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ABSTRACT: This study is focused on evaluation of solute transport in soil-bentonite (SB) cutoff walls considering chemical 
diffusion. For verification of hydraulic barrier performance of barriers used in in situ containment, not only advective transport by a 
hydraulic gradient but also chemical diffusion by a concentration gradient should be taken into consideration. However, even though 
many previous studies have focused on hydraulic conductivity of barrier materials, a limited number of research has targeted 
chemical diffusion within low-permeable materials such as SB which is a mixture of in situ soil and powder bentonite. In this study, 
effective porosity, ne, and effective diffusion coefficient, De, of SB were evaluated by a column test for SB filled with various pore 
structures. By fitting results of the advection-dispersion analysis with experimental results, ne and De of the SB were determined to be 
0.2 to 0.3 and 3.0 × 10-10 m2/s, respectively, regardless of type of base soil and pore structure of the SB. By a numerical approach to 
predict the fate and transport of solute under three possible scenarios of the groundwater level, it was confirmed that the effect of 
chemical diffusion is not negligible when evaluating solute transport through SB cutoff walls. 

RÉSUMÉ : Cette étude se concentre sur l’impact de la diffusion chimique lors du transport de soluté par parois de séparation en sol-
bentonite (SB). Pour vérifier in situ les performances de perméabilité hydraulique des parois de confinement, il faut prendre en 
considération le transport d'advection par gradient hydraulique, mais égalemant la diffusion chimique par gradient de concentration. Mais 
malgré de nombreuses études sur la conductivité hydraulique des matériaux de la barrière, peu ont évalué la diffusion chimique des 
matériaux à faible perméabilité, tels que le SB. Dans cette étude, la porosité effective (ne), et le coefficient de diffusion effectif (De) du SB 
ont été évalués par un test à la colonne pour un SB de différentes structure poreuses. Après ajustement de l'analyse advection-dispersion 
aux résultats expérimentaux, ne et De du SB ont été respectivement estimées entre 0.2 et 0.3, et à 3.0 × 10-10 m2/s indépendamment du 
type de sol ou de structure poreuse du SB. Par une approche numérique de prédiction du devenir et du transport de soluté selon trois 
scénarios possibles au niveau des eaux souterraines, il a été confirmé que l'effet de la diffusion chimique est non négligeable lors de 
l'évaluation du transport de soluté à travers les parois de séparation en SB. 
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1  INTRODUCTION 

Vertical cutoff walls are often used for in situ containment of 
contaminated groundwater and/or subsurface soil (e.g. Grube 
1992 and Evans 1994). This technique is effective especially 
when the contaminants exist under existing structures because it 
is technically and economically difficult to remove the 
contaminants in such situations. Previous studies verified that 
soil-bentonite (SB), which is made by blending in situ soil with 
slurry and powder bentonite, constructed by the Trench cutting 
and Re-mixing Deep wall (TRD) method has high hydraulic 
barrier performance and homogeneity, and has self-sealing 
capability against cracks (e.g., Katsumi et al. 2008, Takai et al. 
2014, and Takai et al. 2016).  

To ensure long-term containment of the contaminant, it is 
important to adequately evaluate solute transport in the SB. 
While the advection phenomenon in barrier systems due to 
hydraulic gradient has been well studied in various research, the 
diffusion phenomenon, which occurs due to a concentration 
gradient, has not been discussed sufficiently. Shackelford 
(2014) has pointed out that the diffusional transport is not 
negligible in low-permeable materials such as SB, as shown in 
Figure 1. Solute transport through a low-permeable material 
was numerically analyzed with hydraulic gradient of 1.33 acting 
on a 0.91 m-thickness barrier (kh = 5 × 10−10 m/s), as shown in 
Figure 1(a). A breakthrough time at C(L,t)/Co of 0.5 is 14.8 
years when considering both advection and diffusion, whereas 
21.8 years is required to completely break through the effluent 

 

 
Figure 1. Effect of diffusion on solute transport through a horizontal 
column of soil of length L, porosity n, and hydraulic conductivity kh, 
under a hydraulic gradient of ih; (a) column containing porous medium; 
(b) breakthrough curves illustrating effect of diffusion at low kh 
(Shackelford 2014). 
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 end of the column under purely advective transport conditions. 
This confirms that the effect of chemical diffusion on solute 
transport through barrier systems is not negligible. 

In this study, effective porosity, ne, and effective diffusion 
coefficient, De, of SB were determined by fitting analytical 
results to experimental ones obtained from a column diffusion 
test. By applying those values obtained, horizontal solute 
transport was numerically analyzed under three possible 
groundwater level scenarios with a model assuming a SB cutoff 
wall and an adjacent saturated sandy ground. 

2  MEASUREMENT OF PARAMETERS 

2.1  Materials and SB preparation 

Since solute transport in the ground generally is significant in 
aquifers, cutoff walls are generally constructed at sandy ground. 
In this study, two different sands—single silica (silica sand #7) 
and mixed silica—were used as base soil of SB to evaluate the 
effect of particle size of base soil. The mixed silica was 
prepared by mixing silica sand #3, #5 and #7 with a proportion 
of 2:6:2 by dry weight basis. Basic properties of each sand are 
summarized in Table 1. As seen in this table, these soils have 
the similar average particle size, whereas the uniformity 
coefficients are different. We used Na-type bentonite with 
montmorillonite content of 48% and cation exchange capacity 
of 73.2 cmol/kg, which is commonly used in many geotechnical 
applications (Komine 2008). 

Procedures of SB preparation followed construction steps by 
the TRD method as follows: 1) Initial water contents of single 
silica and mixed silica were regulated to 26.0% and 22.0%, 
respectively, by applying distilled water, 2) 15%- and 20%-
concentration bentonite slurry was added to base soil to achieve 
flow value of 150 mm according to JIS R5201, and sufficiently 
mixed. At this point, bentonite is supplied to the soil with a 
proportion of 15 kg/m3 and 20 kg/m3. And 3) powder bentonite 
of 50 kg/m3 was added to the mixture and re-mixed to be 
homogenized. 

 
Table 1. Basic properties of base soil used. 

 Single silica Mixed silica 

Particle density (g/cm3) 2.61 2.61 

Particle 

size 

Gravel [> 2 mm] 0 0 

Sand [0.075-2 mm] 99.6 98.1 

Fines [< 0.075 mm] 0.4 1.9 

Average particle size (mm) 0.21 0.27 

Uniformity coefficient 2.1 4.1 

2.2  Column diffusion test 

The conceptual diagram of diffusion test apparatus is shown in 
Figure 2. In this study, top and bottom porous stones were 
saturated with distilled water and 0.05 mol/L NaCl solution, 
respectively, to generate a concentration gradient through a SB 
specimen. For the column diffusion test, first, silicone grease 
was applied on inner wall surface of a cylindrical column for 
prevention of flow along a side wall. This column has an inner 
diameter of 10.0 cm and a height of 1.5 cm. Second, after a 
filter paper was placed on the bottom porous stone saturated 
with distilled water, SB was filled into the column with a given 
density. Third, the top porous stone and a cap was tightly 
assembled, and then, distilled water was injected from the 
bottom to the top by a peristaltic pump for saturation of the SB 
specimen. Finally, after the saturation of the specimen, 0.05 

mol/L NaCl solution was circulated in the top porous stone and 
a bottle with the solution by using a peristaltic pump. 

In this study, advective and diffusive solute transport were 
simultaneously evaluated by lowering a bottle connected to the 
bottom porous stone by approximately 90 cm for obtention of 
diffusion and hydraulic parameters of the SB. Because an 
upward osmotic pressure of approximately 5.8 kPa was 
generated due to the difference in concentration (Tang et al. 
2014), a downward hydraulic gradient of 20 acted on the 
specimen in effect. The mass and the Cl- concentration of 
solution in each bottle were measured once at 24-hour interval. 
All tests were continued for 15 days. NaCl solution was used 
because this solution is often used for evaluation of chemical 
diffusion (e.g. Rowe et al. 1998) and Cl- ion is rarely adsorbed 
onto soil particles. The Cl- concentration was measured by a 
chloride ion electrode (HORIBA: 6560-10C). 

Experimental conditions of each case are summarized in 
Table 2. In Case A, the wet density filled into the column 
corresponds to the value after consolidation at a pressure of 
78.5 kN/m2, whereas the wet density in Case B and C 
corresponds to that of 39.2 kN/m2. In Case C, in which single 
silica was used as base soil, void ratio was larger than Case B 
because of poor gradation of single silica. 
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Figure 2. Diagram of column diffusion test apparatus and analytical 
model used for determination of diffusion parameters. 

 
Table 2. Experimental conditions for diffusion test. 

Case Base soil p (kN/m2) ρt (g/cm3) e (n) Sr (%) 

A Mixed silica 78.5 2.01 0.66 (0.40) 98 

B Mixed silica 39.2 1.96 0.70 (0.41) 98 

C Single silica 39.2 1.80 0.89 (0.47) 94 

2.3  Numerical analysis 

In this study, diffusion parameters were determined by fitting 
analytical results to experimental ones in view of mass flux of 
chloride ion from the bottom porous stone. Analytical results 
were obtained by Dtransu-2D which is one of common program 
for two-dimensional Eulerian-Lagrangian advection-dispersion 
analysis. The advection-dispersion equation used in this 
program can be represented as follow: 

   ci
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   (1) 

where; R: retardation factor (= 1), θ: volumetric water content, 
ρ: fluid density, c: relative concentration (0 ≤ c ≤ 1), t: time, Dij: 
dispersion tensor, vi: true velocity, Qc: source term, λ: decay 
constant.  
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where; αT: horizontal dispersion length, αL: vertical dispersion 
length, Vi: vector of true velocity, ||V||: norm of true velocity, 
D0: molecular diffusion coefficient, τ: tortuosity, δij: Kronecker 
delta, De: effective diffusion coefficient. 

A one-dimensional analytical model represented SB 
specimen and a bottom porous stone in a column which are 
divided into 1-mm thickness, as shown in Figure 2. Input 
hydraulic conductivity was the average value obtained from the 
column diffusion test measured from the mass change of bottles. 
Dispersion coefficient was set to 0 because the model was very 
thin and advective velocity in the SB was slow due to low 
hydraulic conductivity. A retardation factor of 1 and a decay 
constant of 0 were applied because Cl- ion is not adsorbed to 
soil. As a boundary condition, the average of Cl- concentration 
in the solution in the upper bottle was input to the top of the 
model. Four seepage points were located in the middle of the 
porous stone so that the amount of effluent were discharged 
from these points.  

2 .4  Determination of parameters 

2.4.1   Hydraulic conductivity 
Figure 3 shows change in hydraulic conductivity (k) with time 
in each case calculated by the mass change of effluent. The k 
values showed almost constant throughout the testing period 
with the average values of 7.0 × 10-10 m/s, 8.9 × 10-10 m/s and 
5.8 × 10-10 m/s in Case A, B and C, respectively. The k in Case 
A was smaller than that in Case B because of smaller void ratio. 
When comparing Case B and C where the corresponding 
consolidation pressure were same, the k of Case C was larger 
than that of Case B despite of larger void ratio due to poorly 
graded particle size. This is because bentonite in SB could swell 
sufficiently in larger macropore. These results are consistent 
with previous research (Katsumi et al. 2008). 
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Figure 3. Change in hydraulic conductivity with time. 

2.4.2   Effective porosity and effective diffusion coefficient 
Figure 4 shows breakthrough curves with regard to relative 
concentration of Cl- ion in the lower bottle. From the temporal 
change of the mass and the Cl- concentration of the lower bottle, 
we calculated mass flux of Cl- flowing out from SB specimen. 
Since the Cl- concentration has no change until at least two days 
elapsed, a breakthrough curve obtained from the numerical 
analysis was shifted so that the initial rise coincides with the 
experimental one. Based on results of sensitivity analysis, De 
and ne of SB were parametrically determined with 2 significant 
digits so that the residual sum of squares at initial three points 
can be minimum.  

As a result, we could obtain diffusion parameters as 
summarized in Table 3. Under a consolidation pressure of 78.5 
kN/m2 in Case A, ne and De of the single silica-based SB are 
calculated to be 0.32 and 2.9 × 10-10 m2/s, respectively, whereas 
those values are 0.29 and 3.1 × 10-10 m2/s under a consolidation 
pressure of 39.2 kN/m2 in Case B. These results evince that SB 
made with the same amount of bentonite powder has similar 
diffusion parameters regardless of stress state. In Case C where 
single silica was used as base soil, ne and De of SB under a 
consolidation pressure of 39.2 kN/m2 are 0.22 and 2.9 × 10-10 
m2/s, respectively. When comparing SBs made with mixed 
silica and with single silica, the single silica-based SB shows 
smaller ne value under the same stress state. This result 
indicates that the effect of bentonite on the diffusion 
characteristics of SB becomes more significant when the 
bentonite can swell sufficiently in larger macropore of SB. 
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Figure 4. Change in relative concentration of Cl- at the low-
concentration bottle. 
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Figure 5. Experimental and analytical values of Cl- mass flux. 
 
Table 3. Diffusion and hydraulic parameters of SB obtained. 

Case Base soil n k (m/s) De (m2/s) ne 

A Mixed silica 0.40 7.0 × 10-10 2.9 × 10-10 0.32 

B Mixed silica 0.41 8.9 × 10-10 3.1 × 10-10 0.29 

C Single silica 0.47 5.8 × 10-10 3.0 × 10-10 0.22 

3  ON-SITE SOLUTE TRANSPORT IN THE GROUND 

Figure 6 illustrates three possible groundwater scenarios at a 
site: 1) advection and diffusion in the opposite direction; 2) 
only diffusion; and 3) advection and diffusion in the same 
direction. The chemical diffusion transports solute only toward 
outside the cutoff walls because the concentration of toxic 
elements should be relatively high inside the cutoff walls. For 
evaluation of horizontal solute transport through a SB cutoff 
wall, we conducted numerical simulation by using an analytical 
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 model shown in Figure 7. This model simulates a SB cutoff 
wall and an adjacent saturated sandy ground with a horizontal 
length of 10 m from the outer border of the cutoff wall. 
Thickness of the cutoff wall was 55 cm that corresponds to a 
typical thickness of SB cutoff walls constructed at a site. 
Sorption of the solute onto soil particles was not considered in 
this analysis. In the model, the SB cutoff walls and the sandy 
ground were divided into 1-cm and 10-cm thickness, 
respectively. Difference in the groundwater level was set to 55 
cm that corresponds to a hydraulic gradient of 1.0. Input k, De 
and ne of the SB cutoff wall were 5.8 × 10-10 m/s, 3.0 × 10-10 
m2/s and 0.2, respectively, based on experimental results. The 
diffusion coefficient of Cl- ion in water of 2.0 × 10-9 m2/s was 
input as the De of the sandy ground. ne of 0.2 and k of 1.0 × 10-5 
m/s were used.  

Figure 8 shows temporal change in relative concentration, 
which is a concentration normalized by the inflow 
concentration, at the outer border of the SB wall. The relative 
concentration after 50 years was 0.07, 0.26, and 0.66 in scenario 
1, 2, and 3, respectively. Since influence of the advection is 
relatively large, the transport of contaminants can be restrained 
by preventing the advection with maintaining the inside 
groundwater level lower than the outside. Since the relative 
concentration in 50 years was 0.26 even in scenario 1, the 
influence of diffusion is not negligible on solute transport 
through SB cutoff walls. However, since the relative 
concentration can be lowered to 0.07 when maintaining the 
groundwater level inside the cutoff wall lower than the one of 
the outside, control of groundwater level is effective to prevent 
the migration of mobile contaminants for a long period. 
 

 
Figure 6. Three possible groundwater scenarios. 
 

 
Figure 7. Analytical model used. 
 

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1.0

Elapsed time (year)

R
e

la
ti

ve
 c

o
n

ce
n

tr
a

ti
o

n
, 

c
/c

0

Senario 3: Advection & diffusion

Senario 1: Advection & diffusion

Senario 2: Only diffusion

(same direction)

(opposite direction)

 
Figure 8. Prediction of on-site solute transport. 

4  CONCLUSION 

In this paper, solute transport through a SB cutoff wall was 
evaluated in consideration of chemical didfusion caused by a 
concentration gradient. A column diffusion test and numerical 
analysis were conducted for determination of diffusion and 
hydraulic parameters. The main achievements obtained in this 
study can be summarized as follows: 
1) SBs made with powder bentonite of 50 kg/m3 show 

effective diffusion coefficients of approximately 3.0 × 10-10 
m2/s, regardless of the grain size of base soil and the stress 
state. Thus, the content of bentonite powder is an prime 
determinant for an effective diffusion coefficient of SB. 

2) The effective porosity of SBs is between 0.2 and 0.3. The 
larger effective porosity can be obtained with smaller total 
porosity due to the relatively larger influence of the 
diffusion characteristics of bentonite. 

3) Although the influence of chemical diffusion is not 
negligible on solute transport through SB cutoff walls, the 
concentration can be lowered when lowering the 
groundwater level inside the cutoff wall. Thus, the control 
of groundwater level by pumping is an effective way to 
prevent the migration of solute for a long period. 
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