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Abstract

Nepal was hit by the M7.8 Gorkha earthquake on April 25, 2015, which was the largest earthquake in Nepal’s history since 1934. The recent
report presented by the Government of Nepal indicates that the recorded death toll has reached about 8800.

Following the earthquake, the Japanese Geotechnical Society (JGS), Asian Technical Committee of ISSMGE on Geotechnical Natural Hazards
(ATC3), Japan Society of Civil Engineers (JSCE) and Japan Association for Earthquake Engineering (JAEE) decided to jointly dispatch a survey
team to Nepal to conduct a reconnaissance survey of the major damage caused by the earthquake. This report summarizes the results of the survey
of the geotechnical and structural damage in the Kathmandu valley, which were observed by the survey sub-team between May 1 and 8, 2015.
Geotechnical and geological characteristics of a deep soil profile up to 600 m and a shallow profile up to 30 m are also described with the help of
the database system established by Bhandary et al. (2012). In order to study the correlation between building damage ratios and the predominant
period of ground vibration, a partial exhaustive type survey was conducted along NS line where microtremor measurements had been previously
conducted in 2008. The predominant period of ground vibration was short at the ridge of the valley and long at its center, ranging from 1.2 to
4.5 s. A total of 532 buildings were assessed and more than 90% were classified as “No damage” or “Negligible to slight Damage” (Grade 0 and
Grade 1), whereas only 5% of buildings were assessed as “Substantial to heavy damage” to “Destruction” (Grade 3 to Grade 5).

Five locations were identified where the soil had liquefied. Liquefaction-induced damage to structures at these locations was not found, except
at Nepal Engineering College where minor settlement of the college building was observed. During the 1934 earthquake, foundation liquefaction
was observed in Tundhikhel area, but in the 2015 earthquake no evidence of liquefaction was detected in this area.

The Kathmandu—Bhaktapur Road of Araniko Highway was heavily damaged in the Lokanthali area. The subsidence of soft soils and their
lateral spreading in this area may have exacerbated the damage to this road.
© 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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1. Introduction

*Corresponding author. Nepal was hit by the M7.8 Gorkha earthquake (epicenter:
E-mail addresses: okamura@cee.ehime-u.ac.jp (M. Okamura), Barpak, Gorkha district, Fig. 1) on Apl'ﬂ 25, 2015 (Saturday,
netra@ehime-u.ac.jp (N.P. Bhandary), mori @ehime-u.ac.jp (S. Mori), 11:56 AM local time). It was the largest earthquake in Nepal’s
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history since 1934. Unlike past events, this earthquake has
been followed by a large number of aftershocks, some of
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which were as large as past damaging earthquakes in the
region. As indicated in Fig. 1, more than 200 aftershocks had
been recorded in the area about 200 km east of main shock
epicenter by the time of the preparation of this paper. As seen
in Fig. 1, the extent of the distribution of the aftershocks
probably indicates the rupture zone, which has an effective
width of approximately 80 km. The town of Barpak, at the
epicenter of the earthquake, is situated about 80 km northwest
of Kathmandu, the capital of the country.

The recent report presented by the Government of Nepal
(GoN, 2015) indicates that the recorded death toll has reached
about 8800 while the number of injured people is over 22,000. A
district-wise distribution of the human casualties and injuries is
shown in Fig. 2. The total death toll in the Kathmandu valley,
where an estimated 4 to 5 million people including unregistered
residents are supposed to have been living, has remained well
below 2000 whereas the highest death toll of 3440 occurred in the
Sindhhupalchowk district (population about 300,000). The high-
est numbers of injured people have been in the Kathmandu
valley, accounting for nearly two-thirds of the total injured. As
shown in Fig. 2, the human casualties and injuries have a greater
concentration in the rupture zone districts from Gorkha in the
west to Dolakha in the east.
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Fig. 1. Epicenter of 2015 Nepal Gorkha Earthquake and distribution of
aftershocks.
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A district-wise building damage distribution map is shown
in Fig. 3. According to GoN (2015), the total number of
completely damaged buildings and houses is now over
511,000; this number stands at about 75,000 in the Kathmandu
valley alone. The highest number of rural and urban houses
damaged completely is in Sindhupalchowk district (total
houses/buildings about 67,000); here, the damage rate stands
at 96% (fully damaged). The number of partially damaged
houses and buildings in the affected districts is slightly less
than 300,000 while in the Kathmandu valley alone it is close to
60,000. Consistent with the distribution of human casualties,
the concentration of house/building damage is seen to be
higher in the rupture zone districts.

According to a recently submitted post-disaster need assess-
ment (PDNA) report by the National Planning Commission to
the Prime Minister of Nepal, the total economic loss in 15
different sectors (Fig. 4) has been estimated to be about US $
7 billion and the estimated reconstruction cost is about US$
6.2 billion. The highest economic loss has been in the building
structures and human settlements sectors, which show nearly
half the total economic loss. This indicates that these are the
most important sectors that needs to be strengthened against
the effects of future earthquake disasters in Nepal.

Following the earthquake on April 25, 2015, the Japanese
Geotechnical Society (JGS), Asian Technical Committee of
ISSMGE on Geotechnical Natural Hazards (ATC3), Japan
Society of Civil Engineers (JSCE) and Japan Association for
Earthquake Engineering (JAEE) decided to jointly dispatch a
survey team headed by Dr. Kiyota (University of Tokyo) to
Nepal to conduct a reconnaissance survey of the major damage
caused by the earthquake. This report summarizes the results
of the survey of geotechnical and structural damage, which
were observed in the Kathmandu valley by a survey sub-team
between May 1 and 8, 2015.

2. Tectonics and historical earthquakes

The record of historical earthquakes in the Nepal Himalaya
dates back to the 13th century, but no clear documentation of the
damage that occurred is available in the literature. Tabulated data
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Fig. 2. District-wise distribution of human casualty and injured people.
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Fig. 3. District-wise building/house damage distribution map.
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Fig. 4. Economic loss and reconstruction cost estimation (National Planning Commission, Nepal).
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on the historical earthquakes in Nepal and peripheral areas, as
compiled by NSET and GHI (1999), indicate that a large
earthquake occurs in the Nepal Himalaya roughly every 100
years. Since the last large earthquake in 1934 (i.e., Bihar—Nepal
Earthquake, M8.1), 81 years have passed and it was widely
estimated that a large earthquake was going to occur in the Nepal
Himalaya within 100 years from 1934. During the last 35 years,
three heavily damaging earthquakes and several damaging earth-
quakes have occurred in Nepal. The heavily damaging
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Fig. 6. Schematic geological cross section of the basin showing stratigraphic
relationship of each formation (after Sakai, 2001).

Borehole locations in Kathmandu Valley
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earthquakes include the 1980 far western region earthquake
(M6.5, Darchula; MoHA et al., 2009), the 1988 eastern Nepal
earthquake (M6.5, Udayapur; MoHA et al., 2009), and the 2011
earthquake (M6.9, Nepal-India border, USGS, 2011) while
damaging earthquakes of <M6.0 were recorded almost every
year from 1993 until 2003. In addition, there is a long list of
minor earthquakes that occur almost every month in and around
the Nepal Himalaya. These earthquake data indicate that Nepal is
situated in a highly earthquake-prone plate tectonic zone of the
Himalayas.

The occurrence of earthquakes in the Himalayan region is
primarily due to the collision between the Indian plate and the
Eurasian plate (sometimes also referred to as the Tibetan plate
in local or regional scale). As indicated in Fig. 5, the Indian
plate moves northward and subducts underneath the Eurasian
plate creating a zone of plate-tip squeezing at the Himalayas.
This plate movement has resulted in the formation of the
Himalayan mountains, the uplift of which occurs at an
estimated rate of 2 cm per year (Bilham et al., 1995). More-
over, the area-wide compression and uplift of the Himalayan
region has resulted in extensive distribution of regional and
local faults. Some of these faults generate major earthquakes,
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Fig. 8. Surface topography and boring data in a east-west section.

such as the 2008 Sichuan Earthquake during which nearly
88,000 people died. So far, however, the major earthquakes in
and around the Nepal Himalaya have been mostly generated at
the subduction zone of the Indian plate underneath the
Eurasian plate (Fig. 5). The depth of the Gorkha Earthquake
has been estimated to be about 15 km, which makes it clear
that this earthquake was generated exactly at the depth of
subduction plane. The exact mechanism involved in the
generation of this earthquake is yet to be revealed, but a
general interpretation is that the strain energy stored in the
rupture zone due to the northward gently inclined thrust of the
Indian plate was released with slipping of Eurasian plate-tip
below the Main Boundary Thrust (MBT; Fig. 5).

Banerjee and Biirgmann (2002), Bettinelli et al. (2006), Bilham
and Szeliga (2008), among others, mentioned that the Himalayan
region contracts under the influence of Indian plate subduction at a
rate of 16-18 mm/year. About 100 years of devastating earth-
quake history in the Himalayan region indicates that the region
was hit by four major earthquakes in 1897, 1905, 1934, and 1950
(Bilham et al., 1995; Chander, 1988, 1989; Khattri, 1987, 1992;
Molnar, 1990; Molnar and Pandey, 1989; Pandey et al., 1995;
Seeber et al., 1981; Seeber and Armbruster, 1981), but no
earthquake of this scale had ever occurred in the central part of
the Himalaya. Khattri (1987) identified this part as a seismic gap
in the Himalayan region, and Bilham et al. (1995), Pandey et al.
(1995) also mentioned that it was and still is the highest potential
location for the next major earthquake in the Himalayan region. It
was from this time that most researchers working in seismicity in
the Himalayan Front consolidated their anticipation that a major
earthquake was going to occur in central Nepal within 80-100
years of the 1934 Bihar—Nepal Earthquake.

The location of the 2015 Gorkha Earthquake leads most
researchers to conclude that it is probably the anticipated central
seismic gap earthquake, but the eastward shifting (i.e., the

Fig. 9. Microtremer measurement arrangement along two lines across Kath-
mandu Valley, NS Line and EW Line (after Kukidome et al., 2009).

directivity) trend of almost all the aftershock occurrences
(Fig. 1) also puts a question mark over this understanding. This
has led to a speculation that occurrence of yet another major
earthquake, probably much larger than the Gorkha Earthquake, in
this region within the next 10-20 years is inevitable. According to
an estimation made by the JICA (2002) study, the fatal loss of
lives in the Kathmandu valley alone in a 1934 scenario earth-
quake could exceed 40,000, a large number of building structures
in the valley could be completely damaged, and most lifeline
infrastructures including hospital and school buildings could be
left unusable for several weeks. In contrast, however, not only the
human casualties in the valley have been less but the damage to
building structures has also been much less than anticipated.
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Fig. 10. Sequential arrangement of HV spectral ratios at all the measurement points (a)(b) along NS Line, and (c) along with EW Line (after Kukidome et al.,

2009).

Although the vibration pattern of the Kathmandu valley deposits
seems to have been very different from that during the 1934-
scenario earthquake, it is surprising to most investigators to note
that the damage has been incomparably less than estimated.

It is worth mentioning that, among the major earthquakes in
the recorded history of the area, the Bihar—Nepal Earthquake
of 1934 (Ambraseys and Douglas, 2004; Hough and Bilham,
2008) with a maximum intensity of X-MMI (i.e., an intensity
of X in Modified Mercalli Intensity system) caused extensive
damage in the Kathmandu valley (Dunn et al., 1939; Pandey
and Molnar, 1988). The total number of deaths in whole Nepal
was 8519, with 4296 of these in the valley itself. This
earthquake destroyed about 19% of the buildings in the valley
and damaged about 38% of them (Pandey and Molnar, 1988;
Rana, 1935). The level of destruction was particularly severe
in Bhaktapur City in the eastern part of the valley (Pandey and
Molnar, 1988; Rana, 1935). Many historic temples and
monuments also collapsed or sustained severe damage. Sand
boils were observed in a central district of Kathmandu city.

3. Geotechnical conditions of the Kathmandu valley

The main sources of the sediments in the basin of the
Kathmandu valley are the surrounding mountains from where
the sediments were carried by an ancient drainage system. The
study based on the available borehole logs concluded that the

sediment distribution in the valley is not uniform and divided
into three main parts: the Bagmati formation, the Kalimati
Formation and the Patan Formation as indicated in Fig. 6
(Sakai, 2001). The section shown is for the eastern part of the
valley running from Sundarijal in the north to Itaiti village in
the south.

Bhandary et al. (2012) have prepared a geo-information
database of the Kathmandu valley. They have selected about
300 logs from a total of about 700 existing logs of boreholes in
the Kathmandu valley. As not all borings were carried out for
geotechnical investigation purposes most of them had only soil
profile depths and no geotechnical property information. The
database system gives approximate ground profiles through any
desired line connecting a set of borehole locations. The locations
of the 300 boreholes, their data and soil profiles in cross section
A-A' are presented in Fig. 7. Some of them are as deep as 600 m
from ground surface and extend to the bed rock. The section runs
from Syuchatar (North) to Bhaktapur (South) through the central
district of Kathmandu. Sand and gravel deposits are dominant in
the north and clay layers tend to be thicker in the south.

Fig. 8 shows the surface topography and shallow geotech-
nical conditions in a WE section (cross section B-B’) which
crosses from Tahachal in the west and Bhakatapur Durbar
Square in the east and runs through the center of the city.
Major rivers running through the valley also lie within this
section. The maximum and minimum elevations are 1342 m



M. Okamura et al. / Soils and Foundations 55 (2015) 1015-1029

1021

a
Distance from the most northemn point (km) Distance from the most western inn[ (km)
) )() 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12
004 0.0 p-uu—u - — e
- PN Ty A Ad], b
0.5 S 0.5 p—— - =t
10 . 00 I! 0 °
. ‘ .
=15 N N g~ s 2 15
~ — * ' =
32 20 N ] Fe 2 20 ®
525 .\ 525 °
3.0 ( = -~ 3.0 |
35 i, 35 b—o || A2nd peak
) ~ LO® @ Ist peak
4.0 C ) 4.0 @ ®No peak
4.5 45

Fig. 11. Distribution of predominant period of ground (after Kukidome et al., 2009). (a) along NS line (b) along EW line.

and 1283 m, respectively. The 11 borehole logs of shallow
depth ranging 10-30 m in the section show detailed informa-
tion about SPT N values, soil types and the location of the
ground water table. The sediments near the rivers (BH-2, 3,
4 and 6) mainly consist of sand and silt with a shallow ground
water table, typically 1-3 m from the ground surface. The SPT
N values are mostly lower than 15. In the westernmost
borehole near Tahachal (BH-1), the black clayey soil deposits
extend from the surface to a depth of 15 m. At Tribhuvan
International Airport (BH-7, 8 and 9) sandy gravel, coarse to
medium sand, and silty sand are the major soil types. In this
area the soils exhibits relatively higher SPT N values of > 15
below the ground water table. The borehole near Thimi
Bhaktapur (BH-10) indicated mostly a clay layer with a
thickness greater than that encountered in other boreholes.
The borehole located at Bhaktapur Durbar Square (BH-11)
indicated mainly coarse to fine sand strata down to 19 m from
the surface, which is then underlain by clayey silt. The
geotechnical characteristics at shallower depth may be sum-
marized as follows: the soil stratification of the deposit is
highly heterogeneous; the ground water table is shallow in all
bore holes, typically at 1-3 m below ground level; and SPT N
values are not high.

4. Evaluation of the natural period vibration and
structural damage

4.1. Microtremor measurement

Microtremor measurements were conducted at night during
November, 2008 along two lines across the Kathmandu valley,
a north—south line (NS Line) and an east—west line (EW Line),
as shown in Fig. 9 (Kukidome et al., 2009). The NS Line starts
at Pasikot, runs southward through Lazimpat, Thamel, Tri-
preshwar, Teku, Kopundol, Phulchowk, crosses the Ring Road
at Jawalakhel, and finally approaches southern Chasikot. The
EW Line starts at a hillside temple in the west of Swayamb-
hunath, runs eastward through Kimdol, crosses the Vishnumati
River, extends along the north end of Ratna Park and finally
reaches Gauchar.

Fourier analysis was conducted for each velocity—time
history segment extracted from raw data in terms of stable
time ranges and the horizontal to vertical spectral ratio (HV

spectral ratio) was calculated. The sequential arrangement of
HV spectral ratios of the north—south component at all the
measurement points along the NS line and the EW line is
shown in Fig. 10. Most of the HV spectral ratios have two
predominant frequencies, the lower one corresponds to ampli-
fication through sediments overlying the bedrock of the
Kathmandu Basin and the upper one corresponds to amplifica-
tion in the surface deposits.

The HV spectral ratios of the northernmost point on the NS
line and three westernmost points on the EW line, which are
located on a hill area, show no predominance. Since a no-
predominance or flat HV spectral ratio means a site with no
amplification due to surface wave generation, these sites can be
regarded as a type of bed rock outcrop in terms of the dynamic
amplification of earthquake ground motion. Except for these
points, each HV spectral ratio has two predominant frequen-
cies ranging between 0.2 and 0.5 Hz or 0.7 and 1.5 Hz in the
lower frequency range, and from 2 to 6 Hz in the higher
frequency range. Similar tendencies were observed in the EW
components. The predominant period of ground vibration at
the sites was calculated with the averaged predominant
frequencies of the NS and EW components and are shown in
Fig. 11. The spatial distribution of the predominant period can
be understood to be roughly representative of the basin profile
as shown in Fig.6. On the NS line, a gradual change from
2.5 to 4.5 s and another gradual change from 1.2 to 2.0 s are
found in Fig. 11(a). The longest predominant period was at
9 km from the north end of the line and this point corresponds
to the north-west corner of Ratna Park, 0.9 km from the north-
east of Durbar Square. In addition, the distribution of the
predominant period from 0.2 to 0.5 s seems to become longer
from north to south. On the other hand, along EW line, the
central part of the line has somewhat longer predominant
frequencies.

4.2. Relationship between ground natural frequency and
structural damage

(1) Dynamic properties of buildings in Kathmandu
In this section, we focus on damage to buildings in the
Kathmandu valley. Three- to six-story residential and
office buildings built in reinforced concrete with infilled
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Fig. 12. Typical buildings assessed. (a) six-story RCIW residential building
that suffered Grade 1 damage. (b) three-story brick URM houses that suffered
Grade 4 damage.

walls (RCIW) are dominant in the Kathmandu valley,
while two-story unreinforced masonry (URM) houses
secondarily dominant. Photographs of typical buildings
are depicted in Fig. 12. Moreover, high-rise apartments
with not less than 10 stories have also been recently built
there. The natural period of a building can be estimated
using an empirical formula for RCIW buildings shown in
the Nepal Building Code for seismic design, NBC 105
(GoN, 1994). As per the code, the natural period of a
building varies from 0.3 to 0.6 s for a 3—6 story building
while it varies from 0.8 to 1.3 s for 10-17 story building.
(2) Rapid damage assessment of buildings

In order to study correlation between damage ratio and
predominant period of ground vibration, the authors carried out
a partial exhaustive type survey along the NS Line. Eight
members of the team were divided into four groups. Each
group had a Nepali member for guiding and interviewing
purposes.

Damage assessment of buildings was conducted in accor-
dance with the European Macroseismic Scale 1998 (EMS-98,
European Seismological Commission, 1998), which has been
used mainly for damage assessment of masonry buildings. The
dominant types of buildings are unreinforced masonry (URM)
buildings and reinforced concrete frame-filled brick buildings

*.*/[]Grade 078.9% (420)
/ [[JGrade 111.8% (63)
FHGrade 2 4.7% (25)
[OGrade 3 2.6% (14)
FAGrade 4 1.3% (7)
W{Grade 5 0.6% (3)
N=532

Fig. 13. Result of rapid damage assessment.

and structures, which are not familiar to Japan. Damage
assessment as per EMS-98 would be beneficial in the
compilation of damage assessment carried out by different
institutes from different countries.

The results of the assessment as per EMS-98 can be
converted to the assessment scale issued by the Architectural
Institute of Japan and the Japan Building Disaster Prevention
Association. EMS-98 classifies building damage into six
grades as follows;

Grade 0: no damage

Grade 1: negligible to slight damage (no structural damage,
slight non-structural damage).

Grade 2: moderate damage (slight structural damage,
moderate non-structural damage).

Grade 3: substantial to heavy damage (moderate structural
damage, heavy non-structural damage).

Grade 4: very heavy damage (heavy structural damage,
very heavy non-structural damage).

Grade 5: destruction (very heavy structural damage).

Fig. 13 shows the provisional results of the rapid damage
assessment. A total of 532 buildings were assessed and more
than 90% of them were classified as having “no” or “negligible
to slight damage” (Grades O and 1) while the percentage of
buildings assessed as having “substantial to heavy damage” to
“destruction” (Grades 3-5) was only about 5%.

Fig. 14 shows the distribution of buildings assessed using
six grades of damage. It is not easy to see any systematic
change along the NS assessment line, but the severely
damaged area is located in the central part of the line, which
is almost equivalent to the central part of the NS Line of
microtremor measurement.

A denser distribution in a broader area may be needed for
detailed investigation of the correlation between building
damage and natural period of ground vibration.

5. Soil liquefaction

Because the Kathmandu valley deposits are composed
mainly of saturated sand and clay layers with a shallow
ground water table, liquefaction is highly anticipated. Fig. 15
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depicts the liquefaction susceptibility map prepared by the
United Nation Development Programme for an M7.8 scenario
earthquake and a peak ground acceleration of approximately
0.3 g (UNDP, 1994). Liquefaction susceptibility was judged
“high” and “medium” in a large area along the major rivers.
The authors tried extensively to identify the liquefied area
from 3 May until 7 May. Because no news of liquefaction had
practically been reported on TV and newspapers until then, the
authors visited many places where the liquefaction suscept-
ibility is high and medium. Meanwhile SNS was utilized to

Building Damage Survey
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Fig. 14. Distribution of buildings assessed into six Grades.
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collect information. The following five locations shown in
Fig. 15 were identified to have liquefied. Liquefaction-induced
damage to structures in these areas was not found except in the
case of the Nepal Engineering College (L4) where buildings
suffered subsidence. All these areas are in the high or medium
liquefaction susceptibility zone with the exception of Jharu-
warashi area (L1).

(1) Jharuwarashi area (L1)

Jharuwarashi is located in the southeast part of the
Kathmandu valley, and the Karmasasa River originates
near this area. On the right bank of Karmasasa River,
ground fissuring of approximately 100 m long and 10 cm

Percent finer by weight
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Fig. 16. Grain size distributions of erupted sand.
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Fig. 15. Liquefaction susceptibility map prepared by UNDP (1994) together with identified locations of liquefaction by the 2015 earthquake.
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wide was observed. Sand boils were ejected through the
fissures. The fissures were parallel to the river, indicating
the soil to be laterally spreading towards the river. The
ejected soil was fine sand containing 50% non-plastic silt,
as shown in Fig. 16.

(2) Bungamati area (L2)

Extensive soil liquefaction occurred in the Bungamati
area. This area located in the flood area of the Bagmati
River and is used as fields for growing two crops of rice
and wheat annually. A large number of sand volcanos
were detected in this area, approximately 300 m long and
200 m wide (Fig. 17). The ejected soil was coarse to fine
sand with 5-40% non-plastic silt, as shown in Fig. 16.
Fissures with openings up to 15cm wide were also
detected the directions of which were mostly parallel to
the river.

(3) Imadol area (L3)

On the right bank of the Karmasasa River, small-size
sand boils were detected in vegetable fields approximately
100 m from the river. This area was indicated to be a zone
of moderate liquefaction vulnerability, however, no damage
was induced by liquefaction to nearby buildings and lifeline
facilities.

(4) Nepal Engineering College (L4)

Extensive liquefaction occurred at the Nepal Engineering
College located on the left bank of the Monahara River. A
flat plain extends approximately 700 m wide along the river
channel between river terraces in this neighborhood. Sand
boiling and fissures occurred as shown in Fig. 18 and the
college buildings subsided slightly.

(5) Manamaiju area (L5)
The Manamaiju area is located on the north-west of

Kathmandu valley and the Bishnumati River runs through this
area. On the right bank of the Bishnumati River, some sand
boils were found in paddy fields (Fig. 19).

X-ray diffraction analyses were conducted on sands erupted
at liquefaction sites of L1 and L2 to assess their mineralogy. It
was found that quartz, feldspar, mica and calcite are the
dominant minerals. The relative amount of minerals in the
sands determined by the integrated intensity ratio were quartz

60-80%, feldspar 10-20%, mica 10-20% and calcite 5-10%.
Mica mineral grains have an impacts on the cyclic properties
of sand as the liquefaction resistance and volumetric change

Fig. 17. Erupted sand boils at Bungamati (L2). (a) overview of the area (b) erupted sand.
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Fig. 20. Liquefaction in Tundhikhen area (labeled “LP” in Fig. 14) by the 1934 earthquake (after Rana, 1935).

characteristics. The liquefaction resistance and the in-situ
penetration resistance of the mica-rich sand of Kathmandu
need to be further studied in order to validate the empirical
method to assess liquefaction susceptibility.

Rana (1935) reported the occurrence of widespread lique-
faction in the valley during the Bihar Nepal earthquake in
1934. The Tundhikhel area (labeled “LP” in Fig. 15) was
severely fissured and the ejection of liquefied sand occurred, as
shown in Fig. 20. Although that earthquake occurred in the dry
season (January 15, 1934), most of the paddy fields and roads
in the area were flooded by ejected sand boils. In the
Tundhikhel area located at the center of the city, the current
ground surface is mostly covered with buildings and pavement
but there is a large open space remaining, the old parade
ground, which has turned into a tent-city for the evacuees right
after the earthquake. No evidence of liquefaction caused by the
2015 earthquake was detected in this area.

6. Damage to the Kathmandu-Bhaktapur Road

The 9.142 km segment of the Kathmandu-Bhaktapur
Road section of the Araniko Highway was upgraded by
expanding the previous two-lane road to four lanes through
JICA (Japan International Cooperation Agency) funded
project. The road is also known as the Nepal-Japan Friend-
ship Road. The Kathmandu—Bhaktapur Road is designed to
serve not only as a road to ensure the smooth transportation
of goods and people between Kathmandu and Bhaktapur,
but also to play an important role in linking the Kathmandu
Valley with the Eastern Terrain via the Araniko Highway
and the Sindhuli Road (which connects Dhulikhel-Sind-
huli-Bardibas with the East-West Highway). Furthermore,
this road section has also improved the connection of the
Kathmandu valley with the north via the Araniko Highway.

<Towards
Kathmandu

e

Towards
Bhaktapur->

Surveyed area

Fig. 21. Kathmandu-Bhaktapur road (URL source: http://www.earth.google.
com).

This is a vital part of the physical infrastructure for Nepal in
terms of connectivity to China and India (JICA, 2007). A
part of this road was damaged during the Gorkha Earth-
quake. This section summarizes the damage to the road and
the surrounding infrastructures during the earthquake as
well as the geological and geotechnical information avail-
able close to this area.

Our survey focused only on the damaged part of the road
located near the Lokanthali area (Fig. 21), covering a length of
about 400 m. The state of the road before and after the
earthquake is shown in Fig. 22. The various locations, types
and extent of damage of the surveyed area are shown in
Fig. 23. On the Kathmandu side, heaving and subsidence of
the road, slope failures in the main road and access road,
ground fissuring, retaining wall damage and damage to the
residential buildings close to the access road were observed.
Similarly, on the Bhaktapur side, heaving and subsidence of
the main road, slope failures in the access road and ground
fissuring were observed.
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Bhaktapur

Kathmandu
Fig. 22. State of the road before and after the earthquake. (a) Before the Eq. (b) After the Eq.

a

Kathmandu Bhaktapur

1: Ground fissuring
2: Ground fissuring

3: Slope failure and road damage

4: Retaining wall and building damage
5: Settlement of the road embankment
6: Sinking of the access road

7: Slope failure and road damage

8: Settlement of road
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b

Kathmandu
side

Bhaktapur
side

I 1
100 m

1: Ground fissuring in 30° azimuth
towards the east

2: Slope failure (in the direction shown)
and ground subsidence (Maximum
subsidence: about 1 m)

Fig. 23. Locations of the damaged area in the main road and the access road (source map URL: http://www.maps.google.com).

Slope failure at Location 3 is shown in Fig. 24. As seen in
the figure the traffic police box was tilted by about 12
degrees due to slope failures and settlement of the road. On
the Bhaktapur side (Location 7) similar slope failure also
took place in the access road (Fig. 25 a) and subsidence of
the main road was also observed (Fig. 25b). In Location 5,
huge settlement of the access road on the Kathmandu side
was observed (Fig. 26a). An apartment building close to this
subsiding road was found to have settled and tilted as seen
in Fig. 26b. At Location 4, there are two types of retaining
walls: one is a reinforced retaining wall and the other is a
gravity retaining wall. As seen in Fig. 27, in the joint
between the two walls damage was observed. In addition, in
some parts of the gravity retaining wall, cracks were
observed along the same line in which ground fissuring of
the access road was observed. Ground fissuring extended up
to the residential areas along the road. Two residential
buildings located along this fissure were found to be heavily

Fig. 24. Slope failure in the Kathmandu side.

damaged (Fig. 28). According to the owner of the building,
whom the authors met during the investigation, the building
settled by more than 1 m towards the Kathmandu—Bhaktapur
road, and consequently tilted due to differential settlement
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Fig. 25. Slope failure and subsidence (Bhaktapur side). (a) Sinking of the main road and (b) slope failure in the access road.

Fig. 26. Access road and building damage (Kathmandu side). (a) Subsidence of the access road and (b) tilted building.

a

Gravity
retaining wall

Reinforced
retaining wall

Fig. 27. Retaining wall damage and ground fissuring. (a) Damage to gravity retaining wall and (b) ground cracks.
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Fig. 28. Settlement and tilting of buildings resulting from ground fissuring.

as seen from the picture. Many ground fissuring were also
observed in the area surrounding the two buildings.

7. Conclusions

Following the 2015 Gorkha earthquake, the authors con-
ducted an extensive survey in the Kathmandu valley from May
1 to 7, 2015. The results obtained are summarized as follows:

® Using the database system established by Bhandary et al.
(2012), a deep soil profile up to 600 m in a NS cross section
was constructed. It showed that sand and gravel deposits are
dominant in the north and clay layers tend to be thicker in
the south.

® A shallow soil profile up to 30 m in a east-west section
showed some significant geotechnical characteristics includ-
ing that the shallow soils mostly consist of sand, silt, clay,
and their mixture, with a shallow ground water table,
typically 1-3 m below the ground surface, and that SPT
N values are mostly lower than 30.

® In order to study the correlation between the damage ratio
of buildings and predominant period of ground vibration,
our team carried out a partial exhaustive type survey along a
NS line where microtremor measurements had been pre-
viously conducted in 2008. The predominant period of
ground vibration was short at the edge of the valley and
long at its center, ranging between 1.2 and 4.5 s.

® A total of 532 buildings were assessed and more than 90%
of them were classified as “no damage” or “negligible to
slight damage” (Grade O or Grade 1) while only approxi-
mately 5% of the buildings were classified as “substantial to
heavy damage” to “destruction” (Grades 3-5).

® Five locations were identified where the liquefaction of
soils had occurred. Liquefaction-induced damage to struc-
tures in these locations was not found, except in the case of
the Nepal Engineering College where minor settlement of
the college building was observed. X-ray diffraction ana-
lyses of sands erupted at liquefaction sites showed that
quartz, feldspar, mica and calcite are the dominant minerals.

® During the 1934 earthquake foundation liquefaction in
Tundhikhel area was observed but during the 2015 earth-
quake, no evidences of liquefaction were observed in this
area.

® The Kathmandu—Bhaktapur Road of Araniko Highway was
heavily damaged in the Lokanthali area. Heaving and
subsidence of the road, slope failures in the main carriage-
way and access road, ground fissuring, retaining wall
damage and damage to the residential buildings close to
the access road were observed. Subsidence of the soft soils
and their lateral spreading in this area may have exacerbated
the damage to this road.
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