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4. Experimental Analysis on Shallow Failure of Slope in Consideration of Relationship
between Ground Permeability and Precipitation Intensity.

by Satoshi TAMATE*, Naoyuki ITOH** and Akira ENDO**

Abstract: Rainstorms frequently induce slope failures that take a lot of lives and destroy many social assets.
Recent increases in both the amount of rainfall and the intensity of precipitation cause severe damages in Japan
as well as other countries throughout the world. In particular, heavy rain events induce shallow failures in
slopes within short durations. Therefore, the risk of failure must be analyzed in particular sites to reduce losses
and save peoples lives. However, preliminary evaluations are not conducted well because simple methods of
analysis are not well considered.

This study conducts a series of experimental simulations of slope failure caused by precipitation in a
centrifuge. 30mm/hr of the intensity of precipitations (r,) and 300mm of the amount of rainfall (R,) were
decided as the standard conditions for heavy rain in prototype, and then these conditions were simulated in 50g
centrifuge model tests. Pneumatic spray nozzles producing fine mist atomization with mean droplet diameter
of 10 - 50um were used to simulate the equivalent impact pressure on the ground surface in the prototype.
A newly developed rain simulator composes 17 pneumatic spray nozzles that enable to give 1500mm/hr
of the model precipitation intensity (r,,). Measurement of slope deformation by installation of conventional
displacement transducers is not performed in these tests because these instruments disturb the uniform
distribution of precipitation. In addition, serious problem is that spray mist sticking around the instrument
accumulates so that enlarged raindrops fall on the model slope with a high impact force. Therefore, shallow
strain transducers were also developed to monitor the progress of slope failure caused by these insertions in the
surface.

Two kinds of soil materials, which are Toyoura sand and Silical00, are used in the tests to simulate different
permeability (k,,) in the model grounds which are 4.0x10%(cm/sec) and 1.48x10”(cm/sec), respectively. Index of
relative permeation (/,) is defined as the ratio of k,, to precipitation intensity (r,), i.e. [,=k,,/r,. In addition, two
kinds of liquid are also used to give different viscosity in precipitation to investigate the relationship between 7,
and J,. Slope inclination was given to be 30 degrees and 45 degrees.

Uniform precipitation was achieved by arranging the jetting angle of the nozzles. Shallow failures were
observed in the lower permeable ground conditions where 7,=1.78. Precipitation mobilized the saturated layer
in shallow section of the slope so that pore pressures increased by occlusion in the ground. Since predominant
vertical permeation varies the thickness of the layer of saturation in the slope, the failure thickness decreases
as the angle of the slope inclination increases. Meanwhile, water dissipated in the high permeable ground
condition where /,=50, and then slope failure did not occur. Consequently, the potential of slope failure in the
shallow section basically decreases as the value of [, increases. The potential of slope failure also increases in
certain ground that has a highly permeable surface overlaying on soil with low permeability. Accordingly, it
was clarified that the potential risk of slope failure by heavy precipitations must be evaluated by considering
both r, by weather forecasts and £, by preliminary site investigations.

Keywords: Heavy precipitation, Slope failure, Shallow deformation, Permeability of ground, Centrifuge model
test, Pneumatic spray nozzles, Fine mist atomization, Rain simulator in centrifuge
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Table 1 Soil properties of decomposed granite
collected in failures of 1999 Hiroshima
disaster due to heavy precipitations.
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Relationship between amounts of rainfall

in a week and that in a day in regions of

decomposed granite and Shirasu.
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Table 2 Average values and standard deviation
values in both amounts of rainfall and
intensity of precipitations at failure in cut

slopes.
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Table 3 Average values and standard deviation
values in both amounts of rainfall and
intensity of precipitations at failure in
embankment slopes.
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Photo 2

Slope failure in embankment of road.
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Table 4 Principle numbers of similarity ratio
in using two sets of fluids comprising
different viscosity in centrifuge.
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Table 6 Precipitation intensity and diameters of
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Fig. 2 Schematic Fig. of raindrop falling locus in
centrifuge.
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Fig. 3 Analytical locus of a raindrop in 50g of
centrifuge.
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Fig. 4 Influence of air supply pressure (P;) and

liquid supply pressure (Py) on both capacity
and grain size of spray mist.
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Table 7 Performance of mist nozzle (Model
BIMV45075 IKEUCHI co.) .
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Photo 3 Mist spray nozzles set by two columns.
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Photo 4 Overview of centrifuge rain simulator.
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Fig. 5 Air and Water pressure in centrifuge supply
system.
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Photo 5

Investigation of distribution of both
precipitation intensity and pressure on the
plane of testing container.
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Fig. 6 Pressure due to 30mm/hr of interpreted
precipitation in 50g of centrifuge condition.
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Table 8 Types of model ground and Properties of soils in Centrifuge model tests.
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Fig. 9 A water characteristic curve of silica 100
and Toyoura sand.
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Fig. 10 Process in preparation of model grounds.
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Table 9 Explanation of preparations in details.
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Fig. 11 Model ground with pour water pressure

transducers(pwp) and short strain
transducers(sps) in Cs1.
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Photo 6 Model of power water pressure.
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Photo 7

Installation of pwp by using a cup into the
model ground without exposure.
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Photo 8 Plane views of two kinds of short strain
transducers (sps) those are different in
both length and thickness.
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Photo 9

Installing the sps in model slope.
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Photo 10

Investigation of the relationship between
interpreted rotational angle (6¢q) and
response of strain (rs) of sps.
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Fig. 12 Relationship between interpreted rotational
angle (0¢q) and response of strain (rs).
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Photo 11 Two CCD cameras for observation of a
slope and a reservoir.
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Photo 12 Waterproofed CCD camera mounted in
container.
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Fig. 13 Pore pressures in model ground while
increase of centrifugal acceleration in Cs1.
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Fig. 14 Pore pressure responses with 30mm/hr of
interpreted precipitation intensity at 50g of
Csl.
5083ZIC T B ERERRGRE (r) 30mm/hril
SHRfEENER(0,) DILE



iz DKM & R IRIEDOBIFRIC AT H U 7R ORI B9 2 SBRIE %

[ (2.) 30D D FpwpDAEIZINEEIZ & ) A fgfifb L
7ZRRCEHI S N R AETH B o

Mo I ER L R L Z2pwp LI E DINRE (n) o EH-
R BRSNS, L L, pwplOfild t=74min
DI, Thbbn=40gDEIZHmAZ R L, ZDHEpwpl
EHBKPalZ N L 7z Z it O s O #iAF 12 & D)
HARN OIKDST BB L 7272012, KT O BIBRKIE
BERLZECE#E LTV, LhL, n=40gnlfic 2
DRIFFIIMNCHEK S N7, pwpl DX LT
W5,

pwp2Epwp3idpwpl & 0 & EJ5 A E O BB 2R
Fo =02 574min®D [T, pwp2 & pwp3 D fiti 12 15,
FEEAER BNV, LAL, =T4min 5 ipwpl
LR DS N D, pwp2lE <A FADfEERL
THEY, ¥ 7 a yPEHIIEh TS, L LAAS,
ZOEBIHEIAMLTERIZESTEY, EH ok
PRI=N R o722 L RR LTS, OIS OAGE
BALDFAEIII2ODEEAE Z S5 b,

BB LY 2 v a Y oflidi A v ¥ 2 OAEVE &
DHREDPSIZTENEZOND, HOZRERIXY 2
¥ a v H-10kPaftE Tdh - 720 AEVIEO AR & % [
B RRT B72012, R T HMOFERTIILT I v
T A AT Db bpwp T2 & & Lz, B3
RIH 8% DEFAAE D pwp & OB OEMIREDZL, §
bbbl Xy ¥ aRITZERAM: U TR A #GEIC
LolzleWEZOLNE, DUFTIE, MBREIORHINC
U O ERRER % & B IIBRBALIERI L LT
bo pwp3DREE X Ipwp2 LRI LTH B 0b 5
T, RHIMEICIEES R SN D, pwp3 D AR AL
ZERBAC L 2 MHOZH A SN, ZOHIE-10kPa
WIGR L TWwb, HEo T, pwp3daHilfiticix-10kPa®
KU 7 FABELTBY, FHUMEICIZEED Rohiz,

Fig. 141ZFER ORI PE 5 Ml o B BUE 18455 (A
u) DEALEZ IR T . WRIEIETOIRE (pwpl DIGE) % B
AL BV TIFAulHIFE R MA R 5N 5o BHIIEE
EASETFI290mmEt 7 2 pwp3 (F ) &pwpd (i) %
W %L, pwpd TIEEFERH B E R DAl WIHE 2 POG
AROLN, ZTORICHBIZIZIZ-ENRERL TS,
FEM 2SH T L 72t=16secTlL, pwp3 &pwpdDAu 13 &
b I2kPaTh B, T, BEMIC K AR Y FiZaE
L EERLIAE $TabbR (39) 12X 35HHMIZIE
Z—HTHMHTH o7

Au, =n-r,-At,
15

= 50x1500(mm / hr) x
3600

(hr) (39)
~ 3(kPa)

JUK & 1 1 g2 B TG L 72N RS 2 4 12 W

YUA10034 (50845)

MR EE100mm/hr & 52, PR IR ) D24k % 51
L, WEZAuOBMBL %Lkl Tnb, €L T, £
DFEA G R HT R O BE TP o THRIBRZ2 523 2 &
N7zZ LIl 0THLLABRTVES), KHIETH
Wbk 2 PAZEBIR O S AR S 7z,
t=0~5seclZ BV Tlidpwp2 & pwp3 D MR AT IF—IK
LTwh, L2 L, f>5secTldpwp2d Mo & H°
pwp3DZFIZHARTHEDN SR E CHN, . =16sec
TIXAuABkPaz /R L T\ b, FH UK HHRBICERE L
7epwpAlZ X CTpwp2 D25 1kPak & WIEKNIZ, FHi
ETi S DR pwp LK L2720 EEZ BN D,
DS\ BT B AN FIRIR E RN 2 47 > TARIEBRIZ BT
% [ o B B AL 2 AT IS HERE L 70 AT T
RichardsAHEA L7z HIEKGHERCE V2R T ¥ ¥ v
WIHRIZ, Soga et.al?d) 25K L7z DHI2B1) % @ H
FEE 7z T OREAT X %2 K (40) 1TRT,

)
0eT
0.4
05
048

— 04

R ARERN : 30mm/hr X 1085R
BOBERSEM © 1500mm/hr X 158
HREHRN

At,=0 sec

At,=6.25 sec

At,=12.5 sec

At,=18.25 sec

a) 30 degree of slope inclination(Cs1).

2510038 (50815)
FERRETIL : 30mm/hr X 108475
RERZAF 1 1500mm/hr X 158

FEEEEAH

[

At,=0 sec

un

sesceses
EzsEaseal

At,=6.25 sec

EEW

At,=12.5 sec

At,=18.25 sec

b) 45 degree of slope inclination (Cs2).

Fig. 15 Result of numerical calculation on time
history of volumetric water content
distributions in Cs1 and Cs2.
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CCD camera that mounted in test
container(Cs1).
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Fig. 16 Monitoring the slope failure due to
precipitation using by Short Pipe Strain
transducer (sps) in Cs1 and Cs2.
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Fig. 17 Pore pressure responses with 30mm/hr of

interpreted precipitation intensity in model
ground of Toyoura sand overlaying on
silica100.(Cs3).
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Fig. 18 Result of numerical simulation of volumetric
water content distributions in Cs3.
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Fig. 19 Pore pressure responses with 30mm/hr of

interpreted precipitation intensity in model
ground of Toyoura sand(Cs4).
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Fig. 20 Result of numerical simulation of volumetric
water content distributions in model ground
by Toyoura sand.
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Fig. 24 Reaction of sps by precipitation of silicon
oil in model ground of silica 100.(Cs5).
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of silicon oil mist (Left: during
precipitation, Right: after precipitation).
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Fig. 26 Reaction of sps by precipitation of silicon
oil in model ground of silica 100 (Cs6).
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Photo 18 Overview of sps in failed slope by
precipitation of silicon oil mist (Cs6).
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Fig. 28 Relationship between failure allocation on
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Fig. 29 Relationship between index of precipitation
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(Sr) and distance from slope surface (Dy).
FEFREHITICEL Yok -8afnfE (S) &
FEERED, 5> DRS (D,) DREEF

B B BEKRMEDR MG DFFAEA S & OB AT ED S, %
B, #hi 2 REEL SR D2 EDWASII% - 72,

DR XY, BEMREIRE (1) (XM 2RO R gl
252 5B EMKIICRE L Elbh otz Thb
L, LOWHNIAES TAWRBITH I EDbhr oz,
BRLOMED1IED B REVEAICBWTH TEHEDL,
PN EVEEEIRLRET bo fEo TLIHITHT 5 4,
WAE G IR LR N O H B RERC b B %221 5
CEVHL IR 572,

6.3 WEEDEBVHFHERIEICEZ 2HE

MiVED R 2 2R 2 AN E % 520 O FHE 2 F
L, BELADMEICORBICIED W CERFFEICHT
LERERRD,

Fig. 31T RO T A (4,) LR (0,) OBfRER
To KEHETY I F A NMEHAD2DDEERTIZAD



FH e R GRS JNIOSH-SRR-NO.35 (2007)

HICKRE ZESR SN, BIEOBBIIETHADE T X
LEDE L7, BB Y KEHOFEETIE, HERRE
WA E NS, PHORMIZHE NS L O ITHEL
7o —H, YU I UAANEROFERTIE, BAROHHE
HRESR LN, BEBEOBBIIMHIMIIREHRSN
72 TV I VA AN OB A 2 WA S¢S
CEICE o THEBRBIIM AL CHHIN L EZ SN
%o BT, WARDENC L Y AEU/2EM & B0
PRBEORBIEEEZ T 52 LD bh ol

WIZ, FREFNDWESEMEIIONT, 6L ADBR%E
Wa e, O0MIMIKT2A08ME RS L, KEHO
W15, YY) a vy A VEROSER2BRET
By, HEZBIMIASN 2V, 5T, ODEWHA,
W25 2 3B 3L AN G 2 BB RTINS VWEE
25

DEXY, SfEtoMpanicEon e, Mitssgs
LWARTHIEZ BT S &, Z oM & 2882135
BHELDLZEDRbho7z,

1200
r,= 30mm/hr

1000 L1 2 1)H100th B

T P
800 S

3
Tuj MIED
2 H ;kbﬂmb |
A

400
il

200 T

[o |- ‘
0 * 45
MEDE 9, )

Fig. 31 Relationship between slope angle (6s) and

As caused by precipitations both water
mist and silicon oil mist on slope of silica
100.
RE3%ATHRLU-BERASEDEER
BOTAHDOERICEA-HE

7. £&EO
ABITECH SN T ICER T 5o

71 EOGEREEOREICOWVWT

DIE LAk E 2R 2B ANVICE5 252812
& o T, WHORZEDI20umDMEE 2= 564 7] 5E 7 FEW
B LIz, COEBIIKSY v 7 2, Hl
BB LBAOMBENOREEZRHOON TV
LB, REGZAOMGE Iy T Ly —L2E
AR Y ROPHIC & > THREIZ L 72

2) 50852 BV B BN ER % 175 720 WiHOREORD
12 & o TRERE O A )1 H3SkPaf B LU F I S 1,
R 2 B OIS X 0 FHETDSHI S 2 878 % %
RTE7

3) V ANVOERKEZOME R EICHET LI LICK
D, 2 F ) IOERIC X 5 BEH 54 O Y % #liik
LC, 33 —aBWmt BB T&z,

7.2 FMICKDHEA DX LOEBRBEICOVT

1) b8 O NI HIBRAKIEEE (pwp) Z3%E LT, BT
%G L 720 pwpD ZERBEHICA v 2 bt T
SVITFAAIEEZIDDODZ B4 TEAV
720 BAKMEDHR IR VIR TIX, FERIC K B8
FERNRASHIBRE ) 2 WS¢ 2 2 & 2R L7z,

2) IR SRR IO F AT — V2 M) T 2 KB O T A
Fre W THIOZBE 25 L7z, 36 h72e%E 0
T A (ry) 1I2HDWT, RHE O B BHEIERE & B
T (A4y) 2RI L, FEFRIC X B8N0 DAL EIL X H
AL EEE LT

3) KA OSBRI ANE N R 2R oM TR s
F, BN R ASE BRI HE T RT3
Bohize —F, YV aryi+ A viifloEEcikig
ORI, R R KRG RIETEL 72, 200
FEEBREWK T 5 &, BERBIZY ) a3 v+ VR
BV THMIICRE BRI NN,

72 FWMEICHTIREORBEHE) X 7IZOWT

1) ERXOWBERMBE (r,) (I3 2 8afEKERE (k) O
x BEWIREREE () LEsl, FEWE o EKRME
DB X 2 FE DAL AR E ZELE LR, L
V&2 R O WAL 2 B fE BRI 2 FEili 9 % 5 2 T
AR RIEEEE 72D 9 B2 b hoTz,

2) LOBEINE > TANIWD T 2 2 &b hr o7z, Ti
bbb, LOWEPNEVEFIZBWT, FREIEL
BAEEILIKEL B D bho Tz

3) =7, LOMEAKE Il & B o 4k Tld 8 iy 5
WEEET LRI/ S V. L L, RETEHICL,



gD ZEK M & FERTRE OBIFRICE H U 7R O X E I B9 % HERIMEZ 5%

DS OCHUBAAFFEST B &, HUBBE AT UL B
DERDPEL B0 o T, LOMHAKEWELETIZ,
TIREOHMERK L Z Ok, 2 E R L T abrt % i3
HWEENH 5B,

4) FHE A B (0,) DML > TANZHMA /S 1 %
bOD, TOHEHEIINSV, o T, OHFRTOAE
TALIZH- 2 BB LR THE T 2 h o 720

74 BEMEBICEITIREAIBEOUZZICOVT
D) /MR F T THETIELT L ho H 854

BHLATHRVWEELE L, BhNIBICBI) 51RE

KOGARBEOFITIIES TRV, L2L, 20

£ 9 i TSI BT BHIK E x5 2 Bk

ERLETHY, Pl THLHRMHICBTLERD

I EEEII OV TR OUERH L EEZ D,
2) Bl z0E, BEW & EFEEBOHBICOWTITKRD X9

METENEZ o025, i LFhmoEE T E% H

BUZX D REPICHHIL, ZofaflERRE (k) 1&

SIS F 7R ENCHED W TG ZHEE T 5o IR FETR 8

B2 (rp) Z RATHICE D IEHINET 5, £ L TL(Sky/

rp) WREE S NIZBELT ORaREEEZPIET %,

W HERESTHVEABHS TH S, 2B O

BEIC O WTIILOPFEEE L HET HREL NIV

Lo TEHL, SHIRFVLETH S,

Diboi@l, ApFFEClIRmEREOBAE FAICX S
AEFALCHER L, mOEENIERIC X 2 =X
LADOREEAT 5720 e BREBRTIE T OWE I H%
VG 2 BRI EBESNTESLT, s ar
WA D AR DR EYASRIE F IS HART/RE (B
TWb, HiEo T, ERAF—IVIZBIT 55 TIEHHES
VETHY, SHIIEHMEMFA LIV EZZ TV,

ARIFFED ENEI B\ TR T3 KFERFER A BT
YR o MCKBE R HiZ L) THRE L T & THw
Too STICHESEHB L EFE Y, TS TERTE
A OFTERESEIC L F 55— BRI AR FE O Hl A7 1
DU SN 5 E D REREROER L 7— & OMATIZB W
TERED T ETEV 2, ZZIERLSBILH L R E
T

SE 3

D) Rk, IEEIER @ SRR BT 2 #H o 2
H o XL EEREF 3. MR FA T 5 2N A
WoOrAH=ZAL (Z202), TR METER,
Vol.51 No.8, pp.29-34, 2003.

2) AP NE, BRI, IR T FEMRICBT 2
O A = A5 EERETFI, 2. EFEICBT2
SRS EOWE (Z202), 1 & R, ik T%4,
Vol.51 No.6,pp.17-58, 2003.

3) bk B EHEICB AFEAED A A = X A
EfaR BT, 2. EAEISBT 5 WA K E
DR (Z0l), 13 T4 Volsl
No.5,pp.59-62, 2003.

4) KA, WAZE, REHE—, BASRAE @ ZWE
BT ARERED 2 7 = X A L fEfmEs, 3.
S ICHET 2 RITEHEO X = X L (Z2D3),
+ &R, MR T4, Vol.51 No.9, pp.46-51,
2003.

5) IR T 6.29)5 B IR D SE R SR R H SRR
B 1 ~2E4m, 1999.

6) HMpik, FHHEB, A & KEFT 0 W
B AHHHMRED X ) = X 1 L fERETI, 5. %
MRFIZ BT 2 R EERE PN (Z201), ek
i, #4424, Vol.51 No.12, pp92-97, 2003.

7) SEEBIHTIEMF e © FEAEIH B 3R Lkl
#, FEETE AR K, 1994,

&) AT, FAMEFRE, AL D REEICX 28
ERIGEER, B T4, &R Vol.28 No.5,
pp.33-38. 1980.

9) HEFsede, WEFEE )0 HUY P B o R
PRI AR IR, &k LR, E TR,
Vol.33 No.12, pp.9-14, 1985.

10) /OKRHIS, RHFBEE—, ARG @ WAKREICE S
BUHbAHIE LR, 19l Tmige s £s, &
B T4, pp.1279-1280, 1984

1D JOKHTE, ZHEHE—, IWAREE C WKREICL S
FHAREEICOWT, IARZEHCHREE, #3307,
pp-107-114, 1983.

12) WRyekE, BATEERL, HTERE, A @ RERO
HH O B RS B9 2 0F%8, 451900 1B 220758
s#e, HEIT¥4, pp.1283-1286, 1984

13) WA HEZ2 ¢ BRR B QMR E I\ & A i Ao B 5 % B
78, WL LHERAE LT 1986.

14) FEFARYEG - BT oRWRZ eI 2058, B
TERFEEFR L, 1987,

15) Meb Ik o SRR O FIE O iSRS (2 B3 5 AL ENY
ige, B LERFE TR, 1990.



FH e R GRS JNIOSH-SRR-NO.35 (2007)

16) Goodnigw,D.J: “Relatiohships for Centrifugal
Modelling of Seepage and Surface Flow Effective
on Embankment Dams” , Geotechnique, Vol.32,
pp-149-152, 1982.

17) Tan, T.S. and Scott, R.F: “Centrifuge Scalling
Considerations for Fluid-particle systems” ,
Geotechnique, Vol.35, pp.461-470, 1985.

18) Atlas,D. and C.W. Ulbrich : “Path-and Aera-
Integrated rainfall measurement by microwave
attenuation in the 1-3cm band” , J. Appl. Meteor.,
Vol.16, pp.1322-1331, 1977.

19) #ksX &4 w39 5, http://www.kirinoikeuchi.co.jp/
technical01.html

20)kE & EEWOLALRY, WIAEFE PP58-69,
2003.

2D) Wik R e, WAENE, pp.104~117, 1994,

22) £F BB, gk Wl Rl LHEICB T L5 ks
BHOZDODA 7 ) 2 —BAMEROTHETOMH
FE & 2 OB B FEERIMTIE, 7k Aty
AR A WEZE T AR B FE ¥y, INIOSH-SRR-No.35
(2007), pp.107-128, 2008.

23) W E R, T OB, SRS O SR
% I 72 S ARG P Y 3 A oD i SR IE D S T 25 ),
PSR FEITATFe iy, RIIS-RR-92, pp.63-74,
1993.

24) 4 RISk, BERSCR, LT WA b b ooy LA
ORISR 98 (5240, #8211+ T 7858

2. pp.1165-1168, 1986.

25) NARHIDS, RHEEEHE —, WA R @ WAKREIC
X5, bEREAWwICHE L 3307,
pp.107-114, 1983.

26)K. Soga, J. Kawabata, C. Kechavarzi, H.
Coumoulos, and W. A. P. Waduge : Centrifuge
Modeling of Nonaqueous Phase Liquid Movement
and Entrapment in Unsaturated Layered Soils,
Journal of Geotechnical and Geoenvironmental
Engineering, Vol. 129, No. 2, pp. 173-182, 2003.

CPR194:7 H30 H 52 #E)





