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ABSTRACT 

For the assessment of the radioactive waste facility in the near-surface 
underground, it is important to consider the influence of the unsaturated condition 
flow field (hereinafter referred to as unsaturated condition) on the migration of 
radionuclides through the porous medium. The unsaturated condition, which is not 
completely saturated with liquid phase, will change the retardation effect for the 
migration of nuclides by interrupting the interaction of nuclides and solid phase, and 
by clogging flow paths with gas phase. In this study, considering the spatial 
distribution of the water saturation, the migration of radionuclides in the two-
dimensional (2D) porous medium under the saturated flow field (hereinafter referred 
to as saturated condition) and unsaturated condition was examined by using the 
parallel-plate type’s packed bed and the 2D advection-dispersion model. Besides, for 
comparison, the one-dimensional (1D) flow experiment using the column type’s 
packed bed was also examined. In the experiments, a 1 mM Cs solution was injected 
into the beds packed with silica sand under a given constant pressure condition 
controlled by an overflow system. The overall effective values of retardation 
coefficient were estimated by applying the theoretical models to the experimental 
results.  
 
As a result, the overall retardation coefficient under the unsaturated condition 
became smaller than that under the saturated condition. This means the decrease in 
the effective surface area for the sorption of tracer ions in the presence of gas phase. 
Furthermore, under the unsaturated condition, the retardation coefficient of the 2D 
flow condition was estimated smaller than that of the 1D condition. That is, in the 2D 
flow system, the tracer ions migrate through more selective flow-paths caused by 
the heterogeneous spatial-distribution of water saturation which is the ratio of the 
volume of water to the volume of pores. 
 
INTRODUCTION 

With the decontamination operation after the accident of Fukushima Daiichi 
nuclear power plant, there are a large amount of soils contaminated by radionuclides 
in Fukushima prefecture. A part of these contaminated soils will be temporarily stored 
in an interim storage facility until a final disposal site will be available. This interim 
storage facility is planned to be constructed at near-surface underground. Such a 
shallow underground layer repeatedly undergoes a saturated condition and an 
unsaturated condition with discharging meteoric water. In this case air penetrates 
into porous medium. Also, the unsaturated condition is a notable factor for estimating 
the migration rates of radionuclides released from the near-surface disposal facilities 
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of low-level radioactive wastes, because the gas will generate in the repository by 
the corrosion of metals used for over-pack, the decomposition of organic matter with 
the microbial activity, or the radiolysis of water. It contains mainly H2 gas. Although 
many previous studies have reported the migration of gas in the porous media, the 
influence of gas phase on the retardation effect of dissolved species has hardly been 
studied. Thus, it is important to estimate and clarify the migration behavior of 
radionuclides under the saturated and unsaturated conditions for the safety 
assessment of the interim storage facility and the near-surface repository. 

 
So far, our previous study [1] has discussed the influence of the unsaturated 
condition on the retardation effect for the migration of radionuclides, using the one-
dimensional (1D) packed bed column experiments and the 1D advection-dispersion 
model. In this previous study, using Corey’s equation [2], the relative permeability 
was evaluated by the assumption of the uniform distribution of the water saturation 
in the column. However, the migration behavior in the actual environment might be 
more complicated than that observed through 1D column experiments. In particular, 
the spatial distribution of water saturation should be appropriately reflected to the 
estimation of the retardation effect for the radionuclide migration. Therefore, this 
study examined the migration of radionuclides in the two-dimensional (2D) porous 
medium under the unsaturated condition and the saturated condition, by using the 
parallel-plate type’s packed bed and the 2D advection-dispersion model. In addition, 
the 1D flow experiments (using the column) were conducted in order to be compared 
with the migration of nuclides under the 2D flow condition. As in our previous study, 
this study also focused on the overall retardation effect of a porous medium 
accompanied by the interaction of nuclides and solid phase such as the sorption and 
the desorption.  
  
METHODS 
 
1D and 2D Flow Experiments  
 Fig. 1 shows the schematic view of over flow system for the 2D flow 
experiments. The 2D porous medium was simulated by using a parallel-plate bed 
(inner size: 10 cm×10 cm×1 cm) packed with silica sand (grain size: 350 µm) as 
shown in Fig. 2. As tracer ions, a 1 mM solution of Cs ions (CsCl) was prepared. 
Stainless nets were attached to the inlet and outlet of the cell to avoid the leaking of 
silica sand. The tracer ions were continuously injected into the parallel-plate bed with 
using an overflow system so as to fix the hydraulic head (15 cm, equivalent to 14.7 
kPa/m of uniform-pressure gradient) at the inlet. The porosity of the packed bed was 
0.40, which was determined from the weight of water filling the packed bed perfectly. 
A silicone rubber sheet was attached all inside of the parallel-plates so as to prevent 
from forming local flow-paths near the internal surfaces. For preparing the saturated 
condition, after filling with pure water in the packed bed, pure water was continuously 
injected into the packed bed for 15 minutes until the permeability became stable. 
The volumetric flow rate under the condition saturated with pure water was 
approximately 1.6×10-2 cm3/s. On the other hand, the unsaturated condition was 
prepared by injecting pure water to the packed bed initially filled with air (water 
saturation = 0%). The injection of pure water was continued (for about 15 minutes) 
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until the elution of air disappeared and the permeability became stable. Through this 
injection procedure, a little air remained in the bed. Its water saturation, Sw, was 
92.4% and its volumetric flow rate was 0.94×10-2 cm3/s. After these preparation, 
the trace solution was injected into the bed. The concentrations of Cs ions eluted at 
the outlet were measured by AAS (atomic absorbance spectroscopy, iCE 3000，
Thermo SCIENTIFIC) in a given time interval. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

Fig. 1 Schematic view of overflow system for the 2D flow experiments. 
 

 
Fig. 2 Parallel plate bed packed with silica sand.  
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Fig. 3 shows the schematic view for the 1D flow experiments. The differences 
between the 1D and 2D flow experiments are the packed cell and the preparation of 
the unsaturated condition. Other conditions for the 1D flow experiments were almost 
the same as those for the 2D experiments. For the 1D flow experiments, a column 
(10 cm for length, 1 cm for bore diameter) packed with silica sand (350 µm) was 
used instead of the parallel-plate type’s packed bed. Stainless nets were attached to 
the inlet and outlet of the column to avoid the leaking of silica sand. The porosity of 
this packed column was 0.37. The inside of the column was covered with the silicone 
rubber sheets as well as the parallel-plate bed. For adjusting the unsaturated 
condition, once air was injected into the column filled with pure water by a syringe 
pomp, water was injected again by overflow system until the permeability became 
stable. Its water saturation was 0.87. 
 

 
 

Fig. 3 Schematic view of over flow system for the 1D flow experiments. 
 
Theoretical analysis 
 In this study, to estimate the change in the overall retardation effect of the 
flow systems under the saturated and unsaturated condition, the mathematical model 
was applied to the experimental results. For the 1D flow experiments, the theoretical 
analysis for the 1D flow experiments followed the procedure reported by the previous 
study [1,3]. The 1D advection dispersion equation [4] considering the retardation 
effect and the water saturation was described by  
 

2

e w d2
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where u is flow rate(m/s), Sw is water saturation (-), De is dispersion coefficient 
(m2/s), c is the concentration of solute (Cs ions) (mol/L), t is time (s), x is  
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distance from the inlet (m) and ε is porosity (-), respectively. In addition, the 
retardation coefficient, Rd, is defined as 
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where Kd is the apparent distribution coefficient (m3/kg) and ρ is the density of solid 
phase (kg/m3).  The dimensionless form of Eq. (1) and Peclet number, Pe, are given 
by the following Eqs. (3) and (4). Here, Peclet number means the ratio of the rate of 
advection to the rate of dispersion, as shown in Eq. (4). 
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where L is the characteristic length which is the distance from the inlet to the outlet 
of the column in this study, and T is the dimensionless time. As the distribution of 
water saturation, Sw, is assumed to be homogeneous in the bed, T is defined by the 
following characteristic time, t*:   
 

* wRd VSt
Q
ε

=      ,                               (5) 

 
where V is the column volume (m3), and Q is the volumetric flow rate (m3/s). 
 
Besides, in the case of the 2D analysis, the advection dispersion equation is described 
by  
 

w d w ex w ey
c c c c cS R u v S D S D
t x y x x y y

ε ε ε
 ∂ ∂ ∂ ∂ ∂ ∂ ∂ = − − + +   ∂ ∂ ∂ ∂ ∂ ∂ ∂   

     ,      (6) 

 
where the variables are basically the similar as them in Eq. (1), except for the 
variables with x- or y-direction. That is, u is the velocity in x-direction, v is the velocity 
in y-direction, and the subscripts x and y mean the directions of each variable. 
 
The dispersion coefficient essentially consists of “mass transport caused by mixing or 
local eddy with flow velocity in porous media” (Hereinafter referred to as mixing 
effect) and “an equimolar molecular diffusion” in consideration of the definition of the 
dispersion coefficient. Here, since the equimolar molecular diffusion is much smaller 
than the mixing effect, this study ignored the molecular diffusion. Then, the 
dimensionless dispersion coefficient can be described by Eq.(7) [5]: 
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where u* is the representative flow rate (m/s), and α is the longitudinal dispersion 
length (m). By using the same way as Eq. (7) for also expressing the dimensionless 
form of dispersion coefficient of y-direction, Eq. (6) is finally rewritten to 
 

w
e

1
w
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  .        (8) 

 
Besides, such a relation as Dex=αu in Eq. (7) can be also used for the effective 
dispersion coefficient in Eq. (4) of 1D-model. 
 
Concerning the boundary conditions of concentration, this study used “the closed 
vessel condition” at the inlet, and “the zero gradient value boundary condition” at the 
outlet, in both 1D and 2D analyses. Furthermore, this study solved also the 2D 
continuity equation coupled with the Dacry’s law, in order to obtain the distributions 
of both pressure and flow velocities. Here, the constant pressure conditions were 
given as the boundary conditions at the inlet and the outlet, respectively.  
 
The definition of the retardation coefficient and Peclet number are same as those in 
1D model described above. The fundamental equations for 2D analysis was solved by 
the finite difference method (the explicit method with upwind differencing scheme). 
The retardation coefficients were estimated by applying the calculated curves to the 
experimental results. 
 
RESULTS and DISCUSSION 

Fig. 4 shows the response curves of Cs ions for the saturated and unsaturated 
conditions in the 1D flow experiments. The dimensionless concentration for the 
vertical axis is the fraction of Cs concentration of each sampling solution to the initial 
concentration of Cs injected at the inlet. 
 
As shown in Fig. 4, the migration rate of Cs ions for the saturated condition was faster 
than that for the unsaturated condition. On the other hand, in Fig. 5 for the results 
of the 2D flow experiments, the difference between the saturated and unsaturated 
condition was hardly observed, apparently. However, since the overflow system was 
used in order to express the constant pressures at the inlet and the outlet, the flow 
rate is different under each condition. Thus, these experimental results should be 
compared in the dimensionless time, also for estimating the retardation coefficient 
with the calculated curves. 
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Table 1 and 2 are summarized the parameters of the 1D and 2D flow conditions for 
the calculation. For the 1D flow condition, the characteristic time is defined as (5). 
Besides, the characteristic time for the 2D flow condition is (9).  
 

* w
*

dR VSt
u A
ε
β

=    ,                             (9) 

 
where u* is the representative flow rate, ε is porosity (-), x* is the representative 
length (m), V is the volume of parallel-plate with no silica sands (m3), A is cross-
sectional area (m2). 
 

Table 1 Parameters of 1D flow conditions for calculation 
Parameters of 1D flow conditions for the calculation 
Hydraulic head 15 cm 
Flow direction Up to down 

Particle diameter 350 µm 
Concentration of Cs ions 1 mM 

Representative permeability 2.13×10-7 cm2 
Representative length 9.5 cm 

Water saturation(in unsaturated condition) 0.87 
 

Table 2 Parameters of 2D flow conditions for calculation 
Parameters of 1D flow conditions for the calculation 
Hydraulic head 15 cm 

Particle diameter 350 µm 
Concentration of Cs ions 1 mM 

Representative permeability 2.13×10-7 cm2 
Depth factor 0.2 

Representative length 10 cm 
Water saturation(in unsaturated condition) 0.88 

Fig. 4 Response curves of the 1D flow 
experiment. 

Fig. 5 Response curves of the 2D flow 
experiments. 
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In the 2D analysis, the characteristic flow rate was applied Darcy flow rate for the 
1D-saturated condition due to representing the flow rates divided into two 
components. Furthermore, the depth factor, β, was defined in order to correct the 
flow toward the depth direction (z-direction). 
 
In the same way as Eq. (7), Peclet number, Pe, is rewritten by (10) as follows [5]: 
 

0.1e MD u D u Luα α= + ≅ ≅     ,                     (10) 
 

 e
e

10
0.1
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D uLε ε ε

= = =
⋅

     .                      (11) 

 
If the longitudinal dispersion length coefficient is 0.1 and the porosity, ε, is 0.4 from 
the experiments, Pe becomes 25. In this study, Pe is set to 25 for the evaluation of 
the retardation coefficient. 
 
Figs. 6-9 show the fitting results of the calculated curves to the experimental results, 
and Table 3 is summarized the evaluated retardation coefficients. From these results, 
the migration of radionuclides in these experiments was promoted under the 
unsaturated condition in comparison with the saturated condition.   
 

Table 3 Retardation coefficients evaluated by the theoretical analysis. 
 1 dimensional flow 2 dimensional flow 

Saturated condition 6.8 6.7 
Unsaturated condition 5.8 4.3 

 
 

 
Fig. 6 Fitting result of the 1D-
saturated condition. 

Fig. 7 Fitting result of 1D-
unsaturated condition 
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Furthermore, the apparent distribution coefficients, Kd, (cm3/g) were evaluated 
from the definition of the retardation coefficient (Eq. (2)) as shown in Table 4. 
Under both of the 1D and 2D flow condition, the apparent distribution coefficients 
for the unsaturated condition were also smaller than those for the saturated 
condition as well as the retardation coefficients. 
 
Table 4 Sorption distribution coefficients evaluated form the retardation coefficients. 

[cm3/g] 
 1 dimensional flow 2 dimensional flow 

Saturated condition 1.5 1.5 
Unsaturated condition 1.1 0.8 

 
Here, this study focused on the difference of the retardation effect between the 1D 
and 2D flow condition. For the saturated condition, the retardation coefficients and 
the apparent distribution coefficients under the 1D and 2D flow condition were almost 
the same as shown in Table 3 and 4. On the other hand, for the 2D flow system, the 
retardation coefficient under the unsaturated condition decreased in comparison with 
that under the saturated condition. Specifically, the decreasing ratio of the 
retardation coefficients for the 2D flow rate was 0.64 (the ratio of Rd=4.3/6.7) while 
that for the 1D flow condition was 0.85 (the ratio of Rd=5.8/6.8). Of course, the 
apparent distribution coefficients also decreased as well as the retardation 
coefficients. The authors’ previous study for the 1D flow condition pointed that the 
retardation effect under the unsaturated condition becomes smaller due to the 
decrease in the effective (available) surface area for the sorption of tracer ions. In 
addition to such decrease in the sorption effect under the 2D flow condition, the tracer 
ions through 2D flow system may selectively migrate in some dominant flow-paths 
formed by the heterogeneous spatial-distribution of the unsaturated space. This 
shortening of the flow-paths for the migration of tracer ions leads further decrease 
in the effective surface used for the sorption of tracer ions. Therefore, for more 
reliable estimation of the retardation effect under the unsaturated condition, it is 

Fig.8 Fitting result of 2D 
saturated condition 

Fig.9 Fitting result of 2D 
saturated condition 
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necessary to consider the restriction of flow path for the migration of tracer ions with 
the clogging effect of gas phase, and to clarify the dynamic behaviors of the 
distribution of water saturation. 
 
CONCLUSIONS 

This study examined the change in retardation coefficient for the migration of 
Cs ions under the unsaturated condition, by using 1D and 2D flow system. As a result, 
under the 2D flow condition, the retardation effect under the unsaturated condition 
became smaller than that under the saturated condition. Furthermore, under the 
unsaturated condition, the retardation effect for the 2D flow condition was estimated 
smaller than that for the 1D. This difference between the 1D and 2D flow condition 
under the unsaturated condition will be caused by the restriction of flow-paths in the 
2D porous medium. That is, tracer ions can migrate through more selective flow-
paths due to the clogging with gas phase in comparison with 1D flow system. This 
means that the 2D flow system will significantly limit the retardation effect under the 
unsaturated condition, by shortening the flow-paths for the migration and decreasing 
the effective (available) surface for the sorption of tracer ions. 
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