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Effect of Variation of Suction Stress due to Transient Infiltration

on Stability of Unsaturated Soil Slope during Rainfall
Ki-Min Kang

Department of Civil and Environmental Engineering
Graduate School of

Korea Maritime University

ABSTRACT

In this study, the effect of variation of suction stress due to transient infiltration
on the stability of unsaturated soil slope during rainfall was investigated for more
understanding on landslide. In order to achieve the aim of the research, a series of
soil-water retention tests were performed for three soils (e.g. Jumunjin standard sand,
Inje and Dogye granite weathered soils). In the tests, both first drying and wetting
processes were measured by the semi-auto soil-water retention apparatus. Based
on the results of tests, the soil-water characteristic curves, hydraulic conductivity
characteristic curves and suction stress characteristic curves for drying and wetting
processes of each soil were estimated. In addition, using these characteristic curves,
transient seepage and stability analyses were carried out by the finite element method
and limit equilibrium analysis, respectively.

According to the results of the experiments, the soil-water characteristic curve
is dependent on the soil type and subsequently, hydraulic conductivity characteristic
curve and suction stress characteristic curve are also influenced. It is observed that

there are hysteresis phenomena between drying and wetting curves and these are also

xi



dependent on the soil type.

Moreover, according to the results of the numerical analysis, rainfall-induced
infiltration into the soil slope changes a magnitude of suction stress, which attributes
to the shear strength of unsaturated soil, and consequently the factor of safety of
the slope is varied. Especially, due to the continuously infiltration of rainwater, the
suction stress is vanished and thus, the safety factor in subsurface soil is reduced below
1 and the failure of slope is occurred. In comparisons between analyses using drying
and wetting characteristic curves, it is shown that there is a significant difference in
an advance of a wetting front and a development of a wetting band according to the
characteristic curves applied in seepage analysis and also in the variation of the factor
of safety in stability analysis. Therefore, it is thought that in the analysis of slope

stability, appropriate characteristic curves should be used.
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Figure 2.1 Three-phase structure and volume-mass relationship of unsaturated
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Secondary drying cure
Primary drying curve

Scanning curves
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Figure 2.5 Scanning curves of SWCC(Muraleetharan et al., 2009)

Figure 2.6 Capillary tube model for demonstrating ink-bottle effect(Lu and Likos,
2004)
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Figure 2.7 Water droplet on inclined surface illustrating difference between wetting

Wetting Front

and drying contact angles(Lu and Likos, 2004)
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o Hydraulic head gradient = 1
¢ Hydraulic head gradient = Q.75
= Hydraulic head gradient = 0.50
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Figure 2.8 Experimental verification of Darcy’s law for water flow through an

unsaturated soil(Childs and Collis-George, 1950)
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Figure 2.9 Experimental results showing the dependency of Bishop’s effective stress

parameter y on degree of saturation(Lu and Likos, 2004)
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Figure 2.11 Extended Mohr-Coulomb failure surface for unsaturated soil (Lu and

Likos, 2004)
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Table 3.1 Physical properties for three soil samples

Soil properties Test method Jumunjin Inje Dogye
Specific gravit KSF
P 8 Y 2.621 2.637 2.632
(Gs) 2308
Maximum dry unit weight ASTM D
15.8 17.7 -
(Vs KN /m?) 4253
Minimum dry unit weight ASTM D
. 13.4 13.2 -
(Yo kN /10%) 4254
Coefficient of uniformity KS F
1.56 10.17 9.27
(Cu) 2302
Coefficient of curvature KS F
0.96 1.32 1.47
(Cy) 2302
Plastic limit KS F
N.P 19.85 12.17
(PL, %) 2303
Plastic index KSF
N.P 12.54 16.18
(PI, %) 2303
Saturated hydraulic conductivity ASTM D 1.48 7.19 4.76
(ks, m/sec) 5084 - 03 x107®  x1077 x1077
USCS SP SW SW

3.1.2 A g9 Fu]

SN ASHE A A ARt BE ZRERA ARAEL 9
=]
H

A
T
A Ytr FTERAZTZAS] FA-$ ASTM D 4253-83 2 ASTM D 4254-83 A] & = o]
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(a) Soil compaction (b) Desiccator

Figure 3.2 Preparation and saturation of soil and HAE disk

LA ANBE AP Y3 Sgd2g 2=(F 4 D = 5.05cm, =] H = 3.89cm,

H35] V = 78.06cm?) ol Fig. 3.2(a)9} Z¢] o1 33 TS A A8to] # U A8 E

O_I.,

st Ath A8 AIE ¥ high air entry(HAE) Y237} 100% 2315 o] 91A] o
SA] 2713 Aoted B2 oEwol SA s Al A L AE of7| Tt
webA Fig. 3.2(b)oF 2ol AAE S/7F B2 dA A Hl A& 3 HAE

28 93 AFTAHE oF 2447 o4 A keh olw) HAA lE hFe] 442

N
N
e

o=z Alg B HAE f2329] 2315 B 24387 33t
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Figure 3.3 A5 St+EA
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Fx = A &8 227X (pressure panel), & A &4 (water reservoir), Al & Z 313
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Z] (saturation system), & 2 %A (flowcell), & 7] A A 7] (air bubble trap), 574 Al
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(a) Backside (b) Frontside

Figure 3.4 Pressure panel: (a) Backside; (b) Frontside
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(b) HAE disk and saturated soil

To air pressure

(c) Fixing the soil (d) Connection of flowcell

Figure 3.6 Flowecell
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Figure 3.7 Air bubble trap
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Figure 3.10 Diagram of test apparatus

,45,



o] o] E]

ak:

X0

A

A

;OU

T

4.1

To
wjr
<
__OD

To!

FEARZA S} T S FFEE o

7}

Figures 4.1 ~ 4.3 7}

o] SWRC

o

o
s

o

=48 Ao

5}

o}/

i

—

=3
jo

< At & Alststgit.

ﬁo

Figures 4.4 ~ 4.6 Z} Al

ojm

(ed>]) uonons dLIBIA

—— Mass of water outflow
- - Pressure

(3) mO[]INO0 19JBM JO SSEIA!

Time (min)

Figure 4.1 Results of soil water retention test for Jumunjin sand

— 46 —



35 e 350

[ —— Mass of water outflow|]
[ ---- Pressure ]
300
) 4250
~ T —_~
7 <
2 | E
k= 1200 =
E 12002
© ] .2
ot N N
5 1150 3
I ] 7]
2 1 e
) ] g
n -
g . 100 2
p ]
150
0—rft‘=HH=HH%‘H‘g‘hw»‘p,ﬂqwuu0

0 10000 20000 30000 40000 50000 60000 70000

Time (min)

Figure 4.2 Results of soil water retention test for Inje weathered granite soil

35 T R N 350
[ —— Mass of water outflow|]
[ ---- Pressure ]
30 1300
25+ 4250
L Y ' 4 ,C-Q\
g I L 1. =
= 201 fo_o \ —4200 =
=} H ! ! ] =
© r i i ] .2
§ 15 : | ] :150 g
5 - T ! .
z 0 : | 179
T or | 1 5
= [ : . ]
5 S 150
0 ’T'TH=Hupf?*r‘rvrfry%__LJ ‘_4‘1”“%“”‘0

0 10000 20000 30000 40000 50000 60000 70000

Time (min)

Figure 4.3 Results of soil water retention test for Dogye weathered granite soil

— 47 —



1000 T T :

A Experimental data (Ist drying) |3
A Experimental data (Ist wetting)|{
100+ .
: s |
S |
g 10+ % 3
3} [ ]
=1 L 1
7] [ A ]
2 I % A A A 1
= A A
s 1+ A A .
i AL ]
0.1 ‘ % ‘ % ‘ % —A
0.0 0.1 0.2 0.3 0.4 0.5

Volumetric water content, 6

Figure 4.4 Results of soil water retention test for Jumunjin sand

1000 - : . - : : . . ; 1
: O Experimental data (1st drying) |3
i B Experimental data (1st wetting)|
n
O
100 + O =
g | . z
< [ ]
= L ]
ERCS: = 0 :
k3] F [ O ]
2 : = B D ]
2 I = - ]
=

= 1= u E
i o ]

01 L % L % L % ‘ * M

0.0 0.1 0.2 0.3 0.4 0.5

Volumetric water content, 6
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Figure 4.7 SWCC for Jumunjin sand
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Table 5.1 Boundary condition of seepage analysis for infinite slope

Soil Unit flux (m/hr)
Jumunjin 0.0700
Inje 0.0026
Dogye 0.0018
40 —
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g:_‘ 351
% 30 drying path
@ fe
B
E 2l
2
£
= .
= 10 PField measuremerits
sl el caianl v ad sl
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Figure 5.2 In-situ measured matric suction (¢]Q1E 5, 2003)
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Table 5.2 Matric suction at wetting front for three soils during drying and wetting

processes
Soil Matric suction at wetting front (kPa)
Drying process Wetting process
Jumunjin 1.069 0.959
Inje 1.747 0.860
Togye 3.548 1.118

10 —

Elevation (m)

A \ \ \ \ \ \ \ \ \ \ |

-1 0 1 2 3 4 5 6 7 8 9 10
Distance (m)

Figure 5.3 Development of wetting front with time of seepage analysis for infinite

slope using Jumunjin drying SWCC
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Figure 5.5 Variation of volumetric water content profile with time of seepage anal-

ysis for infinite slope using Jumunjin drying SWCC
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Figure 5.6 Development of wetting front with time of seepage analysis for infinite

slope using Jumunjin wetting SWCC
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Figure 5.7 Variation of suction profile with time of seepage analysis for infinite

slope using Jumunjin wetting SWCC
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Figure 5.8 Variation of volumetric water content profile with time of seepage anal-

ysis for infinite slope using Jumunjin wetting SWCC
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Figure 5.9 Development of wetting front with time of seepage analysis for infinite

slope using Inje drying SWCC
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Figure 5.10 Variation of suction profile with time of seepage analysis for infinite

slope using Inje drying SWCC
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Figure 5.11 Variation of volumetric water content profile with time of seepage

analysis for infinite slope using Inje drying SWCC
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Figure 5.12 Development of wetting front with time of seepage analysis for infinite

slope using Inje wetting SWCC
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Figure 5.13 Variation of suction profile with time of seepage analysis for infinite

slope using Inje wetting SWCC
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Figure 5.15 Development of wetting front with time of seepage analysis for infinite

slope using Dogye drying SWCC
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Figure 5.16 Variation of suction profile with time of seepage analysis for infinite

slope using Dogye drying SWCC
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Figure 5.17 Variation of volumetric water content profile with time of seepage

analysis for infinite slope using Dogye drying SWCC
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Figure 5.18 Development of wetting front with time of seepage analysis for infinite

slope using Dogye wetting SWCC
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Figure 5.19 Variation of suction profile with time of seepage analysis for infinite

slope using Dogye wetting SWCC
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Figure 5.20 Variation of volumetric water content profile with time of seepage

analysis for infinite slope using Dogye wetting SWCC
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Table 5.3 Soil properties for slope stability analysis

Soil properties Jumunjin Inje Togye
Effective cohesion, ¢/ (kN/m?) 0 0 0
Effective angle of internal friction, ¢’ (°) 43.3 41.2 40.1
Variation of ¢/, A¢’ (°) 10 10 10
Unit weight, 7 (kN /m?) 19.83 19.83 20.00
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Figure 5.22 Variation of suction stress profile with time of stability analysis for

infinite slope using Jumunjin drying SWCC
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Figure 5.23 Variation of suction stress profile with time of stability analysis for

infinite slope using Jumunjin wetting SWCC
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Figure 5.24 Variation of factor of safety profile with time of stability analysis for
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Figure 5.25 Variation of factor of safety profile with time of stability analysis for
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Figure 5.26 Variation of factor of safety with time at each location of stability
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location of stability analysis for infinite slope using Jumunjin wetting SWCC

— 84 —



2 8t49] AR 2.5m @ 2.9m ol A <]

-
.

Figures 5.28 3%} 5.29

__O*H

ofy

o
T
od

14014 AR AA7 E58 3

K

fy

3 e

Az A4

= AEE ARG dees @

b o] Al 5=

o) 2

A5

QA 317F3HE A

5.3.2

Figures 5.303} 5.31

Aol A 0kPaz WrERSITE 2 T

3z
ar

°l+=

Bl
ot} Aol we}

=
=

I ol A z+z+ 3.70kPad} 2.06kPaz x}o]

o)

=]
i

Figure 4.1401 A

il
—_—

N
Ko

4
e
i1 d

N

)

—

0

+
ol
ofu
i
<

N

F9e8Y ANt ASHe=

2o Ao) £

oE

5
=]

Figure 4.130| 41 &} Zro] 27] A

10kPa2]

ol

]

Hr

A

olo
0
;o_n_u

< Hol& 3} &8 Figure 4.149] YEhd QAA| FIES

HE ok (0.85m 7}A]

o

bAEA]

,85,



2EHESAST H AA et

_9]

ANA &7

=
=

2~
T

ojm
iy

&

10kPa2]

Q13

7l 58

=

As7t Az BLASRT 2ol

Figures 5.32%} 5.33

Bl

g9 W3e vepdt) 27 A

otz 0.1mof| A v}et

iz
ar

A B A

al

7%

?l_

71 At Aol A Z

Zojn, =

al 7]

oH
o|J

—_

0
o

B

0.6m 2 o]7}#] ok

ol
=

Ho A 0.8m

3z
ar

7}7} 73

Ry

o
=

ofz 0.1m ZoJo| A FHAFAE 1.01 ¢ 0.98

Figures 5.34%} 5.35

i

H

ol

ofp
;00
ﬁo
<

A

2 2.9mof| A 2]

9 AR 2.5m

2~
T

A 5}k

o
.

olt}. Figures 5.363} 5.37

ol

o

—

o}

<k
o

oy
=H

ofy
;00
ﬁo
ol
0

o

— 86 —



Distance above water table, Hy (m)

Suction stress, ¢° (kPa)

Figure 5.30 Variation of suction stress profile with time of stability analysis for

infinite slope using Inje drying SWCC
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Figure 5.31 Variation of suction stress profile with time of stability analysis for

infinite slope using Inje wetting SWCC
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Figure 5.32 Variation of factor of safety profile with time of stability analysis for
infinite slope using Inje drying SWCC
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Figure 5.33 Variation of factor of safety profile with time of stability analysis for
infinite slope using Inje wetting SWCC
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