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Abstract. Centrifugal model testing has been widely used to study the stability of levees. However, there have been a 
limited number of physical studies on levees where the velocity of increasing water levels was considered. To investigate 
the behavior characteristics of reservoir levees with different velocities of increasing water levels, centrifugal model tests 
and seepage-deformation coupled analyses were conducted. Through this study, it was confirmed that increasing water 
levels at higher velocities induces dramatic increases in the displacement, plastic volumetric strain and risk of hydraulic 
fracturing occurring in the core of the levee. Hence, real-time monitoring of the displacement and the pore water pres-
sure of a levee is important to ensure levee stability.
Keywords:  centrifugal model test, seepage-deformation coupled analysis, reservoir levee, velocity of increasing water 
level, seepage flow, unsaturated soil.

Introduction

Reservoir levees are prone to failure due to heavy rain-
fall. It is well-known that the one of the reasons for the 
failure of reservoir levees is seepage flow caused by the 
rising water level in the reservoir. In the current levee de-
sign method, a limit equilibrium analysis on the circular 
slip surface based on seepage analysis results, consider-
ing rainfall and/or rising water level, is generally used to 
examine the stability of the levee. However, because the 
deformation mode and the failure of a levee are strong-
ly related to the seepage flow, the behavior of the levee 
when it is subjected to water level variations must be 
reasonably examined. 

When levee stability is studied experimentally, it is 
best to construct a full-scale model. However, it is dif-
ficult to conduct full-scale model testing in a gravity 
field because levees are usually large, and tremendous 
amounts of money and time would need to be invested. 
However, it is impossible to reproduce real stress condi-
tions and behavior in a small test model under a gravity 
field. Therefore, centrifugal model tests have been used to 
model the behavior of a prototype large-size embankment 
physically using a 1:N scaled model and a centrifugal ac-
celeration of N g. Centrifugal model tests can reproduce 

N times the confining stress conditions, corresponding to 
a centrifugal acceleration of N g (Schofield 1980). 

Centrifugal model testing is widely used in all fields 
of geotechnical engineering. In particular, many research-
ers have used it to study the stability of levees. Mikasa 
et al. (1981) studied the relation between the dam-core 
shape and the deformation of dam. Sutherland and Re-
chard (1984) examined the phreatic lines of a dam in 
various centrifugal fields (90 g, 125 g, 150 g) and com-
pared these findings with numerical simulation results. 
Narita et al. (2008) studied the relationship between the 
pore water pressure behavior and the failure of a levee 
subjected to water level drawdown, and Kohgo et al. 
(2010) discussed the displacement behavior of a rockfill 
dam with water level variation. The aim of these studies 
was primarily to examine the seepage behavior of a levee 
subjected to water level variation. However, to the best 
of the authors’ knowledge, there are a limited number of 
physical and numerical model studies on levees where 
the velocity of increasing water levels was considered. 

Therefore, this study examines the behavior of res-
ervoir levees with different velocities of increasing water 
levels using a centrifugal model testing and seepage-de-
formation coupled analysis.
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1. Centrifuge test of reservoir levee
1.1. Centrifugal model test apparatus
The geotechnical centrifuge at the Geocentrifuge Cent-
er at KAIST (Korea Advanced Institute of Science and 
Technology) was used for this work. Figure 1 presents a 
diagram of this apparatus.

The effective rotation radius, defined as the distance 
from the arm’s rotation axis to a one-third height of the 
model, is 4.8 m, and the maximum centrifugal accelera-
tion is 130 g with a 1,000 kg payload (Kim et al. 2013). 
Experimental data are collected by a DAQ system mount-
ed on an onboard cabinet in the centrifuge at its rotation 
axis; that position minimizes the centrifugal forces act-
ing on the DAQ. The DAQ is accessible from a desktop 
computer in an outside control room through a fibre-optic 
rotary joint.

1.2. Model construction procedure
The model levee was designed based on an actual fill 
dam in the north-eastern region of the South Korea. The 
height of the model levee is 30.0 cm, and the inclination 
is 1:2. Because the centrifugal acceleration is set at 50 g, 
in the prototype scale, the height of the actual levee is 
15.0 m. This levee consists of a shell and core, with the 
core consisting of a mixture of clay (90%) and bentonite 
(10%) to simulate actual permeability. The particle size 
accumulation curve of each material is presented in Fig-
ure 2. The material properties of each substance used in 
this study are listed in Table 1.

The model levees were prepared by compaction in 
ten layers. Each layer of shell and core was compacted 

with the use of formworks, and the density was man-
aged by the volume and weight of the soil in each layer. 
The shell of the model levee was prepared with a degree 
of compaction of 93% (=17.93 kN/m3), and the water 
content of the shell was 15.0%, as an unsaturated levee 
exhibits the smallest permeability with a slightly higher-
than-optimal water content. The water content of the core 
of the model levee was 20.0%. 

To prevent leakage of the pore fluid through inter-
face between the model container and the model levee, 
silicon grease was spread on the inside surface of the 
container walls. After the model was stabilized in a 50 g 
centrifugal field for 30 minutes at model scale, all form-
works were removed, and any excess soil was trimmed.

The model configuration and the sensor locations are 
illustrated in Figure 3. After installation of the model con-
tainer in the centrifugal model test machine, the uniaxial 

Table 1. Material properties of shell and core

Material
Specific 
gravity 

(Gs)

Water 
content 

(%)

Unit weight 
(kN/m3) LL 

(%)
PI 

(%) USCS Permeability 
(cm/sec)

Particle content 
(%) D50 

(mm)
wopt 
(%)

γdmax 
(kN/m3)

γd γt Sand Silt Clay

Shell 2.669 15.0 17.93 20.62 N.P N.P SW 1.39×10–3 56.5 9.5 1.5 0.85 13.3 19.28

Core 2.672 20.0 16.13 19.36 37 12 SC 2.96×10–7 55.2 25.8 5.5 0.17 – –

Fig. 1. Centrifugal model test apparatus (KOCED 
Geocentrifuge center at KAIST)

Fig. 2. Particle size accumulation curve for each material

Fig. 3. Model configuration and sensor locations
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actuator and the steel box, which had the same inclination 
as the levee, were connected to simulate a water level 
rise. The pore water pressures and the displacements of 
the levees were measured using five pore water pressure 
transducers (accuracy: 0.1 kPa) and two LVDTs (Linear 
Variable Differential Transformers; accuracy: 0.001 mm), 
respectively. Small steel plates which have the size of 
1×1 cm were installed at contact points of LVDTs. The 
pore water pressure transducers and the LVDTs were con-
nected to the data logger. The sampling interval of the 
data was 100 milliseconds at model scale. The experi-
mental results are presented at the prototype scale if not 
otherwise specified.

1.3. Water-level-raising procedure

In this study, three centrifugal model tests with differ-
ent velocities of increasing water levels were conducted. 
The steps of the water-level-raising procedure were as 
follows:

1. Raise the water level instantly to the ordinary water 
level (EL. 9.2 m) by controlling a solenoid valve in 
a 50 g centrifugal field.

2. After 62.5 hr, raise the water level to the high water 
level (HWL, EL. 12.7 m) by submergence of the 
steel box connected to the uniaxial actuator into 
water with the prescribed water level rise velocity. 
Steel box does not contact with the model levee, so 
that there is no loading onto the levee by steel box.

3. After 83.3 hr, finish the experiment.
The water-level-raising procedure for each case was 

shown in Figure 4. The velocities of increasing water lev-
els in Case 2 and Case 3 were approximately 50% and 
25% of that of Case 1, respectively.

(a) Case 1

(b) Case 2

(c) Case 3

Fig. 5. Time histories of pore water pressure during water-
level-raising process (after 62.5 hours)

It can be observed that the pore water pressures in-
crease nonlinearly with a linear water level rise in all 
cases. This increase is most likely observed because of 
the increase in the degree of saturation of the levee due 
to the seepage flow. In addition, smaller pore water pres-
sures can be observed at points that are further away from 
the levee surface. In Case 1, the final pore water pressure 
at P3 is lower than the hydrostatic pressure. This finding 
means that the pore water near the pore water pressure 
transducer does not connect to the pore water at the top 
of the seepage area. This result suggests that the seepage 
area inside the levee is not fully saturated but instead is 
partly saturated, and pore air is trapped with the seepage 
water. It is also observed that the pore water pressure 
levels at P4 and P5 are almost zero because of limited 
outflow toward the rear side of the levee due to the low 
permeability of the core. 

9.2

12.7

62.5

83.3hr 83.3hr83.3hr
Case 1

Elevation 
(m)

time(hr)

Case 2 Case 3

0 181.9 265.3 302.8 386.1 543.1 626.4

Fig. 4. Water-level-raising procedure for each case

1.4. Test results
Figure 5 shows the time histories of pore water pressure 
during the water-level-raising process. The hydrostatic 
pressure on the reservoir side is indicated by the dotted 
line that is also shown in this figure, which confirms that 
the pore water pressures increase in proportion to the ve-
locity of increasing water level.
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(a) L1

(b) L2

Fig. 6. Time histories of vertical displacement at rear side of 
levee (after 62.5 hours)

The time histories of vertical displacement at the rear 
side of levee are shown in Figure 6. It can be observed 
that the displacement rates at L1 and L2 also increase in 
proportion to the water-level-raising velocity. This is most 
likely due to the increase of loading rate of water at the 
reservoir side of the levee. After the end of the water-
level-raising process, the increase in the displacement is 
moderated. In these results, Cases 1 and 2 show the con-
tinuous deformation till the end of measurement, while 
Case 3 indicates the recovery of deformation at the last 
stage. This is probably because of an unexpected move-
ment of small steel plate installed at the location of L1 
in Case 3.

2. Numerical simulation of reservoir levee
2.1. Introduction
This section describes the numerical simulation of the 
centrifugal model test of the levee subjected to increased 
water level. During last twenty years, many constitu-
tive models have been proposed for unsaturated soils 
(e.g. Alonso et al. 1990; Wheeler, Sivakumar 1995; Cui, 
Delage 1996; Thomas, He 1998; Muraleetharan, Nedunri 
1998; Muraleetharan, Wei 2000; Sheng et al. 2003; Oka 
et al. 2008; Nuth, Laloui 2008). In this study, numerical 
analysis was performed using a multi-phase coupled finite 
element method with the cyclic elasto-plastic constitutive 
model proposed by Oka et al. (2008).

2.2. Coupled seepage-deformation analysis of  
unsaturated soil
Stress variables for the mixture

The total stress tensor is assumed to be composed of 
three partial stress values for each phase:

 s f a
ij ij ij ijσ σ σ σ= + + , (1)

where ijσ  is the total stress tensor, and s
ijσ , f

ijσ
 
 and a

ijσ
 
 

are the partial stress tensors for the solid, liquid and gas 
phases, respectively. The partial stress tensors for unsatu-
rated soil can be formulated as follows:

 
f f

ij r ijnS pσ δ= − ; (2)

 
(1 )a a

ij r ijn S pσ δ= − − ; (3)

 
 (1 ) (1 )(1 )s f a

ij ij r ij r ijn S p n S pσ σ δ δ′= − − − − − , (4)

where '
ijσ

 
is the skeleton stress, fp  and ap  are the pore 

water pressure and pore gas pressure, respectively, n is the 
porosity and rS  is the degree of saturation.

The skeleton stress is used as the model’s basic stress 
variable for unsaturated soil. Summing Eqns (2), (3) and 
(4), we can express the total stress tensor as:

 
 (1 )F F f a
ij ij ij r rP P S p S pσ σ δ′ = + , = + − , (5)

where FP  is the average pore pressure.
Adopting the skeleton stress is a natural application 

of mixture theory to unsaturated soil. Eqn (5) is similar to 
Bishop’s definition of the effective stress of unsaturated 
soil. However, Bishop’s definition cannot describe the col-
lapse behavior of unsaturated soil. In addition to Eqn (5), 
the effect of suction on the constitutive model must be 
taken into account. Introducing suction ( ( ) )c a fp p p= − −  
makes it possible to formulate a model for unsaturated 
soil by starting with a model for saturated soil then using 
the skeleton stress instead of the effective stress (Jommi 
2000; Gallipoli et al. 2003; Oka et al. 2006, 2007, 2008; 
Kimoto et al. 2007). Thus, an elasto-plastic model (Oka 
et al. 1999) is extended to unsaturated soil using the skel-
eton stress as well as the effect of suction. Although Jom-
mi (2000) defined '

ijσ  as the average skeleton stress, in 
present, it is simply called as the skeleton stress to avoid 
confusion. From now, we define the mean skeleton stress 

' ' ' '
11 22 33

1 ( )
3mσ σ σ σ= + + , in which, ' ' '

11 22 33σ σ σ+ +  is the 
first invariant of the skeleton stress tensor. 
Continuity equations for the fluid phases
Continuity equation for the liquid phase is as follows:

0
ff f

f fs s
i iii r r r f

i w i

k p pb S nS nSux x K
ρ ρ ε

γ

  
        

∂ ∂
− + − + + + =
∂ ∂







. (6)
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Similarly, continuity equation for the air phase is as 
follows:

 (1 ) (1 ) 0

a a
a as

i ia
i i

a
s
iir r r a

k p bu
x xg

pS nS n S
K

ρ ρ
ρ

ε

  ∂ ∂ − + − +   ∂ ∂   

− − + − =









.  (7)

When we assume that the air is elastic and that its consti-
tutive equation is given by a a a

iip K ε= −  ( aK – volumetric 
elastic coefficient of the air, a

iiε – volumetric strain of the 
air), Eqn (7) becomes:

(1 )

(1 ) 0.

a a
a a as s

i iii r ra
i i

a
r

k pK b S nSux xg

n S p

ρ ρ ε
ρ

   ∂ ∂   − + − + − − +     ∂ ∂      

− =






 (8)

When the air’s compressibility is very large com-
pared with the other phases, we can set 0aK ≅ . In other 
words, from Eqn (8), we obtain 0ap ≅ . The above dis-
cussion means that we can assume that 0ap =  if the ini-
tial air pressure 0a

inip = . This shows that the continuity 
in Eqn (8) is always satisfied. Namely, the three-phase 
method can be simplified into the soil-water coupled two-
phase mixture theory. We call this as the simplified three-
phase method (Oka et al. 2007; Kato et al. 2009).

Because saturation is a function of the pressure head, 
the time rate for saturation is given by:

 1 1f f fr
r

w w

dS d d CnS n p n C p p
d d dp n

θ ψ
θ ψ γ γ

= = =

   , (9)

where /wV Vθ =  is the volumetric water content, 
/f

wpψ γ=  is the pressure head, and /C d dθ ψ=  is the 
specific water content. Using Eqn (9), Eqn (6) becomes:

0
f f

f f frs s
i iii r f

i w i w

nSk p Cb S pux x K
ρ ρ ε

γ γ

    ∂ ∂ − + − + + + =     ∂ ∂     



. (10)

The apparent volumetric elastic coefficient of the 
pore water, fK , is given by:

 1
f

r
f

w

S C
nKK γ

= + . (11)

Next, the continuity equation can be written as:

0
f f

ff fs s
i iii r f

i w i

k p nb S pu
x x K

ρ ρ ε
γ

  ∂ ∂ − + − + + =   ∂ ∂   




. (12)

2.3. Unsaturated seepage characteristics
The soil-water characteristic model proposed by van Ge-
nuchten (1980) is used to describe the unsaturated seep-
age characteristics, in which the effective saturation eS  is 
adopted as

 

r r r
e

s r s r

nSS θ θ θ
θ θ θ θ
− −

= =
− −

, (13)

where sθ  is the volumetric water content at saturation, 
which is equal to the porosity n, and rθ  is the residual 
volumetric water content retained by the soil at a large 
value of the suction head by a disconnected pendular wa-
ter meniscus. To determine the soil-water characteristics, 
the effective saturation eS  can be related to the negative 
pressure head ψ  by the following equation:

 ( )'1 ( )
mn

eS αψ
−

= + , (14)

where α  is a scaling parameter that has the dimensions 
of the inverse of ψ , and 'n  and m determine the shape 
of the soil-water characteristic curve. The relationship be-
tween 'n  and m leads to an S-shaped soil-water charac-
teristic curve, namely:

 1 (1/ ')m n= − . (15)

The specific water content C, used in Eqn (29), can 
be calculated by:

 
1 1

( ' 1)( ) (1 )mm m
s r e eC n S Sα θ θ= − − − . (16)

The specific permeability coefficient, rk , which is a 
ratio of the permeability of unsaturated soil to that of satu-
rated soil, is defined by Eqn (17) (van Genuchten 1980; 
Brooks, Corey 1964):

 ( ) '1/1 1
nb m

r e ek S S = − − 
 

. (17)

By applying the above relationships, we can describe 
the characteristics of the unsaturated soil. In our analysis, 
the unsaturated region is treated in the following manner.

In the embankment, the initial suction, i.e., the initial 
negative pore water pressure, is assumed to be constant. 
Below water level, the pore water pressure is equal to the 
hydrostatic pressure. In the transition region between the 
water level and the constant suction region, we linearly in-
terpolate the pore water pressure. When the pressure head 
is negative, the increase in soil modulus due to suction is 
considered.

2.4. Elasto-plastic model considering changes  
in suction
For the constitutive model, we used an elasto-plastic 
model extended to unsaturated soil (Oka et al. 1999; Kato 
et al. 2009). To consider changes in suction, we modify 
the over consolidation boundary surface to Eqn (18):

  01
exp exp 1

C
p i

mb mbi IE I d C
e P

v S S s
P

σ σ
λ κ

′ ′
   +    = + − −     −       

, (18)

where IES  is the strength reduction rate after releas-
ing suction, IS  is the strength increase rate in the initial 
suction, ds  is a parameter that adjusts the speed of the 
change in strength, C

iP  is the initial suction, and CP  is 
the current suction. 



20 C.-W. Lee et al. The behavior characteristics of a reservoir levee subjected to increasing water levels

Next, to consider changes in suction, we modify the 
plastic shear coefficient to function for suction, and we 
define the parameter B∗ , which adjusts the speed of kin-
ematic hardening, as:

 0 exp 1
C

i
suc IBE IB db C

P
B B S S s

P
∗ ∗    

= + − −   
   

, (19)

where *
0B  is the initial value of B∗ , IBES  is the strength 

reduction rate after releasing suction, IBS  is the strength 
increase rate in the initial suction, and dbs  is a parameter 
that adjusts the speed of the change of strength. 

2.5. Plastic potential function and dilatancy properties
The non-linear kinametic hardening variable is used in 
the plastic potential function as well as in the yield func-
tion. Plastic potential function g  is denoted as follows: 

1
2

 

 ln 0m
ij ij ij ij

ma
g M

σ
η χ η χ

σ

′
 ∗ ∗ ∗ ∗ ∗   
     ′    

 
= − − + =  

 
 ; (20)

  

: ( 0)

: ( 0)
ln

m b

b
m mc

M NC region f

M OC region fη
σ σ

∗

∗ ∗

′ ′ 
 
 

 ≥
= − < /



, (21)

in which M ∗
  is a dilatancy parameter and  

maσ ′  is a con-
stant. The dilatancy function can be determined consid-
ering the current stress (  

m qσ ′ , ),  
mcσ ′  and the stress ra-

tio in the overconsolidated domain while in the normally 
consolidated domain takes the value of the stress ratio at 
phase transformation mM ∗ ; in other words once M ∗

  has 
reached phase transformation of mM ∗ .

It is known that the stress-dilatancy characteristic 
of Cam-Clay model sometimes gives the liquefaction 
strength curve a rather steep slope compared with the one 
obtained in laboratory tests. Therefore, to deal with this 
shortcoming in the original model, the flow rule is gen-
eralized by means of a fourth rank isotropic tensor ijklH  
(Oka et al. 1999): 

 
 

P
ij ijkl

kl

gd Hε
σ ′
∂

=
∂

. (22)

ijklH  can be expressed as follows: 

 ( )ijkl ij kl ik jl il jkH a bδ δ δ δ δ δ= + + , (23)

where a  and b  are coefficients that depend on the state 
parameters, i.e. stress and strain. From the chain rule on 
Eqn (20), the plastic deviatoric strain increment tensor 

P
ijde  and the plastic volumetric strain increment Pdv  can 

be expressed as follows: 

 2P
ij

ij

gde b
s
∂

=
∂ ; (24)

 ( )  3 2P P
kk

m

gdv d a bε
σ ′
∂

= = +
∂

. (25)

Here, we derive the stress-dilatancy characteristic relation 
by above equations. The partial differential components 
of the plastic potential function by the stress and the de-
viatoric stress can be expressed as follows: 

   
1

3
st st stij ij ij

ij m m

g
M

χ χ

η η χδ η χ

σ σ ση η

∗ ∗ ∗  ∗ ∗ 
 ∗

′ ′ ′∗ ∗

 − −∂  = − + 
∂   

 ;  (26)

1
2

 

 

1

1 ,

ij ij st st st st
ij m

ij ij

m

g
s

χ

η χ η χ η χ
σ

η χ

σ η

− ∗ ∗ ∗ ∗ ∗ ∗     
       ′      

∗ ∗

′ ∗

∂
= − − − =

∂

−
  (27)

where, 
1
2

st st st stχ η χ η χη  ∗ ∗ ∗ ∗ ∗   
    
    

= − − .

The second invariant of P
ijde  is expressed as follows:

 1/2( )P P P
ij ijd de deγ = . (28)

By Eqn (24), Eqn (27) and Eqn (28), the second 
invariant of the plastic deviatoric strain increment tensor 

P
ijde , Pdγ  can be expressed as follows: 

 
 

12P

m
d bγ

σ ′= . (29)

Also, by Eqn (25) and Eqn (26), the plastic volu-
metric strain increment Pdv  can be expressed as follows: 

 ( )
 

3 2 st st stP

m

a b
dv M

χ

η η χ

σ η

∗ ∗ ∗ 
 
 ∗

′ ∗

 −+  = − 
  

 . (30)

By Eqn (29) and Eqn (30), the stress-dilatancy rela-
tion can be derived as follows: 

 ( )3 1
2

P
st st st

P
dv a

Mbd χ

η η χ
γ η

∗ ∗ ∗
∗

∗

 −  = + −  
   

 . (31)

Here, the coefficient of dilatancy D∗  is determined by 
Eqn (32): 

 3 1
2
aD
b

∗ = + , (32)

in which D∗  controls the ratio of the plastic deviatoric 
strain increment to the plastic volumetric strain incre-
ment.

When coefficient a  is zero, D∗  is equal to one and 
the stress-dilatancy relation is equivalent to that of the 
original model. A nonlinear function D∗  is used in this 
study, namely: 

 0

n

r
D D η

η

∗
∗ ∗

∗

 
=   

 
; (33)

 
 

 ln mc
r m

m
M

σ
η

σ

′
∗ ∗

′

 
=   

 
, (34)
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where rη
∗  is the value of the stress ratio on the overcon-

solidation boundary surface with the current mean effec-
tive stress. When η∗  is larger than rη

∗ , η∗  is replaced 
by the value of rη

∗ . When the stress state is inside the 
overconsolidated region, the following equation gives the 
nth power of the stress ratio invariant. When the value of 
n  is larger than one and the stress conditions are inside 
the overconsolidated region, the value of the coefficient 
of dilatancy changes drastically with changes in the stress 
ratio: 

0 0 0  ln( )

n nn

r m mc m m

MD D D D
M M

η η
η σ σ

∗ ∗ ∗
∗ ∗ ∗ ∗

′ ′∗ ∗ ∗

      = = =        /      

 . (35)

2.6. Boundary conditions and material parameters
The behavior of a levee subjected to water level raising 
has been discussed based on the comparison between the 
test and numerical results. Figure 7 shows the analytical 
model and the boundary condition of the levee used in the 
analysis. A height of flow-out boundary was determined 
based on typical phreatic line of the levee (Kato et al. 
2009; Oka et al. 2011). The model has 1351 nodes and 
1248 elements. 

The material parameters used in this analysis are 
listed in Table 2. The material parameters of the shell and 
the core were determined through the results of the soil 
investigation, the literature review (The LIQCA Research 
and Development Group 2009) and a parametric study 
that reproduced the displacement behavior in Case 1.

The soil-water characteristic curve and specific per-
meability curve for each material is shown in Figure 8 
(Garcia 2010). Because the unsaturated seepage flow was 
observed in the experiment, the real permeability is pos-
sibly smaller. To consider this property, the permeabili-
ties of the shell and the core are determined as 1/3 of the 
saturated permeabilities of each material by parametric 
study (Lee 2012). These unsaturated permeabilities of the 
shell and the core correspond to degrees of saturation of 
69.5% and 77.7%, respectively, based on an equation for 
the permeability coefficient using, rk , which is a ratio 
of the unsaturated to the saturated permeability (van Ge-
nuchten 1980; Brooks, Corey 1964).

The bulk modulus of the pore fluid is 2,000 kPa, 
which is lower than that of water. This modulus was used 
to model the mixture of the pore water and the pore air in 
the simplified three-phase method based on mixture the-
ory. This reduced bulk modulus corresponds to a degree 
of saturation of 94.9% based on an equation of the simple 

Table 2. Material properties used in the elasto-plastic analysis 
on the levee

Material properties Shell Core
Elastic modulus, E (kPa) 30,000 15,000
Poisson’s ratio, ν 0.30 0.35
Cohesion, c (kPa) 0 100
Shear resistance angle, φ (deg) 35.0 27.4
Coefficient of earth pressure at rest, K0 0.43 0.54
Initial void ratio, e0 0.462 0.621
Compression index, λ 0.0250 0.341
Swelling index, κ 0.0025 0.019
Normalized shear elastic modulus,  
G0/σm0’ 150 100

Permeability, k (cm/sec) 4.63×10–4 9.87×10–8

Density, ρ (g/cm3) 2.10 1.98
Stress ratio at phase transformation, Mm

* 1.270 1.270
Stress ratio at failure, Mf

* 1.270 1.270
Hardening parameter, B0

* 350 250
Hardening parameter, B1

* 35 25
Hardening parameter, Cf 50 600
Anisotropy disappearance parameter, Cd 2,000 2,000
Quasi-overconsolidation ratio, OCR* 1.0 1.0
Dilatancy coefficient parameter, D0

* 1.0 0.0
Dilatancy coefficient parameter, n 9.0 10.0
Referential strain parameter  
(in plastic), γr

P* 0.015 0.008

Referential strain parameter  
(in elastic), γr

E* 0.10 0.08

van Genuchten’s parameter, α (1/m) 9.81 1.28
van Genuchten’s parameter, n’ 5.00 1.65

No-flow boundary

Flow-out
boundary

Front (Reservoir) side Rear side

Flow-in
boundary

EL.  9.2m

EL.12.7m

Fig. 7. Analytical model and boundary condition of the levee

(a) Shell 

(b) Core

Fig. 8. Soil-water characteristic curve and specific permeability 
curve for each material
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average of the compressibility of water and air (Okusa 
1985). The shell and the core are initially unsaturated with 
initial suctions of 0.72 kPa and 4.80 kPa, respectively, 
corresponding to the initial degree of saturation of 86.7% 
and 86.1%, respectively, based on the van Genuchten’s 
soil-water characteristic curve model. The initial degree 
of saturation in each material was obtained from the rela-
tion among specific gravity, water content and void ratio.

2.7. Simulation results
Phreatic line
Figure 9 shows the change of the phreatic line and distri-
bution of mean skeleton stress with time in Case 1. The 
definition of the mean skeleton stress is expressed in Sec-
tion 2.2. It is observed that the shell of the levee, which 
has a larger permeability, is rapidly saturated due to the 
water level rise, while in the core of the levee, which has 
a smaller permeability, saturation progresses gradually. 

The final phreatic line for each case is depicted in 
Figure 10. Further movement of the phreatic line at the 
lower part of the core toward the rear side of the levee 
is observed in the case which has longer infiltration time. 
However, the shapes of the phreatic lines in all cases are 
similar to each other.
Pore water pressure and displacement
Figures 11 and 12 demonstrate the comparisons between 
test and simulation results of the pore water pressures and 
the vertical displacements at the rear side of the levee after 
62.5 hr, respectively. In all cases, it is observed that the 
pore water pressure levels on the rear side of the levee (at 
P4 and P5) are almost zero in the numerical simulation and 
in the test because of limited outflow toward the rear side 
of the levee due to the small permeability of the core. In 
the meantime, in all cases, the final pore water pressure on 
the reservoir side of the levee (at P1, P2 and P3) obtained 
by the analysis is in good agreement with the test results 

(a) Waiting (water level: EL.9.2 m, t = 62.5 hr)

(b) Water level raising to EL.12.7 m (t = 181.9 hr) 

(c) Waiting (water level: EL.12.7 m, t = 265.3 hr)

Fig. 9. Phreatic lines and distributions of mean skeleton stress 
with time (Case 1; unit: kPa)

(a) Case 1

(b) Case 2

(c) Case 3

Fig. 10. Final phreatic line for each case

              
 (a) Case 1 (b) Case 2   (c) Case 3
Fig. 11. Time histories of pore water pressures obtained by numerical simulation and test (after 62.5 hours)
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except that at P3 of Case 1, although the trends in increas-
ing the pore water pressures with time slightly differed.

The vertical displacements on the rear side of the 
levee (at L1 and L2) of the three cases were similar to one 
another regardless of the water-level-raising velocity in 
the numerical simulation, while in the test, although the 
absolute values were small, vertical displacement at L1 
increased whereas that at L2 decreased with the increase 
of the water-level-raising velocity. However, the increase 
of the displacement rate in proportion to the water-level-
raising velocity was well-reproduced in the numerical 
simulation. 

It is seen in all the cases that the simulation results 
which the final pore water pressure and the increase ten-
dency of the displacement rate with higher water-level-
raising velocity are consistent with the experimental re-
sults. Hence, the validity of the numerical analysis seems 
to be verified.
Accumulated plastic deviatoric strain
Figure 13 shows the distributions of the accumulated 
plastic deviatoric strain pγ  with time in Case 1, in which 

1/2( )p p p
ij ijde deγ = ∫ ; p

ijde : plastic deviatoric strain incre-

(a) L1

(b) L2

Fig. 12. Time histories of vertical displacements at rear side 
of levee obtained by numerical simulation and test (after 62.5 
hours)

ment. It seems that the increase of the pore water pres-
sure in the levee caused by seepage flow due to the water 
level rise causes the decrease in stiffness and the skeleton 
stress owing to the loss of suction as expressed in Sec-
tion 2.4, which leads to the accumulation of plastic de-
viatoric strain due to the volume shrinkage in the seepage 
area. This is the main reason why the displacements of 
the levee increase with time.

Figure 14 demonstrates the distribution of pγ  at the 
end of the numerical simulation on each case. Maximum 

(a) Waiting (water level: EL. 9.2 m, t = 62.5 hr)

(b) Water level raising to EL. 12.7 m (t = 181.9 hr)

(c) Waiting (water level: EL. 12.7 m, t = 265.3 hr)
Fig. 13. Distributions of accumulated plastic deviatoric strain 

pγ  with time (Case 1)

Maximum 
Value

0.979%

(a) Case 1

Maximum 
Value

0.980%

(b) Case 2

Maximum 
Value

0.981%

(c) Case 3
Fig. 14. Distribution of pγ  at the end of the numerical 
simulation on each case
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value of pγ  is expressed at the toe of the reservoir side 
of the levee. pγ  which the accumulated value gradually 
increases with progress of infiltration which leads to de-
crease of suction. Since the highest pγ  level is observed 
in Case 3, it seems that the accumulation of plastic de-
viatoric strain is related not to the water-level-raising ve-
locity but to the infiltration time, although the absolute 
value was small.
Influence of water level rise on levee
Figure 15 shows the locations of node and elements to 
study the behavior of the reservoir side of the levee due 
to the water level rise. Nodal displacement was examined 
at Node 1127, which was a central location between the 
ordinary water level (EL. 9.2 m) and HWL (EL. 12.7 m), 
while the stresses, strains and pore water pressure were 
also examined at Element 1239, which was immediately 
above Node 1127. In addition, the vertical skeleton stress 
of the core and the pore water pressure applied to the core 
were examined at Elements 1048 and 1049, respectively: 

1. Displacement of reservoir side of levee (Node 
1127). The time histories of vertical displacement on the 
reservoir side of the levee during the water-level-raising 
process for each case are shown in Figure 16. As shown 
in Figure 16(a), the largest vertical displacement at the 
end of the numerical simulation is observed in Case 3, 
which is consistent with the highest pγ  level, as shown 
in Figure 14. However, the highest displacement rate is 
observed in Case 1, which has the maximum water-level-
increasing velocity, as shown in Figure 16(b).

2. Stresses, strains and pore water pressure on res-
ervoir side of the levee (Element 1239). The time profiles 
of the stresses, the strains and the pore water pressure and 
the stress path in Element 1239 in Case 1 are shown in 
Figures 17 and 18, respectively.

Before approximately 130 hours, Element 1239 was 
slightly dilated due to the deformation caused by the in-
filtration of the levee below this element; this induces 
the decrease of the horizontal and the vertical skeleton 
stresses. Hence, the stress path moves to the lower-left 
due to the decrease of the mean skeleton stress. The plas-
tic volumetric strain continuously increases with the pro-
gress of the deformation of the levee.

After approximately 130 hours, it is confirmed that 
the infiltration of Element 1239 has begun through the 

increase of the pore water pressure in this element, the 
horizontal and the vertical skeleton stress are slightly in-
creased and the small compressive volumetric strain oc-
curs in this element for a short period. This strain is most 
likely observed because of the surface force applied to 
this element just before the infiltration. After that, the 
Element 1239 undergoes substantial elastic dilation and 

EL.  9.2m

EL.12.7m Element 
1239

Element 
1048

Element 
1049

Node 1127

Fig. 15. Locations of node and elements to study behavior of  
reservoir side of levee due to water level raising

(a) Entire time range

(b) Time range: 0 to 120 hours

Fig. 16. Time histories of vertical displacement at reservoir 
side of levee during water-level-raising process on each case 
(after 62.5 hours, at Node 1127)

    

Fig. 17. Time histories of stresses, strains and pore water 
pressure (Case 1, at Element 1239)
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plastic compression due to the infiltration and the water 
level rise, and the stress path in this element approaches 
the critical state line due to a rapid decrease in the mean 
skeleton stress due to the decrease of the horizontal and 
the vertical skeleton stresses to less than 5 kPa. 

Figure 19 demonstrates the time profiles of the pore 
water pressure, the plastic volumetric strain and the volu-
metric strain at Element 1239 for each case.

Although the water-level-raising velocities in Case 2 
and Case 3 are approximately 50% and 25% of Case 1, 
respectively, it is observed that the plastic volumetric 
strain and the volumetric strain at the end of the numeri-
cal simulation on each case were almost identical. How-
ever, it is confirmed that the plastic volumetric strain rate 
increases in proportion to the water-level-increasing ve-
locity.

3. Vertical skeleton stress of core and pore water 
pressure applied to the core (Element 1048 and 1049). 
The time profiles of the vertical skeleton stress in the 
core and the pore water pressure applied to the core of 
the levee are shown in Figure 20. It indicates that the 
higher water-level-increasing velocity induces a dramatic 
increase in the pore water pressure applied to the core. 

0 5 10 15 20
0

5

10

15

20
M*

f=1.27

 

 

(2
J2

)1/
2

Mean skeleton stress (kPa)

Initial state

End of analysis

Beginning of seepage

Fig. 18. Stress path (Case 1, at Element 1239)

Fig. 19. Time histories of pore water pressure, plastic 
volumetric strain and volumetric strain on each case (at 
Element 1239)

Meanwhile, it is observed that the decrease rate in the 
vertical skeleton stress of the core due to the infiltration 
is in proportion to the water-level-raising velocity. Shin 
(2003) has reported that the possibility of hydraulic frac-
turing occurring in the core of the dam increases with the 
increase of the water-level-increasing velocity. Hence, the 
simulation results in this study also suggest that the rapid 
water level elevation may lead to the hydraulic fracturing 
of the core of the levee.

Conclusions

In this study, the behavior of reservoir levees with dif-
ferent velocities of increasing water levels was studied 
using a centrifugal model test and seepage-deformation 
coupled analysis. The conclusions obtained in this study 
are described below.

1. In the centrifugal model tests, the pore water pres-
sures increased nonlinearly with linear water level rise. 
Additionally, smaller pore water pressures were observed 
deeper parts of the levee, and in certain case, the final 
pore water pressure was lower than the hydrostatic pres-
sure. These results suggest that the seepage area inside 
the levee is not fully saturated but partly saturated, and 
pore air is trapped with the seepage water. Meanwhile, 
the displacement rate at the rear side of the levee in-
creased in proportion to the velocity of increasing water 
levels. This is most likely due to the increase of loading 
rate of water at the reservoir side of the levee. In the nu-
merical simulations, the pore water pressure behavior in 
the levee is in keeping with the test results, although the 
trend of increasing pore water pressures with time was 
slightly different. In addition, the increase of the displace-
ment rate in proportion to the velocity of increasing water 
levels was well-reproduced.

2. The largest vertical displacement at the reservoir 
side of levee at the end of the numerical simulation was 
observed in the case of low velocity of increasing wa-
ter level, which is consistent with the highest pγ  level. 
Hence, it seems that the accumulation of plastic devia-

Fig. 20. Time histories of vertical skeleton stress of core (at 
Element 1048) and pore water pressure applying to core of 
levee (at Element 1049)
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toric strain is related to the infiltration time. However, 
the highest displacement rate at the same location was 
observed in the case of high velocity of increasing water 
level, and the plastic volumetric strain rate also increased 
in proportion to the velocity of increasing water level. 
In the meantime, the higher velocity of increasing wa-
ter level induced the dramatic increase of the pore water 
pressure applying to the core, and the decrease rate of 
the vertical skeleton stress of the core due to the infiltra-
tion was in proportion to the velocity of increasing water 
level. Therefore, the rapid water level raising may lead to 
the hydraulic fracturing of the core of the levee.

3. A higher velocity of increasing water level induces 
a dramatic increase of the displacement, plastic volumet-
ric strain and risk of the hydraulic fracturing occurring 
in the core of the levee. Hence, the real-time monitoring 
of the displacements and the pore water pressures at the 
reservoir side and at the rear side of the levee is important 
to ensure the levee’s stability.
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