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Abstract - Capillary barrier (CB) is a tilting soil layer system which is composed of a finer soil layer underlain by a coarser soil layer.
Water infiltrating into soil is suspended just above an interface between the soil layers and diverted downward along the interface.
Because of this diversion of infiltration water, the CB has been employed in a top cover of waste landfills and mining wastes to reduce
water infiltration into the protected waste materials. Water flow downward along the interface accumulates gradually its mass of flow
due to continuous infiltration from the soil surface, and, at some length along the interface, water percolates into the coarser soil layer.
A horizontal distance from the beginning of water flow to this point of percolation is called a diversion length of the CB, and is one of
important parameters in designing structural dimensions and configuration of the CB system and in selecting a suitable combination of
the finer and coarser soils. Shallow land waste repository, in which the top CB and bottom CB are placed to reduce infiltration due to
rainfall and to divert percolating water through the protected waste material respectively, is proposed to isolate effectively a hazardous
waste material or a very low level radioactive waste. A laboratory soil box test was conducted to investigate and estimate the diversion
length, and a trial embankment was constructed in the field to investigate performance of the CB in the shallow land waste repository.
The diversion length can be estimated with a practical accuracy based on saturated and unsaturated hydraulic properties of soils
employed in the CB, inclination of the interface and infiltration rate expected in the field. Field observation of soil water movement in
the test embankment shows excellent and stable diversion of infiltration water in the CB system.
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1. Introduction

Capillary barrier (CB) is a sloping soil layer system which is composed of a finer soil (usually sand) layer underlain by
a coarser soil (usually gravel) layer. Water which infiltrates into the soil is suspended just above an interface between the
soil layers and diverted along the interface, with the result that a vertical movement of water into deeper soil layers below
the interface stops within some length along the interface. Because of this diversion of infiltration water, CB have been
employed in a top cover of waste landfills and mining wastes to reduce water infiltration into the protected waste materials
([1], [2]). The CB has also been proposed to be used as a soil cover for slope stabilization against rainfall-induced slope
failure ([3], [4]). Water flow downward along the interface between finer and coarser soil layers accumulates gradually due
to continuous infiltration from the soil surface, and, at some length along the interface, water percolates into the coarser
soil layer as shown in Figure 1 ([5], [6]). The horizontal length or distance from the beginning of water flow to this
percolation into the coarser soil layer (breakthrough) is called a diversion length of the CB, and is one of the important
parameters in designing the CB system and selecting a suitable combination of the finer and coarser soils. It is well known
that the diversion length can be estimated based on the infiltration flux, saturated and unsaturated hydraulic properties of
the finer and coarser soils, and the slope of the interface [7]. Although Ross [5] discussed that the diversion length might
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be theoretically as much as 50 m in a dryer climate with an order of magnitude less infiltration, only 1 to 2 meters of
the diversion length has been observed and published [6].

In this paper, a shallow land waste repository shown in Figure 2, in which a top CB and a bottom CB are placed to
reduce infiltration due to rainfall and to drain percolating water through the protected waste material respectively, is
proposed to isolate effectively a hazardous waste material or a very low level radioactive waste. As the shallow land waste
repository is constructed on the ground surface, there may be no risk that groundwater enters the waste and diffuses
pollutants into the surrounding environment. It should also be emphasized that the CB can maintain its function of water
diversion for a long duration because it consists of natural materials such as sand and gravel. In the following section, the
diversion length of CB which can be applied to a shallow land waste repository is determined based on a laboratory soil
box test. Then trial construction shows some feasible proposition for construction of the shallow land waste repository.
Observations of soil water movement in a test shallow land waste repository are also discussed to show the effectiveness of
the CB.

Continuing supply of water/ rainfall/ irrigation
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Fig. 1: Schematic layout of a capillary barrier of soil and diversion length.
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Fig. 2: Proposal of shallow land waste repository covered with upper CB and placed with bottom CB.

2. Estimation of Diversion Length by Laboratory Soil Box Test

2.1. Soil Box Test

In order to observe the breakthrough of water flowing along the interface, and to determine the diversion length, a
series of laboratory soil box tests were carried out. Figure 3a shows an acrylic soil box, 300 cm in length, 20 cm in width
and 50 cm in height, built in a steel frame. The soil box was placed horizontally, and the gravel was compacted 7.5cm
thickness, then the sand into 20 cm thickness as shown in Figure 3b. A completely-permeable polypropylene net was
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placed over the compacted gravel layer so that the sand particles did not fall into voids formed in the gravel layer. After a
gauze sheet was spread over the soil surface to protect soil erosion due to rainfall droplets, one side of the soil box was
jacked up to obtain the tilting interface of the CB. Infiltration water was supplied on the surface of the upper sand layer
through emitting needles (syringe needles), 0.3 mm inner diameter, attached to the base plate of the water reservoir. To
keep the acrylic front panel clean, the emitting needles were placed so that the rainfall droplets did not fall along the front
panel. The intensity of rainfall was varied by adjusting the head of constant water in the water reservoir. Uniformity of the
rainfall intensity over the soil surface was examined by measuring the water mass collected into a glass beaker during 10
minutes.

"

a. Sil box (lower set) and waterreservoir (up(per set)
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3 Gravel layer / 3 cm high
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0 ~ 100 200 300
Horizonntal distance along soil box, cm

b. Partition walls attached to the bottom of the soil box.
Fig. 3: Test equipment prepared for the soil box test to measure diversion length of the CB.

Figure 4 shows the grain size distribution curves of sand and gravel used in the soil box test. The sand has less-5% fine
and coarse fractions; the gravel, commercially available, is siliceous with a mean particle size of 5 to 6mm. Relationships
of negative pore pressure, h, with volumetric moisture content of sand and gravel are shown in Figure 5. The sand or gravel
compacted into a cylindrical acrylic column 0.1m in diameter and 1m in height was immersed in the water, and, after one
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Fig. 4: Grain size distribution of sand and gravel used in the soil box test.
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week, the water content profile along the height of the soil column was measured and each measurement was
associated with the negative of the sample elevation above the water table. In drying case, the soil column was fully
saturated and then immersed in the water. Soil-water characteristic curves given in Figure 5 are determined by using
the van Genuchten equation [8].

D: drying and W: wetting.
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Fig. 5: Soil-water characteristic curves (SWCC) of sand and gravel measured by laboratory soil column tests.

2.2. Measurement of Diversion Length

12 runs were conducted by combining two interface angles, 5 and 10 degrees, with three infiltration rate (5, 10 and 20
mm/h) in two soil boxes. The sand layer in one of two soil boxes was compacted into 90 % of a maximum dry density,
1.62 Mg/m3, and 85 % in the other soil box. Water which percolated into the lower gravel layer was collected along
partition walls 3 cm high attached transversely 10 cm intervals on the bottom plate of the soil box as shown in Figure 3b,
and led to a collecting beaker through a silicon tube connected to the lowest position of the side wall of the soil box as
shown in Figure 3a. The diversion length was determined by measuring the volume of water collected into the collecting
beaker along the bottom of the soil box. Figure 6 shows a typical measurement of the water volume collected along the
distance of the bottom of the soil box (case of 90 % compaction of the sand layer, 10 degrees in slope and 10 mm/h of
infiltration rate). The total amount of the water volume, 1077.4 cm3/10min., was converted into 10.8 mm/h of the
infiltration rate, and it was confirmed that a mass balance between infiltration and drainage of water is kept. In this case, a
diversion length of 170 cm was determined from Figure 6.
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Fig. 6: Typical measurement of water volume collected along the bottom of the soil box.

2.3. Estimation of Diversion Length

Theoretical equations have been proposed to estimate the diversion length of the CB ([5], [7] and [9]. Among these,
the equation by Steenhuis et al. [7] is effectively adaptable ([6], [10]). In the case where an infiltration rate, g, is much
smaller than a saturated hydraulic conductivity of sand (the upper finer soil), Ks, the equation of the diversion length, L, is
given by
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L< % tan ¢[a'1 +(hg -hy )] 1

in which ¢ is a slope angle of interface, ha, and hy are an air entry value of sand and a water entry value of gravel,
respectively. « is an exponential constant describing the relationship between h and unsaturated hydraulic conductivity, K,
of sand near saturation:

K=Ks |<hy;

2
K=Ksexpla(h-hy)] |h|2hy @)

The diversion lengths measured in the soil box test are given in Figure 7 and compared with the estimations calculated
by Equations 1, 2. Ks of 90 %-compacted sand is 1.31x10* m/s, and 85 %-compacted sand 1.91x10* m/s. The unsaturated
hydraulic properties of the sand, ha, hw and «, are determined to be 13 cm, 1 cm and 0.12/cm, respectively, based on Figure
5 and Nakafusa et al. [11]. Experimental data published by Walter et al. [6] and the observed data by Morii et al. [12] are
also plotted in Figure 7. The value of the data denoted by a small arrow will be larger because the measurement was
restricted to the length of the soil box, 300 cm. Figure 7 shows that Equations 1, 2 proposed by Steenhuis et al. [7] can be
practically to estimate the diversion length of the CB. Based on the results in Figure 7, about four meters of diversion
length can be practically achieved in the CB for the shallow land waste repository.
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Fig. 7: Comparison of the diversion length between measurements and estimations.

3. Soil Water Movement in Test Shallow Land Waste Repository in the Field

3.1. Construction of Test Shallow Land Waste Repository

A test shallow land waste repository was constructed in order to monitor soil water movement in the field and to
examine water diversion by the CB. The upper CB was not included because it was planned only to observe the diversion
of infiltration water. The original ground soil was compacted with a surface inclination of 5 degrees. The gravel was placed
over the compacted ground surface and compacted by using the plate-type bucket in 10 cm thickness and in 4 m horizontal
lengths (Figures 8a and b), then the sand was placed over it in 15 cm thickness. After constructing the CB layer, sandy soil,
polypropylene soil-bags which simulated containers for waste storage, and sandy soil were placed and compacted
successively higher (Figure 8c, and also see Figure 10 in Section 3.2). Uniformity in density of the compacted sand layer is
an important property which guarantees the water diversion in the CB system because the diversion length directly relates
to the saturated hydraulic conductivity of sand as shown in Equation 1. After constructing the CB layer, 19 cylindrical sand
cores, 100 cm?® in volume and 5 cm in height, were sampled, and the densities of the sand cores were measured in
laboratory. Figure 9a shows the mean value and standard deviation of the dry density, pq4, of sand cores on a normal
distribution curve, together with the saturated hydraulic conductivity of sand measured by laboratory permeability test in
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Figure 9b. Figure 9 shows that the saturated hydraulic conductivity corresponding to a maximum density expected
with 95%-confidence is about 65 % lower than that corresponding to a minimum density along an average line
between Ks and pq in Figure 9b, with the result that the diversion length may vary.

a. Gravel Iayr ompacted by the plate- b. ad yer comacted by the plate- c. Test shallow land waste repository
type bucket. type bucket. constructed.

Fig. 8: Construction of test shallow land waste repository.
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3.2. Soil Water Movement

The volumetric moisture contents measured in the test shallow land waste repository from June to September are
shown in Figure 11 together with the structural section in Figure 10. Two plots were prepared in the test construction, a CB
layer plot and a reference plot without CB both 2 m in width. Figures 11(a) and 11(b) show the volumetric moisture
contents (VMC) measured in the sand layer and gravel layer, respectively, in the CB layer plot. The VMCs in Figures
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11(c) and 11(d) were measured in the sand of the reference plot at the same level as Figure 11a and 11b respectively.
Rainfall intensity measured 5-minute intervals is given by an inverse bar with the right vertical axis of each figure.
Comparing d with b and c in Figure 11, it is found that the soil water which infiltrates from the top surface of the test
repository enters into the sand layer but does not enter into the gravel layer underling the sand layer. This is exactly due to
the water diversion by the CB.

§ 2 L [a]: Loamy soil with surface inclination of 5 degrees
D E T\TW [b]: Gravel constituing CB layer, 10cm thickness
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Fig. 10: Structural section of the test shallow land waste repository.
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Fig. 11: Volumetric moisture content measured in the test shallow land waste repository.
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4. Conclusion

A shallow land waste repository, in which an upper CB and bottom CB are placed to reduce infiltration due to rainfall
and to drain percolating water through the protected waste material respectively, was proposed to isolate effectively a
hazardous waste material or a very low level radioactive waste. The laboratory soil box test and the test shallow land waste
repository constructed in the field reveal that:

1. The diversion length which determines the structural dimensions of the shallow land waste repository can be
estimated based on the hydraulic properties of sand and gravel employed in the CB, the inclination of the CB interface
and the infiltration rate expected in the field. Equations 1 and 2 proposed by Steenhuis et al. (1991) is recommended
to estimate the diversion length of the CB.

2. The test shallow land waste repository showed the excellent and stable diversion of infiltration water provided by the
CB. A continuing observation of soil water movement may be required to evaluate the CB performance for a long
duration.
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