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Abstract. On 22 December 2018, a tsunami was generated
from the Mount Anak Krakatau area that was caused by vol-
canic flank failures. The tsunami had severe impacts on the
western coast of Banten and the southern coasts of Lam-
pung in Indonesia. A series of surveys to measure the im-
pacts of the tsunami was started 3d after the tsunami and
lasted for 10d. Immediate investigations allowed the collec-
tion of relatively authentic images of the tsunami impacts
before the clearing process started. This article investigates
the impacts of the 2018 Sunda Strait tsunami on the affected
areas and presents an analysis of the impacts of pure hydro-
dynamic tsunami forces on buildings. Impacts of the tsunami
were expected to exhibit different characteristics than those
found following the 2004 Indian Ocean tsunami in Aceh.
Data were collected from 117 flow depths along the Banten
and Lampung coasts. Furthermore, 98 buildings or houses
were assessed for damage. Results of this study revealed
that the flow depths were higher in Banten than in Lam-
pung. Directions of the tsunami arrays created by the com-
plex bathymetry around the strait caused these differences.
Tsunami-induced damage to buildings was mostly the result
of impact forces and drag forces. Damping forces could not
be associated with the damage. The tsunami warning system
in Indonesia should be extended to anticipate non-seismic

tsunamis, such as landslides and volcanic processes driven
by tsunamis. The lack of a tsunami warning during the first
few minutes after the generation of the first wave led to a sig-
nificant number of human casualties in both of the affected
areas.

1 Introduction

In 2018, there were two important tsunami disasters that
drew the attention of disaster researchers, namely the
28 September 2018 Palu tsunami and the 22 December 2018
Sunda Strait tsunami. The latter was generated by the Mount
Anak Krakatau volcanic eruption. The official number of hu-
man casualties reported was 437 dead, 31 942 injured, and 10
still missing as of completion of this report (BNPB, 2019).
Local communities received no warning of the 22 December
2018 tsunami that was generated by Mount Anak Krakatau.
This was one reason for the large number of human casualties
on both sides of the affected area. What made this tsunami of
particular interest was the rare process that led to its genera-
tion and the fact that it occurred at night, hindering any direct
visual anticipation and interaction by local communities.
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In some cases, people living around the volcano were not
well prepared to face a potential tsunami that can be gen-
erated by eruptions. This was the case for those commu-
nities around the Thyrrenian coast of Italy (Gravina et al.,
2019). Sustained public engagement is necessary, as in the
Mount Zad case in Japan (Donovan et al., 2018). As the vol-
canogenic tsunami is a low-frequency event, effective coun-
termeasures specifically performed to mitigate impacts of
non-tectonic tsunamis are difficult to see in actual practice.

Volcanic-eruption-induced tsunamis have been recorded at
several locations, including one that occurred in 1883 due
to the Mount Krakatau eruption. This tsunami caused be-
tween 30000 and 70000 deaths and affected not only the
surrounding coasts along the Sunda Strait but also Madagas-
car on the western edge of the Indian Ocean basin, located
about 3000km from the Mount Krakatau complex (Choi
et al., 2003). The highest wave reported due to the erup-
tion was 40 m (Spicak et al., 2008). The 1883 eruption de-
formed the main dome of the Krakatau into four parts, i.e.
the islands of Rakata, Sertung, Lang and Anak Krakatau.
The crater of Krakatau was flattened under water due to the
1883 eruption; it emerged to the surface in 1930 and was
named Mount Anak Krakatau, which literally means “the
child of Krakatau” (Bani et al., 2015; Zen, 1970). Mount
Anak Krakatau is considered among the most active volcanos
in the world. Before the 2018 eruption, it erupted 40 times
over the past 85 years (GVP, 2019). Nonetheless, only the
2018 eruption caused a tsunami wave that affected the south-
ern coast of Sumatra (Lampung province) and the western
coast of the island of Java (Banten province). In 2012, Gi-
achetti et al. (2012) identified an active zone at the south-
western flank of Mount Anak Krakatau that expanded from
time to time. They also revealed that the southwestern flank
failure could generate a 45 m wave toward the small islands
surrounding the volcano complex that could reach the Ban-
ten area with 1.5 m wave heights within 35-45 min after the
collapse (Giachetti et al., 2012). The growth of Mount Anak
Krakatau was observed toward the southwest, based on a sur-
vey in 1994 (Deblus et al., 1995). This made the slope of the
southwestern flank significantly steep, inclined at about 0.9
as of 1995. The southwestern flank failure could also be as-
sociated with the tsunami that occurred in 1981 (Sigurdsson
et al., 1991) despite no record of human casualties. Despite
the long record of Anak Krakatau events, the 2018 tsunami
in Sunda Strait still caused a significant number of human ca-
sualties, and impacts on the coastal settlement area were se-
vere. The 22 December 2018 Mount Anak Krakatau tsunami
was caused by a small volume of southwestern flank failure
( < 0.25km>) of the volcano (Williams et al., 2019). Prior
to this tsunami, the government of Indonesia released a sta-
tus of the activities of Mount Anak Krakatau that has been
active since June 2018 (PVMBG, 2018).

This study investigates the impacts of volcanogenic
tsunamis, generated by Mount Anak Krakatau, on Lampung
and Banten, located around Sunda Strait, Indonesia. A se-
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ries of measurements were performed at the affected area
from 24 December 2018 to 3 January 2019. Data collected
in this research were compiled in a database that is stored at
the Mendeley database (Syamsidik et al., 2019b). Some lo-
cations with measured flow depths, damaged buildings and
tsunami boulders can be referenced by the database. In this
article, reported impacts of the tsunami on buildings provide
novel findings where field tsunami impact data have mostly
been based on tectonic tsunamis. Here we present results of
an analysis of the damage to buildings due purely to tsunami
hydrodynamic forces. Notwithstanding the presented find-
ings, we acknowledge some limitations of the study as elu-
cidated in Sect. 5, “Discussions”. This article is expected to
contribute to tsunami engineering studies and to a better un-
derstanding of tsunami mitigation efforts especially in the
analysis of damage to buildings due to tsunamis.

2 Survey area

The tsunami-affected area was largely reported to be from
the southern coasts of Lampung and western coasts of Ban-
ten. In this study, we investigated five areas, as shown in
Fig. 1. Two areas were the districts of Pandeglang and Serang
on the western coasts of Banten. The other three areas were
the districts of South Lampung and Tanggamus of the Lam-
pung province. The district of Serang has a total population
of about 1.56 million as of 2017, while Pandeglang has a total
population about 1.21 million as of 2017. Serang is famous
for its industrial areas; a large steel company is located at its
coast. Pandeglang is known for tourism, as a number of ho-
tels and resorts, located along its coast, are heavily occupied
during the long holiday season. Some areas in Pandeglang
were difficult to assess using land transportation due to road
damage, and some routes have still not been constructed. The
damage caused by the tsunami on transportation lines created
difficulties for the investigation team to reach the most south-
ern part of the tsunami-affected area in Banten. In total, this
team managed to investigate about 112 km of coastline along
the province of Banten.

In Lampung, about 57 km of coastline was investigated,
covering the two districts at the southern part of the province.
South Lampung has a population of about 980000 people,
most of whom reside at the coastal area. Kalianda is the cap-
ital city of the district, which was also affected by the 2018
Sunda Strait tsunami. Another area in the district that was
affected by the tsunami is Rajabasa. People in the two ar-
eas are mainly farmers and fishermen. A large ferry port ac-
commodating a number of ferry lanes servicing Banten and
Lampung is located in this district. Fortunately, there was no
major impact on the port. The other district in Lampung in-
vestigated in this study is Tanggamus. Here, only one victim
reportedly died from the tsunami. We investigated a small
bay where human casualties were reported in this district.
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Figure 1. The surveyed area following the 22 December 2018 Mount Anak Krakatau volcanogenic tsunami. Five areas of the survey are
marked by blue rectangles. Tide-gauge stations are marked by green triangles. Bathymetry data were adapted from Topex (2019).

3 Methods
3.1 Survey method

A series of surveys was conducted at the five affected areas
explained in the previous section from 24 December 2018 to
3 January 2019. The 10 d survey was initiated to measure the
impacts of the tsunami on Banten area. In this area, the team
spent 6 d measuring tsunami flow depths, tsunami boulders,
and damage to housing or buildings in the affected area. An-
other 4d of the survey were spent in Lampung measuring
the same data. Measurement of flow depths was done using a
levelling staff and water pass to measure water marks, broken
twigs, or stranded tsunami debris. A handheld GPS was used
to locate the coordinates of the measured flow depths. The
GPS was also used to measure limit of tsunami inundation.
Some previous post-tsunami impact surveys also applied a
similar method to this study, collecting flow depths, tsunami
inundations, and building damage (see Fryer, 2011; Borrero
et al., 2006; and Syamsidik et al., 2019a). A drone was also
utilized in this survey to capture images from the tsunami-
affected area. In total, we managed to measure 117 flow
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depths from both sides of the affected area. All data were
stored in the Mendeley dataset (Syamsidik et al., 2019b). The
survey was not performed at offshore islands around Mount
Anak Krakatau, as the area was restricted by the government
for any activity due to the threat of volcanic activity and the
tsunamis.

The tsunami arrival at the coastal area was analysed based
on water elevations measured at four tidal-gauge stations.
The locations of the tidal-gauge stations can be seen in Fig. 1.
To separate the tsunami wave data from the high-frequency
data influenced by astronomical components, a low-pass fil-
ter was applied. Threshold frequency for the filtering was
0.0805 cycles per hour (cycleh™!), as suggested by Emery
and Thomson (2001). Arrival times were interpreted based
on the first peak of the wave recorded at the tidal-gauge sta-
tions. To confirm the conditions around the arrival times of
the tsunami, we also performed a number of interviews in the
local community. Three main questions were asked, i.e. re-
garding indications or some sign before the tsunami arrived,
the number of waves, and the evacuation process. Ten people
were interviewed on the Banten coasts and five in Lampung.

Nat. Hazards Earth Syst. Sci., 20, 549-565, 2020
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Since the number of interviewees was limited, results of the
interviews were meant to confirm the conditions before the
tsunami arrival qualitatively. Furthermore, interviews were
also conducted to identify locations of onshore boulders be-
fore the tsunami.

3.2 Velocity-inferred tsunami boulders

Velocity data were inferred from tsunami boulder transporta-
tion. Types of boulders were classified based on size and
material composition. During the survey, they were domi-
nated by two kinds of boulder materials, namely coral and
rubble mound material from revetment structures. A descrip-
tion of the analytical solutions for inferring tsunami boulder
transportation was given by Noormets et al. (2004). Tsunami
boulders were measured for their dimensions, original loca-
tions (based on interviews and materials), and distance of
transport. Tsunami boulder transportation velocities were in-
ferred using Eq. (1), as suggested by Paris et al. (2010):

[ 2umg
1 = —, ]
Umin CaAnpu (1

where Uiy is minimum estimated velocity (m s’l), J is the
friction coefficient, which is 0.7, as suggested by Noormets
et al. (2004), g is gravitational acceleration (m s72), Cq is
the drag coefficient, which was considered to be 1.95, A, is
the areal of the boulder perpendicular to the tsunami flow
direction, and py, is water density (1027 kg m).

Distance travelled by the tsunami boulder depended on
tsunami velocity, size of the boulder, and boulder material.
The range of seawall material transported as a tsunami boul-
der was 3-4ms~! for sliding or rolling movement and 11—
12ms~! if the boulder moved in the saltation mode (Nan-
dasena et al., 2011; Paris et al., 2009).

3.3 Building damage observations

An assessment of building damage was performed on 98
buildings; most of them were houses. Among the assessed
buildings, 73 were confined masonry-brick-infill houses.
This type of house used smooth bars as structural compo-
nents and masonry fill for walls. The walls were strength-
ened by tie columns and tie beams at the tops. Most of walls
had a thickness of 15cm. The bricks were bound by about
2-3 cm mortars. Plain bars were used to connect the walls
with windows and door elements. This type of house pre-
dominated in Banten and Lampung. A similar type of house
was found to be the majority of houses in the 2004 Indian
Ocean tsunami-affected area in Aceh. Around 70 % of the
houses in Aceh were confined-masonry-brick-infill houses
(Boen, 2005; Brzev, 2007). This study compared the tsunami
fragility curve produced based on the 2004 Indian Ocean
tsunami in Banda Aceh to a fragility curve composed based
on the 2018 Sunda Strait tsunami, as the types of houses in
both areas are similar.
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The types of damage were classified into five damage
states (DSs), as suggested by Suppasri et al. (2011) and
Macabuag et al. (2016). The list of DS classifications can
be seen in Table 1. To exclude houses altered due to clear-
ing processes, the assessment was limited to the confined
masonry-brick infill buildings (CM) and wooden houses.
Types of houses in the Banten and Lampung affected areas
were relatively similar. Most of the buildings located near the
coastal areas functioned as residences, villas, or cottages.

Data collected were analysed using fragility functions to
produce cumulative probabilities of damage caused by the
tsunami. Equation (2) was used to calculate the fragility func-
tions:

P(x)=¢ [x;—’“‘} ®)

where P is the cumulative probability of damage, ¢ is the
standardized normal distribution function, x is the hydrody-
namic feature analysed for damage (in this case, flow depth),
and p and o are the mean and standard deviations of x, re-
spectively.

The fragility function was developed to estimate the future
impacts of a tsunami. In previous cases, the function was de-
veloped based on tectonic tsunamis (Koshimura et al., 2009;
Suppasri et al., 2015). In this study, as there was no earth-
quake preceding the tsunami, analysis of the damage was
based purely on tsunami wave propagation.

4 Results
4.1 Tsunami arrival times

Tsunami arrivals were determined based on water elevations
monitored at four tidal-gauge stations located around the
Sunda Strait. The stations were Marina Jambu, Ciwandan,
Panjang and Kota Agung. The tidal-gauge stations are op-
erated by Indonesia Geospatial Information Agency (BIG,
2018). Each of the stations recorded 1min interval wa-
ter levels and are available online. Figure 2 shows the fil-
tered tidal data from all four stations. The first detected
tsunami wave arrival was recorded at Marina Jambu station
at 14:30 UTC (at 21:30 local time). The time of generation of
the tsunami from the source was not clear, since no tidal sta-
tion was located around the volcano. Thirteen minutes later
(14:43 UTC), the tsunami wave was recorded at the Ciwan-
dan station, near Cilegon, Banten. The first tsunami wave was
recorded at 14:40 UTC at the Kota Agung station, which was
almost simultaneous with the Ciwandan station. Although
Panjang is closer to the Mount Krakatau complex than Kota
Agung, due to tsunami wave arrays that caused diffraction
and refraction, the arrival time at Kota Agung was 10 min
earlier than at Panjang stations (at 14:50 UTC). The landslide
area at the southern part of Mount Anak Krakatau also con-
tributed to arrival times.

www.nat-hazards-earth-syst-sci.net/20/549/2020/
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Table 1. Damage states of buildings due to tsunami as suggested by Suppasri et al. (2011) and Macabuag et al. (2016).

Classification ~ Damage condition Description An example photo
DCO No damage Flooded but no damage

found.
DC1 Minor Damage found on windows

and doors, no damage on
wall and on structural com-

ponent.

DC2 Moderate One side wall damage,
no damage on column and
beam.

DC3 Major All walls were damaged or

roofs fell down, structural
components bent or deflec-
ted or broken.

DC4 Completely or Only floor left.
washed away
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Figure 2. Filtered water elevation fluctuations measured at four tide-gauge stations around Sunda Strait, indicating the tsunami wave at
arrival.
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4.2 Flow depths and inundation area

Comparing the two main affected areas, a significant flow
depth decay on both sides of the study areas was found. The
highest flow depth was found at Cipenyu, Banten, where the
tsunami wave hit directly from the area around the Krakatau
complex. In the southern and the northern parts of this lo-
cation, flow depth decreased. This was also found to be true
in Lampung. Detailed findings from both of these areas are
elucidated as follows.

4.2.1 Banten
Serang district

Impacts of the tsunami in Banten were found to be more se-
vere than in Lampung. Along the western coast of Banten,
impacts were visible but not seen to be continuous. Figure 3
shows tsunami flow depth distribution and run-up limits mea-
sured at Banten coasts. There were some areas where ev-
idence of tsunami waves could not be identified based on
physical observations and eyewitness interviews. It is im-
portant to note that the interviewees’ expressions were not
meant to clarify the tidal-gauge data, as this was difficult to
do. Tide elevation data reported from the tide stations were
1 min average data. The northernmost extent of the tsunami
effects was located at the Anyar coast. The northernmost
point of the tsunami depth was identified at Villa A Pahmi,
located in the village of Karang Suraga. Here, the tsunami
depth was 2.80 m (F02), identified from gazebo roof damage
in the backyard of the villa. Around this village, the max-
imum tsunami depth was 3.00m (FO1), based on a broken
twig. Around Villa A Pahmi, a number of tsunami boulders
were also found. Boulder materials came from a revetment
structure protecting the coastline from erosion. The location
of the revetment made determination of the travel distance
of the transported boulders more facile. The farthest point of
the transported boulder was 28 m from the revetment struc-
ture (Bo-1). Based on interviews with two tsunami survivors
in this village, there were two significant wave attacks in this
area; the second wave was the largest and the most destruc-
tive. A similar account was also revealed by another survivor
at Villa Karang Bolong of Serang. Tsunami waves damaged
some houses and villas in this area. To the south of this area,
impacts of the tsunami were more visible, as they were seen
in the Cinangka sub-district.

At the Cinangka sub-district, maximum tsunami flow
depth was measured at 3.75m (F25). This was identified
from the peeled bark of a tree in the village of Bulakan. At the
Bulakan Pondok coast, in the same sub-district, flow depth
was measured at 2.08 m (F10), identified by a thick tsunami
deposit at the stairway of a villa located about 12 m from
coastline (see Fig. 4).
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Pandeglang

Unlike Serang, where most of the coastal area is dominated
by villas for tourism, Pandeglang’s coastal area is mostly res-
idential. The village of Suka Ramai, located at Sambolo Bay,
was severely affected by the tsunami, as can be seen from a
cross profile of tsunami height and aerial images in Figs. 5
and 6. Tsunami wave direction is marked with a white ar-
row in the figure. Direction was identified from the direction
of the fallen trees, swept away by the tsunami wave. At this
location, tsunami flow depth was at 4.10m (F16) based on
a broken tree branch. A higher flow depth was at 4.85m at
point F20 (see the data in Syamsidik et al., 2019b).

At this location, a transect was performed to measure
tsunami height. Figure 5 also shows the profile of tsunami
flow heights, ground elevations and house damage type.
Height was calibrated with local tide data. Here, the tsunami
flow’s height was 6.59m (H1). As the crown of a seawall
along this coastline was 1.80 ma.s.l., the tsunami wave was
considered large enough to destroy houses and other types
of buildings in the area. The tsunami inundation distance
reached 249 m, passing over a dense residential area.

Further damage was identified in the Carita region of Pan-
deglang. The survey team investigated Mutiara Carita Cot-
tage and Gading Nirwana Villa. The two resort complexes
are situated close to the coastline, and some of the build-
ings directly face the sea. Most of the buildings in this
area were located about 15 m from the coastline and appar-
ently were not constructed for mitigating any waves com-
ing from the strait. Most of the buildings were flattened by
the tsunami wave, leaving only floors. Based on a wall clock
found at an inundated house, the clock stopped at 21:45 lo-
cal time (14:45 UTC). At Mutiara Carita, measured tsunami
flow depth was 3.50 m, identified by a broken tree branch,
and 3.34m, which was identified from a broken roof ele-
ment of the cottage. These are points F33 and F34 in data
of this survey (Syamsidik et al., 2019b). A higher tsunami
flow depth was found at Gading Nirwana Villa, which was
5.50m (Syamsidik et al., 2019b). Flow depth was identified
from a broken roof at the villa. An aerial view of the cottage
captured on 25 December 2019 can be seen in Fig. 6.

To the south of Carita, tsunami impacts were inconsistent
in terms of distribution and depth. This was shown at Labuan,
a fisherman’s village, where the highest tsunami flow depth
was 1.10 m, measured at Labuan fishing port (PPP Labuan,
which is point F39 in Syamsidik et al., 2019b). A lower flow
depth was also measured at Teluk Lada of the Panimbang
sub-district, where the tsunami wave only overtopped a sea-
wall structure and flooded a road behind the seawall. The
crest of the seawall was about 1.50 ma.g.l.

Interestingly, tsunami flow depths were found to be higher
at the village of Tanjung Jaya than at Labuan. The village is
located to the south of Labuan. In this village, there is also
a special economic zone (KEK), where some industrial com-
plexes are situated along with a resort (Tanjung Lesung Re-

www.nat-hazards-earth-syst-sci.net/20/549/2020/



Syamsidik et al.: The 22 December 2018 Mount Anak Krakatau volcanogenic tsunami

PANDEGLANG (PA}NIMBANG, CIGEULIS, AND|SUMUR SUB-DISTRICTS)

Tanjung Lesung Resort
.80
| 4.95
2.
!
Bo-5 = 4,368 m s Tan]ung Jaya
Bo-4 = 1.668/m s

Sa:10 Sl
@Z 5 Cipenyu Beach
5.00
> 14.90
¥9.39
> 1114

-6°30.00"

T-1.08
Margagiri

3.53
330 Batu Hideung Beach
-6°33.00" g il

PANDEGLANG

SUNDA STRAIT

-6°36.00"
Flow depth (m)

2.10
=~ 1.60

Run-up (m)
Tidal gauge
/ Banyuasih "0 Bodlder
| 4 ¥ Inundation limit
w’S.SS Cislih —® Tsunami direction
e ) b

~175.25
475 Sumur

-6°39.00"

A

0 1 2km

225 Kertai
37 Kertajaya

©@GoogleEarth

105°36.00 105°39.00

-6°12.00

-6°18.00"

-6°24.00

-6°30.00

555

SERANG-PANDEGLANG (ANYAR- PANIU(‘BANG SUB-DISTRICS)

Bo-1=2.783ms" [
L

Bo-2 ={2.298 m s *

Marina Jambu 'f :

Labuan
Caringin: Beac

PANDEGLANG

Flow depth (m)

i 1.08

Cikanogng Beach

Tidal gauge

O  Boulder
-

Pagelaran

Inundation limit
W Escape building
=% Tsunami direction Cibungur

n
®
Gl 3
Panimbang

©GoogleEarth

105°48.00" 105°54.00

Figure 3. Tsunami flow depth distribution around Serang, the northern area of Pandeglang (a) and around southern Pandeglang (Panimbang—
Sumur; b). Flow depths are drawn in red bars. Green bars represent run-up heights. The green rectangle represents the location of a tsunami

escape building at Labuan. (The map is adapted from Google Earth.)

sort). At this resort, a significant number of human casualties
were identified. This was because there was a company gath-
ering where a popular musical band was performing at the
time of the tsunami. According to an interview with the re-
sort manager, the first tsunami wave hit this resort at 21:30
local time (14:30 UTC). The first wave destroyed the perfor-
mance stage, captured by amateur video recorded by a party
attendant. When this survey was conducted in this area, the
broken stage was still visible and scattered. Here, flow depths
were measured at 4.80 and 4.95 m around the stage (points
F44 and F45, in Syamsidik et al., 2019b, respectively). Fur-
ther landward, a flow depth as high as 2.30 m (F46) was still
identified at about 120 m from the stage.

Figure 7 shows conditions at Cipenyu Beach, located west
of the Tanjung Lesung resort, comparing scenes before and
after the tsunami. The figure also shows the distribution of
tsunami flow depths. Although no significant residential area
was found here, traces of the massive impacts of the tsunami
could be identified at the Kasvana Beach Resort. Maximum
flow depths around this resort were at 6.60 m (F47), identi-
fied from a broken branch of a Pandanus odorifer sp. tree.
According to an interview with the resort staff, seven people
died. They were guests and staff of the resort. Severe ero-
sion was also seen along the coastline near the resort. The
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deadly force of the tsunami wave was also revealed by a large
tsunami boulder (Bo-5), which was found around 87 m from
its initial source (see Fig. 8). The boulder’s origin was based
on eyewitness interviews stating that the boulder was at the
beach area close to the resort before the tsunami. Another
tsunami flow depth mark close to the boulder was measured
at 5.10 m (point F54 in Syamsidik et al., 2019b). The topog-
raphy around the area was relatively flat. Based on Eq. (1),
it is inferred that the minimum velocity that transported the
boulder was about 4.37 ms ™!

At Sumur, to the southwest of Cipenyu, another zone of
significant damage was observed. Although the population is
lower than it is to the north of this area, visible tsunami traces
could be identified from uprooted trees and fallen electrical
poles. A steep coastal slope made it easier to locate tsunami
flow depths and the limit of the tsunami inundation. Maxi-
mum run-up in this area was measured at 14.90 m from mean
sea level. Maximum run-up was identified from debris appar-
ently carried by the tsunami flow. At the village of Cisiih, the
flow depth was measured at 5.85 m (point F59 in Syamsidik
et al., 2019b).

The Sumur sub-district was the most affected sub-district
at the southern part of Banten coast. This sub-district was
isolated for about 3 d after the tsunami due to massive dam-
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Figure 4. A villa’s wall destroyed by tsunami on Bulakan Pondok
beach (a) and a 2.08 m of flow depth recorded on the stair inside
the villa (b). One-storey house had a major damage; meanwhile the
two-storey house was moderate.

age to roads and bridges connecting the sub-district to other
areas. According to interviews with eyewitnesses, they expe-
rienced two tsunami waves, where the second wave was the
largest and the most destructive one. Before the first wave,
residents heard a roaring sound from the sea that motivated
most of the them to evacuate to higher ground. The resi-
dential area in this sub-district is situated very close to the
sea. Some of the houses were located immediately behind a
seawall. Tsunami flow depth was measured at 4.75ma.g.l.
(metres above ground level; point F60 in Syamsidik et al.,
2019b). This point is located about 40 m from the seawall.
A higher tsunami flow depth, measured at 5.25 m (F61), was
also found in this sub-district. Most houses in this area were
semi-permanent-type houses, where impacts of the tsunami
waves on the houses were severe. The tsunami inundation
limit was measured at 155 m from the coastline.

After Sumur, a survey was performed at the Kertajaya sub-
district, which was the last survey area in Banten. Tsunami
impacts were investigated carefully at the Cinibung Resort.
Here, flow depths were between 2.25 and 3.15 m. The survey
in Banten was completed on 30 December 2018, 8 d after the
tsunami.
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4.2.2 Lampung
South Lampung district

Impacts of the tsunami generated by the Mount Anak
Krakatau eruption in Lampung were measured three loca-
tions, i.e. two areas in South Lampung and one area in
the district of Tanggamus. South Lampung was the most
tsunami-affected area at the Lampung coasts. In South Lam-
pung, impacts of the tsunami were found to be significant
in the Kalianda and Rajabasa sub-districts. Three villages in
Kalianda were selected for detailed investigations, namely
Waykiayi, Wayurang and Maja. Distributions of tsunami flow
depths in Kalianda can be seen in Fig. 9.

Impacts of the tsunami on Rajabasa were worse than those
on Kalianda. We surveyed three villages in this sub-district,
namely the villages of Waymuli, Kunyir and Batu Balak.
Measured tsunami flow depths in this area were between 2.0
and 4.5 m, as can be seen in Fig. 10. This is a fishing commu-
nity, and the majority of the coastal area is a residential area
for the fishermen. Other related buildings, such as a shrimp
hatchery, were also damaged by the tsunami.

Figure 11 shows an aerial view of the damage caused
by the tsunami in the villages of Batu Balak and Kunyir.
At the hatchery plant, tsunami flow depth was measured at
3.82ma.g.l. (point F88 in Syamsidik et al., 2019b). An ele-
mentary school in Kunyir located close to the coastline sus-
tained massive damage. At this school, tsunami flow depth
was measured at 3.33m (point F91). The tsunami inunda-
tion limit was located 160 m from the coastline. Although
Kunyir was protected by a revetment structure with a crown
2.5 ma.m.s.l. (metres above mean sea level), it could not pro-
tect the area from the tsunami. On the revetment, tsunami
flow depth was at 2.10 m, based on a tree mistakenly located
on top of the structure. In Waymuli, the highest tsunami flow
depth was 3.92 m (point F105).

In general, the majority of the Waykiayi coastal residential
community was deserted. Although tsunami flow depth was
as high as 2.00m and could still be found at an area about
100 m from coastline, not much major damage to buildings
was identified. Nonetheless, some houses that were located
around the coastal area were demolished by the tsunami
wave, leaving floors as the only visible elements of the
houses remaining. In the village of Wayurang, some houses
were completely destroyed by the tsunami. A tsunami flow
depth of 3.90 m was measured by one broken tree branch in
the coastal area (point F78 in Syamsidik et al., 2019b).

The coastal area of the village of Maja is a residential fish-
ing village. A seawall was constructed to protect the houses
from high waves generated from the Sunda Strait. The high-
est tsunami flow depth was 2.0ma.g.l. (F70 and F71), mea-
sured at a house close to the seawall.
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Figure 5. A cross profile of tsunami height in Suka Ramai, Carita, Banten. Panel (a) is the location of the transect plotted on an aerial image
captured on 28 December 2018.

Figure 6. Aerial view of land destruction at Mutiara Carita Cottages and Gading Nirwana Villa, Banten. Panel (a) was adapted from Google
Earth.
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Figure 7. The land destruction and flow depth distribution at Cipenyu Beach, Banten. Panel (a) is an image captured before the tsunami
(from Google Earth). Panel (b) is an aerial view captured by drone on 29 December 2018.

Figure 8. The largest boulder found in Cipenyu Beach of Banten was transported about 87 m from its original place. An arrow shows the
estimated transport direction of the boulder with an estimated velocity of 4.37 m sl captured on 28 December 2018.

Tanggamus district

In the district of Tanggamus, Lampung, impacts of the
tsunami were less severe. The only place where a casualty
was reported was at Teluk Kiluan of the Kelumbayan sub-
district. This bay is located about 79 km to the west of Ban-
dar Lampung, the capital city of the province of Lampung.
The distribution of flow depths and flow directions at Teluk
Kiluan of Tanggamus can be seen in Fig. 12. Along the bay,
there are three villages where tsunami impact was measured,

Nat. Hazards Earth Syst. Sci., 20, 549-565, 2020

namely Sinar Agung, Sinar Maju and Bandung Jaya. Mea-
sured tsunami flow depths were 1.46, 1.15 and 1.84 m at the
villages of Sinar Agung, Sinar Maju and Bandung Jaya, re-
spectively (see points F114, F111 and F116 in Syamsidik et
al., 2019b). The most severe impact in this area was investi-
gated at a wooden elevated house that was transported about
3.5m from its original location. A lone casualty was found
at this location. Here, tsunami flow depth was 1.05 m (point
F115). Other damage was found at an elevated wooden house
at the northeastern part of the bay. Based on eyewitness in-
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Figure 9. Flow depth distribution and run-up limits in Kalianda,
South Lampung. Green bars and yellow triangles represent flow
heights and inundation limits measured at the locations, respec-
tively. (The base map was adapted from Google Earth.)

terviews, damage was caused by the reflected tsunami wave
after hitting the closed end of the bay.

4.3 Building damage

Most buildings in the surveyed areas can be classified into
two types, namely confined masonry and wood. Wall com-
ponents were brick. Roofs were wooden-framed, with ei-
ther tiled or zinc roofing. Detailed investigation of building
damage was performed at 98 sites, including the remaining
houses and one school. Seventy-three of them were non-
engineered, lightly reinforced concrete houses or confined
masonry (CM), and 25 were wooden timber. There were 16
CM-type houses as classified by DS0. Impacts of tsunami de-
bris were minor at houses near the coastline. Some tsunami
debris was found to have contributed to house damage, al-
though most of the CM-type houses were mostly unaffected.
Large debris was found at hotel complexes in Banten, where
cars were carried by the tsunami flow and stopped by vegeta-
tion around the complexes. Damage to CM walls was mostly
due to impulse or punching force produced by the tsunami
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Table 2. A summary of damage conditions of CM-type houses due
to impacts of the 2018 Mount Anak Krakatau tsunami.

Damage  Number of “w o R?
condition houses

DSO 14 - - -
DS1 4 1.1585 0.2848 0.999
DS2 8 1.6499 0.5249 0.898
DS3 32 22806 0.8021 0.877
DS4 13 45017 09195 0.894

flow. Unlike cases with tectonic events, shear cracks on walls
due to lateral forces were not found. Damage to columns was
observed as collateral failure of walls combined with im-
pacts of hydrodynamic forces. Figure 13 shows completely
destroyed houses (DS4), where their types and material com-
position were known; these were also directly within tsunami
flow depths as measured around the houses. Due to the lim-
ited number of surveyed houses, the fragility function was
analysed using CM-type houses. A summary of the fragility
functions analysis is given in Table 2. Fragility curves for all
four types of damage can be seen in Fig. 14.

Fragility curves in Fig. 14 reveal that the absolute damage
due to the tsunami waves occurred at a flow depth of 6.5 m.
Lower probabilities of complete damage were found in this
study compared to the 2004 Indian Ocean tsunami in Banda
Aceh (Koshimura et al., 2009). These findings were signif-
icantly different from the 2018 Palu tsunami (Paulik et al.,
2019), where earthquake and liquefaction (liquefied gravity
flows) also contributed to the damage (Sassa and Takagawa,
2019).

There were 25 wooden houses surveyed in the affected
area. Due to the limited number of surveyed wooden houses,
analysis of the damage was performed by classifying the
damage as seen in Table 1. Only three classifications of
damage could be identified, namely DS2, DS3 and DS4;
2 houses could be classified as DS2, 7 houses were DS3,
and 19 houses were DS4. Examples of the damage found
at wooden houses due to tsunami impacts can be seen in
Fig. 13. Based on the number of surveyed wooden houses, it
was found that a tsunami flow depth higher than 2.0 m could
have completely washed away the houses, provided there was
no debris in the flow. If the tsunami flow contained debris, the
limit of the tsunami flow depth that could wash away a house
was lower. In cases where the flow depths were lower than
2.0 m, damage was found to be due to failure of the bottom
plates of the walls. Similar investigations of the impacts of
tsunami bores on wooden walls were completed by Linton et
al. (2013) and Wilson et al. (2009). They revealed that (1) the
tsunami flow at the foundations beneath the walls could gen-
erate an uplifting force and (2) if the wave broke near the
wooden structure, it also increased loading. Although the lo-
cation of the tsunami breaking wave in the 2018 Mount Anak
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Figure 10. Flow depth distribution and run-up limits in Rajabasa, South Lampung. (The map was adapted from Google Earth.)
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Figure 11. An aerial view from tsunami-affected area around the
villages of Batu Balak and Kunyir, Lampung, captured on 31 De-
cember 2018 (MSL — mean sea level).

Krakatau tsunami remains unknown, the pattern of damage
to the lower parts of the wooden walls was similar to that in
these studies.

5 Discussions
5.1 Flow depths and arrival time

In Banten, tsunami flow depths were found to be higher than
those measured in Lampung on the Sumatra side. Although
Mount Anak Krakatau is nearly equidistant to the Lampung
and Banten coasts, flow depths were apparently higher in
Banten. Furthermore, impacts of the tsunami were more se-
vere on the Banten coasts. As the event was caused by a non-
tectonic process at night, a large number of people fell vic-
tim to the unavailability of tsunami warnings that could have
anticipated a volcanogenic tsunami. Significant flow depth
decay found in this study was similar to that found during
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Figure 12. Tsunami flow depths distribution in Teluk Kiluan, Lam-
pung. An arrow represents the tsunami wave direction reflected
from the close end of the bay. (The map was adapted from Google
Earth.)

the 2002 Stromboli tsunami, as these were typical landslide
tsunamis (Tinti et al., 2006; Okal and Synolakis, 2003).

The volcanogenic tsunami is a discernible event. There
have been hundreds of tsunami events recorded in Indone-
sia since the 16th century, with only 11 % generated by a
volcanic eruption (Latief et al., 2000; Puspito and Gunawan,
2005; Lgvholt et al., 2012; Pribadi et al., 2013). The 22 De-
cember 2018 Sunda Strait tsunami was an apparent unantic-
ipated event caused by the southwest flank failure of Mount
Anak Krakatau. There was no proper warning released by
the authorities, as the present tsunami warning system can-
not anticipate non-tectonic tsunamis, as in the case of the
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Figure 14. Fragility curves of confined-masonry-type houses, as impacts of the 2018 Mount Anak Krakatau volcanogenic tsunami. Dashed
line represents a complete damage fragility curve produced by Koshimura et al. (2009).

2018 Sunda Strait tsunami. Furthermore, tsunami arrivals
were presumably on short notice. As in the case of the 2002
Stromboli volcanogenic tsunami, arrival times were 6 min at
a distance similar to that of the 2018 Mount Anak Krakatau
tsunami (Bonaccorso et al., 2003). This problem was evi-
dent during the 28 September 2018 tsunami event (Syam-
sidik et al., 2019a; Takagi et al., 2019). Following the 2018
Mount Anak Krakatau tsunami, the government of Indone-
sia has been planning to install a number of tidal gauges to
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monitor water elevation around the volcano complex asso-
ciated with tsunami wave generation. Nonetheless, it should
be noted that, despite the installation, it will still be diffi-
cult to detect tsunami waves with this method without other
supporting sensors. This was proven in the case of Mount
Stromboli in Italy (Tinti et al., 2003).

To anticipate tsunamis on the Banten coast, there is one
official escape building in Labuan. It is located about 420 m
from the coastline. During the 22 December 2018 event, this
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building was used by the community as a shelter despite be-
ing far from the affected area. The port of Labuan was hit by
a tsunami wave at 1.10 m. There was no major damage found
at this location. The location of the tsunami escape building
in Labuan needs to be reconsidered, and further steps are re-
quired to properly accommodate the tsunami evacuation pro-
cess. Lessons learned from tsunami escape buildings in Aceh
and coastal settlements after the 2004 Indian Ocean tsunami
should be taken into account (see McCaughey et al., 2017,
Syamsidik et al., 2017).

5.2 Characteristics of building damage

Damage to buildings and houses was more severe in Ban-
ten than in Lampung. Most of the damage was found in
wall components. As the majority of buildings in Banten and
Lampung were constructed with brick walls, the masonry-
infill walls had a 50 % probability of damage when tsunami
flow depth reached 2.3 m and would certainly have experi-
enced major damage had the flow depth reached 5.05 m. Un-
like damage found in the cases of tectonic tsunamis, diago-
nal cracks in the buildings resulting from lateral forces were
not found. The CM-type house would be completely washed
away by the tsunami when flow depth reached 6.6 m. These
findings demonstrated a slightly different pattern compared
to tectonic tsunamis (Koshimura et al., 2009; Paulik et al.,
2019). It is worth noting that the latter two studies examined
a combination of tectonic and tsunami forces. Damage could
even start when the flow depth has yet to reach its maximum
level (Suppasri et al., 2019). A lower flow depth that could
cause complete damage to the CM-type house was shown
by Shoji et al. (2014). However, this was a non-probabilistic
study, with only 25 sample houses observed. In the case
of the 2018 Mount Anak Krakatau tsunami, the wavelength
could have been shorter, as this was similar to a landslide-
driven tsunami. This would have generated a smaller impul-
sive force on buildings. Therefore, this could also be a further
explanation for the difference in fragility curves derived from
the 2004 Indian Ocean tsunami compared to the 2018 Mount
Anak Krakatau tsunami.

No building was overturned by the tsunami wave as in the
case the 2011 Tohoku earthquake and tsunami (Yeh et al.,
2013; Latcharote et al., 2017). This proved that the damage
to the buildings was generally due to impact and drag forces.
Debris-laden flow forces did not impact most of the dam-
aged houses located close to the coastline. Hydrodynamic
forces decreased as the speed of the wave decreased due to
the roughness coefficient of the land use types (Saatgioglu et
al., 2006). A specific case was found at the Mutiara Carita
Cottages (see Figs. 5 and 6). Here, the force became larger
when gaps between buildings were smaller. This was also
found in some cases in Banda Aceh during the 2004 Indian
Ocean tsunami (Triatmadja and Benazir, 2014). Debris gen-
erated mostly by the fronts of buildings facing the tsunami
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wave caused severe damage to other buildings downstream
of the tsunami flow.

5.3 Limitations of the study

Limitations of this study can be attributed to several aspects.
The first limitation was that the time of the tsunami genera-
tion from the Mount Anak Krakatau was still unknown when
this article was submitted. There was no tidal gauge or sensor
placed around the volcano complex that could have detected
the first generation of the tsunami wave near the source. The
second limitation was that the volcanic mechanism that gen-
erated the tsunami is still not known. There are four mecha-
nisms that could have potentially generated the tsunami, such
as underwater explosion, flank failures (landslide), pyroclas-
tic flow and volcano crest collapse. The most likely process
that generated the 2018 Mount Anak Krakatau tsunami was
the last one. This is based on aerial images captured be-
fore and after the tsunami. However, whether other mech-
anisms could also have contributed to the tsunami could not
be verified at the time of publication. The third limitation was
that estimation of the velocity was based on tsunami boulder
transport, whereas the calculation was based on experimental
formulae. This would result in an estimated tsunami velocity
rather than a recorded velocity. Tsunami fragility curves were
drawn based on a limited number of tsunami-affected houses.
Additional explanation and figures from the surveys can be
found in TDMRC (2018, 2019). Notwithstanding these limi-
tations, this study conclusively revealed the impacts of a pure
tsunami wave force on buildings and could be useful for fur-
ther studies in tsunami engineering and mitigation.

6 Conclusions

The 2018 Mount Anak Krakatau tsunami provided new
insights into tsunami damage mitigation. This study was
mostly based on a series of field surveys to investigate the im-
pacts of the 2018 Mount Anak Krakatau tsunami on two ma-
jor affected areas, i.e. Banten and Lampung on the western
Java coasts and southern Sumatra coasts, respectively. Start-
ing the 10 d survey just 2d after the tsunami offered the team
a better opportunity to collect undisturbed tsunami evidence.
The study’s conclusions are as follows.

Tsunami flow depths were found to be higher in Banten
than at Lampung. Arrival times were slightly faster in Ban-
ten than on the Lampung side, although it is important to
note that the initial time of tsunami wave generation from
the source is still unknown. Maximum velocity was about
437ms~ !, inferred from a tsunami boulder measured at
Banten. The highest tsunami flow depth was 6.6 m, also mea-
sured on the Banten side.

Impacts of the tsunami on houses were inferred from
fragility functions derived from CM-type houses. These
houses had a 50 % probability of being washed away by the
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tsunami if the tsunami flow depth had reached 4.5 m. Fur-
thermore, had the tsunami depth reached 2.3 m, the houses
would have had a 50 % probability of sustaining major dam-
age. Wooden houses were likely to be completely damaged
by the tsunami if the flow depth were higher than 2.0 m.

Evacuation of the coastal community during the tsunami
was difficult, as there was not a proper warning released be-
fore the first wave hit the area. The only sound that saved
some people in Sumur, Banten, was a roaring sound com-
ing from the Sunda Strait. Modification and enhancement of
tsunami early warnings are required in order to anticipate a
volcanogenic tsunami in future, as Mount Anak Krakatau
should remain active and pose threats to the surrounding
area.

As the majority of the houses in the coastal areas of In-
donesia are CM-type houses, it is highly recommended to
increase the quality of these structures, such as in the bound-
ing strength between walls and tie beams or tie columns. In
the case of purely tsunami force, this type of structure would
likely perform better if stricter quality standards were met.

Data availability. Data  for this paper are stored at
the Mendeley database and can be accessed freely at
https://doi.org/10.17632/yyyvmxh8vg.1 ~ (Syamsidik et al,
2019b).
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