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ABSTRACT: A massive debris flow occurred on 28 April and 3 May 2016 in Beriti Hill, Bengkulu Province,
Indonesia. The debris flow carried 4.3 million cubic meters of sediment materials containing 1-2 m diameter
boulders that damaged roads, bridges, and geothermal facilities. This study assesses the debris flow hazard
through comprehensive field investigation and laboratory testing and analyses the effectiveness of proposed
mitigation measures against the destructive energy of the debris flow. A closed-type conduit Sabo dam is
proposed as a countermeasure. The design of the Sabo dam considered the engineering geology, hydrologic
and hydraulic, and geotechnical aspects. The hydrologic analysis used Synthetic Unit Hydrograph, which was
continued by flood analysis using HEC-RAS. The geotechnical analysis was conducted to determine the Sabo
dam stability utilizing the field and laboratory test data. The analysis shows that without a Sabo dam, the debris
flows were distributed to a larger area downstream and destroyed the structure of the old bridge. The impacted
area reduced significantly when the Sabo dam was implemented.
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1. INTRODUCTION heavy rain events, and large amounts of loose
material, for example, need a specific strategy to be
Debris flows are natural disasters that can cause effective [13]. Therefore, it is crucial to study the
morphological change, severe damage, and effectiveness of debris flow mitigation strategies.
casualties to the surrounding area. Debris flows are One of the structural measures used to prevent
found in the mountainous area and consist of fully and control debris flows is dams. The continuous
saturated mixtures of water, sediment, and debris development of engineering technology and debris
[1-3]. It is commonly initiated upstream of a flow disaster prevention and control makes dams
mountainous area when unconsolidated material widely used in disaster management [14,15]. Sabo
becomes saturated and unstable [4]. Debris flows dams are among the most effective structural
are widely recognized as geomorphic processes in countermeasures to control the debris flow
mountainous areas [5,6]. It starts high on the hill [2,4,16,17]. Sabo dams are usually built in
slope and travels down through the channel or gully mountainous areas with abundant bulk materials
while increasing the volume by entraining materials and high-intensity rainfall. The construction of
from the channels. The size of particles in debris Sabo dams aims to effectively reduce the amount of
flows varies widely, ranging from clay to boulder debris flow by capturing and trapping solid particles
[7]. [15,18] and can be distinguished into closed and
Numerous cases of intense rainfall-triggered open-type dams [19]. Closed-type Sabo dams
debris flow have been well documented, causing effectively trap the debris materials and contain a
structural damages and casualties [8,9,10]. The channelized debris flow. In contrast, open-type
impact of debris flows disasters is heavily linked to Sabo dams are designed to temporarily hold the
the community's vulnerability to the hazards [11]. debris materials (medium to large size debris) and
The lack of disaster risk reduction capacities in provide the sediment routing to allow harmless
developing countries results in a gap between an materials to flow downstream [20,21].
increased risk of natural hazards and the risk This study aims to assess the risk f debris flows
perception by communities [12). Engineering in mountainous areas with high-intensity rainfalls
mitigation strategies also play an essential role in and assess the effectiveness of mitigating strategies.
reducing disaster risk. The commonly adopted A thorough hazard analysis was carried out to
engineering strategies are not applicable for all identify the potential hazard in the area. It is then
types of debris flow catchment areas. Mountain continued by designing a mitigation measure to
debris flows characterized by steep river slopes, reduce the effect of debris flow hazards. In this
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study, a closed-type conduit Sabo dam can also be
utilized as a bridge for the access road in the
geothermal exploration area is proposed and
evaluated.

2. LANDSLIDE INDUCED DEBRIS FLOW
IN THE STUDY AREA

2.1 Debris Flows Sequence

Numerous debris flows in Beriti Hill, Bengkulu
Province, Indonesia, caused damage to geothermal
infrastructure, roads, water pipes, bridges, and
houses during the 2016-2018 periods. The debris
flows moved down to the Air Kotok River, causing
the river elevation to be higher than the Air Karat
and the Air Beras River. On 28 April 2016, a debris
flow blocked the access road to the geothermal
facilities. Moreover, on 13 December 2016, another
flood occurred and carried sediment materials,
blocking roads and eroding the drainage channel
next to the Air Kotok Bridge. Further, floods
occurred seven times from December 2017 to
January 2018 due to the Cempaka and Dahlia
tropical cyclones. The most significant flood
occurred on 18 December 2017, damaging roads
and geothermal pipes and eroding the riverbank
downstream. The subsequent floods were relatively
small and did not carry large sediment, thus only
causing minor damage. Fig.1 shows the aerial map
of the Air Kotok River and the observed field
investigation location from various flash flood
occurrences.

2.2 Geomorphological and Geological Setting

The geomorphological condition of the Air
Kotok River from the upstream to the downstream
is shown in Fig.1. The geomorphology of this river
is an alluvial fan classified into four zones: source
area, upper fan, mid fan, and distal fan, based on
the deposition of the sediment supply. Each zone
has different particle size characteristics, where the
composing rocks found farther from the material
source have more refined grains than the area close
to the material source. The Air Kotok River is the
main river in the alluvial fan with a repetitive
sedimentation mechanism from the upstream of
colluvial material. The Air Kotok River is an active
distributary channel with a main sediment
transportation channel in normal conditions.

The Air Kotok Bridge, located in the middle fan
area, has a gentler slope than the upper fan. The
debris flow material deposit in the middle fan area
is shown in Fig.1l. Several geomorphological
parameters should be considered to determine the
Sabo dam location, such as slope variation, alluvial
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fan zone, braided channel in the alluvial fan zone,
and the morphological condition.

In the mid fan, the Air Kotok River area
comprises boulders and sandy material. The
stratigraphic data shows a repetition of volcanic
breccia layers with sandstones indicating the
recurring events of debris flow in the area [23]. The
area has a gentle slope (3°-8°) with a drainage
pattern of a braided channel. The active braided
channel is located downstream and has constant
flows all year. This section contains channel bars
and point bars. In the upper fan area, the river is V-
shaped and has a wide cross-section. The erosion
has a vertical and lateral direction (Fig.2). Some
part of the upper fan is identified as a potential
source area and transported area. The lithology of
the source area is andesite-basalt with a high
weathering degree due to the hydrothermal
alteration. The area is affected by the geological
structure and, as a result, has steep slopes and high
mass movement potential. The area has the
potential to form natural weirs due to landslides that
block active channels. The transported area is
composed of rocks with boulders and sand material.

3. DEBRIS FLOW HAZARD ANALYSIS
3.1 Field Investigation

The river area near the bridge consists of rock
that varies from gravel to boulder rocks. As
observed during the field investigation, the river
flow is relatively small. The subgrade color tends to
be brown in the river channel, likely due to the
chemical elements (sulfur or metals) carried along
the river water. The area on the left and right banks
of the river, where the Sabo dam will be built, is
covered by dense deciduous forest and bushes.
However, large-diameter trees are rarely seen in the
area.

A soil investigation was carried out in the
proposed construction area of the Sabo dam using
the core drilling method and the Standard
Penetration Test (SPT) at two boreholes, which
locations are shown in Fig.1. From the drilling data
at the Air Kotok River, BH-1 bore log shows a
cyclic sedimentary mechanism in the middle of the
water flow. In contrast, the BH-2 drilling log shows
that the sedimentary cycle occurs in the middle fan
- distal area alluvial fan. The density of soil layers
in the area is medium to dense, with an SPT-N value
of usually more than 20. The presence of gravel and
rocks in the soil contributes to the value of SPT-N
obtained during the test.
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Fig.1 Topographical map of Air Kotok River and observation points (modified from LiDAR and [22])

1 and (b) the erosion near the Air Kotok Bridge. (c)
Lateral Erosion the erosion near the transported area

Based on the investigation, the lithology
condition is sediment materials from floods in the
last few years. The deposited materials in the river
are constituted of rock fragments with sizes ranging
from gravel and boulder with sand deposits and
clay/silt in the surrounding area. The rocky outcrop
in the riverbank is a volcanic breccia, sandstone,
and andesite (Fig.3).

The soil sample from the location of the
designated Sabo dam comprises rocks with clay/silt
or sand as a filler. The sample physical properties
taken from the borehole have specific gravity values,
ranging from 2.40 to 2.70. Although there are
materials with a specific gravity of less than 2.50
because the material contains limestone or organic
materials, those values are considered acceptable.
The soil water content is generally less than 26%,
likely because the sample was taken in the dry
season. The fine material content is less than 36%,
with low plasticity or non-plastic. With soil grain
composition dominantly coarse fraction, referring
to the Unified Classification System (USCS), the
tested soil sample is mainly classified as SW, SP,
and SM (sand to silty/clay with low plasticity). The
soil shear strength with the direct shear test shows
that soil cohesion (¢) varies from 0 to 25 kN/m? with
an internal friction angle (¢) of 30° to 40°.
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s &7 R > e SRS T <

Fig.2 Channel bar and point bars formed after the
debris flow occurrences in the middle fan area. (a)
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3.2 Hazard Mapping

The debris flow material at the Beriti Hill area
was andesite boulders and weathered volcanic
breccia that traveled 2.5 km and damaged
geothermal facilities. The debris flow volume on 28
April 2016, calculated based on the topography map

before and after the landslide, reached 4,300,000 m’.

The source of the landslide materials was three
different caldera walls. The material movement of
the caldera wall also eroded the valley walls,
deepening the upstream and increasing the volume
of landslide materials. The debris flow hazard map
was derived from the field investigation and
geological analysis.

The regional debris flow hazard analysis in the
study area was carried out using GIS through a
geological-geomorphological approach combined
with the interpretation of satellite imagery [24]. The
geology-geomorphology  conditions such as
topography, slopes, lithology, river stream, and
catchment area determine the energy deposition and
surface erosion during the debris flow occurrence.
Debris flow deposits from the previous event were
identified through LiDAR image changes between
2014 and 2017. The mainstream of the Air Kotok
River was comprehensively evaluated using all of
the available data that has been analyzed to produce
a simplified regional debris flow hazard map.

The very high-risk zone of debris flow hazard is
influenced by the steep morphology and consists of
volcanic breccia and andesite lava. This zone shows
the source of mass that has movement, especially in
the crater area in the hills. The upstream part of the
mainstream of Air Kotok River has a high potential
to be affected by debris flow. The upstream became
a transportation route with high depositional energy
and a high erosion rate. The high-risk debris flow
hazard zone is adjacent to the Air Kotok river's main
channel, with lower energy deposition and erosion
rates than the very high-risk zone. This is due to the
morphological changes in this area, which include
more moderate slopes. The medium-risk debris
flow hazard zone is located downstream of the Air
Kotok river's mainstream. The area around the
alluvial fan falls into this zone, which has low
depositional energy and erosion rates

Based on the debris flow hazard map in the Air
Kotok River and its surrounding area (Fig.4), the
very high-risk zone is located in the source area of
Beriti Hill. It is then followed by the high-risk zone
downstream to the Air Kotok Bridge. The moderate
risk zone ranges from the Air Kotok Bridge to the
Bingin Kuning Bridge, 13 km downstream. The
very high-risk zone indicates that the area will be
affected mainly by debris flows. The scale of the

48

debris flow effect will gradually become smaller in
the high-risk zone and even smaller in the moderate
risk zone. The hyper-concentrated sediment is
deposited in the sand pocket upstream of the bridge
[25].

4. RESULT AND DISCUSSIONS
4.1 Conduit-type Sabo Bridge

Based on the geological and geomorphological
assessment, the location of the Sabo dam is selected
upstream of the damaged bridge. Fig.5 shows the
Sabo bridge view from the upstream (cross-section
A-A'in Fig.6). The river morphology that narrows
downstream makes the selected location ideal for
controlling sediment as the upstream location could
be used as a sand pocket. In addition, several
structural damages were found in the upstream and
downstream areas near the Air Kotok Bridge. The
debris flow eroded the supporting pillars and the
foundation of the bridge. With a flow controller (in
the form of a Sabo dam) from the upstream to the
downstream of the Air Kotok River, the potential of
Sabo bridge failure caused by abrasive flows is
smaller.

The usage of the Sabo dam as a countermeasure
of debris flow in Beriti Hill area has been proposed
in the previous study, such as a series of Sabo dams
with four main Sabo dams at Air Kotok River [26]
and Conduit-types Sabo dam series with two main
Sabo dam at Air Beras River [27]. In this study, the
proposed mitigation of debris flow uses a single
conduit type Sabo dam construction, whereas the
upper side of the dam can function as an access road.
The Sabo dam is completed with a sub-Sabo dam
and an apron to support the stability of the main dam
and capture and limit the volume of debris material
passing the Air Kotok River.

The design of the Sabo bridge in the Air Kotok
River considers the geological and
geomorphological aspects, hydrological-hydraulic,
and geotechnical analysis. The hydrological
analysis is divided into frequency analysis,
synthesis unit hydrograph, and design flood
hydrograph analysis. The hydraulic analysis was
employed to determine the dimension of the Sabo
bridge slits and estimate the flood distribution in the
Air Kotok River and the depth of the specific return
period flood. The geotechnical analysis was
conducted to analyze the main dam structure's
external stability, including shear, overturning, and
soil bearing capacity.

The Sabo dam height is calculated based on the
assumption of sediment volume to be controlled,
i.e., 1.1 to 1.2 million cubic meters. After a series of
calculations, the height of the Sabo dam (H,) is
determined to be 16 m. The Sabo dam storage
capacity is calculated by considering the parameters
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such as river width, Sabo dam height, pre-
construction riverbed slope, and design riverbed
slope [28]. With the Sabo dam height (Hy) of 16 m,
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25| Coarse Sand

Sandy Clay
10m Fine Sand
Sandy Clay
Fine Sandstone
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15 m L4 Medium Sandstone

the manageable sediment volume is 1,120,000 m?
which can be started to retain as far as 480 m from
the upstream of the Sabo dam.
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Fig.3 Stratigraphy at the river channel based on drilling log BH-01 and BH-02
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Fig.4 Debris flow hazard map at the study area
Hydrology and Hydraulic Analysis

The hydrological analysis aims to calculate the
design flood hydrograph according to the specified
return period. The hydrograph is the result of the
response of the watershed to design rainfall and is
used to design the hydraulic structure of the Sabo
dam. The frequency analysis is determined using
spreadsheet software based on the annual maximum
daily rainfall data for a certain period. The rainfall
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data collection is based on satellite data from
TRMM (Tropical Rainfall Measuring Mission).
The data needed for the analysis are daily rainfall
for the last ten years, which complies with the
Indonesian National Standard [29,30]. The rainfall
data used for the research is the data from 2001 to
2017. The Air Kotok watershed boundary is
determined with WMS Version 10.1 software. It
was found that the output area of the watershed is
3.77 km?, the mainstream length is 4.02 km, and the
average slope of the watershed is 0.72.

The Synthesis Unit hydrograph aims to
determine the amount of flood discharge with
watershed boundary data such as river length and
riverbed slope [29,30]. The Synthesis Unit
Hydrograph method suitable for the Air Kotok
watershed is the Soil Conservation Service-Curve
Number (SCS-CN), as this method considers the
effects of land-use change. The design flood
hydrograph analysis is carried out by multiplying
the unit hydrograph and adequate rainfall [28]. The
effective rainfall used is hourly rain according to the
distribution of the frequency analysis results. A
flood hydrograph based on the hydrological
analysis results is then used to determine the safe
hydraulic dimensions of the Sabo dam structure. A
simulation was carried out with the HEC-RAS to
see the distribution of floods along with the Air
Kotok River flow from the flood hydrograph
analysis.

The rainfall return period is determined with
frequency analysis to select the type of distribution
representing the distribution of maximum daily
rainfall of the watershed. The frequency analysis
uses spreadsheet software with four distributions of
daily rain distribution: Normal, Log-Normal,
Gumbel, and Log-Pearson III (Table 1). Referring
to Chow et al. [28], the frequency analysis with two
parameters, Chi-Squared and Smirnov-
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Kolmogorov, shows that the best distribution is the Gumbel distribution.
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Fig.5 Selected location of the Sabo bridge from the 2017 LiDAR images (left) and drone aerial map (right)

4.2 Hydrology and Hydraulic Analysis the value of the peak discharge of debris flow (Qyy)
is 309.98 m®/s.

The flood discharge caused by the overflow of Debris flow velocity (vq4) is an important factor
the Air Kotok River was analyzed using annual in the design of mitigation structures because it
maximum daily rainfall data. The Air Kotok influences the impact forces (R), run-up, and
Watershed hydrological analysis calculated the superelevation of the flow (8) [31]. Debris flow
design flood hydrograph obtained by multiplying velocities are conventionally back-calculated from
the effective rain by the Soil Conservation Service- previous superelevation events [32] or predicted
Curve (SCS-CN) unit hydrograph. The design flood using the Equation below [33].
discharge calculation used the Soil Conservation 124
Service-Curve (SCS-CN) method; the discharge Vdr =;R (S’” ‘9) 3)

used for the Sabo dam design is the 100-year

discharge. The 100-year flood hydrograph found Table 1 The analysis of design rainfall

that the design flood discharge (Q') value is 154.99 Return ~ Normal Log-Normal Gumbel Log-Pearson
m’/s. The design flood discharge can be period (year) (mm) (mm) (mm) 111 (mm)
transformed into the peal; discharge of debris flow 5 793 779 76.8 779
(Osp) using the Takahashi formula as follows: 5 92 916 904 916
Qsp = L X Q 4 10 99.0 99.7 99.3 99.8
C.—Ca (1 25 106.2 109.2 110.7 109.4
where the volumetric sediment concentration of 50 110.9 115.7 119.1 116.1
the deposited sediment ( C,) is 0.6, and the 100 115.0 122.0 127.5 122.5
volumetric sediment concentration of the moving
sediment (Cy) is 0.3. If the riverbed slope is more Based on Equation (3), the debris flows velocity
than 20°, the concentration of debris flow is reaches (vg) 7.38 my/s. Therefore, the transported
estimated by the following formula: materials dissolve when transported down the slope.
ptand The depth of debris flow of 2.84 m is used to
d= calculate the debris flow, water pressure, and the
(0~ p)(tan ¢ — tan ) ) height of the Sabo dam opening.
with ¢ is the density of big rock (kN/m?), p is the The slits in the Sabo bridge are designed to
water density (kN/m?), ¢ is the internal friction allow the flood and debris flow to pass and allow
angle of the deposited sediment (°), and & is the sand and gravel to flow downstream during normal

riverbed slope (°). Based on Equations (1) and (2), conditions to maintain sediment balance to prevent
riverbed degradation. The spillway is designed to
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resist the impact of sediments and scouring of the
rocks that pass through it. The spillway width
depends on the river width and the debris flow
discharge. The main dam spillway thickness is
determined based on the flow and gradation of the
debris material, considering the possibility of
damage due to debris impacts.

The Sabo dam opening is intended to drain flood
and debris flows. The number of openings and
dimensions is calculated based on Equation (4) by
the trial-error method to obtain the optimal size and
the number of openings. The maximum water level
that passes through the opening (%;) must not be
greater than the height of the opening (H). The C'is
the coefficient of opening discharge, and B is the
width of the opening.

The size and number of openings in the trial
until the discharge (Q) through the openings is the
same as the design discharge. The number of the
slits is 6, the width of the opening () is 2.2 m, and
the height of the opening (4.) is 5.2 m.

0= %c\/ﬁ (3B, +2B,) 1" 4)

The designed height is safe from overflowing.
The Sabo bridge is completed with a sub dam and
apron, functioning as a trap for rocks, gravel, and
sand so that they will not be transported
downstream (Fig.6 (a)). The sub dam and apron will
prevent the riverbed downstream of the Sabo dam
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iremesh M12
/—Concrete K-350

,,,,,,,,,,,,,,
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______________

_________

from being eroded by the debris flow from the Sabo
bridge spillway. The apron structure protects the
main dam from scouring downstream, maintaining
the stability of the Sabo dam foundation and
avoiding riverbank failure. The shape of the sub
dam is adjusted to the shape of the main dam. The
Sub dam height is a quarter of the main dam height
[34,35].

Fig.6 (b) shows the dimension of the Sabo dam.
The Sabo dam dimension design is determined
using the calculation and peak discharge of debris
flow and sediment volume to be controlled. The
flood simulation used the HEC-RAS program,
whereas the flood data input was performed based
on the 100-year flood hydrograph analysis. The
existing topography simulation shows that the flow
moves to the access road and surrounding
geothermal facilities (Fig. 7(a)). The result of the
100-year flood simulation after the Air Kotok River
normalization by constructing the riprap, dikes, and
Sabo dams downstream of the Air Kotok River (Fig.
7(b)) shows that the flood moves toward the Air
Kotok Bridge. The overflow with small discharge
can still occur and head to the access roads. The
overflow can be diminished if the riprap and dikes
are installed along the Air Kotok River. Water
tunnels and drainages are installed along the access
roads to prevent damage caused by overflow.

..............

..............
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4.3 Geotechnical Analysis higher than the resisting force. The resistance forces

include hydrostatic pressure, Sabo dam gravity,

The data from the soil investigation results lateral soil pressure, and shear strength (Table 3).

around the Sabo dam design location are used to Those forces are caused by hydrostatic pressure and

analyze the stability of the Sabo dam structure. The structural weight. The value of the lateral soil

main dam structure must withstand design loads coefficient is 0.32 with a cohesionless sedimentary
that trigger structural failures such as dead load, soil type.

static force, uplift, and hydrostatic. Overturning A structure may undergo overturning failure due

stability and sliding stability are calculated using to unbalanced moments acting on the structure. The

the following equations: moment is caused by acting forces multiplied by the

M, moment arm to the center of overturning (Table 4).

Foer furning = o >2.00 4) The soil test result at BH-.l is used to ca!culate the

H soil shear strength. The soil parameters with a depth

of 2 m have an internal friction angle (¢) of 30.96°

o Dytmmgtdd ) and cohesion (c) of 14.71 kN/m’. The obtained

sliding F, ultimate bearing capacity value is 4,486 kN/m>.

This value meets the requirement of the foundation
bearing capacity for the Sabo dam.

During flood conditions, the external force acting
on the main body is dominated by hydrostatic
pressure. The hydrostatic pressure is divided into a
horizontal force 16 m high, and a vertical force acts
on the upstream and top of the Sabo dam. In
addition, sliding resistance on the Sabo dam can be
increased by the foundation soil's cohesive nature,
which has a width of 17.6 m. On the other hand, in
debris flow condition, the magnitude of the
horizontal forces increase due to water pressure and
lateral pressure on the sediment carried by the

where My is the sum of the vertical moment, My
is the sum of the horizontal moment, ¢ is the internal
friction of soil, Fy is the vertical force, F is the
horizontal force, ¢ is the cohesion of soil, and [ is
the shear length.

The Sabo dam stability analysis considers
external forces acting on the structure, as shown in
Fig. 8 (a) and (b). The analysis is performed to
evaluate the stability of the structure based on
potential types of failure, namely stability against
shearing, stability against overturning, and soil
bearing capacity. The analysis method used
complies with the Indonesian Standard SNI
2851:2015 [34] and the JICA [36]. Table 2 shows
the results for the forces and moments acting on the
Sabo dam during flood and debris flow.

o . . . resistance.
Sliding failure occurs when the driving force is
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debris flow. Sediment materials are assumed to be
located upstream of the main body with a slope of
2:5 and could act as a considerable moment
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Fig. 8 External forces acted on the Sabo dam (Modified from JICA (2010)). (a) Flooding condition (b) Debris
flow condition

Table 2 The calculation result of the forces and

moments acting on the Sabo dam Debris Flow Conditions
Vertical ~ Horizontal =~ Moment

Loads Force Force Force (kN) (kN.m)

Flood Conditions KN
Vertical  Horizontal Moment (kN)

Loads Force  Force Force (kN) (kN.m) /4] 1,229 - 16,384
(kN) Dead load W, 3,072 _ 22,118

W, 1,229 - 16,384 W, 614 B 1311

Dead 1
ead load W, 3,072 - 22,118 Hvdrostati Py 451 - 7,024
rostatic
W, 614 - 1,311 Y o P - 1,127 45,696
Py 502 - 7,945 Pry _ 125 947
Py 165 - 528

Hydrostatic " Soil Pey 473 - 7,375

stress Py 206 - 1,486 o Pe ; 473 2,392
pressure HI ”
Py - 1,256 -6,697 Pews - 186 1,408
5 L - 413 -3,303 Debris  Pu 71 ; 1,039
oi .
ht
pressure P - 47 -250 weig Py 2 - 23
. Water

Uplift U -1,608 - -18,871 pressure Fw - 68 -1,054
Live load Ly 290 1,615 Uplift U -1.309 B -15.355
Total without L, 4,181 1,715 20,651 Live load I 290 B 1615
Total with L, 4,471 1,175 22,266 Total without Z, 4,604 1,979 28,421
Total with L, 4,894 1,979 30,036

53



International Journal of GEOMATE, July, 2022, Vol.23, Issue 95, pp.45-56

Table 3 Sliding stability of the Sabo dam

Flood Conditions

Vertical Horizontal Safety
Loads Force (kN) Force (kN)  Factor
Without
Live Load 2,767 1,716 1.61
With Live
Load 2,941 1,716 1.71
Debris Flow Conditions
Without
Live Load 3,021 1,979 153
With Live 3,195 1,979 1.61
Load

Table 4 Overturning stability of the Sabo dam

Flood Conditions
Vertical Horizontal Safety
Loads Moment Moment Factor
(kKNm) (kNm)
Without
Live Load 30,902 10,250 301
With Live
Load 32,517 10,250 3.17
Debris Flow Conditions
Without
Live Load 39,919 11,498 347
With Live 41,534 11,498 3.61
Load

The sliding safety factor results tend to be smaller
during the debris flow condition because of the
additional forces from the water pressure and the
lateral pressure from the sediment materials. The
safety factor for overturning is higher during the
debris flow condition because of the weight of the
sediment materials that could act as a moment
resistance upstream. The analysis also shows an
increase in the safety factor for the condition with
the live load. Live load is assumed to be the vehicles
passing over the Sabo dam, which could increase
the vertical forces acting above the Sabo dam
structure. An increase in vertical forces will
increase the moment resistance. Thus, the safety
factor would also be increased.

5. CONCLUSIONS

The debris flow hazard map derived from the
detailed debris flow hazard assessment shows that
the study area has a very high, high, and medium
risk of debris flow hazard. The very high-risk zone
is located upstream of the Air Kotok River stream
and followed by a high-risk zone downstream. The
medium-risk zone is surrounded by the high-risk
zone and continues through the Bingin Kuning
bridge. Based on the field investigation, the
geological and morphological conditions in the
study area impact the debris flow risk potential.

The following conclusions are based on a
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detailed analysis of engineering geology,
hydrologic-hydraulic, and geotechnics. The design
flood hydrograph with the Synthetic Unit
Hydrograph Methods (HSS) Soil Conservation
Service-Curve Number (SCS-CN) shows that the
100-year of flood design discharge (Q') is 154.99
m3/sec. The peak discharge of debris flow (Qyp) is
285.12 m’/s. From the hydraulic aspect, a
simulation using HEC-RAS without Sabo dam
found that the debris flow will spread to larger areas
upstream of the Air Kotok Bridge and destroy the
structure of the old bridge. The proposed conduit
Sabo dam and normalization of the Air Kotok river
with riprap and dike resulted in more controlled
debris flow distribution with sediment materials
trapped in the storage area upstream of the Sabo
dam.

This study proposes the Sabo dam design in Air
Kotok River to have the following dimensions; the
Sabo dam is 16 m high, the spillway is 8 m wide,
and the wings on the right and left sides are 3.9 m
high 2 m wide. This structure can manage 1,120,000
m® of sediment. The Sabo dam has six openings
with a height of 5.2 m and a width of 2.2 m, and two
drainage holes with a dimension of 1.5 m X 1.5 m.
The Sabo dam downstream is completed with an
apron, a sub dam, and a sluiceway. The
geotechnical point of view on the requirements of
safe conditions against sliding and overturning risk
are as follows; the value of the critical safety factor
against sliding and overturning are 1.53 and 3.01,
respectively. Based on the analysis, the subgrade
has adequate bearing capacity to support the traffic
loads. The results show that the design meets the
safety requirement for sliding and overturning.
Therefore, the designed closed-type conduit Sabo
dam proposed in this study is capable, stable, and
effective to be implemented as a mitigation measure
to control and reduce the risk of debris flow.
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