Praile erH‘j Prize

International Review of Civil Engineering (1.RE.C.E.), Vol. 14, N. 2
ISSN 2036 - 9913

March 2023

Analysis of Debris Flow Hazard in Volcanic Soil by the Flood Flows
Modelling (DFLOWZ) and Nakayasu Synthetic Unit Hydrograph

I. Nengah Sinarta®, Putu Ika Wahyuni!, Putu Aryastana® 2

Abstract — The Mount Batur Geopark area is vulnerable to debris flow triggered by heavy
rainfall and weathered rocks that threaten the villages below. The estimation of the potential
debris flow inundated area in this study has been determined by using the DFLOWZ model. The
Digital Elevation Model (DEM) is the primary requirement data input in the model. Furthermore,
the analysis of mean rainfall intensity and the hydrograph flood design have been calculated by
the polygon Theissen and Nakayasu synthetic unit hydrograph method, respectively. The
observation result has exhibited that basin flow occurs in the valley and river at the elevation +
1500 m above sea level, which curves in hilly valleys and westward flow direction. The DFLOWZ
analysis result depicts the area potentially inundated by a debris flow event as 49,830 m? with an
inundation height based on the slope of 5-7 m. Furthermore, the peak of discharge debris flow, the
debris flow volume, and the debris flow range are 100.15 m%/s, 50,072.85 m°, and 49.5 meters,
respectively. This condition indicates that there is a risk of debris flow in the form of sand, silt,
and boulders around the river in the range of 49.5 meters and a sediment thickness of 1-1.5

meters. Copyright © 2023 Praise Worthy Prize S.r.l. - All rights reserved.
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Nomenclature

A Area of the observatory

ASCII American Standard Code for Information
Interchange

o Sediment content coefficient

By Maximum width of debris flow

c Cohesion

DEM Digital Elevation Model

e Width coefficient

Gs Specific gravity

LIDAR Light Distance And Ranging

Qp Design of flood discharge in the 50
return year periods

Qq Peak of discharge debris flow

10) Internal friction angle

Ro Rainfall

SINMAP Stability Index Mapping

SF Safety Factor

Tp Time log

Tos Time required by the decrease in
discharge

Vg Maximum volume of debris flow

vd Dry volume weight

l. Introduction

Landslide and debris flow are geological natural
disasters that occur due to the gravitational movement of
debris material that occurs in mountainous areas and
causes property losses [1], [2]. On the other hand, based
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on Indonesian National Standard number 13-6982.2-
2004, mass movement is defined as the movement of
slope-forming material in the form of rock, embankment
material, soil, or mixed material that moves down and
out of the slope [3]. Two types of debris flow
characteristic materials are gravel and mudflow. Gravel
type flow is debris flow containing many large stones,
while mudflow type is debris flow containing fewer large
stones but dominated by sand and small stones [4].
Moreover in [5], the landslides have been classified
into four flow characteristics, namely earth flow, mud
flow, debris flow, and flow slide. Debris flow is defined
as a mass movement containing grains of solid material,
water, and air moving as a viscous flow [6]. Debris flow,
debris avalanches, and earth flow are flow-type
landslides with crushing strength and tremendous flow
velocity. Debris flows are one of the crucial natural
disaster events that are very destructive and threaten
human life [7], [8]. The mass movement of debris has
harmed humans, damaged various facilities and human
wealth, and even damaged the natural environment every
year in various regions of the world [9], [10]. Various
research activities and studies of debris flow events have
been carried out by scientists in Europe, America, and
Asia, especially Japan. The classification of the threat
level of ground motion based on the results of infiltration
analysis on infinite slope stability is divided into 3
classes, namely low threat level (rain intensity: 48.2-49.1
mm/day, rain duration: 9-13 days, SF value: 2.65-1.82),
level medium threat (rain intensity: 87.32-92.27 mm/day,
rain duration: 6-7 days, SF value: 2.13-1.39), and high
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threat level (rain intensity: 155.38-210.14 mm/day, rain
duration: 6 days, SF scores: 1.79-1.03) [11]. Indonesia
has complex geological conditions, complex topography,
high variability of precipitation, many active volcanoes,
and a very high population density. This condition
indicates Indonesia has the possibility of a high
vulnerability to natural disaster events, especially debris
flow [12], [13]. Natural disaster events in the form of
debris flow often occur in the study area in the Mount
Batur caldera around the slopes of Mount Abang which is
the border of Abang Batu Dinding and Teruyan Villages
around January-February when soil conditions reach
saturation, resulting in environmental damage and
property loss [14]. The initial approach to the flow of
debris material is determined by modeling the flow using
DFLOWS software with runout analysis in order to
represent the estimation area of the debris flow
inundation. This software has been applied to estimate
the inundated area for the debris flow in the Italian Alps
[15]. The output of this software is an initial forecast of
the potentially inundated area of debris flow events,
debris flow propagation, and planimetric debris flow. The
model has been based on empirical scale relationships
that avoid describing the complex dynamics of debris
flow. This program's output can be significant when not
using the numerical methods or if it is just wanted to get
an estimate of the initial impact of the occurrence of a
disaster. The user interface of DFLOWZ is very simple
and user-friendly, but it can represent the results. The
user can easily perform the analysis to see which
parameters influence a potentially inundated area. The
advantage of DFLOWZ is that it can evaluate Digital
Elevation Model (DEM) maodification's effect on the
debris flow affected zone quickly. In addition, the
DFLOWZ software does not require many input
parameters.

This study has used DFLOWZ to determine the debris
flow characteristic and estimate the potential of the
inundated areas due to debris flow events in the
Kintamani District, especially in Abang Batu Dinding
and Terunyan Villages. This software has been first
proposed by Berti and Simoni [16], which is a
modification of the LAHARZ method developed by
Schilling [17]. Modifications are made by adding the
unconfined flow analysis in the DFLOWZ algorithm.

The software is available online at
http://137.204.103.162/geocappl/dflowz/dflowz.htm. The
main contribution of this study is the estimation of the
potential inundated area, inundation height, the peak of
discharge debris flow, the debris flow volume, and the
debris flow range in the caldera area of Mount Batur,
Kintamani District by using DFLOWZ and Nakayasu
synthetic unit hydrograph.

The rest of the paper is organized as follows. Section
Il explains the material and the methods. The results and
the discussion are presented in Section 111, which focuses
on the analysis result of the DFLOWZ and Nakayasu
synthetic unit hydrograph. Finally, Section 1V concludes
the paper.
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1. Material and Methods

The study area has been located in the caldera area of
Mount Batur, Abang Batu Dinding village, Kintamani
District, Bangli Regency (Fig. 1). Bangli Regency is
located in Bali province with longitude ranging from
115°13°43” E to 115°27°24” E and latitude varying
between 8°8°30” S and 8°3°7” S [18]. Bangli Regency is
the only regency in the Bali Province that does not have a
beach area because it is located in the middle of the
island of Bali. The southern part of Bangli Regency is a
lowland area, while the northern part is a mountainous
area with tourism objects such as Lake and Mount Batur.

The Batur caldera is one of the most beautiful calderas
globally, measuring about 13.8x10 km?, and another
caldera structure formed in the center with a diameter of
7.5 km. The peak elevation of Mount Batur is +1,717 m
[19]. The morphology of the Mount Batur caldera is an
elliptical collapse structure measuring 13.8x10 km?,
formed about 29,300 years ago. This caldera produces a
dacitic pyroclastic deposit of 84 km?, which is called
"Ignimbrit Ubud". The Batur Il caldera is a circular
collapse structure with a diameter of 7.5 km, which was
formed about 20,150 years ago, and produced a 19 km?3
dacitic  pyroclastic  deposit, called  "lgnimbrit
Gunungkawi" [20]. Several settlements are scattered on
the slopes of Mount Abang (Fig. 1) such as Buahan
Village, Abang Batu Dinding Village, and Trunyan
Village.

Landslide stability analysis using SINMAP has been
carried out in the three villages. The results of the
analysis show that the three villages are included in the
upper and lower limit zones for landslides with the
potential for ground movement in the form of debris flow
or flash floods [21]. DEM and polyline data are the
primary inputs to the DFLOWZ model. DEM data has
been derived from the LIDAR data obtained online via
the website http://www.earthsexplorer.usgs.gov. It is
processed by Global Mapper software in order to convert
it to the ASCII grid data format with a .asc extension.

The polylines have been produced by digitizing the
resolution image using ArcMap software. The path that
has considered a debris flow channel in the image will be
digitized to form a single line, and then saved as a file
with the extension .shp.

Google Earth

Fig. 1. Research area of Abang Batu Dinding village
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Figs. 2. The illustration of volume calculation on DFLOWZ [16]

The stages of the analysis in DFLOWZ are as follows:

1. Computing the expected-A and B values on a user-
defined, volume basis and the EA and EB
uncertainty factors;

2. Contains three DEM files, pathways, and chunks as
input data;

3. Cross-sections along section grooves using DEM;

4. Move downstream i + 1, 2 ... n, and calculate the
submerged width Wi + 1, 2 ... n in the same way;

5. The inundated planimetric area between two parts of
Bi, while Bi<B is valid, illustrates the calculation
shown in Figs. 2.

The flow path identification analysis is fundamental
because the debris flow material follows the flow path.

The satellite image is inputted on the ArcMap
software for geo-referencing and flow path digitization to
produce a polyline file with the extension .shp. The
empirical method has been used in hydrology analysis in
order to obtain the rainfall intensity in the study region.

Rainfall intensity is the main parameter in designing

flood discharge empirically due to the unavailability of

observation flood discharge data. The maximum annual
rainfall intensity has been used to determine the design
rainfall intensity. The peak of design rainfall intensity for

a different return period has been calculated by four

flood frequency methods, namely Gumbel Distribution,

the Log Pearson Type I1l, Normal Distribution, and Log-

Normal Distribution, respectively [22]. This approach is

commonly used in Indonesia. The design of flood

discharge has been determined by using the Nakayasu
synthetic unit hydrograph. This method has been widely
used and assessed in several areas in Indonesia [23]. The
equation of peak discharge Nakayasu synthetic unit
hydrograph is [24]:

@ 3.6(0.3T, + Ty 3) @)

The peak flood time value has been multiplied by
0.75, and the peak flood discharge has been multiplied by
1.2 to adjust to conditions in Indonesia. Equation (1) is
an empirical approach so that in selecting the parameter
values for T,, A, and the rainfall distribution pattern, it
should be adjusted to the conditions of the study area in
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order to obtain a hydrograph pattern that is close to the
observed flood hydrograph. The flood discharge used is a
combination of water mass and sediment mass. The value
of the peak flood discharge, debris volume, and
maximum width of debris flow has been calculated by
the following equation, respectively:

Qd =aX Qp (2)
V, =500 X Qg 3
B, =ex (Qp)o.s %)

I1l1. Results and Discussion

Geological conditions are the values of tuff and
andesite breccias that make up most of the research areas
formed in the Pleistocene era with an age of 2.33 £ 0.12
million years to 0.77 + 0.06 million years, very easily
eroded due to rainfall [25]. Meanwhile, the southern part
of the Batur caldera wall with constituent rocks comes
from the Buyan-Bratan and Batur volcanic rocks,
consisting of sandstone to silty sand, which is loose and
porous. In this condition, the soil tends to escape quickly
so that with moderate rain intensity with an extended
frequency, it will cause ground movement in the form of
flash floods [26]. The slopes of Mount Abang have
relatively steep slopes with vegetation mostly in the form
of shrubs. There are also forests interspersed with scrub.

Several types of plants whose roots are not strong
enough to bind the planted soil around the caldera were
used as agricultural land with types of crops including
legumes, chilies, vegetables, cocoa, and several other
crops. The Mount Batur caldera area in Kintamani
District has the highest daily rainfall intensity of 125 mm
in five hours so it affects the amount of infiltration that
causes slope collapse. Changes in pore water pressure
will be greater along with increasing infiltration so that it
can cause flash floods. This area has a vulnerability to
landslides, especially flash floods almost every year.

Evidence of this incident is shown in Figs. 3. Fig. 3(b)
depicts the sediment location due to a debris flow, while
Fig. 3(a) shows a large debris flow event that occurred in
1917, which hoards the Tuluk Biyu Temple so that the
temple was currently not functioning because it is almost
every year when it is season the rain will be flowed by
flash floods. The sediment from debris flow materials
began to accumulate in the temple area starting in 2010
and continues to increase from year to year due to
erosion events that keep repeating every rainy season.

These incidents can threaten villages downstream
from the impact of debris flow events. The possibility of
an inundated area due to debris flow events provides an
estimated value for the sediment cumulative volume of
debris flow. The analysis is carried out based on both
satellite (Fig. 4) and DEM (Fig. 5) imagery the study
region that has been downloaded to be used for the
process of identifying flow paths from debris flow.
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Figs. 3. (a) Debris flow sediment covered Tuluk Biyu Temple.
(b) The sediment location due to a debris flow

This flow path has been usually marked with a
longitudinal line on the mountain's slopes with less
vegetation than its surroundings. Flow path identification
has been crucial because the debris flow material follows
the flow path. The terrain data that has been processed
using global mapper software will produce a DEM in the
form of an ASCII Grid in the form of a black and white
image, as in Fig. 5. The DEM image is a black and white
color, where black represents the lowest elevation, and
white depicts the highest elevation. The cell size in the
DEM represents the resolution of an image. The smaller
cell size indicates a higher DEM resolution produced.

Fig. 4. Satellite image of debris flow
at Mount Abang, Kintamani District

Fig. 5. DEM of Mount Abang, Kintamani District
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The cell size of 5 m - 10 m, including low-resolution
DEM data, has not been suitable for DFLOWZ software
input. Even though in the satellite image it appears that
there are several flow paths, in this study, only one flow
path has been selected to be digitized. Fig. 6 shows the
position of the flow path and section after being inputted
into the DFLOWZ program. Debris flow on the slopes of
Mount Abang occurred in 1917. The bor-log result at the
Tuluk Biyu temple depicts the height of the sediment
stockpile ranging from 0.5 to 1.5 meters at the highest
and lowest elevations of 1500 m and 1150 m above sea
level, respectively. The avalanche material mixed with
flowing water as debris flowed and began to be deposited
with an elevation difference of 400 meters so that it
finally stopped at an altitude of 1150 meters above sea
level. The estimated cumulative volume of debris flow is
144,293 m?, however, with an average thickness of 0.50
meters (Fig. 7).

Fig. 8 shows the estimated inundation area of 288,586
m2. The DFLOWZ analysis shows that the area of
retained deposits that can cause landslides is 49,830 m?,
with inundation heights ranging from 5 to 7 meters,
based on the sections made in Fig. 6. The simulation
software depicts that it provides a potential hazard of
debris flows due to slopes based on DEM data. The
design of flood discharge has been examined by
Nakayasu synthetic unit hydrograph. Daily rainfall data
have been obtained from four rain gauge observations
around the study region. The rain gauge station names
are Kintamani, Besakih, Kubu, and Kerta, respectively.
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Fig. 8. Estimated volume of debris flows (red color)

The rainfall data used is the range of 2009 to 2018.
Table | shows the effective rainfall analysis in different
return years periods. The daily effective rainfall in
various return years periods has been calculated based on
the rational method by multiplying the daily rainfall and
the surface runoff coefficient. The current study region is
a forest land with hilly conditions with a 10-30% slope,
so the runoff coefficient value is between 0.3 to 0.7 [27].

Daily effective rainfall has been used for calculating
the hourly rainfall distribution in various return years
periods using the ratio method in Table Il. The hourly
rainfall distribution in Table Il will be used to determine
the design flood discharge for different return year
periods using the Nakayasu synthetic unit hydrograph
method. The catchment area and the length of the
intermittent river for the watershed are + 1.39 km? and +
1.802 km, respectively. The design of flood discharge is
shown in Fig. 9. It clearly indicates that the discharge
peak has increased with the increase of the return year
periods. The design of flood discharge in the 50 return
year periods (Qso) is 97.89 m3/s. These results can be
used in the analysis of the potential inundation area of
debris flows and to design structural or non-structural
protection. The soil's physical properties used to
determine the sediment flood discharge are as follows:

1. Specific gravity (Gs) = 2.65;

2. Dry volume weight (y4) =1.68 gr/lcm?;
3. Cohesion (c) = 8.30 kN/m?;
4. Internal friction angle (p) = 30.45°.

This value has been obtained through geoelectric soil
investigation and laboratory testing on samples at a depth
of 2.5 meters. The investigation result has exhibited that
the soil type is silty sand. The peak of discharge debris
flow, debris flow volume, debris flow range, and the
thickness of sediment obtained based on the combination

P. 1. Wahyuni, P. Aryastana

respectively.

However, the debris flow volume and the thickness of
sediment in the DFLOWZ modeling are 49,830 m? and
5-7 meters, respectively. The two methods' results have a
difference of 4.83%, where each approach has its
advantages and disadvantages. Analysis with software
can only derive the debris flow volume and thickness of
sediment, while empirical analysis can be determined the
debris flow volume, debris flow range, and thickness of
sediment. The empirical analysis of the prediction of the
slope is based on the provisions, whereas in the DLOWZ
software analysis, the slope was determined by the DEM
map and can be directly projected in the direction of the
flow.
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Fig. 9. Nakayasu synthetic unit hydrograph

TABLEI
EFFECTIVE RAINFALL

Return Years 2 5 10 25 50 100 200 1000
DailyRainfall 70 250 374 390 397 400 402 405
(mm/day)

Runoff
Soefficient (C) 06 06 06 06 06 06 06 06
Effective
Rainfall (mm/ 165.6 210 224.4 234 238.2 240 2412 243

day)

The authors recommend combining these two analysis
methods correcting again in several parameters so that
the results can be closer to the existing conditions.

IVV. Conclusion

DFLOWZ modeling provides simulation results of
potential debris flow hazards using DEM as primary
data. The modeling result is equipped with an uncertainty

of sediment mass and water mass have been 100.15 m%/s, factor value to accommodate the landslide
50,072.85 mS, 495 meters, and 1-1.5 meters, characteristics.
TABLEII
HOURLY RAINFALL DISTRIBUTION
Return Years 2 5 10 25 50 100 200 1000
T (hour) Ratio Hourly Rainfall (mm)
1 0.693 114.82 145.61 155.59 162.25 165.16 166.41 167.24 168.49
2 0.180 29.84 37.85 40.44 4217 42,93 43.25 43.47 43.79
3 0.126 20.94 26.55 28.37 29.58 30.11 30.34 30.49 30.72
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The simulation results provide information on the
potential inundation area and depth of inundation due to
debris flow events. The DFLOWZ analysis result depicts
the area potentially inundated by a debris flow event as
49,830 m? with an inundation height based on the slope
of 5-7m.

The empirical approach analysis contributes to results
that are more convincing because of the input of
hydrological analysis results and the results of soil
investigations. The empirical approach analysis depicts
that the peak of discharge debris flow, debris flow
volume, debris flow range, and the thickness of sediment
have been 100.15 m®/s, 50,072.85 m?, 49.5 meters, and 1-
1.5 meters, respectively. The two approach results have a
difference of 4.83% in the debris flow volume. The
advantage of the empirical approach is that there is
information on the width of the range of debris from the
valley line, in addition to information about the volume
of debris and thickness of sediment. Detailed field
observations are required to detect the path and direction
of the debris flow out of the valley. Field observation
becomes a requirement and a limitation of assessing the
debris flow hazards. It is crucial to select model
parameters and interpret the correct results by
considering the complex nature of the landslide causes of
erosion. Alternative design for retaining walls using
suitable  vegetation or combination soil and
bioengineering technology on volcanic rocks also needs
to be considered to reduce the impact of surface erosion
and debris flows [28].
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