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Mt. Bawakaraeng Caldera has been affected by tens of destructive landslide and debris—flow in recent
years, triggered by rainfall episodes, which were responsible for many deaths and very important economic
losses. Among the instability causes, meteorological factors are of primary importance in the Jeneberang
Watershed, South Sulawesi namely the high recurrence rate of rainfall triggering landslides and debris—flow.

The cumulative rainfall method is used to reconstruct both absolute and calibrated antecedent rainfalls
associated with each major landslide and debris—flow event. The critical rainfall combination (amount—
duration) responsible for each landslide and debris—flow event was assessed and rainfall threshold for land-
slide and debris—flow was calculated. Rainfall-triggered landslides and debris—flow in the study area are
ruled by the function /=86.517D** where [ is the rainfall intensity in mm/day and D is the duration of rain-
fall in days. They are related both to short duration precipitation events (1-3 days) with high average
intensity (between 82 and 90 mm/day) and long-lasting rainfall episodes (1-5 months) with a lower intensi-

ty (between 10 and 15 mm/day).

INTRODUCTION

Landslides and debris—flow have become vulnerable
to the nature in Indonesia in recent years. Losses of
lives, destruction of properties, economic scarcities and
adverse impacts to environment have been caused by
these phenomena every year. According to the National
Disaster Management Coordinating Board of Indonesia
in 2007, landslide and debris—flow are categorized at the
third number of event after flood and storm. The phe-
nomena occurred 56 times causing, 73 people dead,
7,488 displaced and 2,685 family house destroyed.

Particularly in South Sulawesi Province natural dis-
aster like landslide and debris—flow were important
issues for mitigation especially in 2004. There occurred
a large—scale landslide including debris—flow at the Mt.
Bawakaraeng Caldera which had produced a volume
about 232 million m’. The landslide was caused by the
collapse of the walls of the caldera leading to a flow of a
large amount of debris with significant damages includ-
ing 32 people lost their lives and destruction of proper-
ties (Tsuchiya et al., 2004).

There are various factors affecting slope stability
and some of them are closely related. Among instability
causes, meteorological factors are of primary impor-
tance, namely, the control exerted on the amount of avail-
able water for infiltration into soils and rocks.
Meteorological and climatic factors may act as pre—dis-
posing factors within the slope instability system, but
more frequently they represent the ultimate cause, or
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the triggering factor, of landslide activity and debris—
flow (Fukuota, 1980; Crozier, 1986; Wieczorek, 1996;
Corominas, 2001; Marques, 2008).

The Mt. Bawakaraeng Caldera, the majority of land-
slides and debris—flow has been triggered by intense
rainfall. Therefore, the main objective of this study is to
discriminate precipitation events (amount/duration)
responsible for landslide and debris—flow activity using
empirical methodologies which might provide basis for
implementation of mitigation measure.

STUDY AREA

The Mt. Bawakaraeng Caldera is located at the head
of the Jeneberang Watershed, 90 km far from Makassar,
South Sulawesi (Fig. 1). The annual rainfall and mean
annual temperature according to variations of the eleva-
tion in study area (1999-2007) is shown in Fig. 2.

The morphology of Mt. Bawakaraeng is character-
ized by high relief, extreme slope, high degree of weath-
ering as well as erosion activities such as soil movement
and landslide. The Mt. Bawakaraeng was developed as a
result of volcanic activities during the Pleistocene period.
It is composed of andesite rocks such as breccia, pyro-
clasts, tuff and interstratified lavas (Sukamto and
Supriatna, 1982). Geological Map around the
Bawakaraeng Caldera is shown in Fig. 3 and geogogical
strata in Table 1. In volcanic rocks near the vent, pyro-
clastic rocks are predominant. The composition ratio
and layer thickness of lava increases near the vicinity of
the vent. At the end portion, sedimentary rocks, which
are secondary deposit of pyroclastic rocks and volcanic
rocks, are predominant.
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Fig. 1. Location map of the study area in Jeneberang Watershed, South Sulawesi, Indonesia.

Table 1. Geological strata around caldera

Age Formation Symbol Description

This stratum consists of gravel, sand and clay. The surface of deposit
Riverbed Deposit rd along the Jeneberang River is covered with debris flow deposit more
than 10 m in depth at the maximum.

This stratum consists of fallen rocks, detritus, soil and sand formed by
collapse. Talus deposit formed by latest caldera wall collapse accumu-
Talus Deposit—2 td2 lates from the hem part of collapse slope to the downstream area of
Lengkese village along the Jeneberang River.

Holocene

) This stratum consists of gravel, sand and clay. Terrace plain has the
Terrace Deposit-2 tr2 height of 5 to 20 m above the present riverbed.

) This stratum consists of gravel, sand and clay. Terrace plain has the
Terrace Deposit—1 trl height of 50 to 75 m above the present riverbed.

This stratum consists of fallen rocks, detritus, soil and sand. This depos-
it is widely distributed along ancient Jeneberang River (present Kausisi
Talus Deposit-1 td1l river), forming terrace plain with the height of 50 to 100 m above the
present Jeneberang riverbed. It is deemed that this stratum was formed
by debris flow which occurred in Pleistocene age.

Volcanic This stratum is distributed at the edge part of volcano body, and con-
Rocks Vi3 sists of pyroclastic—sedimentary rocks which are composed of lapilli
Facies-3 tuff, pumice tuff, volcanic breccia and volcanic congromerate.

Quaternary

This stratum is distributed in the whole area of the volcano body, and
forming the alternation of volcanic layer. Volcanic layer consists of
] basalt—andesite lava, and pyroclastic rocks which are composed of vol-
Volcanic V2 canic breccia and tuff. In this facies, the amount of lava is superior to
Rocks that of pyroclastic rocks. And the continuity of lava is high, and the
Facies—2 thickness of lava is mainly more than 20 m. The rock—-mass has colum-
nar joints with the interval of 30 to 200 cm, but the hardness of lava
rock is comparatively high.

Pleistocene

This stratum is distributed around the vent, and forming the alternation
of volcanic layer. Volcanic layer consists of pyroclastic rocks which are

Lompobattang Volcanics

Voleanic composed of vent breccia, volcanic breccia and tuff, and lava. But in
RO_CkS Vfl this facies, the continuity of lava is low, and the rock-mass like a lens is
Facies-1 formed. Low cementation sedimentary rocks are contained at the
boundary part of the volcanic layers that were formed intermittently.
From these points, the strength of rock —mass is relatively low.
This stratum consists of dasite that were supplied from magma, and is
distributed as effusive rock and stock around the caldera. Dasite is
Intrusive Ir mainly composed of Plagioclase, Quartz, and Pyroxene with the diame-
Rock ter of 1 to 10 mm, and shows light gray color. The notable feature of

dasite is to deteriorate the rock quality easily by weathering,.
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Fig. 2. The annual rainfall with the elevation of the
study area, 1999-2007 (the maximum height of
rain gauge is kept at an elevation of 1,134 m).

RECONSTRUCTION OF THE PAST RAINFALL-
TRIGGERED LANDSLIDE AND DEBRIS-FLOW
EVENTS

Reconstruction of absolute antecedent rainfall

The landslide and debris—flow occurrences used in
this study were collected from historical accounts, tech-
nical-scientific documents and regional report. Pursuant
to field survey and information from the local people, the
landslide and debris—flow have occurred for more then
ten years in the study area. Twelve major rainfall epi-
sodes that triggered landslides and debris—flow were
identified.

Hence the computational analysis of the cumulative
absolute rainfall for 1, 2, 3, 5, 10, 15, 30, 40, 60, 75, 90,
120 and 150 consecutive days before each major land-
slide and debris—flow events during 1997 — 2007 have
been carried out by applying following equation
(Marques et al., 2008):

Pr=Pl+P2+...+Pn (D

where Px is the absolute antecedent rainfall for day x;
P1 is the daily rainfall for the day before x; Pn is the
daily rainfall for the nth day before day x.

Reconstruction of calibrated antecedent rainfall

Effects of a particular rainy event decrease in time
owing to drainage processes (Canuti et al., 1985; Crozier,
1986). Therefore, in order to account for this dampen-
ing effect in the rainfall-landslide analysis, the anteced-
ent rainfall was calibrated applying the formula proposed
by Crozier (1986) as shown by equation 2:

CARxz, = KP1 + K°P2 + ...+ K'Pn )

where CARx is the calibrated antecedent rainfall for day
x; P1 is the daily rainfall for the day before x; Pn is the
daily rainfall for the nth day before day «. The constant K
is an empirical parameter (typical values range between
0.8 and 0.9) depending on the draining capacity and the
hydrological characteristics of the area (Capecchi and
Focardi, 1988). After a few tentative trials we have

Fig. 3. Geological map around caldera (Ministry of Public Works,
Indonesia, 2005).

decided to assume in this study that K=0.9, making neg-
ligible precipitation occurred more than 30 days before a
landslide event (Capecchi and Focardi, 1988). The recon-
struction of calibrated antecedent rainfall was performed
for time periods of 3, 5, 10, 15 and 30 days. Table 2
summarizes absolute antecedent rainfall for landslide
and debris—flow events. Some important landslide
events (e.g. event March 26, 2004) seem to be a more
intense and short rainfall episode (3 day before) that
triggers the landslide (Fig. 4). Debris—flow took place
on February 16, 2007, this event was related with a more
prolonged rainy period responsible for the reactivation
of a deep rotational slip (Fig. 5). Table 3 summarizes
results of calibrated antecedent rainfall for landslide and
debris—flow events.

Rainfall thresholds

The rainfall conditions that trigger landslides and
debris—flow can be different. Consider the critical pairs
of rainfall amount—duration for reported landslide and
debris—flow events, the regression line that relates rain-
fall intensity in mm/day (I) and duration of rainfall in
days (D) can be plotted (Fig. 6). Therefore, the regres-

P . ame

Collapsed mountain

Fig. 4. Photograph representing the landslide at the Mt.
Bawakaraeng Caldera, occur on March 26, 2004, hundred
million m* volume of landslide deposited in the caldera
(Photo: Hasnawir, 2006).
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sion curve can be considered as a reliable rainfall inten-
sity—duration threshold for the study area, above which,
landslide or debris flow events may occur.

An empirical threshold above which landslide or
debris—flow may occur can be described by next equa-
tion as below,

Fig. 5.

il

revealing debris—flows ccurred on 16
February 2007 (Photo: Hazama—Brantas J.O., 2007).
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Considering only severe and disastrous events, it can
be seen that there are two distinct hydrological condi-
tions for their occurrence: (1) intense rainfall episodes
in short periods (1-3 days) with high average intensity
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Fig. 6. Regression line between critical rainfall intensity and cor-
responding event duration. Legend: triangles indicate
disastrous landslide events; squares indicate severe land-
slide—debris flow events and circles indicate minor land-
slide and/or debris—flow events.
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Table 2. Absolute antecedent rainfall from 1 to 150 days corresponding to 12 landslides and debris—flow events verified in Mt.
Bawakaraeng Caldera from 1997 to 2007

No Date 1 day 2days 3 days 5 days 10 15 30 40 60 75 90 120 150 Rainfall intensity
*R (mm) days days days days days days days days days (mm/day)
1 1997 Jan. 23 37.0 42.0 57.0 1340 253.0 367.0 818.0 842.0 1257.0 1354.0 1500.0 1853.0 1966.0 37.0
2 1999 Feb.25 90.0 102.0 107.0 120.0 120.0 216.0 560.0 711.0 1177.0 1453.0 1552.0 1667.0 1874.0 90.0
3 2000 Jan. 26 120.0 120.0 154.0 232.0 274.0 321.0 678.0 897.0 1033.0 1184.0 1312.0 1623.0 1971.0 82.0
4 2001 Feb.27 25.0 74.0 113.0 162.0 321.0 423.0 781.0 811.0 984.0 1041.0 1277.0 1672.0 2014.0 25.0
5 2001 Feb.25 19.0 420 51.0 78.0 180.0 272.0 569.0 721.0 992.0 1100.0 1211.0 1543.0 1976.0 19.0
6 2002 Dec.13 43.0 110.0 110.0 133.0 183.0 351.0 834.0 951.0 1711.0 1796.0 1813.0 1957.0 2021.0 37.0
7 2003 Mar. 05 113.0 113.0 120.0 134.0 175.0 216.0 476.0 711.0 1177.0 1453.0 1554.0 1667.0 1874.0 90.0
8 2004 Mar. 26 0.0 0.0 780 130.0 290.0 523.0 764.0 842.0 1257.0 1354.0 1500.0 1780.0 2179.0 0.0
9 2005Nov.26 15.0 150 29.0 54.0 223.0 3120 545.0 854.0 1082.0 1102.0 1231.0 1475.0 1782.0 15.0
10 2005 Dec. 18 63.5 995 995 125.0 164.0 256.0 443.0 665.0 887.0 1056.0 1347.0 1567.0 1894.0 43.5
11 2007 Feb. 08 33.0 56.0 70.0 90.0 367.0 554.0 792.0 940.0 1350.0 1453.0 1562.0 1621.0 1706.0 10.0
12 2007 Feb. 16 110.0 133.0 139.0 146.0 183.0 351.0 834.0 951.0 1711.0 1796.0 1813.0 1957.0 2021.0 67.0

*R: rainfall (mm).

Table 3. Calibrated antecedent rainfall (CAR) for 12 landslide and debris—flow events veri-
fied in Mt. Bawakaraeng Caldera from 1997 to 2007

Daily rain-

No  Date fall %ﬁfz’)s 5(2?3’)5 lgfrfs’s l?n‘ﬁgs S&i?)’s
(mm)
1 1997 Jan. 23 37.0 15.0 60.4 101.1 126.0 145.1
2 1999 Feb. 25 90.0 13.4 21.0 21.0 412 55.7
32000 Jan. 26 82.0 59.0 105.0 119.7 129.6 1447
4 2001 Feb. 27 25.0 68.1 97.0 152.7 174.1 189.2
5 2001 Feb. 25 19.0 25.2 411 76.8 96.1 108.7
6 2002 Dec. 13 37.0 59.7 732 90.7 126.0 146 5
7 2003 Mar. 05 90.0 25.8 34.1 48.4 57.0 68.0
8 2004 Mar. 26 0.0 56.9 875 1435 1925 202.7
9 2005 Nop. 26 15.0 102 25.0 84.1 102.8 112.7
10 2005 Dec. 18 435 472 62.2 75.9 95.2 103.1
11 2007 Feb. 08 10.0 495 61.3 158.3 197.6 207.6
12 2007 Feb. 16 67.0 61.7 65.8 78.8 114.1 1345
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(between 82 and 90 mm/day) and (2) precipitation accu-
mulated during longer periods (1-5 months) with a
lower rainfall intensity (between 10 and 15 mm/day).

CONCLUSIONS

1. Historical accounts and recent observations show
that rainfall-induced landslides and debris—flow are
frequent in Mt. Bawakaraeng Caldera, Jeneberang
Watershed.

2. The hydrological conditions are traced by landslide
and debris—flow activity triggered by short periods
of rainfall accumulation (1-3 days), characterized by
high average intensity (between 80 and 90 mm/day)
and long-lasting rainfall episodes (1-5 months) with
a lower intensity (between 10 and 15 mm/day).

3. The regression analysis shows that rainfall intensity
increases exponentially as duration decreases, fol-
lowing the equation I = 86.517D*“*® where [ is the
rainfall intensity in mm/day and D is the duration
of rainfall in days. Therefore, the regression can be
considered as a reliable rainfall intensity—duration
threshold for the study area, above which, landslide
and/or debris—flow events may occur.
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