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Seepage Failure Analysis of Unsaturated Soil using Semi-Implicit MPM
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The standard material point method (MPM) for unsaturated soil employs the explicit time integration scheme
using the large water bulk modulus but has two weakness. One is the pore water pressure oscillation, and
the other is the large computational cost. An alternative is the semi-implicit MPM, which assumes the
incompressibilty of water . This assumption improves the numerical stability and computational efficiency.
Nevertheless, few studies have so far been made to deal with large deformation of sloped made of unsaturated
soil. In this study, we develop a semi-implicit MPM for unsaturated soil, and several numerical examples are
presented to demonstrate the capability and performance of this proposed method. In particular, a validation
analysis is carried out using a model experiment of infiltration-induced slope failure.

Key Words : Unsaturated soil, Seepage failure, Material point method

1. HRERCBN

AR, SUREEIZ —K & 3 2 SN0 EY, 7
S E D MMENCH 2. ZHUIIKDIRBIC X 51
BUKOEM, TRhbE, LEROEMIGH DD ICE
HALTW3., ZOHRFOEHRIZIZ, TOBEATRT
KTHiTz XN TWAREMEZ T TR, BRICESE
SO0 FEREORBLIDREL 5. ZDE
2= & B ORI U 7= 8l Tk & LT Material
Point Method (MPM) 237F H &L TW3. MPM 3R F
EDO—DOTH 20, ARERELHLUDO T LTV X A
PERAZNS. GRERELIEKRT 22, KEEEZH]K
IGETHRX Y ¥ 2 DBFEDPRZRVAESEDH L. %
7z, ORI FIEL T 2 v, EBHEREO KL,
Euler IO B I T IITIT S 728D, R TR
AETHY, ftEaAMNEMZ 2T 3.

L LRSS, ZOMPM % HWER3EDZ < (X EIf
TERRE LTED, TR ZNRE U5 [1][2]
A0 AT, BEEZERH U725 o MK
FEREME 2 AE T BIGENZ 0D, ZO5E, EFITK
= K DEREHER 2 Wi ud 7z o F, MERKE
MARLE L 25, %72, CFL S&MHIZ/KDOIRFETHMER A
BEND D, FEZAREEZ/NE S LRTNUIR 5%
WAERE BT 3 [3][4]. TS5 OREICR LT, Rk
IKDIEFEREME % AR E T % fractional-step LD T % F
E [41[5] DHRRE N, ZOMESHRIATVWED,
BRI 2 R & U7 e TSR s S LT,

Z ZTARME T, Atz xge L, Bk
Feig U C & b ZERNCHRMT T & % fractional-step 1% £
L7 MPM %2B%3 5. DIRTIE, IBEFEOER
LD 2 EiRA L, B2 BUERENT B X D BEAMERE
ZAREE L 721, RHARSEAEERR O BRI X 5 %
LD EITS.

2. HAEEFE

1 ZEEAER

TEH L BBUKDEE p, oy 1%, TR TFEEBI
IKDEE pg, pw ZHWVTHRD LS 12K XN 3.

ps = (1 = 0)ps, (D
Pw = OSyPw. )

ZZT, OFHERE s ZERETHL. 2O X, &
B8 & MUK D & 72 2 IRERDEH LA TD L 512
REIN3.

Dp.
GCW ﬂ

+ 54V v+ V- [Osy(vy —v)]=0. (3)
ZIT, v,y lEENER, TEEOHEE, FRKDH
EERL, 7> aY p. &, pe, =p.—pw & LTH
FRZESUE L FBRKIEDZ Y T 5. F72, oy WdKDTFE:
iR &R E B LK HEETH D, R TIE VG E
FO6) ZERAT 2. ZDrE, AMEINE sy LR
DX TERINS.

Swe = [1 + (a’vgpcW )nvg]imvg . “)

T IZT, Qug Ny, Myg ZNTA—=RTH 5.
F7z, TEKEEBRKOEFHHERIUL T LS
RINS.

psas =V - [0-, — (1 = 6)swpwll +psb + Ps, 5)
Pwy = =V - (Osypyl) + pyb + Py, (6)
ZIT, agaylE, TEKEREBKONEETHD, b

BYIEhTH 3. £, o BTEBERDOISHTHD, #
AN Hencky BT T VR L, 4 HiDIRERH

-E-11-03 -



E-11-03

BFENTICB VTR, BHEE ORI D 72 9IZ Drucker-
Prager DFFRILHEE NS, AT, ps, po ELEREE
MUKOMEEER I TH Y, DR TRHEINS.
ﬁs = _ﬁw = Qqws Wy —vs) — pwv(esw)' @)
Z 2T, Gus = Oswpuglhys TH Y, g XENNHEE DK
X ky WBEKIRETH . ks 1 SEIREKIREL K2 pe
SLUIRORTEHT S [7].
1 Mg 2

ks =R oo (1= 1= 0™ | ®)
TIT, £, BATA—RTH .

BB, AETIIEED =D ICERZEKDOZEE I+
BRERRIBRKDEE I LT HM/ NI WEREL, M
RZERDEE Y [ENEEr L ARET % [11[2]. %72, kL
THLERERRL, TR U TRI/KERRET
%7z, THEMI Lagrange FNCEEiR L, MEBR7KIE Buler
ANCEIR T 3.

(2) ErrERERL
AWFFECERA 3 % fractional-step £ TlE, MIHE % L
TOESEHRT .

n+1 n
an+1 Ve TV
¢ At

n+1 *
[ v(l

At

3k 1
4 Vo = Va

At

=a)+a, (9

ZZT, MIERAFD @ =s,w E LB E 3R
KOETH2 %, EAEFHRZATDn 3KL " TD
ETH2 Izl TBD, AridEHETTHS. X
7o, HREREE v 3B X HRIIGEE of, BENEE a*
&, HECROBRICH S.

vi =V 4+ Atal, v =y + Atal. (10)
o2, HAFHEIZOWTE, KEZIAREZKE LT
% 7= DI RS 2 VTR S 5 [4]. MU EXD,

IR L L 72 E BRI T XS icksh 3.

PV AL = gy vy = v3) = pivg/ At

+ Vo™ = (1 = 0")sepy 1} + pib" — pLV(@'sy), (11)
PV AL = plvi /At

= V[ =65y APy T = Ayt VE'sy,), (12)
v AL+ gl (V) = ¥))

= Pava /AL =V - (@55, pal) + pab” + piV(O'ss), (13)
iVl A

= Pava/ Dt =V - (@" sy APYD + ApLIV(E's,).  (14)

T2, BRAEKOBEHFERIB I UK (3) &b, EJIPois-
son HEERIIXRD L5 1cRKREIN 3.

BBEEETHHER

(3) ZERIBERLE

ZEREERLICIE MPM 280§ 5. 72721, M T AR
FEDD I NGEEE R O RBUTHI N B
REZ RIS, BEEPLETS., LA
W92 TlE, LBB $&fF 2723 X 5 #ES ¥ MK TS
DFHlif%Z 3 53 7-D1Z, Sub-Grid 1% [8] ZHRH T 3.
FD7, M-1(a) D X 5 IZREBRKTS O T 13
DIF_onr T 5.

HEEfE T D 2R TFIETIIFES Poisson HFEzNE H
WS T CHIBRKIEZ R 2 DI LT, BB#EET
X, Pl icHEafFII» kD 2. 22T, K-1
(b) D & 5 1EE R T ORIBEKTE DR M % 5481
NORLTFDOHL (BEEHED ) 3 2 FiK[9] ZHH
L, MBKEOZELEXS.

RERT
MBRKERT

MAEE ’C <t
WEs (e

(a) Sub-Grid i (b) TR =HIF D>
-1 FFKESDFER

3. IREEHIRE

1) —RITEZRER

BRI 3 2 Y MRRGE & U C—OTIER R &
o, IREFIEDMR% Terzaghi OJEHBEHICE S S H
AfRE X CEEDR L LT 5. -1 IR T X —
R, X2 1ZfMTE TV 2 ETH O BBRKE DR Z AL
ZRT. ZOMD S, FGIERETIEEA R E RO R
IKIEDREETH 20, REFIETIIEMAEERD SK
ELBBRKESE SN TVWS AR TE 3.

-1 —REFBERTHERTIMENTXA—&

RTRX—& s (B fH
Tk R ps (kg/m®) 2600
HIHARpR R 6° 0.3
Young # E (MPa) 10.0
Poisson k. v 0.25
IKE pw (kg/m?) 1000
BRI R K2 (m/s) 1.0x 1073
002 [m]T =10 [kPa]
\ J.g T
o
3
IS
O
O
1m
S
I—2—i
§ L= Vs =0
o 10° 10 100

w " o
op, =0 BRI [s]

oo APV e =
ey Y e AV [ (ay - a0 B2 — R EERIE L L EEOMRAEOBEZL
= VY V[0S0 -], (15)
© Mt EEABARGTEIRS -E-11-03 -



E-11-03

(2) —RTRERENR
RIS 2 ZAMMRALD 728, RV F<—2

BBEEETHHER

&-3 HEREFERROBRBITTERTSMHANIX—4%

© —MRAFEABARGEIER

L LT & HIBN S~ RTEERNER 10 oFEE X=X ics (B fit
WEITS. FEBZ, 81Tk Ledkossc TR ps (kg/m?) 2731
ML, KE»SELGOWAR, KH koMb e PIHRERE ¢ 0.50
L, EETOKOTRHEEZFHLZbDTHE. Young 3 E (MPa) 3.00
Dr &, KEMOTOBMEIIRL NSRS, Poisson Lt v 0.30
2R T X =& [11] %, K3 ZRHTEFLE Wi ¢ (kPa) 0.0
Y. BB, gy LCiskoBmiic ket WA RKEAMNID o (kP 20.0
bEDETITS. CFL &l & BRI KIS 3 & PR PR A ¢ () 35.0
%8 U CRERNCIRT 3 IERI% 06D _LFREM R o KA T2 —f v () 0
fHE LT, FEED 1.0x 1070, RRTIEA 1.0x10™%s IR pw (kg/m?) 1.00
&9 % [3][4]. BIAE KRR K2 (m/s)  421x107
-3 AR THERD &, REFHIMMHEIC X T/ NI Sy 0.02
DR AOMERERLTED, RchmkEkorm — RARMIE S\ 1.0
HEE S ERER EBA LTV 2 AR TE 3. AR R v 0.28
NRIR—=R Nyg 12.898
=23 il o= Myg 0.923
-2 —RTBERITEAT BHENSX—2 : 05
RIRX—R sl (A A = :
Tk AR ps (kg/m’) 2720
HARIBR=R §° 0.37
2?:152 E (MPa) 13 = 250 150 200  [mm]
Poisson Lt v 0.4
IKEE pw (kg/m?) 1000
BORLE KRR K2 (m/s) 45x107°°
o/ N FE st 0.02
R BRI 53, 1.0
FEFKDEE oy, 0.02
NRIA =X Nyg 1.5
Myg 1.03 0.01 [m]
Eve 3.5 ) =
.!. N #5&71] : c = 0(kPa) is; p,=0(s,=1) 5::::
020 @Ham) BT 22 | 04 [m] I
{vws=0 ) P N\
APp=5- -l #5277 : ¢ = 20(kPa) <
002fm = o 3Bk
8 ) ps A, A A v
I _8_»IVSX =0 gs
T B4 HESSHERROTT L L ERERET I
8 e
I—o—I )
S
o T e e RS D EERFE R B & ORISR 25 1TRT.
T BB (i DD B, FEERTIEE FOWALD & KIHEHRIZR

B-3 —RITREENETILEERDRHERE DR HEL

4. NERERAERER D BIRFEN

IKDIFEIC & 2 RHE RS O £ 7OLVFEB O HHREN %
175, RI3WMEARTIA—%%, K4 IZERET LY
AT ET VERT. BT MCBT 2 EEMTFOV A
13 0.01X0.0lm T, —t&FH7zh 2x2 DR FZHLE
T3, KREZAMEZ1.0x10™4s ¥ § 5. 7271, BKkH
1 (10x 10 DIEERST) DR T DR S11E ¢ = 20kPa
¥ L7z ZAUSHREERRICIR K OAHE Ok 723540 T
VHBERBINKR LW e 2 =0Th 3.

BL, 40 JFHEET 2 &R 2R LR L= 2
EDTERRTE 2. REFIETR, BEHRITKPRET
ST ORITETED, 40 pETHEZ R BHHE
RIIRBE L RIZERE BBORAESL TV,

I OWTIX, FEBToRE D & REb L7
TN B XS ICHNBR %, ISR TORET
XTWVWBILHHERTES. LHALAENS, EERTI,
R o Jebn o B ER U C B o R E A S % B
BER 72 BREEDSFEAE LTS, AT IS U 7= R S
MEDR T DHENZ D EEHOR FICH M L, FiE
L7=RFIZE 28R 6N S K5I L TE D, fiEe—
RIGEWHRZII NS,

-E-11-03 -



© —MRAFEABARGEIER

E-11-03

44:00

40:00

228[E

i
i3

AR T

46:00 49:00

M-5 REROEES & URIME L RIREM V3 S DEITER

5. fEam

FRIAI 20 R e LT, MRRKEZ BN AT RE
7% fractional-step IEZE A U720 MPM Z 25 L 7.
COEANCED, GIREORETH 2FHHa R b i
BUKFEDRZEEZIH S 2 2B TE, ZDOOMEE
B> & Z DR MR TE /. MAT, PEIREHR
HERO BB TIX, Nt toRtm»stafL, #
HFehifHE D ST 2k F 2 R T X 7.

Y EDS, GRE L e TREEZI AR D ERRE % K
ZLTDZEHNARETH D, 2 OLERNHEBIKEZ
HELRYS, REVGORAEFTEZ—HLTHRITE
ZFRERRBETELL VRS, L, ERTORRK
MR BB RIUC OV TIISHROFEL Lz w.

BE

[1] Bandara, S., Ferrari, A. and Laloui, L.: Modelling
landslides in unsaturated slopes subjected to rainfall
infiltration using material point method, Interna-
tional Journal for Numerical and Analytical Meth-
ods in Geomechanics, Vol. 40, No. 9, pp. 1358-1380,
2016.

Ceccato, F., Yerro, A., Girardi, V. and Simonini,
P.: Two-phase dynamic mpm formulation for unsat-
urated soil, Computers and Geotechnics, Vol. 129, p.
103876, 2021.

Mieremet, M., Stolle, D., Ceccato, F. and Vuik, C.:
Numerical stability for modelling of dynamic two-
phase interaction, International Journal for Nu-
merical and Analytical Methods in Geomechanics,
Vol. 40, No. 9, pp. 1284-1294, 2016.

Kularathna, S., Liang, W., Zhao, T., Chandra, B.,
Zhao, J. and Soga, K.: A semi-implicit material point

(2]

(3]

(5]

[6]

(8]

[9]

[10]

(11]

-E-11-03 -

method based on fractional-step method for saturated
soil, International Journal for Numerical and Analyt-
ical Methods in Geomechanics, No. March, pp. 1-32,
2021.

Yamaguchi, Y., Takase, S., Moriguchi, S. and Ter-
ada, K.: Solid-liquid coupled material point method
for simulation of ground collapse with fluidization,
Computational Particle Mechanics, Vol. 7, pp. 209—
223, 2020.

van Genuchten, M. T.. A closed-form equation
for predicting the hydraulic conductivity of unsatu-
rated soils, Soil Science Society of America Journal,
Vol. 44, No. 5, pp. 892-898, 1980.

Mualem, Y.: A new model for predicting the hy-
draulic conductivity of unsaturated porous media,
Water Resources Research, Vol. 12, No. 3, pp. 513—
522, 1976.

Bressan, A. and Sangalli, G.: Isogeometric dis-
cretizations of the stokes problem: stability analysis
by the macroelement technique, IMA Journal of Nu-
merical Analysis, Vol. 33, No. 2, pp. 629-651, 2013.
Bandara, S. and Soga, K.: Coupling of soil deforma-
tion and pore fluid flow using material point method,
Computers and Geotechnics, Vol. 63, pp. 199-214,
2015.

Liakopoulos, A. C.: Transient flow through unsatu-
rated porous media, University of California, Berke-
ley, 1964.

Uzuoka, R. and Borja, R. I.: Dynamics of unsatu-
rated poroelastic solids at finite strain, International
Journal for Numerical and Analytical Methods in Ge-
omechanics.



