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Abstract— As a province on Sumatera's west coast, Bengkulu is prone to earthquakes. The region lies on the meeting of the Indo-
Australian Plate, the Eurasian Plate, and the Sumatra Fault. Additionally, it is affected by the Mentawai Fault. Various attempts were
made to reduce the impact of an earthquake, for instance, by identifying the region's vulnerability. Variables used in this study were
based on Social Vulnerability Index (SOVI) by Susan L. Cutter, such as the number of people working in the informal sector and the
population density to determine exposure. Other variables in the index include the proportions of vulnerable age population,
impermanent houses to determine sensitivity, wealthy households, high school graduates and above, and social capital to determine
adaptive capacity. This research aimed to map the vulnerability of the region. It followed social indicators connected to the Peak Ground
Acceleration of > 5.0 RS earthquake in 2000-2015. The overlay approach and scoring were used to conduct this village-based study. If
the regions were farther from the city center, vulnerability levels tended to be lower; the south is an exception. The research also found
an interesting pattern of vulnerability levels to earthquakes. The vulnerability level in the high PGA region was high and very high
when the magnitude ranged between 5.0 and 5.9 RS. Meanwhile, the region's vulnerability was high and very high in the low PGA
region if the magnitude reached 6.0 to 7.9 RS.
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Various attempts were made to reduce the impacts or risks
I. INTRODUCTION of the earthquake, for example, by determining the level of
vulnerability [1], [6]. Vulnerability is often associated with an
internal risk factor of the subject or system exposed to a
danger that reflects its innate predisposition to be harmed or
damaged [7]. In particular, this study focused on social
vulnerability as a multidimensional construct. This concept
enables us to recognize the qualities and experiences of a
community or a person allowing them to respond to and
recover from the hazard [8], [9]. This study introduce a

to 2015 recorded as national disasters. The first was in 2000 general framework of a predictive modeling approach to
with a 7.3 Richter Scale, and a bigger earthquake was quantifying social vulnerability given intensity during a
documented in 2007 with a 7.9 Richter Scale [2]. Research response of recovery phase [1.0]' Several geqerally a(j'cepted
findings show that its impact on residents was profound social Vulnergblhty 1nd1.cators include plopulatlon densﬁy, age,
because of the magnitude of the disaster. [3] Compared to all Sex, race, Socl0economic status, e,d ucational S“?t“?’ qpahty 9f
regions in the Province of Bengkulu, the biggest loss due to human settllements, and.the enylronment. ThI.S. indicator is
the earthquake hazard was in the most populous region, 1mportapt in understanding regional Vulner.abllhty based on
Bengkulu City [4] In general, existing vulnerabilities of the social indicators because these characteristics affect the

current population and properties can be associated with the p{){entila; fof[}fcorllomlic ltE)SS, ;njur}k;,.l'fmd .deathh. in a éiisaster
potential risk of seismic activities [5]. [11}-{13]. The level of vulnerability in this study was

examined using three indicators, called levels of exposure,

Indonesia is located at the intersection of three world's
major tectonic plates: Hindia-Australian, Eurasian, and
Pacific Plates [1]. Some provinces are affected by this
position, for example, Bengkulu Province in the southwest of
Sumatera which is affected by the Indo-Australian and
Eurasian Plates. This region is also crossed by Sumatera Fault
(Semangko Fault) and influenced by the Mentawai Fault [2].
There were two earthquakes in Bengkulu Province from 2000
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sensitivity, and adaptive capacity. These were made
according to social indicators [14]. They were then associated
with the Peak Ground Acceleration (PGA) for 16 years in
Bengkulu Province. Peak ground acceleration (PGA) is one
of the critical factors that affect the determination of
earthquake intensity. PGA is generally utilized to describe
ground-motion in a particular zone [15].

This research used peak ground acceleration (PGA) for the
seismic data to observe bedrock depths deeper than 30 m
under the Earth's surface [16]. Research on PGA in Bengkulu
City was conducted in 2012 [17], but the data used was
restricted to the occurrence of earthquakes in Bengkulu City.
Meanwhile, the major damage that occurred in Bengkulu City
was caused by earthquakes outside Bengkulu City. Therefore,
the data used in this study was collected from earthquake data
in Bengkulu Province. Since an earthquake releases wave
energy that travels throughout entire directions, Bengkulu
City would still be affected by the earthquake even though the
epicenter is located outside Bengkulu City [8].

This research aimed to identify and map regional social
vulnerability in Bengkulu City and its distribution from
earthquake hazards in Bengkulu Province with Peak Ground
Acceleration (PGA) analysis. The results of this study are
expected to be used as references to mitigation, where disaster
anticipation and management will be more effective and
efficient [18]. Data with the spatial format was presented in
the form of maps and cross tables to facilitate the

interpretation of the social vulnerability toward an earthquake.

II. MATERIAL AND METHOD

A. Variables and Data

Literature review, method identification,
variable identification, location
identification and data collection
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Fig. 1 Flow chart of data processing

Social vulnerability illuminates differences in human
capacity to prepare for, respond to, and recover from disasters.
It varies over space and time and among social groups, largely
due to variations in socioeconomic and demographic features
[19]-[20] study wused several wvariables from Social
Vulnerability Index (SOVI) [11]-[13], [21], a concept by
Susan L. Cutter, to determine the region's vulnerability based
on social indicators. This index consists of three variables.
The first variable is exposure covering the number of people
working in the informal sector and population density.
Meanwhile, the second variable is called sensitivity,
represented by the ratio of vulnerable age population and non-
permanent houses. Finally, variables of adaptive capacity
refer to the proportion of wealthy households, individuals
who graduated from high school and above, and social capital.

The social vulnerability level is associated with the
maximum Peak Ground Acceleration (PGA) value. It
provides a general picture of how the earthquake severely
affected each village for 16 years to obtain a spatial analysis
of social vulnerability to earthquakes in Bengkulu City (Fig.
1). Data on exposure, sensitivity, and adaptive capacity were
obtained from the Profile and District Monograph of
Bengkulu City. Further, data on earthquakes were obtained
from the Meteorological, Climatological, and Geophysical
Agency (BMKG) of Bengkulu Province and the United States
Geological Survey (USGS). After that, Statistics Indonesia
(BPS) Bengkulu City provided the spatial data of village
administration. In this study, the vulnerability data was
processed by calculating the following parameters (Table 1)
and standardizing the data to have the same size with a
minimum range of 1 and a maximum range of 2.

TABLE I
CALCULATION OF PARAMETERS OF EACH VARIABLE

No. Parameter Calculation of Parameters
1. Population ¥ population

density village's area
2. The

proportion of
workers in the
informal
sector

3. The
proportion of
the vulnerable
age population

¥ workers in informal sector

X workers all sectors

¥ population aged 0 — 4 years
+ population aged > 60 years old
¥ village's population

4. The
proportion of T impermanent houses
impermanent X permanent houses+semi permanent houses
houses +impermanent houses

S. The
proportion of T wealthy household
wealthy 2 household
households

6. The
proportion of ¥ high school graduates and above
high school X elementary school + junior high school
graduates and + high school gradite and abobe
above

7. Social capital . -

¥ community organization

aspect




(Xi—Xmin)(b—-a)

I —

X' = Xmax—Xmin (1)
Where :
X' = value of standardized data
Xi = value of data to-i
Xmax = Maximum value of data
Xmin = Minimum value of data
a = Minimum value of range
b = Maximum value of range

Using the equal interval method, every vulnerability
indicator in this study was classified into five categories. It is
important to note that each variable has been summed up and
standardized. This method divided each class with the same
interval, as shown in Table II below. All indicators should be
incorporated into the vulnerability index to determine the
vulnerability level. The social vulnerability level was
measured using the following formula [14]:

ExS
v= 2)
AC
Where :
\Y = vulnerability
E = exposure
S = Sensitivity
AC = Adaptive Capacity
TABLE II
CLASS INTERVAL OF EACH INDICATOR
Indicator
Class e s Adaptive -
Exposure  Sensitivity Capacity Vulnerability
Very low <1.20 <1.20 <1.20 <1.20
Low 1.21-1.40 1.21-1.40 1.21-1.40 1.21-1.40
Moderate 1.41-1.60 1.41-1.60 1.41-1.60 1.41-1.60
High 1.61-1.80 1.61-1.80 1.61-1.80 1.61-1.80
Very high >1.80 >1.80 >1.80 >1.80

The Peak Ground Acceleration (PGA) was calculated using
Richter's formula. The result was then integrated into the
intensity attenuation formula by Ibrahim and Subardjo [22]. It
measures earthquakes' magnitude, epicenter distance, and
intensity. The present study employed the earthquake
epicenter in the Province of Bengkulu. The boundary
coordinates were 2°16 '36" South Latitude to 5°26'32" South
Latitude and 101°1'24" East Longitude to 103°45'48" East
Longitude. There were 284 earthquake's epicenters with a
total of 67 references based on weight point in each village in
Bengkulu City. To obtain the PGA values of the earthquake,
mathematical formulas were then written as the following
[22]-[25]. The distance of the epicenter to a specific location
X was calculated:

cosA= cos LE cosLX + sinLE sinLX cos(AE - 1X) (3)

Where :

Lx =Latitude of X

Ax = Longitude of X

Leg = Latitude of Epicenter

A = Longitude of Epicenter

A = Distance between Epicenter and X in degrees
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The A can be changed from degrees to kilometers by
multiplying the value of A with 111.11 for every 1°. (This
calculation only applies for areas around the equator line).
Furthermore, the intensity of the hypocenter can be measured
through the Richter Empirical method:

Io =1.5(M —0.5) 4
where:
Io = Source Intensity;
M = Magnitude/body wave (Richter Scale).

Meanwhile, the intensity of location X can be calculated
using the constant attenuation formula:

I = (Jo X exp— bA) (5)
Where :
I = Surface Intensity;
Io = Source Intensity
A = Distance between Epicenter and X
B = Attenuation Constant (0.00217)

exp = Natural Number (2.786).

Richter Empirical formula can be applied to identify the
value of PGA in Location X :

1
loga = (g) - 0.5 (6)
Where :
a = PGA in gals (cm/second?);
I = Surface Intensity (MMI);

3 and 0.5 = constant

B. Analysis

This study divided the PGA value into two groups based
on the earthquake's magnitude: magnitude 5.0 — 5.9 RS and
magnitude 6.0 — 7.9 RS. The distribution of earthquake's PGA
rates was made into one value per village to see the
distribution of the region's vulnerability toward earthquakes
per village. It was counted by summing up each proportion of
region's area in each class multiplied by the median of its PGA
Class. Once the value of PGA per village was obtained, it was
then divided into five categories, and these categories would
have equal intervals, as shown in Table III below.

TABLE III
PEAK GROUND ACCELERATION INTERVAL PER VILLAGE
a PGA (gal)
ass Magnitude 5.0 5.9 RS Magnitude 6.0-7.9 RS

Very low <1335 <407.5
Low 133.6-135 407.6-427.5
Moderate 135.1-136.5 427.6-447.5
High 136.6- 138 447.6-467.5
Very high >138 >467.5

The distribution of the region's vulnerability to the
earthquake in Bengkulu City was determined by overlaying
the vulnerability's map and the PGA distribution's map for
each village. The overlaid maps then reported on the cross
table analysis with the total villages based on vulnerability's
rate and the total villages based on the maximum PGA value
per village. This analysis aims to determine whether the



region with high vulnerability is located in the region with
high PGA or otherwise.

III. RESULTS AND DISCUSSION

A. Exposure

This study divided the exposure level into two variables.
The first variable is population density. When population
density and the number of workers in the informal sector in
certain regions increase, the level of exposure will be higher.
Low density was generally dominated in the eastern and
southern parts of Bengkulu City and quite far from the city
center. Meanwhile, the high and very high population density
was concentrated in the northwestern part of Bengkulu,
especially in Teluk Segara and Ratu Samban sub-districts.
These locations had become the center of city activities since
the colonial era.

Exposure
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Fig. 2 The level of exposure by villages in Bengkulu city

The second exposure variable is the ratio of people working
in the informal sectors. These people will only earn income
from work at a certain time [12], [26]. When the disaster
strikes, they will be more likely to be exposed to those
disasters and more at risk of losing their livelihoods [27]. In
the northwestern part of Bengkulu City, the dominant
informal occupation sectors were fishermen and traders, while
farmers and traders dominated the central and southern parts.
The level of exposure was obtained by summing up and
standardizing the first and second variables Fig. 2 shows that
the moderate level of exposure was dominated by a total of 29
villages or 43.28%, while the very high level of exposure was
only located in 4 villages or 5.97% which spreads in the
northwestern part of Bengkulu City.

B. Sensitivity

The sensitivity level consisted of the vulnerable age
population ratio and the number of impermanent houses. The
area is considered more sensitive if the vulnerable age
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population and the impermanent house ratios are high. The
area is usually characterized by informal, unplanned housing
with limited access to land. In addition, it is typically
overcrowded, low quality, and has a complex set of social,
institutional, and economic processes [28]. Then vulnerable
ages have problems in their movement if an earthquake
happens [9], [29]. This study concentrated on areas with high
and very high vulnerable age populations in the west part of
Bengkulu City. Furthermore, building quality is related to the
resilience of the building as a function of residence. Hence,
the number of impermanent houses will affect the
opportunities for homelessness [16]. The proportion of areas
with high and very high impermanent houses were located in
the northwestern part of Bengkulu City or coastal areas with
high population density.

By these two variables, sensitivity levels in Bengkulu City
can be obtained. This level was obtained by summing up the
proportion of the wvulnerable age population and the
impermanent houses ratio. The variables must be standardized
beforehand. Interestingly, it was dominated by a very low
level of sensitivity, with a total of 22 villages or 32.84%.
Meanwhile, the very high level of sensitivity was only located
in 6 villages or 8.95%, which also spread in the northwestern
part of Bengkulu City (Fig. 3). These areas had had high
proportions of vulnerable age population and unviable houses.

Sensitivity
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Fig. 3 The level of sensitivity by the village in Bengkulu city

C. Adaptive Capacity

Adaptive capacity can help reduce social vulnerability and
make communities more resilient [30]. Variables of adaptive
capacity involved the ratio of wealthy families, individuals
who graduated from high school and above, and aspects of
social capital. The higher level of each variable, the smaller
the vulnerability [14]. Wealthy households made it possible
to recover quickly from disasters as they could satisfy their
basic needs. Hence, they were easily accessible to essential
services, such as health and education [12]. This study then



found certain areas with moderate to very high wealthy
households. These areas were distributed almost all over
Bengkulu City. People with a higher level of education
(graduates of high school and above) had more ability to
understand information and recover from disasters [21]. The
proportion of areas with moderate to very high school
graduates and above was located in the north and west of
Bengkulu City. Then, the social capital aspects of a village
were reviewed based on the number of community
organizations. The existence of community organizations in a
village can contribute to and support to assist the people in
dealing with a disaster either before or after the disaster occurs
[29]. The western part of Bengkulu City was an area with
many community organizations.

The level of adaptive capacity was obtained by summing
up and standardizing its variables. Interestingly, Bengkulu
City had 21 villages (31.34%) classified as having a high
adaptive capacity. Meanwhile, the region with a very low
level of adaptive capacity was located in 8 villages or 11.94%.
Fig. 4 shows that this region was dominated by moderate to a
very high level of adaptive capacity, especially in the center
and the northern part of Bengkulu City.
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Fig. 4 The level of adaptive capacity of a village in Bengkulu city

D. Region's Vulnerability Based on Social Indicators

As argued earlier, region's vulnerability in this study
followed social indicators. It was measured using the
vulnerability formula [14], which calculates exposure,
sensitivity, and adaptive capacity. Fig. 5 illustrates the
distribution of the region's vulnerability level in Bengkulu
City, which is generally classified as low and very low.

This low level of vulnerability could be caused by several
factors, such as a high level of exposure, sensitivity, and
adaptive capacity. The study found that 45 out of 67 villages
in Bengkulu City fell into moderate to a very high level of
adaptive capacity. Further, highly vulnerable regions were
found in the northwestern part of Bengkulu City (City Center
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of Bengkulu City), located in Teluk Segara and Ratu Samban
district, especially in the seaside areas.
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Fig. 5 The level of region's vulnerability based on social indicators by
villages in Bengkulu city

E. The Distribution of Earthquakes in Bengkulu Province

Earthquakes often occur in Bengkulu province. Between
2000 and 2015, 284 earthquakes were recorded with a
strength of 5.0 to 7.9 Richter Scale and a depth of less than
100 km. An earthquake with a magnitude of 5.0 to 5.9 Richter
Scale occurred as much as 266 times, while an earthquake
with a strength of 6.0 to 7.0 Richter Scale occurred as much
as 16 times. Finally, earthquakes with strength above 7.0
Richter Scale occurred two times with magnitudes of 7.3 and
7.9 on the Richter Scale (Fig. 6).

F. Distribution of PGA's Region by Village in Bengkulu City

Based on the PGA on magnitude 5.0-5.9 RS, the
distribution of PGA's region in Bengkulu City with the lowest
value, as shown in Fig. 6, was 130.60 gal. The highest value
was 140.33 gal. The highest value of PGA was located in the
center of Bengkulu City, and the value decreased as it came
closer to the northern and southern. PGA from the
earthquake's data on 6™ June 2000 with a magnitude of 5.9 RS
had a significant impact on every village in Bengkulu City
with a range of VIII on the MMI scale (a few damage for well
designed and constructed buildings; slight to moderate in
well-built ordinary structures; considerable damage in poorly
built or badly designed structures; some chimneys broken)
[29]. PGA of each village on magnitude 5.0-5.9 RS was
dominated by a very high level of PGA that was located at the
center and southern part of Bengkulu City and spread to 29
villages or 43.28%, while the very low level of PGA was
located at three villages or 4.48% (fig. 7).
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TABLE IV.
CROSS TABLE OF REGION'S VULNERABILITY AND PGA DISTRIBUTION BY
VILLAGE ON MAGNITUDE 5.0-5.9 RICHTER SCALE

PGA vulnerability
{ﬁg Low Moderate High ZI?;I);

Very 1 2 0 0 0
Low

Low 1 1 0 0 0
Moderate 1 1 0 1
High 3 12 6 3 3
Very 9 15 5 0 0
High

On magnitude 6.0-7.9 RS, the lowest PGA value was
376.14 gal. On the other hand, the highest PGA's value was
506.90 gal. The highest value of PGA was located in the
southern part of Bengkulu City, and the value decreased as it
came up to the northern. The PGA from the earthquake's data
on 12" September 2007 with magnitude 7.9 RS significantly
impacted every village in Bengkulu City with range IX on
MMI Scale (Damage considerable in specially designed
structures; well-designed frame structures thrown out of
plumb. Damage is great in substantial buildings, with partial
collapse. Buildings shifted off foundations) [12]. PGA in each
village with magnitude 6.0-7.9 RS was dominated by a low
level of PGA located in 40 villages (59.70%) and spread in
the northern part of Bengkulu City. Meanwhile, the very high
level of PGA was located in 3 villages (4.48%), spreading in
the southern part of Bengkulu City (fig. 8). The distribution
of region's vulnerability to the earthquake in Bengkulu City
was determined by overlaying the vulnerability's map and the
PGA distribution's mapping for each village, as reported in
the analysis of cross-table (See Table 4).

On magnitude 5.0-5.9 RS (Table IV), high and very high
level of vulnerability was directly proportional to the high
level of PGA, which spread in the city center of Bengkulu
City. With "high-risk level one" [26] or level VIII on MMI
scale, Bajak Village, Pasar Melintang Village, Belakang
Pondok Village, Pasar Bengkulu Village, Malabero Village,
Pondok Besi Village, and Sumur Meleleh Village became the
most affected and disadvantaged region and the hardest to
recover from the earthquake of all villages.

TABLE V

CROSS TABLE OF REGION'S VULNERABILITY AND PGA DISTRIBUTION BY
VILLAGE ON MAGNITUDE 6.0-7.9 RICHTER SCALE

PGA vulnerability
}],f)l;z Low Moderate High ZI?;I);

Very 2 5 1 0 1
Low

Low 8 20 6 3 3
Moderate 4 5 2 0 0
High 1 1 2 0 0
Very 0 2 1 0 0
High

Then, on magnitude 6.0-7.9 RS (Table V), the value of the
vulnerability shifts from high and very high to low and very
low. However, the magnitude of the earthquake had a greater
risk as a whole, which included "very high-risk level one" [26]
or level XI on the MMI scale. Although the high and very high



levels of vulnerability spread to low and very low PGA's
region, with high disaster risk, still the region with a high level
of vulnerability was the most potential area to get the biggest
impact and the hardest to recover from disaster.
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Fig. 8 Distribution of PGA's Interpolation Result (above) and PGA'S
Distribution by Village (below) at Magnitude 6.0 to 7.9 Richer Scale

IV. CONCLUSION

The spatial pattern of region's vulnerability indicated that
the vulnerability value would get lower when the distance is
farther away from the city center. The exception was for the
south, as the region generally had a moderate vulnerability.
About 70% of villages in Bengkulu City were classified as
having a moderate to very low level of vulnerability and
generally spread away from the city center, and seven villages
were classified as high and very high and spread in the city
center. The pattern of the region's vulnerability based on
social indicators towards earthquakes of magnitude 5.0-5.9
RS with the high and very high level of region's vulnerability
was also located on the high level of PGA's region. A different
pattern occurred to patterns of region's vulnerability based on
social indicators on magnitude 6.0-7.9 RS as that high and
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very high level of region's vulnerability was located on the
low level of PGA's region.
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