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Abstract. We investigated 184 landslides that occurred in
unwelded pyroclastic flow deposits (Shirasu) on southern
Kyushu Island, Japan, that included detailed data on the rain-
fall characteristics and the timing of slope failure. Local-
ized rainfall intensity, antecedent precipitation index (API),
and topography affected the hydrologic processes that trig-
gered landslides. API (adjusted for evapotranspiration losses)
for large (> 200 mm) storms that triggered landslides was
much lower than for smaller (< 200 mm) storms. Mean storm
intensity and 7-day APl (APIl;) thresholds of >5mmh~!
and <30mm (or APl3p <60 mm), respectively, were use-
ful to identify landslides triggered by rapid pore water pres-
sure response, especially for shorter (< 20 h) duration events.
During smaller storms with lower intensity, landslides are
likely affected by a combined increase in soil weight and
loss of suction when API3g > 150 mm; simulations indicated
that these weight and suction changes due to rainfall ac-
cumulation decreased the factor of safety in steep Shirasu
slopes, but did not necessarily trigger the landslides. Most
of the landslides that were plotted below a general rainfall
intensity—duration threshold for landslide initiation occurred
during smaller storms with APl3g values > 200 mm, indicat-
ing that they were highly influenced by the combined effects
of the accumulated weight of rainfall and loss of suction.
Our findings show that both event rainfall characteristics and
API affect the hydrogeomorphic processes that trigger dif-
ferent types of landslides in Shirasu. This knowledge and the

thresholds we have identified are useful for predicting the oc-
currence of different types of landslides in unwelded Shirasu
deposits and improving sediment disaster prevention prac-
tices, including real-time warning systems.

1 Introduction

\olcanic deposits are highly susceptible to mass wasting and
many related sediment disasters have been reported (e.g.,
Shimokawa et al., 1989; Crosta and Dal Negro, 2003; Ngecu
et al., 2004; Bernard et al., 2009; Navarro et al., 2009;
Cimarelli and de Rita, 2010; De Falco et al., 2012). Various
types of landslides occur in these volcanic materials, includ-
ing rock falls, flank collapses, rotational slumps, earthflows,
debris slides, lahars, and debris flows, depending on the char-
acteristics of the deposits and triggering mechanisms. For ex-
ample, in the western Oregon Cascade Range, competent an-
desite and basalt lava flows overlie weathered volcaniclastic
rocks that are highly altered due to water infiltration through
cap rock fissures (Swanson and Swanston, 1977). These ar-
eas are susceptible to deep-seated mass movements and,
where exposed in gorges, promote large rotational slumps
(Palmer, 1977). Landslide frequency in the Hong Kong re-
gion was higher in areas underlain by dacitic and rhyolitic
volcanic rocks compared to other lithologies (Dai and Lee,
2001). Because of the discontinuous nature of deposits on
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flanks of volcanoes, residual weak soil layers may act as
slip surfaces of large landslides (Hirlimann et al., 2001).
Such unique depositional patterns in volcanic residuals al-
ter the hydrologic pathways and affect localized weathering
of these materials. Interactions amongst hydrology, tecton-
ics, and lithology can increase the occurrence of landslides
in volcanic deposits (Sidle and Ochiai, 2006). Furthermore,
high and intense rainfall on weathered volcanic materials (in-
cluding ash) can trigger debris flows and devastating lahars
(e.g., Suwa and Yamakoshi, 1999; Palacios et al., 2001; Lav-
igne and Thouret, 2003).

Shirasu is an unwelded pyroclastic flow deposit composed
of dacitic tuff that covers large areas of southern Kyushu Is-
land, Japan, particularly more than half of the prefecture of
Kagoshima (e.g., Yokota, 1997; Hyodo et al., 2005). These
Quaternary deposits have spread in a radius of more than
50 km by the eruptions of the Aira caldera about 25 000 years
ago (Miyagi, 1977; Aramaki, 1984; Nakaoka, 1988). Al-
though these deposits are restricted to the southern 30 % of
Kyushu Island, this region of Japan experiences some of the
most devastating landslide and debris flow disasters in the na-
tion (e.g., Sidle et al., 2004; Teramoto et al., 2006; Taniguchi,
2008). Furthermore, because Shirasu is highly susceptible to
landslides, this region provides a unique setting to investi-
gate the magnitude and frequency of landslides, and the data
presented herein should be useful in addressing these issues.
Shirasu terrain is steep and often includes isolated butte and
mesa landforms. These deposits are easily weathered and
their strength and bulk density progressively decreases as
weathering proceeds (Yokota, 1997). The areas covered by
Shirasu in southern Kyushu are often affected by heavy rain-
fall during typhoons and Baiu frontal storms. Typhoons typi-
cally occur from August through October, while Baiu frontal
systems occur in early June through late July. Most of these
storms approach Kyushu Island from the south, delivering
moist air from the sea, causing heavy rainfall once they strike
land in Kagoshima. Thus, landslides in Shirasu deposits oc-
cur during most years and cause substantial property dam-
age and causalities. For example, in early September 1993,
typhoon Yancy delivered precipitation ranging from 180 to
543 mm in a 24 h period throughout south-central Kyushu,
causing numerous landslides, resulting in extensive loss of
life and property damage. In September 2005, typhoon Nabi
struck southern Kyushu (> 600 mm of rain in a 3-day period)
triggering landslides, debris flows, and flash flooding, with a
combined death toll of 27 (Teramoto et al., 2006; Taniguchi,
2008).

Various types of landslides occur in Shirasu deposits and
cause different sediment-related disasters. For example, dur-
ing the devastating typhoon Yancy in 1993 (229 mm of total
rainfall in Kagoshima; maximum 1 h intensity 46.5 mmh~1),
more than 90 % of the landslides occurred on slopes > 30°
(Fukuda, 2011). On very steep slopes, typically >50°, ex-
foliations with depths < 1m repeatedly occur (Haruyama,
1974). During typhoon Nambi (4-6 September 2005), more
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than two-thirds of the landslides around the city of Tarumizu
(southeastern Kagoshima) occurred in Shirasu deposits, and
most of these were shallow failures (Teramoto et al., 2006).
The dominance of these shallow, planar landslides in Shirasu
is attributed to the rapid weathering of this unwelded ma-
terial on steep slopes, thereby promoting repeated removal
of the surficial weathered layer (Shimokawa et al., 1989;
Yokota and Iwamatsu, 1999; Chigira and Yokoyama, 2005).
The shallowest of these planar failures occur on the steep-
est slopes (Haruyama, 1974; Sako et al., 2000; Teramoto et
al., 2006). Deeper rotational or planar landslides are much
less frequent in Shirasu deposits and typically occur in more
deeply weathered mantles and on gentler slopes. These pre-
vious reports suggest that the types of landslides in Shirasu
are associated with rainfall patterns.

As with other mass failures, the internal hydrological pro-
cesses and dominant flow pathways with respect to soil mois-
ture conditions may dictate the timing, mode, and type of
failure in Shirasu deposits (e.g., Bogaard et al., 2000; Ji-
tousono et al., 2002: Sidle and Ochiai, 2006). Unweathered
or slightly weathered Shirasu is rather strong in the dry state
and supports slope gradients > 60°. However, water ingress
rapidly weakens Shirasu, creating instabilities during periods
of rainfall (Haruyama, 1974). Many slope failures in very
steep Shirasu deposits have been attributed to the increased
weight of this highly porous material during progressive rain-
fall, along with the associated loss of suction and thus re-
duced soil strength (Sako et al., 2000; Kitamura et al., 2003;
Chigira and Yokoyama, 2005). Other landslides in Shirasu
are triggered by the build-up of positive pore water pressure
at depth during storms, sometimes affected by soil piping
(Haruyama, 1974; Teramoto et al., 2006). Earthquakes also
initiate occasional landslides in these deposits (Kubota and
Omura, 2006). Once a landslide occurs, the surface Shirasu
rapidly weathers, facilitating another landslide occurrence
within decades to several hundreds of years (Shimokawa et
al., 1989; Yokoto and lwamatsu, 2000).

The timing of landslide occurrence with respect to storm
duration, intensity, and antecedent precipitation is critical
(e.g., Guzzetti et al., 2004). For instance, shallow rapid fail-
ures typically occur during large precipitation events with a
period of high intensity (e.g., Sidle and Swanston, 1982; Ter-
lien, 1997), while storm duration and total accumulation of
water in the regolith is often more important for the initia-
tion of deeper failures (e.g., Keefer and Johnson, 1983; Si-
moni et al., 2004). Therefore, the timing of landslide occur-
rence relative to precipitation inputs is a key factor for under-
standing the hydrogeomorphic processes that trigger differ-
ent types of slope failures. Thus, the objectives of this study
are to (1) investigate the range of landslide types that occur
in Shirasu based on archived data and field inspections, and
(2) develop relationships between rainfall characteristics and
the timing of landslides. We obtained detailed data for occur-
rence time of landslides based on surveys by local govern-
ment offices and analyzed the full range of landslide types
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Figure 1. Study site showing the distribution of Shirasu deposits.

in this database. Triggering mechanisms of different types
of landslides that we explored include analyses of rainfall
amount, intensity, duration, and antecedent precipitation in-
dex (API). Our findings are aimed at developing prediction
methods for different landslide types and resultant sediment
disasters in terrain formed by unwelded pyroclastic flow de-
posits.

2 Study site, historical context, and methods

This study was conducted in areas covered by Shirasu de-
posits in Kagoshima, southern Kyushu, Japan (Fig. 1). The
active volcano Sakurajima is located in Kagoshima Bay just
south of the city of Kagoshima. Climate in this area is sub-
tropical and humid, with no real dry season. Precipitation is
heaviest during the warm months of June and July and least
during December and January. Record high and low annual
precipitation values were 4044 mm in 1993 and 1398 mm in
1894; mean annual precipitation is 2265 mm. No significant
trends in annual, June, or July precipitation since 1883 were
found. Mean annual temperature at Kagoshima WMO station
is 17.3°C, with minimum and maximum values of 15.5°C
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Figure 2. Schematic illustration of the dominant deposition patterns
of pyroclastic materials (Shirasu) and the subsequent hydrogeomor-
phic processes that induced various types of sediment movements.

(in 1917) and 19.8 °C (in 1998), respectively. There has been
a significant increase in mean annual temperature of about
2.3°C over the 130-year period or about 0.0176 °Cyr—1,

The Shirasu deposits derived from Ito pyroclastic flows
are concentrated in an arc that surrounds Kagoshima Bay
where they originated from the Aira caldera (Fig. 1). These
deposits filled the dissected valleys around Kagoshima up to
an altitude of about 400 m and formed a plateau (Yokoyama,
1970; Miyagi, 1977). Evidence suggests that these pyroclas-
tic flow deposits have not been affected by any crustal move-
ment after emplacement (Yokoyama, 1970). Because of the
highly erodible nature of these deposits, it is believed that
they were dissected within less than 1500 years after initial
deposition (Yokoyama, 1999). The mid-Holocene transgres-
sion of sea level resulted in coastal erosion of these deposits,
while inland deposits continued to be eroded by mass wast-
ing and fluvial processes in steep slopes and incised valleys.
A conceptual illustration of the past and contemporary vol-
canic and hydrogeomorphic processes that have sculpted this
terrain is given in Fig. 2, based on information provided by
Yokomama (1970) and others.

The present area of southern Kyushu covered by unwelded
pyroclastic flow deposits contains erosional remnants includ-
ing isolated buttes and mesas with shallow landslides along
the margins (Fig. 3a). Large, incised valleys have eroded into
deep Shirasu deposits with mass failures along the steep in-
ner gorges (Fig. 3d). In the valleys where landslide deposits
accumulate, there is a risk of future debris flows once a crit-
ical level of sediment accumulates, together with the occur-
rence of a large runoff event (e.g., Benda and Dunne, 1997;
Sidle and Ochiai, 2006). Although Haruyama (1974) clas-
sified eight types of landslides in Shirasu deposits, most of
these landslides can be categorized into two types based on
the depth of failure. We define these two types as (1) shal-
low (< 1m deep) “slab-type” failures on very steep slopes
(Fig. 3b), and (2) slightly deeper (one to several meters deep)
planar landslides on less steep slopes (Fig. 3c). The slab-type
failures in these highly porous deposits occur at high fre-
quencies, whereas the deeper landslides in Shirasu are less
frequent. The mean gradient of slab-type failures is > 71°
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Figure 3. Characteristics of geomorphic features in Shirasu areas:
(a) isolated buttes and mesas with active mass wasting along mar-
gins; (b) slab-type failures on steep slopes; (c) slightly deeper planar
failures on less steep slopes; (d) shallow landslides along inner val-
ley gorges; (e) shallow piping phenomena; and (f) soil piping and
subsequent gully formation.

and slope lengths range from about 20 to 100 m. Occurrence
of slab-type failures is influenced by increased mass due
to long-term rainfall and decreased matric suction or by a
combination of both mechanisms. Slightly deeper landslides
(one to several meters in depth) occurred on slope gradients
ranging from 37 to 46°. These deeper landslides are typi-
cally triggered by rainfall infiltration and possibly the influ-
ence of pipeflow causing a positive pore pressure to develop
during storm events (e.g., Teramoto et al., 2006; Taniguchi,
2008). However, these landslides can also be influenced or
caused by increased weight due to accumulated rainwater
and loss of matric suction (e.g., Chigira and Yokoyama,
2005; Fukuda, 2011). These deeper landslides cause consid-
erably more damage. As noted by others (Haruyama, 1974;
Jitousono et al., 2002), we found evidence of soil piping in
both types of landslides (Fig. 3e, f).

Physical and mineralogical properties of Shirasu are pre-
sented in Table 1. The rapidly weathered soil mantle has little
structure with porosity values often exceeding 60 % and bulk
density values often <1gcm~2 (Yokoyama, 1970; Chigira
and Yokoyama, 2005). Due to the dominance of sand-sized
material, Shirasu has a relatively narrow particle size range
— about half of the mass is within the 0.125 to 1.0 mm range
(lwamatsu et al., 1989). The small clay content often con-
tains halloysite, a clay mineral typically associated with un-
stable soils (Chigira and Yokoyama, 2005; Sidle and Ochiai,
2006). Cohesion values have been reported up to 10 kPa, and
internal angle of friction is comparable to other similar ma-
terials (Umehara et al., 1975; Sako et al., 2000; Chigira and
Yokoyama, 2005). Distinct hydrological pathways (including
soil pipes) and processes occur in Shirasu deposits because
of the high porosity and low density of the soil (Haruyama,
1974; Jitousono et al., 2002).

Land cover in rural regions of Kagoshima where unwelded
pyroclastic flow deposits exist consists of mixed broadleaf
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Table 1. Physical and mineralogical characteristics of Shirasu based
on the following sources: Yokoyama (1970), Umehara et al. (1975),
Nakano et al. (1981), Iwamatsu et al. (1989), Sugio and Okabayashi
(1994), Sako et al. (2000), Chigira and Yokoyama (2005), Hira et
al. (2006), and Takewaka (2007). * indicates average values.

Percent sand 77 %*
Percent silt 20 %*
Percent clay 3%*
Porosity (%) 44-65 %
Particle density (Mgm~3) 2.3-2.55
Bulk density (Mgm™3) 0.9-1.2
Cohesion (kPa) 0-10
Internal angle of friction (°) 30-40°
Saturated hydraulic conductivity (ms—1)  10—5-106
SiO, content 70 %*
Al,O3 content 14 %*
Alkali oxide content 8%*

forests, Japanese cedar and cypress plantations, and inter-
spersed agricultural areas (Fig. 3). On the steepest slopes,
where repeated slab-type failures occur, little vegetation de-
velops (Fig. 3a, b). Because the government databases we
used focused on landslide damage, a large extent of the land-
slides reported herein occurred in urban and residential areas.
Landslide inventories from 1985 to 2005 were obtained via
surveys conducted by the Erosion and Sedimentation Control
Division and Forest Management Division of Kagoshima.
Among these data, landslides with clearly defined occurrence
times were selected for further analysis. We then overlayed
the locations of these landslides onto digital topographic and
geologic maps with scales of 1 : 200 000 to ascertain which
landslides occurred in Shirasu areas. In total, 184 Shirasu
landslides with complete information (i.e., accurate dates,
times, locations, and rainfall records) were selected from
the 1153 landslides recorded from 1985 to 2005 (Fig. 4).
It should be noted that this landslide database is not com-
prehensive, because the agencies conducting these surveys
focused on damage caused by landslides, thus few slope fail-
ures were reported in undeveloped rural areas. Additionally,
records with complete data from 1985 to 1999 were sparse,
thus all but 14 of the landslides in our database are from the
2000 to 2005 period. More than one-third of these reported
landslides occurred in the city of Kagoshima (rectangle in
Fig. 4) indicating the focus on damage assessments. We con-
ducted field investigations at selected landslide sites.
Rainfall information for events that triggered the land-
slides was compiled from AMeDAS (Automated Meteoro-
logical Data Acquisition System by the Japanese Meteoro-
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Figure 4. Locations of the Shirasu landslides in our database from
1985 to 2005 together with rain gauge stations in Kagoshima. Rect-
angle shows the concentration of more than one-third of these dam-
aging landslides in the city of Kagoshima.

logical Agency) and rain gauges operated by Kagoshima pre-
fecture. As a further criterion for landslide selection, we only
chose landslides with rainfall records within 5km. We com-
piled the following rainfall parameters: (1) total storm pre-
cipitation; (2) storm duration; (3) average storm intensity;
(4) total event precipitation until the occurrence of the land-
slide (also, duration and average intensity during this pe-
riod); and (5) antecedent precipitation index (API) for both
7- and 30-day periods (API;7 and APls3g, respectively). In our
reported API values, we subtracted the mean evapotranspi-
ration rate in southern Kyushu (2.6 mmd—!; Takagi, 2013)
from API for the period of assessment (i.e., 7 or 30 days).
API; reflects soil moisture conditions in the near-surface
layer, while APl3p represents moisture conditions deeper in
the soil profile (Sidle et al., 2000). Additionally, we used
a simple infinite slope model to calculate the effects of in-
creases in water content (i.e., weight) and decreases in cohe-
sion (i.e., via loss of suction) on the stability of steep Shirasu
slopes.
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Figure 5. Examples for rainfall hyetographs in two locations of
Kagoshima showing the occurrence of landslides during typhoon
Nabi, 5-6 September 2005. Arrows and values indicate the timing
and numbers of landslides, respectively.

3 Results

3.1 Overview of rainfall conditions that triggered
landslides

We documented 184 landslides in Shirasu deposits from
1985 to 2005 that occurred on 57 separate days. In many
cases, the landslides that occurred on the same days were
triggered by somewhat different rainfall conditions due to lo-
cation. In all cases we used the AMeDAS rainfall record clos-
est to the landslide site for subsequent analysis. From 2001
to 2005, between 23 and 52 landslides were reported annu-
ally in the database; earlier years had less complete records.
Detailed information on the occurrence of landslides showed
that the timing of failures varied depending on location. For
instance, during the 5-6 September 2005 storm, some land-
slides occurred during or just before the onset of intense rain-
fall, while other landslides occurred just after intense rainfall
(Fig. 5).

Wide ranges of rainfall and API triggered landslides. To-
tal storm duration and duration up to landslide occurrence
ranged from 5 to 271 and 2.5 to 141h, respectively. Aver-
age storm intensity for the entire storm and during the period
up to landslide initiation ranged from 1.3 to 28.6 and 0.3 to
32mmh1, respectively. Total storm precipitation and cumu-
lative precipitation up until the landslide ranged from 45 to
650 and 4 to 621 mm, respectively. Maximum 1 h intensity of
storms that triggered landslides ranged from 7 to 80 mmh—1.
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Figure 6. Distributions of small (<200 mm of storm precipitation
up until the occurrence of the landslide) and large (> 200 mm pre-
cipitation until the landslide) storms that triggered landslides for
different levels of adjusted API; (a) and APl3g (b).

3.2 Storm size, antecedent rainfall, and landslide
initiation

We categorized the 184 landslides into storms with large
(> 200mm) and small (<200 mm) total amounts of rainfall
up to the occurrence of landslides. Both API; and APl3g for
large (> 200 mm) storms that triggered landslides were much
lower than for smaller (<200 mm) storms (Fig. 6). For ex-
ample, of the 93 large storms, 78.5% had APl; <60mm;
only 4 % of these larger storms had APIl; > 150 mm. In con-
trast, of the 91 smaller storms, 56 % had APl7 > 60 mm.
Similarly, 71 % of large storms that triggered landslides had
APl3p <180 mm, while only 41% of the small storms had
APl3p <180 mm. In particular, both the high number of land-
slides that occurred during smaller storms when API indices
were high (i.e., APl; >210mm and APIl3g > 240 mm) and
the even larger number of landslides that occurred during
large storms when API indices were low to moderate (i.e.,
APIl7; <90 mm and APl3p <120 mm) have strong implica-
tions for landslide-triggering mechanisms that will be dis-
cussed later (Fig. 6).

3.3 Storm precipitation—duration relationships
associated with landslide initiation

Relationships between total storm precipitation and storm
duration (both up until the occurrence of landslides) were
established for relatively low (<5mmh=1) and higher
(> 5mmh~1) intensity events. For each of these populations,
total storm precipitation was significantly correlated to the
respective storm duration (p > 0.01; R? values ranged from
0.73 to 0.74) (Fig. 7). Higher intensity storms (> 5mmh~1)
that triggered landslides were shorter in duration and the
slope of the cumulative precipitation versus storm duration
line was more than twice as steep as the slope of the lower
intensity (<5mmh~1) line. These differences suggest that
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Figure 8. Total storm rainfall-duration relationships with different
API conditions: (a) mean intensities >5mmh~—1 (b) mean inten-
sities >5mmh~1; the dashed circle indicates six large and long
duration events that probably triggered landslides due to an accu-
mulation of pore water pressure during the individual storms.

different landslide types and mechanisms may be associated
with the two populations.

To further analyze these relationships between cumula-
tive precipitation and storm duration up until landslide oc-
currence, we examined whether API helped discriminate
causal effects in both the > 5mmh~1 and <5mmh~1 storm
populations. For the 93 storms with average intensities
>5mmh~1, we used values of APl <30mm and > 30 mm
to differentiate between drier and wetter antecedent condi-
tions, respectively. Both of these API subclasses had sig-
nificant correlations between storm precipitation and dura-
tion (p > 0.01; R2 =0.70 and 0.80, respectively), and, for
storm durations > 20 h, the APl7 <30 mm events generally
required substantially more cumulative rainfall to trigger a
landslide compared to storms preceded by APl7 >30mm
(Fig. 8a).

It was more difficult to segregate the 91 landslide-
triggering storms with low average intensity (<5mmh=1)
using an APIl3g threshold. While relationships between cu-
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mulative precipitation and storm duration up until landslide
occurrence were poorly correlated (RZ2=0.41 and 0.047
for APl3 <150mm and APl3p > 150mm, respectively;
Fig. 8b), during multi-day storms, the APl3p <150 mm
events generally required substantially more cumulative rain-
fall to trigger a landslide compared to storms preceded by
APl3p > 150 mm. Six storms with APl3g < 150 mm and high
event rainfall (>315mm) prior to slope failure are high-
lighted in Fig. 8b for later discussion.

3.4 Effects of changes in weight and cohesion due to
accumulated rainfall

To better understand how shallow, slab-type failures and
slightly deeper landslides in Shirasu are affected by increased
weight and loss of suction during periods of progressive wet-
ting, we assessed scenarios of how changes in these condi-
tions may influence slope stability. Two cases were exam-
ined, one with shallow soils (0.5m) and very steep slope
gradient (72°) typical of slab-type failures, and another with
slightly deeper soils (1 m) and a slope gradient of 40° (typical
gradient for this type of failure). Firstly, we examined only
the effects of increased soil weight due to rainwater accumu-
lation (total amount of rain water stored in the soil) on the
stability of these pyroclastic flow deposits and then assessed
the effects of both increased soil weight and the concurrent
loss of cohesion (suction decrease). These two factors may
contribute to slope failure even in the absence of a positive
pore pressure developing within the soil mantle.

Slope stability for the two scenarios described was as-
sessed using a model that assumes a homogenous, infinite
slope (e.g., Sidle and Swanston, 1982):

C + (yrdcos?a — u) tan¢
B vid cosasina

FS 1)
where FS is the factor of safety (FS < 1 indicates conditions
of failure), y5 is the unit weight of soil at field moisture
(kNm~3), d is the vertical soil depth (m), C is soil cohe-
sion (kPa), « is slope gradient (degrees), ¢ is internal angle
of friction (degrees), and u is pore water pressure (kPa, set to
zero in these unsaturated examples).

All parameters selected for these analyses are based on
data for Shirasu soils in southern Kyushu (Table 1). In cal-
culations, unit soil weight was allowed to vary from to-
tally dry (35 = 9.32 kKN m~3) up to near-saturated conditions
(¢ =14.81kNm~3) and calculated weight increases with
increasing moisture content. Internal angle of friction (¢)
was assumed to be 32°. In simulations of both site condi-
tions, cohesion was determined as a function of soil suction
described by an exponential distribution fitted to Sako et al.’s
(2000) Shirasu data. Soil suction was related to water con-
tent via a simple log—log function that fit these data. Alter-
natively, soil cohesion was considered static (C = 5 kPa) for
both cases to assess only the effects of increased soil weight.
In these calculations, the increased weight of rainwater alone
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(a) Depth = 0.5m, Gradient = 72° (b) Depth = 1m, Gradient = 40°
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Figure 9. Changes in factor of safety of Shirasu hillslopes with in-
creases in wet density with constant cohesion (C = 5kPa) and co-
hesion as a function of soil suction (Sako et al., 2000). Two slope
stability cases are considered: (a) shallow slip surface (d = 0.5m)
mantle on very steep slopes (72°); and (b) deeper slip surface
(d = 1m) on 40° slopes.

decreases FS by 1.35 for shallow soils on steep slopes (slab-
type failures) and by 0.41 for the deeper soils going from dri-
est to wettest conditions (Fig. 9). However, if the effects of
reduced cohesion are also included, FS declines more rapidly
during initial wetting and ultimately approaches failure con-
ditions (FS=1) in both slope conditions as the soil reaches
saturation (Fig. 9). Clearly the combined loss of suction and
increase in soil weight play a role in destabilizing both types
of hillslopes, but the amount of reduction in FS is much
greater in the potential steep, slab-type failures. Neverthe-
less, in many cases, it may also be necessary for a positive
pore water pressure to develop to induce slope failure. For
lower values of C, FS would be reduced further, but the ef-
fect of suction loss with progressive wetting would be less.

3.5 Analysis of rain intensity—duration thresholds for
Shirasu landslides

To illustrate the importance of API on certain types of land-
slides in unwelded pyroclastic flow deposits, we employ
typical rainfall intensity—duration threshold analysis. Caine
(1980) developed a relationship between mean rainfall inten-
sity and storm duration based on 73 events worldwide that
triggered landslides and debris flows. The lower bound of
this relationship, above which most landslides occur is

1 =14.82D7%%, 2

where 7 is the mean storm intensity (mmh~1) and Ds is the
storm duration (h). Sidle and Ochiai (2006) modified this
general relationship by excluding very short and long dura-
tion events and including additional data:

[ =13.58 D038, (3)

Such thresholds are useful for establishing the minimum
rainfall inputs that trigger landslides and debris flows. Here
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Figure 10. Average storm intensity—duration (7-D) relationships
for the events that triggered landslides plotted along with the lower
landslide threshold based on Eq. (3) (Sidle and Ochiai, 2006). (a) I-
D relationships for the entire storm event; and (b) 7-D relationships
for average intensity and duration from the onset of the storm until
landslide occurrence.

we plot the average intensity—duration data for all 184 rain-
fall events that triggered landslides in Shirasu deposits and
compare these with Eq. 3 to help understand the conditions
that caused slope failure. First, we used average storm inten-
sity and total storm duration (not the values for rainfall up
until the landslide occurrence) to be consistent with the data
used to develop Egs. (2) and (3) (Fig. 10a).

While many landslide-producing storms are plotted above
or near the Sidle and Ochiai (2006) threshold, 22 land-
slides were triggered by events that are plotted below the
threshold (Fig. 10a). All of these storms had average inten-
sities <5mmh~! and all but one storm had <200 mm of
total rainfall. Only 3 of these 22 events had APl3p values
< 200 mm and more than half had API3g values > 300 mm.
Given that much of this water was stored in the porous Shi-
rasu deposits prior to the triggering storms, most of these 22
landslides and some of the events positioned just above the
threshold are likely influenced by the combined effects of the
accumulated mass of rainfall and the associated loss of ma-
tric suction within these deposits.

When we plot average storm intensity up until landslide
occurrence versus duration from the onset of the storm to
the initiation of the landslide, 38 landslides were triggered
by events that are plotted below the threshold (Fig. 10b).
Only two of these storms had average intensities slightly
>5mmh~1 (5.4-6.0 mmh~1), and all storms had < 200 mm
of total rainfall up until landslide occurrence. Seven of these
38 events had APl3p values <200 mm and more than half
had API3g values > 300 mm. Total storm precipitation for all
of these events was < 200 mm. These criteria provide a more
liberal estimate of the landslides that were affected by in-
creased weight and loss of suction.
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4 Empirical criteria for different landslide-triggering
mechanisms

Based on our analyses and understanding of threshold behav-
ior for different types of landslides, the following empirical
criteria are proposed to identify landslides triggered primar-
ily by pore water pressure during individual large storms:
APl3y <60mm, average storm intensity >5mmh~1, and
duration < 20 h (Fig. 11). When API3q values were < 60 mm,
it is unlikely that increases in mass and decreases in suction
due to accumulated soil water would be significant landslide
trigger mechanisms. Additionally, an average storm intensity
of 5mmh~1 provides a good segregation criterion for land-
slide populations based on total precipitation—duration plots
(Fig. 7). Of the 93 landslide events during large storms, 40
occurred when APl3p <60 mm and average storm intensity
>5mmh~1, thus strongly suggesting rapid pore water pres-
sure response as the cause. Additionally, the six large, lower
intensity storms highlighted in Fig. 8b (total precipitation
> 300mm and average intensities <5mmh~1) likely trig-
gered landslides due to positive pore pressure response. For
the smaller storm category (< 200 mm), we can assume that
higher average intensities (> 10 mmh~1), together with > 75
and < 200 mm of rainfall up until slope failure, will trigger
landslides by positive pore pressure response during storms
(Fig. 11). These criteria account for 14 landslide events from
the small storm category that could be triggered by positive
pore pressure. In cases where API values are high, it is dif-
ficult to use API to separate landslide-producing storms in
which the trigger mechanism was the combined increase in
soil mass and loss of suction from those triggered by posi-
tive pore water pressure because many of these events were
large enough to initiate landslides via positive pore pressure
accretion alone. During smaller storms, and especially less
intense storms, landslides are likely caused by a combined
increase in soil mass and loss of suction when APl is high.
These triggering mechanisms are supported by the intensity—
duration analyses (Fig. 10).

The various precipitation criteria that influence landslide-
triggering mechanisms in Shirasu deposits are outlined in
Fig. 11 together with the site and resultant landslide charac-
teristics (e.g., depth to failure plane and landslide size). Our
analyses could not account for soil piping effects, as this was
not noted in the landslide records.

5 Summary and conclusions

Our study lends insights into the relationships between rain-
fall characteristics and different types of landslides in un-
welded pyroclastic flow deposits. These Shirasu landslides
inflict heavy damage every year in southern Kyushu during
the storm seasons. Two distinct rainfall conditions trigger dif-
ferent types of landslides in Shirasu deposits. The first sce-
nario involves long-term (i.e., weeks) accumulated rainfall
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Figure 11. Diagram of empirical precipitation criteria that affect different landslide-triggering mechanisms in Shirasu deposits in southern
Kyushu, together with slope gradient and resultant landslide characteristics.

stored in highly porous Shirasu on very steep slopes (often
> 60°) followed by a small to large rain event with typically
low intensity. This antecedent moisture together with the ad-
ditional mass of event rain and the associated decrease in
matric suction tends to promote slab-type and other shallow
failures (> 1 m depth) in highly weathered Shirasu. These
failures have a high frequency of recurrence as exposed ma-
terial weathers rapidly promoting a new failure within the
weathered rind (Shimokawa et al., 1989). In the second rain-
fall scenario, shorter duration, higher intensity storms with
large total precipitation up until landslide occurrence trigger
slightly deeper (> 1 m depth) landslides via pore water pres-
sure response at a hydrologic discontinuity (i.e., weathered—
unweathered Shirasu boundary) or by piping mechanisms.
These slightly deeper landslides are typically larger, occur
on somewhat gentler slopes, and initiate as the result of indi-
vidual storm events. They can be influenced by shorter term
antecedent precipitation as well.

For the 184 landslide events in our database, antecedent
precipitation was clearly lower for large (> 200mm)
landslide-producing storms compared to smaller (< 200 mm)
storms, lending support to the importance of the influence
of long-term API (increasing mass and reducing suction)
on shallow (slab-type) failures. Additionally, two clear pop-
ulations of landslides in Shirasu emerged from the total
storm precipitation—duration relationship: those triggered by
storms with average intensities up until landslide occur-
rence of >5mmh~1 and those triggered by storms with
average intensities <5mmh~1 (Fig. 7). Further inspec-
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tion based on antecedent precipitation provided additional
insights into landslide responses. For higher average in-
tensity (> 5mmh~1) storms, API; <30mm was useful to
identify landslides triggered by rapid pore water pressure
response, especially for shorter (>20h) duration events
(Fig. 8a). Landslides that initiated during low intensity
(<5mmh~1) storms were strongly influenced by increased
mass and loss of suction associated when APl3g values were
> 150 mm (Fig. 8b). Even for the low intensity events with
APl3p <150 mm, only about six landslides were attributed
specifically to positive pore pressure accretion during the
event — these occurred during large (> 300 mm) storms; the
remaining landslides were likely influenced in part by accu-
mulated mass due to prior rainfall as well as loss of suction.

The results of this study show that different storm and
antecedent precipitation conditions need to be considered
in predicting the occurrence of different types of landslides
in Shirasu deposits. This new information is quite valuable
for sediment disaster prevention, including real-time warning
systems, and the empirical precipitation criteria for different
Shirasu landslide characteristics outlined in Fig. 11 should be
useful in this regard. Because Shirasu is a typical unwelded
ignimbrite, it has been noted that findings related to landslide
precursors (weathering) and mechanisms can be reasonably
extrapolated to other unwelded ignimbrites in humid regions
(Chigira and Yokoyama, 2005). Nevertheless, any applica-
tion of our results to other areas of unwelded pyroclastic
flow deposits should carefully consider similarities and dif-
ferences in weathering rates; climate; slope gradients; poros-
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ity; and other physical, hydrogeomorphic, and geotechnical
properties prior to making such comparisons.
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