.2100
5.00 0.0018 —3.5390
5.50 0.0016 —3.6477
6.00 0.0014 —3.8600
6.50 0.0014 —4.0125
7.00 0.0014 —4.1215
7.50 0.0013 -4.2077
8.00 0.0013 —4.2334
8.50 0.0013 —4.2545
9.00 0.0012 —4.2472
9.50 0.0012 —4.2158
10.00 0.0012 —4.1854

M, 7.3

Soil Dynamics and Earthquake Engineering 135 (2020) 106208

coefficient c at sites on sedimentary layers and coefficient c at KTP on the
rock. As a result, we confirmed that there is a correlation between the
peak period and the sedimentary layer thickness at each site in the
Kathmandu Valley. Based on the relationship, the GMPE applicable to
the whole Kathmandu Valley was constructed by generalizing the co-
efficient ¢ obtained at each site with the equation using the bedrock
depth as a parameter. Finally, we verified the applicability of the GMPE
constructed in the present study.

From the above, it is suggested that the evaluation of deep under-
ground structure is important for the evaluation of ground motion in the
Kathmandu Valley because strong motion in the area is significantly
amplified by thick sedimentary layers. Furthermore, improving predic-
tion accuracy and constructing GMPEs that consider different earth-
quake types that occurred around Nepal are expected by accumulating
strong motion records in the Kathmandu Valley in the future.
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