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ABSTRACT: The capillary barrier is a cover technique which controls water flow by due to the difference in
unsaturated hydraulic properties of constitutive materials. The capillary barrier configuration is a fine soil overlying a coarse soil and inclined at the gradient of slope to drain infiltration water. This study was performed to
use capillary barriers as a countermeasure against rainfall such as slope protection work for embankments. The
diversion capacity of the capillary barrier constructed on the steep slope such as embankment slope is uncertain
because number of experimental studies for it is small. In this study, experimental study is performed to study
the effects of capillary barrier constructed on a steep slope. The results show that the reduction of infiltrated
water to the embankment part is roughly 60% of the rainfall such as it considered in the design of earth structures in the railway. Also, the stability analysis considering the shear strength depending on the degree of saturation of the embankment calculated by the numerical analysis is performed to examine the effect of the function of the capillary barrier on the safety factor. The results show that the capillary barrier contributes the
stability of the embankment during rainfall.

1 INTRODUCTION
In recent years, the annual amount of rainfall in Japan
has not changed significantly, however the number of
observations of heavy rain tends to increase. As the
number of heavy rain increases, the number of damage cases of earth structures also increases. Although
it is effective to extract the weakness of the earth
structure in advance and to construct appropriate
countermeasures against such damage, it is not easy
to extract it. Generally, in order to reinforce a tremendous number of structures in a limited budget, a
low cost and high effective countermeasure is desired. The embankment countermeasures against
rainfall are carried out by constructing drain pipes,
slope protection works and gabions. Focusing on the
slope protection works, it is selected according to
purpose such as diversion length, prevention of surface failure, prevention of surface erosion, and etc. In
Japanese railway, concrete-block pitching and lattice
frame protection work are often constructed. These
slope protection works made of concrete or mortar
have problems which are damaging the landscape,
low followability with the deformation of the embankment, difficult construction on site conditions
such as high and long slope, the large-scale restoration due to the collapse of slope protection works
during earthquake.

This paper discusses the applicability of the capillary barrier configuration constituted by soil materials
to embankment slope protection work. The capillary
barrier is a technique which controls the water flow
by the difference in unsaturated hydraulic properties
of constitutive materials, and it is constructed to arrange the fine soil overlying the coarse soil. Figure 1
shows the outline of the slope protection work using
the capillary barrier configuration. During rainfall,
the percolation water flows mainly inside the fine soil
constructed on the embankment slope, and it reduces
the amount of the infiltration water into the embankment. It is expected that the stability of the embankment is improved during rainfall. It has a possibility
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Figure 1. Schematic diagram of the slope protection
work using the capillary barrier configuration.

to solve the problems of the slope protection works
made of concrete or mortar since the capillary barrier
configuration is composed of soil materials.
In previous research, although the performance of
the capillary barrier configuration constructed on the
slope has been studied, experimental studies (Rahardjo et al. (2012), Tidwell et al. (2003)) are few. In
addition, there are studies which evaluated the performance of the capillary barrier configuration constructed on the slope by rainfall experiments and test
construction. However the rainfall intensity is about
50 mm/hr at the maximum, which is lower than it
used for the design of railway embankments, and
most studies are evaluated focusing diversion length
by the capillary barrier configuration.
In this study, rainfall experiments and numerical
analysis were carried out in order to evaluate diversion length and drainage performance of the capillary
barrier configuration constructed on the embankment
slope. In rainfall experiments, experimental specimens were inclined, assuming the capillary barrier
configuration constructed on the embankment slope.
The influence of the material properties of the soil
materials constituting the capillary barrier configuration on the performance is examined by changing the
combination of constituent materials. In numerical
analysis, seepage flow analysis and stability analysis
were conducted to study the influence of the capillary
barrier configuration on the stability of the embankment during rainfall.
2 RAINFALL EXPERIMENT
2.1 Test apparatus and test methods
Figure 2 shows the rainfall experimental apparatus.
The rainfall experimental apparatus which consists of
a water box, hydraulic pump and a nozzle can be
sprinkled to the experimental soil box installed under
the nozzle with a certain amount of rainfall intensity.
The experimental soil box has the width of 1708 mm,
the depth of 395 mm and the height of 600 mm as
the inner dimension. Partition plates with 100mm interval are installed at intervals of 100 mm in the bottom of the soil box, and a water collecting hole is installed in each partition. The infiltration water
collected at the bottom of the experimental soil box
is regarded as the amount of water which breaks
through the capillary barrier configuration and penetrates into the embankment. One side of the experimental soil box is opened, and the capillary barrier
configuration is allowed to drain the infiltration flow
through the boundary of the soil layer by setting a
porous plate with high permeability in the opening.
Soil box model is shown in Figure 3. The model is
composed of layers of height of 220 mm with a
coarse soil layer of 120 mm and a fine soil layer of
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Figure 2. Apparatus for rainfall experiment.
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Figure 3. Soil box model.
100 mm. As the layer thickness increases, the performance of the capillary barrier tends to improve. It
is expected that the performance of the capillary barrier is evaluated small by setting the thin layer thickness. Assuming the capillary barrier configuration
constructed on the embankment slope with the slope
gradient of 1:2, rainfall experiments were conducted
by inclining the model box to 26.5 degree from horizontal.
Tohoku silica sand No 6, No 7 and Inagi sand are
used for the fine soil layer, and No 2, 4 to 6 mm and
6 to 8 mm of Kashima silica sand are used for the
coarse soil layer. As shown in Table 1, 15 cases of
rainfall experiments were performed by changing the
combination of the fine soil and the coarse soil, and
rainfall intensity. Material properties of the soil materials are summarized in Table 2.
2.2 Test results
As the representative case, the experimental result of
Case 4 is mainly presented. The distribution of the
deep percolation along the longitudinal direction of
the soil box at each rainfall intensity is shown in Figure 4. The water collection on the bottom of the soil
tank is carried out at intervals of 20 minutes from the
start of the rainfall. In the case of rainfall intensity of
20 mm / hr, it was confirmed that the diversion
length was 400 mm. As the rainfall intensity increased to 50 mm/hr and 90 mm/hr, the diversion
length tended to decrease to 200mm and 100mm.
Figure 5 shows the relationship between the saturated hydraulic conductivity ratio and the diversion
length. The saturated hydraulic conductivity ratio is
the ratio of the saturated hydraulic conductivity of
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Table 2. Material properties of tested soils.
Fine-grain soil
Silica sand Silica sand
Inagi sand
No.6
No.7
2.645
2.648
2.662
0
0
0
100
98
75
0
2
25
0.85
0.425
4.75
1.66
1.58
14.95

350

The distance from opening of the soil tank (mm)

-2

※3
※3
※3
※3

※1 Compaction tests for coarse-grain soils were not carried out.
※2 The material was used in the dry state.
※3 The water retentively test was not conducted.
※4 They are the parameters of the Van Genuchten model.

the coarse soil to it of the fine soil. It was obtained
that the diversion length can be represented uniquely
by the saturated hydraulic conductivity ratio. As the
saturated hydraulic conductivity ratio decreases, the
diversion length of the capillary barrier improves, and
as the saturated hydraulic conductivity ratio increases, it tends to decrease. In order to investigate the influence of the change in the saturated hydraulic conductivity of the constituent material on the diversion
length of the capillary barrier configuration, Figure 6
shows the relationship between the suction and hydraulic permeability of constituent material. Ross
(1990) assumed that the breakthrough of the capillary barrier occurred when the suction of the capillary barrier configuration reached the suction of the
intersection of the two relationships between the suction and hydraulic permeability of constituent material. In the other words, if the suction at the boundary
between the fine layer and the coarse layer is lower
than the value of the intersection point and the hydraulic conductivity of the fine layer is lower than it
of the coarse layer, the breakthrough of the capillary
barrier occur. According to this assumption, in the
combination of Case 5 with large saturated hydraulic
conductivity ratio, the suction at the intersection becomes large and the breakthrough of the capillary
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Figure 4. Distribution of the deep percolation along
the longitudinal direction of the soil box in Case 4.
barrier occurs with relatively high suction and low
degree of saturation. On the other hand, in the combination of Case 1 with a low saturated hydraulic
conductivity ratio, the suction at the intersection
is smaller and the capillary barrier is developed until
relatively low suction and high degree of saturation.
Parent and Cabral (2006) shows that the performance of the capillary barrier configuration is related
to the shape of saturated hydraulic conductivity and
permeability function of the materials constituting it.
Although it is thought that the intersection point depends not only on the saturated hydraulic conductivity ratio but also on the shape of the permeability
function, since the coarse soils used in this study did
not have large difference in shape of the permeability
function in the range of low suction, there is a corre-
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Figure 5. Relationship between the saturated hydraulic conductivity ratio and the diversion length.
Hydraulic conductivity kr ks(m/s)

100

Relative hydraulic conductivity kr is calculated by Van Genuchten model

10 -1

Coarse-grain soil
（Silica sand No.2）
As the difference of the saturated
hydraulic conductivity is small,
the suction at the intersection point is low.

10-2
10-3

Fine-grain soil (Silica sand No.6)

10-4

10-6
10-7
0

2

4
Suction s (kPa)

6

8

Figure 6. Relationship between the suction and the
hydraulic conductivity of constituent materials.
lation between the saturated hydraulic conductivity
ratio and its diversion length. In order to investigate
the drainage performance of the capillary barrier configuration, Figure 7 shows the relationship between
the saturated hydraulic conductivity ratio and the ratio of the deep percolation to the amount of inflow.
As the saturated hydraulic conductivity coefficient
ratio is small, the deep percolation ratio tends to decrease, and the drainage performance teds to be high.
The points enclosed by the red line show the results
of the case which is occurrence of the surface layer
flow as described above, and the deep percolation
rate is lower than the results of the case using the
light rainfall intensity despite the heavy rainfall intensity. According to the results of this experiment, the
amount of inflow can be reduced to approximately
65 % even in the case of heavy rainfall which is considered in the design, and even in the case where the
rainfall intensity is light, the amount of inflow can be
reduced to about 10 %.
3 NUMERICAL ANALYSIS
3.1 Analysis method
Seepage analysis by the finite element method and
stability analysis by the circular slip method are carried out to study the influence of the capillary barrier
configuration on the stability of the embankment.
The stability of the embankment during rainfall is
evaluated by the stability analysis using the model in
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Figure 7. Relationship between the saturated hydraulic conductivity ratio and the ratio of the deep percolation to the amount of inflow.
consideration of the strength characteristics according to the degree of saturation of the embankment
obtained by seepage analysis. The governing equation in seepage analysis is shown in Equation 1.
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where ρ : water density; kij : hydraulic conductivity (i,
j = 1, 2, 3, and ki3 is hydraulic conductivity in the vertical direction); C(φ) : specific moisture capacity; Ss :
specific storage coefficient; φ : pressure head; β : the
parameter ( β= 1 at saturation, β= 0 at unsaturation).
In Equation 1, it is assumed that compressibility of
water is not taken into consideration, and there is no
change in the soil pore to change in pressure head.
The soil water characteristic curve is expressed by
the model proposed by Van Genuchten (1980), and it
is shown in Equation 2.
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where Se: effective degree of saturation (expressed
by Equation 3); α, n: Van Genuchten model parameters; ψ: suction; Sr: degree of saturation; Srf: maximum degree of saturation; Src: residual degree of saturation.
Equation 4 shows the equation for calculating the
response circular sliding moment, and Equation 5
shows the equation for calculating the resistance
moment. The circular slip risk is calculated by Equation 6.
(4)
M Rd  r   W  sin    y / r   K h  W 
M Ld  f rs  r   W  bu   cos 
(5)
 K h  W  sin   tan   c  L
M
(6)
D   i Rd
M Ld

The seepage analysis was carried out in 2 cases, and
the effect of the capillary barrier configuration was
verified by comparing the presence or absence of the
capillary barrier configuration. Figure 8 shows the
analytical model for the seepage analysis. The embankment has a height of 5.0 m, crest width of 10.2
m and slope gradient of 1:1.5. In seepage analysis the
supporting ground modeled 20 m each from toes of
slope so that the influence of the side boundary is
small. In the case assuming that the capillary barrier
configuration is constructed to the surface layer of
the embankment, the fine soil layer and the coarse
soil layer are each modeled with 0.1 m of thickness.
The upper boundary contained the slope and the
crest of the embankment is flux boundary that takes
into consideration the influx of the rainfall which is
the time history of rainfall shown in Figure 9. The initial conditions assume that the groundwater level is
located at the upper of the supporting ground, and
assuming a steady state, giving the total water head
with a fixed value. Assuming the rainfall to be used in
the design of the newly constructed embankment, the
maximum rainfall intensity is 120 mm/hr and the total
amount of rainfall is 600 mm. The boundary conditions at the left, right and bottom sides were assumed
to be no flow boundary conditions. In the stability
analysis, the model parameters summarized in Table
3 were used.
3.3 Results
Figure 10 to Figure 13 show the location of sliding
plane in the embankment with and without capillary
barrier configuration during rainfall. The rainfall penetrates almost evenly from surface, but in the shoulder of it with the capillary barrier configuration, it
takes time to infiltrate. When performing the circular
slip stability analysis using this result, the circular slip
passing shallow thorough the shoulder in any case
gives the largest degree of risk. The slip surface in it
without capillary barrier configuration is formed in
the region with the saturated state and with the degree of saturation of 80 % or more at any time, but it
in the embankment with capillary barrier configuration is formed in the region of relatively large
strength and the degree of saturation of 80 % or less
due to the suppression of the rainfall seepage in the
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where MRd: response circular sliding moment; W:
slice weight; Kh; horizontal earthquake intensity (in
this study Kh is zero); θ: the angle of the bottom surface of the slice; r: arc radius; y: vertical distance between the center of gravity of the slice and the center
of the arc; MLd: resistance moment; frs: safety factor
(frs is 1.0); φ: interior friction angle; c: cohesion, L:
slice bottom length, B: slice width, u: pore water
pressure, D: the degree of the circular slip risk, γi: the
structure factor (generally γi is 1.0).
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Figure 9. Time history of rainfall used for seepage
analysis.
Table 3. Model parameters for stability analysis
Unit weight
3

S r<80%
80%≦S r<S rsat
S r=S rsat

γ t (kN/m )
16
17
18

Cohesion
2

c (kN/m )
6 (3)
3 (1.5)
0 (0)

Internal friction angle
φ (degree)
35 (30)
35 (30)
35 (30)

※ Values in parentheses are used for the embankment surface layer.

shoulder part. Figure 14 shows the change in the degree of the circular slip risk of the embankment depending on the presence or absence of the capillary
barrier configuration. It was confirmed that the degree of the circular slip risk of the embankment varies depending on the presence or absence of the capillary barrier configuration and that in the case with
the capillary barrier configuration it can be reduced
by about 0.15 at the maximum compared to the case
without it. However, when heavy rainfall is applied
to the embankment material which is low permeability, the surface flow occurs on the slope of the embankment, and it is conceivable that the rainfall seepage in the embankment without capillary barrier
configuration is larger suppressed than it with capillary barrier configuration.
4 CONCLUSIONS
The findings obtained from these studies are shown
as follows:
1) Rainfall experiments assuming that the capillary
barrier configuration applied to the embankment
slope are carried out, and the diversion length
and drainage performance of it were evaluated.
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Figure 14. Change in the degree of the circular slip
risk of the embankment.
As a result, even in the case of heavy rainfall
(rainfall intensity of 90 mm/hr), it was found that
the amount of inflow could be reduced to 65%
roughly.
2) Rainfall experiments in which the combination of
materials constituting the capillary barrier configuration was change were carried out, and the diversion length of it were evaluated. As a result, it
confirmed that the larger the saturated hydraulic
conductivity ratio of the two materials constituting the capillary barrier configuration is, the
shorter the diversion length is, and the ratio of
the deep percolation to the amount of inflow increases.
3) The stability analysis was carried out using the
analysis model considered the strength according
to the degree of saturation obtained by seepage
analysis, and the stability of embankment

80%≦Sr< Sr sat（Deep）
Sr<80%（Deep）

Figure 13. Location of sliding plane with capillary
barrier configuration during rainfall at 24 hour after
the start of rain.
during rainfall with and without capillary barrier
configuration was evaluated. As a result, it confirmed that the capillary barrier configuration
contributes to improvement of embankment stability due to decrease of infiltration of the shoulder part in the embankment.
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