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Henry Ling, Hoe L. Ling
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A Case Study of Slope Failure Induced by Rainfall During
Super-Typhoon

Abstract. Global warming and associated disasters have received wide social and political
attention. This study focused on landslides resulting from the precipitation brought by hurricanes
that may grow in intensity in the near future. A series of centrifuge simulations on a rainfall-
induced landslide that occurred in Japan during 2005 Typhoon Nabi was performed. The
procedures of the simulation on the slope (height=27 m, inclination=29 degrees) were illustrated.
The precipitation was applied in increments to the slope surface until it exceeded that of the field
measurement. The instability was examined using an infinite slope analysis and the mechanism
of rainfall-induced failure was discussed. The study showed that incremental rainfall of less than
200 mm led to local failure, whereas that exceeding 200 mm resulted in global slope failure. A
loss of apparent cohesion in the soil as well as an increase in pore pressure due to infiltration were
responsible for the slope instability. Wide-spreading landslides, mudflows and debris flows are
expected under an environment affected by global warming.

Keywords: slope, rainfall, failure, response, sand, clay.

DOI: https://doi.org/10.32523/2616-68-36-2020-132-3-101-109

Introduction. Itis evident from statistical records that the earth’s climate is facing a gradual increase
in temperature. Several studies, such as those by the National Aeronautics and Space Administration
(NASA), predicted an increase in ocean surface temperature of approximately 2 degrees Celsius by
the end of century (Figure 1). The warming temperature is expected to melt icebergs and glaciers and
thus raises the sea level. Many coastal cities and low-lying areas will be affected directly by such a
sea level rise. Global warming may also affect the weather in several ways. One of the prime concerns
is about the occurrence of hurricanes and typhoons [1,2,3,4]. The high wind speed may cause direct

damages and surges at the coastal area, and hurricanes may also bring heavy rainfall which will lead
to flooding.

Global Land—Ocean Temperature Index

X
nI
—=— Annual Mean

—— 5—year Mean

=) i
* —
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Figure 1. Variation of Ocean Surface Temperature (Credit: NASA)
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Precipitation from rainfall or melting ice may lead to wide- spreading landslides. Many slopes have
failed under heavy rainfall due to tropical depressions, tropical storms and hurricanes. Hundreds
of lives and pieces of property are lost every year due to landslides [5,6]. Landslides may cut off
highway infrastructure, utilities, food supply, and communication networks for an extended period
of time. Residences may be destroyed and inhabitants located at the landslides areas may be killed.
Most recent landslide disasters include the 2009 Typhoon Morakot which buried entire Hsao-Lin
Village in Taiwan and caused approximately 500 deaths, and the heavy rain of August 2010 that killed
more than 14000 people in Zhouqu County in the Gansu Province, China.

Table 1.
Saffir-Simpson Hurricane Scale.
Wind Speed
Category
km/h mph
1 119-153 74-95
2 154177 96-110
3 178-209 111-130
4 210-249 131-155
5 =250 =156
Additional classifications
Tropical depression 0-62 0-38
Tropical storm 63-117 39-73

TYPHOONS (JAPAN) I

Intensity (mm/hr)

- -
o o
o o
o S

Accumulated (mm)
a
8

0

Figure 2. Rainfall characteristics of destructive typhoons in Japan since 1989 (compiled after data
obtained from Japan Meteorological Agency).

Current classification of hurricanes under the Saffir-Simpson scale (Table 1) is solely based on the
wind speed, whereas rainfall characteristics, such as intensity and accumulation, are not considered.
Through the information on the typhoons that brought considerable damages to Japan since 1989
(see Figure 2), there was a large variation in intensities and durations; the intensities varied between
40 and 150 mm/h (mean= 88 mm/h), whereas the total accumulations were between 120 and 1800 mm
(mean= 645 mm). Recent numerical predictions by National Oceanic and Atmospheric Administration
(NOAA) and Japan Meteorological Agency (JMA) have indicated a possible increase in the frequency
of occurrences and the intensities of typhoons, such as the super-typhoon that has a wind speed
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exceeding 240 km/h, because of the increase in the ocean surface temperature. The precipitation is
expected to increase by approximately 20 percent within 100 km of the storm center [7,8].

This study presents a centrifugal simulation of rainfall- induced landslide due to typhoon. A
centrifuge modeling technique was used. While previous studies [9,10] were on hypothetical slopes,
this study attempted to simulate a real slope failure. The procedures of simulation and model
construction are illustrated. Several different incremental rainfall accumulations were used in the
testing. The instability was examined using infinite slope analysis and the mechanism of rainfall-
induced failure was given.

Typhoon Nabi and Landslide. There are very limited case histories of rainfall-induced landslides
where the soil properties and rainfall characteristics are well known, allowing for validation of
physical or numerical modeling technique. Typhoon Nabi (Typhoon #14), a super-typhoon, passed
through the western part of Japan during 6-7 September, 2005. The maximum wind speed was 175
km/h with the central pressure depression of 925 hPa. Typhoon Nabi caused 21 deaths and 143
injuries in Japan. In addition, over 10,000 homes and 88 roads were damaged. There was a total of 168
landslides in the affected area [11].

This study was related to a landslide along the Sangyo Expressway in the Yamaguchi Prefecture,
located between the Kuga and Iwakuni interchanges. A slope, 27 m high and of inclination 29 degrees,
failed 7 hours after the peak rainfall. The rainfall records at the nearby Kuga and Iwakuni stations
had a total accumulation of 437 mm 341 mm, respectively, and the peak rainfall intensities varied
between 40-50 mm/h . Note that the site was not the area that received the highest rainfall intensity
nor the total accumulation during typhoon Nabi. The landslide buried several houses at the foot of
the mountain and killed 3 residents. The traffic was interrupted for more than 3 months.

The slope of interest had a layer of cover soil underlaid by weathered rocks. [12] presented a series
of results on the soil investigation conducted after the landslide. There was a significant variation in
the grain size distribution among the samples retrieved from the site. The fines content was between
10 to 40 percent by weight.

Centrifuge Modeling Procedures. Considering the capacity of the centrifuge facilities, the model
was prepared for testing at 100-g; thus the height of the slope model was 27 cm. The model was housed
in a rigid aluminum box with inner dimensions of 94 cm x 39.5 cm x 38 cm (lengthxwidthxheight).
Figure 3 shows the configurations of the model. In constructing the model, the slope geometry was
first traced onto the walls of the box. The bottom weathered rock was simulated using concrete
cement. A sand-clay mixture (Nevada sand and kaolinite) was prepared with a fines content of 30
percent to simulate the cover soil. A series of compaction tests were conducted on the sand-clay
mixtures that yielded a maximum dry density of 1.94 g/cm at a water content of 8.9 percents (total
density was 2.2 g/cm ).

30 Final Grade 4 30
27
1520 oand-Clay
20 WF?IZ?:S" To be excavated 1429 Midute - 20
\ PPT-4 1
Metal \ j PPT-3
10 Blocks ] Rock Slope N o
B (Cement)
PPT-1 3
{Pare Pressure
0+ Transducer) unit:em 7 ©
1 L 1 L 1 L 1 . | i | 4 | L 1 L 1
-20 -10 0 10 20 30 40 50 60 70

Figure 3. Configuration and preparation of slope model used in the centrifuge testing.
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The cover soil was compacted in 11 horizontal layers at maximum density. The required volume
of soil with the optimum water content was used to compact each soil layer based on the desired
density. Wooden plates were placed in the front end of the slope in order to minimize the volume of
soil used in construction. Four pore pressure transducers were embedded at different locations in
the slope in order to observe the change in pore pressure during rainfall infiltration. After
attaining the full height, the wooden plates were removed and the slope was cut to its final grade of
1(V):1.8(H) or 29 degrees. The finished slope was covered with plastic sheets and left overnight before
rainfall testing was conducted.

A simplistic approach was adopted where the precipitation was introduced to the slope by
spraying water prior to centrifugal acceleration. Note that in Ling et al. (2009, 2010), the rainfall
was introduced during centrifuge flight using spraying nozzles. For each test, different values of
precipitation ranging from 50 mm to 200 mm were applied in two or more increments (Table 2). In
this model, based on the total area of the slope surface, 240 cm3 of water was equivalent to 100 mm
of rainfall in the field. The centrifuge took about 5 minutes to attain the targeted 100g, after which it
was kept for another 5 minutes before the centrifuge was brought to a stop in 5 minutes. Then, the
next increment of precipitation was applied to the slope and the process was repeated until the total
accumulation exceeded that of the field measurement.

In order to prevent the drying up of the slope surface by wind currents during centrifuge spinning,
the box containing the slope was kept air tight with a cover on. Visual observation of the slope
deformation and failure was done through a closed circuit camera. The response of the pore pressure
transducers was also monitored through a wireless data acquisition system.

Test Results. As seen in Table 2, for the tests where precipitation was less than 150 mm in each
increment (Tests 1, 2 and 3), only local failure of the slope was observed. That is, no global failure
was observed even when the total accumulation exceeded that of the field measurements of 500 mm.
The local failure typically occurred at the toe of the slope. Cracks are formed at the crest. When
the increment was increased to 200 mm (Tests 4 and 5), local failure occurred in the first increment
followed by a global failure in the second increment. Typical views of the slopes at failure, indicating
both local and global failures, are shown in Figure 4.

Table 2.
Rainfall Testing Program and Results.
) ) Failure Increment #
Test Rainfall Ingreme nt (mm) Total Increments | Accumulated Rainfall
# (mm) Global
Local
50 [120 o
1 1" 550 4 No
100 [240 o]
2 7 700 2 No
150 [360 cm]
3 4 600 2 No
200 [480 cm]
4 2 400 1 2
5 200 [480 cm] - 500 ; 5
7
1 om] | I I I
*Third increment=100 mm
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Figure 4. View of the slope at failure (Test 5): (a) local failure at the toe and cracks at the crest after
first increment, (b) Global failure as viewed from the crest.
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Figure 5. Pore pressure response in the slope during rainfall testing (Test 5).

Figure 5 shows a typical response of the pore pressure transducers for Test 5 recorded from the
time of centrifuge spinning up. The pore pressure started to increase as the centrifuge was spun up.
After attaining the targeted acceleration of 100g, the pore pressure started to dissipate. The local or
global failure occurred right after the slope attained peak acceleration. The two transducers located
at the upper portion of slope did not record significant change in pore pressure. It was due to the fact
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that the moisture did not infiltrate to a depth where the transducers were located. Rather, the flow
occurred in the lower portions of the slope as indicated by the response of the transducers. At the
instant of failure, there was a sharp drop in pore pressure, after which the reading increased again.
Mechanism of Instability. In previous studies [9] it was shown that the modified Coulomb failure

criteria is applicable to partially saturated soil:

Tf =c*+op'tang

where 7 f,0n ", c* and ¢ are the shear strength, effective normal stress, “apparent” cohesion,
and angle of internal friction, respectively. The partially saturated soil possesses a small value of
apparent cohesion due to the capillary action between the soil particles. Upon saturation, the
apparent cohesion diminishes. Coupled with an increase in pore pressure, u, the effective stress, which
is the difference between the total normal stress and pore pressure, isreduced (op '=0op —u) .
Thus, the shear strength of the soil as a whole becomes smaller than that of its unsaturated state. This
mechanism of failure was associated with initially unstable steep slopes of 60 degrees or greater,
whereas this study dealt with rather gentle slopes of 29 degrees.
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Figure 6. Effects of moisture content on the shear strength

In order to validate this concept further, a series of direct shear tests was conducted on the sand-
clay mixture using different percentages of moisture contents: 10%, 13%, and 14.4  %. These
values corresponded to a degree of saturation of 53.8% (slope as constructed), 72.5% (after 200 mm
of precipitation), and 79.9% (after 400 mm of precipitation). The soil specimens were sheared rapidly
at a displacement rate of 2 cm in 3 minutes. The results presented in Figure 6 show that the soil at
10% moisture possessed an apparent cohesion of 25.6 kPa. The apparent cohesion reduced with an
increase in moisture content, and it almost vanished when the moisture content reached 14.4% or 80%
degree of saturation. The variation in the angle of friction with moisture was rather small.

Figure 7. Infinite slope stability in the presence of water table (Ling and Ling, 2012).
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An analysis was conducted to examine the stability of the slope using the test results obtained
from the direct shear and centrifuge testings. The analysis considered an infinite slope (Figure 7),
since the slope was much longer than its thickness. The general equation to evaluate the factor of
safety for the slope in the presence of apparent cohesion and water table is derived and given below
in convenient form, where the first part is attributed to the apparent cohesion c* and the second part
due to the angle of friction ¢ [13]:

2c*
{v(1-a) + ygua}hsin2B
2 Yl —a) + (Y — y)atand
Yl —a) + yua tan B

Fs =

where yt, ysat, yw, 3, h and hw are the total unit weight, saturated unit weights of soil, unit weight
of water, slope angle, thickness of soil layer and depth of water, respectively (a= hw/h). Based on
the measured pore pressure in the centrifuge test, an equivalent height of the water table hw was
obtained. The average value of the angle of internal friction of 26.20 was used. The values of these
parameters are summarized in Figure 8.

As can be seen in Figure 8, a reduction in apparent cohesion and an increase in water table led to a
reduction in the factor of safety. The factor of safety of the slope without rainfall was 1.52, indicating
a stable slope. It reduced to 1.28 at 200 mm of precipitation, but dropped to 0.79 after 400 mm of
precipitation that indicated an unstable slope. Thus, a reduction in apparent cohesion coupled by
an increase in pore pressure due to the rising water table contributed to the failure of this particular
slope.
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Figure 8. Effects of water table and apparent cohesion on slope stability

Conclusions. The results of simulation showed that centrifuge modeling technique can be used
to simulate full-scale slope failure induced by rainfall. An increased saturation due to infiltration
led to a reduction in apparent cohesion and effective stress, thus a loss of shear strength. Relatively
gentile slopes may become unstable in the events of heavy rainfall. Thus, under increasing amounts
of precipitation during hurricanes in an environment affected by global warming, more landslides
are expected.
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T'enpu Aunz, Xoe U. Aunz
Koaymbusa Yrusepcumemi, Hb}o—mapk, AKIII

CynepraiiyH Ke3iHAe KaybIH-IIaIIbLIHHAH TYbIHAaFaH OeTKeldiH Oy3bI1y MBICAAbI

AngaaTtna. )KahaHabIK KBIABIHY KoHe OHBIMEH 0allAaHBICTHI allaTTap KeH KOFaMABIK JKoHe cascy Ha3apra
ne 60a4p1. By sepTTey >KakbIH apaja KyIlleloi MyMKiH JaybladaH TybIHAaFaH >KaybIH-IIAITBHHAH TybIHAaFaH
KeIKiHAepre OarbrtTaarad. 2005 >xprapr Hadu Tanidynsr kesinge JKamonmsaga 0oaraH >KaybIH-IIAITBIHHAH
TYBIHAAFaH >Kep KOIIKiHiHiH IeHTpndyraaslk Modeabaey CepUsCH Xypriziaai. Keabey mogeapaey mponeay-
paaapsl Kepcetiadi (Omiktiri=27 M, keabey=29 rpaayc). JKaybIH-IIalIbIH Jada ©AlleyAepiHAe aAbIHFAaH MoH-
AepJeH acliaraHIIa bipringen OeTkeridiy O6eTiHe K0A4aHBIAABL. TypaKChI3ABIK IIEKCi3 KOA0ey Talay apKbLAbI
3epTTeaAi >KoHe >KaybIH-IIAaITbHHAH TybIHAaFaH Oy3bIAy MeXaHN3Mi TaAKbLAaHALL 3epTTey KopceTKeHAell, Ka-
yBIH-TAIBHELIH 200 MM-4eH a3 00AyHI KepTiaikTi Oy3blayFa okeaeai, aa 200 MM-JAeH achII KeTyi OeTkeitiaepain
Tasamapik OysblaybiHa okededi. BeTkeiiaiH TypakchI3ABIFBIHBIH ceOeOi TOIbIpaKTa KOpPiHETiH aATe3MsHBIH
JKOFaAyBl, COHA@M-aK, MHPUAbTpaIusAra OallAaHBICTHI Tepi TeCiri KBICBIMBIHBIH JKOFaphLaaysl 604451, JKahan-
ABIK KBLABIHYAaH 3apJall IIeKKeH KOpIllaraH OopTa >KarjailblHAa KeH TapadfaH KOlIIKiHAep, cea >KoHe KOKBIC
arpIHAApPBI KyTizeai.

Tyi1in ce3aep: kea0ey, >KaybIH-IIAIIBIH, COTCI3AIK, JKayarl, KyM, cas.

T'enpu Aunz, Xoe U. Aunz
Koaymouiickuii yrusepcumem, Hoto-Vopk, CLLIA

HPI/IMep pa3pyuieHns CKA0Ha, BBI3BaHHOI'O OCadKaMWM BO BpeMsI cynepTaﬂq)yHa

AnnoTanus. [ 100aabpHOe TTOTeTIAeHNe U CBA3aHHbIe ¢ HUM 0eACTBIS ITOAYINAN IIMPOKOe OOITIeCTBeHHOe I
MOAUTUYECKOe BHUMaHue. DTO 1ccle0BaHNe ObL10 COCpejOTOYeHO Ha OITOA3HSX, BRI3BAHHBIX OCaJKaMU, IIpH-
HeCeHHBIMU yparaHaMM, KOTOphle MOTYT YCUAUTBCA B OavKaiieM Oyaymiem. brlaa mposeseHa cepust IIeHTPHU-
(Py>KHBIX CUMYAAINI BEI3BAHHOTO A0XKAAMM OTIOA3HS, IIPOU30IIeAIeTo B Slmonun Bo Bpems Taidpyna «Habm»
B 2005 rogy. Brrau nponaaiocTpupoBaHsl IpoLeaypbl MOAeAMPOBaHNS Ha CKAOHe (BbICOTa=27 M, HaKAOH=29
rpaaycos). Ocagku HaHOCHAUCH TIOCTEIIeHHO Ha MOBEPXHOCTh CKAOHA A0 TeX IOp, IMOKa OHM He IpeBhIIaAN
3HaueHM:, TI0AyJeHHBIe ITPU TTOAEeBLIX M3MepeHusax. HeycroitansocTs Oblaa mccaejoBaHa ¢ TOMOIIIBIO aHAAM3A
6eCcKOHeYHOTO HaKJAOHA M OOCY>KAeH MeXaHU3M pas3pyIlIeHIs, BEI3BaHHOTO ocalkamu. Vccae oBaHne ToKasa-
A0, 4TO yBeAndYeHue Koamdecrsa ocagkoB MeHee 200 MM MPUBOAUT K AOKaAbHOMY Pa3pyIIeHMIO, TOrda Kak
npespimenye 200 MM IPUBOAUT K T100aAbHOMY pa3pyIleHNIO cKA0HOB. [IprunHaMu HeyCTOMYMBOCTI CKAOHA
ObLAM TIOTeps BUAVIMOTO CIIeTIAeHNs B TIOUBe U yBeArdeHne ITOPOBOTO AaBAeHNUs n3-3a nHpuAabTpanym. [upo-
KO PacIpOCTpaHSIONINeCs OITO0A3HM, CeAeBble TIOTOKM U IIOTOKM MyCOpa OKMAAIOTCS B YCAOBUX OKPY>KaIOITen
CpeABl, 3aTPOHYTOI T100aAbHBIM ITOTETIAEHIEM.

Karouesbie caoBa: cK4A0H, 0caJK, IIPOBad, OTKAMK, IT€COK, TAMHA.
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