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ABSTRACT: Among the recent challenges related to developments and applications of the geosynthetics in
landfill engineering, three issues on geomembranes and geosynthetic clay liners (GCLs) are discussed in this
paper, including (1) chemical resistance of GCLs against synthetic chemical solutions and waste leachate, (2) 
performance of geosynthetic materials applied to the coastal waste containment facilities, and (3) application 
of geosynthetic barriers to remedial actions at abandoned waste disposal sites. To evaluate the chemical com-
patibility of bentonitic barrier materials including GCLs, the chemical equilibrium is necessary, and therefore
the long-term hydraulic conductivity tests have been conducted on GCLs against chemical solutions and
waste leachates. Heterogeneity is also an important issue to discuss the hydraulic barrier performance, par-
ticularly when the prehydration prior to the permeation of waste leachate is expected. These aspects have 
been discussed in the first part of this paper. Due to the limitation of inland space available to waste disposal, 
coastal landfills and the associated containment systems are important considerations, particularly for metro-
politan areas. Barrier performances of several types of side barrier systems using geosynthetic materials have
been numerically analyzed in the second part of this paper. Remediation of the sites where the wastes have 
been abandoned and/or wastes have been disposed of without engineered containment systems under old reg-
ulations has been a critical issue. An analytical study to evaluate the cost-effective remedial option for a 
dumped waste site located along a landslide area, where cut-off wall keyed into the aquitard might elevate 
groundwater level and thus may not be employed, is presented. 
 
 
1 INTRODUCTION 

Numerous challenges have been made on the devel-
opment of geosynthetic materials and their applica-
tions to landfill engineering, partly because of the 
social demand to environmental issues. Among these 
challenges, evaluation of the long-term perfor-
mances of geosynthetic materials including geo-
membranes and geosynthetic clay liners (GCLs) has 
been a great issue. Many works have been conducted 
on the long-term durability and chemical compatibil-
ity of geomembranes and GCLs. The applications of 
geosynthetic materials to harsh environments such 
as coastal landfills and abandoned waste disposal 
sites have also been discussed particularly in the au-
thors’ country, due to the limitation of inland space 
available to waste disposal and the necessity of con-
struction over the abandoned sites. 

Based on these backgrounds, three issues are pre-
sented in this paper, that are (1) chemical resistance 
of GCLs against synthetic chemical solutions and 
waste leachate, (2) performance of geosynthetic ma-

terials applied to the coastal waste containment facil-
ities, and (3) application of geosynthetic barriers to 
remedial actions at abandoned waste disposal sites. 
Chemical compatibility of GCLs is evaluated using 
hydraulic conductivity test with and/or without pre-
hydration conditions, considering the chemical equi-
librium and heterogeneity in Chapter 2. Since coast-
al landfills and the associated containment systems 
are important considerations particularly for metro-
politan areas in Japan, barrier performances of sev-
eral types of side barrier systems using geosynthetic 
materials have been numerically analyzed in Chapter 
3. Remediation of the sites where the wastes have 
been abandoned and/or wastes have been disposed 
of without engineered containment systems under 
old regulations has been recent a critical issue in Ja-
pan. An analytical study on contaminant transport to 
evaluate the cost-effective remedial option for a 
dumped waste site located along a landslide area is 
presented in Chapter 4.  
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2 CHEMICAL RESISTANCE OF GCL 

Geosynthetic clay liners (GCLs) are manufactured 
clay liners, which consist of a thin layer of bentonite 
glued to a geomembrane or encased by geotextiles.  
GCLs are considered effective barrier materials that 
can be used as alternatives or combined with pre-
vious barrier materials, due to their relatively low 
cost, easy installation, long-term stability, deforma-
bility, and excellent barrier performance to water. 
The barrier performance of GCLs to permeant solu-
tions is significantly dependent on the swelling vo-
lume of bentonite in them. The swelling is the crys-
tal interlayer expansion of montmorillonite in the 
bentonite by the intercalation of water molecules. 
Pure water is easily intercalates between the crystal 
interlayers, and expands them. The bentonite in the 
pure water exhibits the sufficient swelling and bar-
rier performance. In contrast, electrolytic chemical 
solutions such as waste leachates limit the crystal in-
terlayer expansion, because cations in the solutions 
attract the crystal interlayers charged with a negative 
potential. Therefore, bentonite in electrolytic chemi-
cal solutions exhibits the insufficient swelling and 
barrier performance (Norrish 1954; Norrish and 
Quirk 1954; Lutz and Kemper 1958; Posner and 
Quirk 1964; McNeal et al. 1966; van Olphen 1977; 
Alther et al. 1985; McBride 1994; Egloffstein 1995; 
Prost et al. 1998). Many researchers have pointed 
out the deterioration of the swelling capacity and 
barrier performance of bentonites and GCLs against 
electrolytic chemical solutions, and have examined 
their chemical compatibility and improvement. 

This section describes the following three factors 
affecting the barrier performance of GCLs: (1) type 
and concentration of electrolytic chemical solutions 
permeating the GCLs, (2) prehydration effects by 
hydrating bentonite in the GCLs with water, before 
the bentonite is exposed to the permeant solutions, 
and (3) effects of confining pressures due to weight 
of landfill wastes. 

2.1 Long-term hydraulic conductivity of GCLs 
against chemical solutions and waste leachates 

An increase in the hydraulic conductivity by the 
permeation of electrolytic solutions is of great con-
cern to use GCLs in the sea areas or waste contain-
ment facilities. When the electrolytic solution con-
taining exchangable cations permeates into GCLs, 
the space of crystal interlayers of clay minerals (in 
particular, montmorillonite) is narrowed by the at-
traction force of the cations, and the swelling vo-
lume and the barrier performance of bentonite are 
decreased. In the cases of the electrolytic solution 
having the multivalent exchangable cations, moreo-
ver, the multivalent cations replace the monovalent 
cations occupied in the exchange sites of montmoril-
lonite so that the barrier performance are further de-

creased. Many researchers have conducted the hy-
draulic conductivity tests of nonprehydrated GCLs 
using single-species or multi-species solutions of 
sodium chloride and calcium sodium etc., and have 
shown that the hydraulic conductivity of GCLs be-
came higher for the electrolytic solution with the 
higher ionic valence and concentration of the per-
meant solution (Gleason et al. 1997; Petrov and 
Rowe 1997; Ruhl and Daniel 1997; Shackelford et al. 
2000; Jo et al. 2001; Shan and Lai 2002; Katsumi et 
al. 2004 and 2007; Kolstad et al. 2004a). In addition, 
they have also shown that the hydraulic conductivity 
correlates the swelling volume which the bentonite 
in the GCL exhibits in the permeant solution (Jo et 
al. 2001; Katsumi et al. 2008b). 

The following subsections summarize the charac-
teristics of the swelling volume and hydraulic con-
ductivity of not only general nonprehydarted GCLs, 
but also two manufactured chemical resistance mate-
rials that one is multiswellable bentonite developed 
by Onikata et al. (1996) and the other is dense-
prehydarted GCL. 

2.1.1 Swelling volume 
Swelling volume of bentonite in a GCL has been 
considered an effective indicator to estimate the bar-
rier performance of the GCL for a permeant solution. 
It is because the swelling volume can be easily eva-
luated for about a day according to ASTM D 5890 
while the hydraulic conductivity test according to 
ASTM D 5084 spends a long-term duration like sev-
eral months. The difference in swelling volume to 
various permeant solutions indicates the chemical 
compatibility as the barrier material against each so-
lution. 

Figure 1 shows the swelling volume of sodium 
bentonite to each chemical solution. The bentonite is 
obtained from needle-punched GCL and it has a 
powdered form. The permeant solutions consist of 
single-species or multi-species components of so-
dium chloride (NaCl), calcium chloride (CaCl2), and 
kalium chloride (KCl). The ionic strength for cations, 
I, and the ratio of monovalent cations to divalent ca-
tions, RMD, are defined as 
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where cj = the concentration of "j"-th cation of the 
aqueous solution, zj = the valence or charge of "j"-th 
cation of the aqueous solution, N = the number of all 
cations in the solution, Mm and Md = the concentra-
tion of monovalent and divalent cations, respectively.   
In this study, the ionic strength is calculated from 
the concentration of only cations, because the swel-
ling and barrier performance of bentonite are signifi-
cantly dependent on the exchangable cations.  The 
ratio of monovalent to divalent cations is also calcu-
lated as mentioned above although another defini-
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tion not including factor of "2" is proposed (Kolstad 
et al. 2004a; Shackelford 2007). 

As shown in Fig. 1, the swelling volume became 
smaller for the solution with the stronger ionic 
strength. In addition, the divalent cation of calcium 
had an influence on the decrease in the swelling vo-
lume more than the monovalent cation of sodium as 
to the solution with the ionic strength of 0.1 M.  
However, the difference hardly appeared in a strong 
ionic strength of 0.5 M. The bentonite hardly swells 
in a solution having such a concentration level. 
Hence, the barrier performance as well as the swel-
ling volume has been considered remarkably 
changed by electrolytic solutions having ionic 
strength of < 0.5 M. 
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Figure 1. Swelling volume to electrolytic solutions 

2.1.2 Long-term hydraulic conductivity 
The hydraulic conductivity test of GCLs was con-
ducted using flexible-wall permeameters according 
to ASTM D 5084. A GCL specimen, which had a 60 
mm in diameter, was placed in the permeameter, and 
then a permeant solution was directly permeated 
from the influent point without prehydration. The 
flow volumes, the thickness, and the hydraulic con-
ductivity of the specimen were measured over the 
testing duration. The hydraulic conductivity when 
termination criteria described in ASTM D 6766 was 
satisfied was regarded as a representative value. 

The hydraulic conductivity of nonprehydrated 
GCLs against electrolytic chemical solutions is 
shown in Fig. 2. The hydraulic conductivity values 
were measured in testing conditions of a cell pres-
sure of 20-30 kPa, an average hydraulic gradient of 
90, and a constant temperature of 20 oC. The GCL 
exhibited an excellent barrier performance of k = 
2.2×10-11 m/s to the deionized water. However, the 
barrier performance of GCLs deteriorated to electro-
lytic chemical solutions. The hydraulic conductivity 
became larger to electrolytic chemical solutions with 
stronger ionic strength,  because the swelling volume 
became smaller to the stronger solutions (see Fig. 1). 
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Figure 2. Hydraulic conductivity to electrolytic solutions 
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Figure 3. Long-term hydraulic conductivity of GCLs against 
four waste leachates and their filtered solutions 

 
Figure 3 shows the long-term change in the hy-

draulic conductivity of GCL against waste leachates 
with time. The x-axis is the pore volumes of flow 
regarding the elapsed time, and this parameter is a 
value in which the accumulated flow volume is di-
vided by the porous volume of the specimen. The 
permeant solutions were four waste leachates, A, H, 
S, and K, and their solutions filtered with 6 μm mesh 
filter paper. The GCLs permeated with waste lea-
chates of A, H, and S exhibited a good barrier per-
formance of about k = 2.0× 10-11 m/s. They could 
exhibit a good barrier performance even to waste 
leachate S which had a high pH value of 11.8. How-
ever, waste leachate K seriously deteriorated the bar-
rier performance. It was because waste leachate K 
had an enough electrolytes so that bentonite in the 
GCL exhibited an insufficient swelling. The filtra-
tion of the waste leachates hardly affected the hy-
draulic conductivity value of GCLs. However, the 
hydraulic conductivity of GCL was abruptly much 
decreased from PVF > 245 in the testing case to use 
waste leachate K without filtration. The reason was 
because the GCL pore specimen might be blocked 
by the colloidal matters contained in the waste lea-
chate. GCLs permeated with simulated electrolytic 
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chemical solutions such as NaCl and/or CaCl2 solu-
tions also showed a similar profile that their hydrau-
lic conductivities hardly changed with time (Katsu-
mi et al. 2007). One of the differences in between 
the real waste leachates and the simulated chemical 
solutions as permeant solutions is whether colloidal 
matters are included or not to block the pore of 
GCLs. The colloidal matters may work to decrease 
the hydraulic conductivity as shown in Fig. 3.  

Figure 4 shows the long-term change in the hy-
draulic conductivity of GCL against waste leachate 
K and its diluted solutions. The results pointed out 
that the hydraulic conductivity was different even if 
the solutions permeating GCLs had the same electric 
conductivity. The GCL exhibited the hydraulic con-
ductivity of k = 5.2×10-10 m/s to old waste leachate 
K left alone for a year after its sampling, although 
the GCL exhibited k = 6.2×10-9 m/s to fresh waste 
leachate K immediately after its sampling. Probably, 
the organic substances contained in the waste lea-
chate may be deteriorated by leaving them alone for 
a year. It will be necessary to evaluate the effects of 
organic substances or colloidal matters on the barrier 
performance of GCLs. 

The dilution of the waste leachate K decreased 
the hydraulic condcutivity, because the electrolytic 
concentration of pearmeant solutions was decreased 
by the dilution. The long-term hydraulic conductivi-
ty to the ×4 diluted waste leahcate K showed an im-
pressive profile. The hydraulic conductivity of the 
GCL was evaluated as approximately k = 2.0×10-11 
m/s in PVF < 7, but the hydraulic conductivity in-
creased gradually over time in PVF > 7 and it 
reached k = 8.7×10-11 m/s in two years. Such a slow 
increase in the hydraulic conductivity sometimes oc-
curred for permeation solutions with a low electro-
lytic concentration (Shackelford et al. 2000). It was 
necessary to be careful for a long-term change of 
barrier performance when a GCL was permeated 
with an electric solution having a low concentration. 

Figure 5 shows the relationships between the hy-
draulic conductivity and the electric conductivity of 
permeant solutions. The hydraulic conductivity was 
increased with the electric conductivity. The differ-
ence between the single-species solutions and the 
multi-species solutions appeared in the range of EC 
> 2 S/m, although the difference did not appear in 
the range of EC < 2 S/m. When the electric conduc-
tivity was equivalent, the hydraulic conductivity to 
monovalent single-species solutions of NaCl and 
KCl was highest as shown in dash line in Fig. 5, and 
the hydraulic conductivity to multi-species solutions 
including CaCl2 became lower than that shown in 
the dash line. Here, it is noted that the electric con-
ductivity is not equivalent even when the ionic 
strength is equivalent. Electric conductivity which 
can be easily measured will be an effective indicator 
to estimate the barrier performance of a GCL. For 
example, the hydraulic conductivity of the GCL has 

been considered k < 1.0×10-9 m/s according to Fig. 5 
when the electric conductivity of a sampled waste 
leachate is less than 2 S/m. 
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Figure 4. Long-term hydraulic conductivity of GCLs against 
waste leachate K and it diluted solutions 
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Figure 5. Relationship between the hydraulic conductivity and 
the electric conductivity of permeant solutions 

2.1.3 Performance of chemical resistance materials 
To improve the deterioration of GCLs against chem-
ical attacks, some chemical resistance materials has 
been developed. In this subsection, the characteris-
tics and the barrier performance of two manufac-
tured chemical resistance materials, (1) multiswella-
ble bentonite (MSB) and (2) dense prehydrated GCL 
(DPH-GCL), are described as follows. 

Onikata et al. (1996) discovered that propylene 
carbonate (PC) can be utilized as a swelling activa-
tion material to natural bentonite (NB). The MSB 
which is a complex of NB and PC can swell enough 
for electrolytic solution and fresh water (Onikata et 
al. 1996; Shackelford et al. 2000; Katsumi et al. 
2004, 2008b; Katsumi and Fukagawa 2005). Also, 
hydrating the bentonite before exposed by electrolyt-
ic solutions is effective method to enhance the 
chemical compatibility. Dense prehydrated GCLs 

326



(DPH-GCLs) are factory-manufactured materials 
that GCLs containing the prehydrated bentonite are 
compressed. Kolstad et al. (2004b) investigated the 
hydraulic conductivity of DPH-GCLs for three per-
meant solutions, which were deionized water, NaCl 
solution and CaCl2 solution having the concentra-
tions of 1.0 M, and showed that the hydraulic con-
ductivity to the three solutions was lower than k = 
1.0×10-12 m/s. 
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Figure 6. Hydraulic conductivity of NBs and MSBs permeated 
with NaCl solutions 
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Figure 7. Hydraulic conductivity of GCLs and DPH-GCLs 
permeated with CaCl solutions 

 
Figure 6 shows the hydraulic conductivity of NBs 

and MSBs permeated with NaCl solutions. Although 
the NB had a good barrier performance to deionized 
water, it was seriously deteriorated by permeation of 
NaCl solution. The hydraulic conductivity of the NB 
was increased with the concentration of NaCl solu-
tion. In contrast, the MSB could exhibit a low hy-
draulic conductivity of about k = 1.0×10-11 m/s even 
to NaCl solution with the molar concentration of < 
1.0 M.  However, the MSB could not exhibit such a 
low hydraulic conductivity to NaCl solution with too 
strong molar concentration of 2.0 M. The MSB ex-
hibited almost the same hydraulic conductivity as 
the NB for the permeation of NaCl solution with the 
molar concentration of 2.0 M.  Figure 7 shows the 
hydraulic conductivity of GCLs and DPH-GCLs 

permeated with CaCl2 solutions. The hydraulic con-
ductivity of the GCL was also increased by the per-
meation of electrolytic solution of CaCl2. In contrast, 
the DPH-GCLs had an extremely good barrier per-
formance of about k = 1.0×10-12 m/s to any CaCl2 
solutions tested. It is concluded that MSBs and 
DPH-GCLs are effective barrier materials to the 
permeation of electrolytic chemical solutions with-
out an unrealistic concentration level. 

2.1.4 Relationship between swelling volume and 
hydraulic conductivity  

Figure 8 shows the relationship between the hydrau-
lic conductivity and the free swell (Katsumi et al. 
2008b).  The plotted data include previously reported 
results for nonprehydrated bentonite materials (Jo et 
al. 2001; Katsumi et al. 2007 and 2008b; Kolstad et 
al. 2004a; Lin et al. 2000; Shan and Lai 2002). The 
data consists of the hydraulic conductivity values for 
89 single-species solutions including deionized wa-
ter, for 54 multi-species solutions, and for 18 waste 
leachates. The hydraulic conductivity of a bentonite 
can be approximately given as a simple function of 
the free swell, in spite of the type and concentration 
of the permeant solution, and the type of the bento-
nite. The hydraulic conductivity of GCLs confined 
with 20-30 kPa is represented as 

 ( )( )klog exp a FS b
c

⎛ ⎞ = −⎜ ⎟
⎝ ⎠

 

where k = the hydraulic conductivity (m/s) and FS = 
the free swell of the bentonite (mL/2g-solid). As to 
each fitting parameter, a is -0.21, b is 13.1 mL/2g-
solid, and c is 1.00×10-11 m/s, which is the hydraulic 
conductivity at FS to infinity. It should be noted that 
these fitting parameters are dependent on the effec-
tive stress confining the bentonite. This relationship 
can be used within the limitations of non-
prehydrated bentonites confined with the effective 
stress of 20-30 kPa. This relationship may have a 
problem in accuracy for estimating the hydraulic 
conductivity from the free swell of < 15 mL/2g-
soild, but will be able to show that bentonite mate-
rials have an excellent barrier performance of k < 
1.0×  10-11 m/s when the free swell of the bentonite 
is larger than 15 mL/2g-solid. 

The type and concentration of the chemical per-
meant solutions has significantly an influence on the 
barrier performance of GCL. However, it is too dif-
ficult to predict the type and concentration of the 
permeant solution before GCL is applied to a site, 
because the solution permeated into GCL is unspeci-
fied. Thus, to evaluate the hydraulic conductivity of 
GCL from the ionic strength is not practicable. Fig-
ure 8 is expected to practicably estimate the barrier 
performance of GCLs which had been installed. 
Even if the type and concentration of the permeant 
solution cannot be specified, the free swell to sam-
pled leachates will derive the hydraulic conductivity. 
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Figure 8. Relationship between the hydraulic conductivity and 
the free swell (modified Katsumi et al. 2008b) 

2.2 Hydraulic conductivity of GCLs naturally 
prehydrated on base layer soil 

Hydrating bentonites before being exposed to chem-
ical solutions is called "prehydration". It is one of 
the factors that might affect the barrier performance 
of GCLs in actual sites, because the GCLs are natu-
rally prehydrated by absorbing moisture in the un-
derlying base layer on which the GCLs are installed 
as bottom liners. Bentonites prehydrated with water 
have been considered to have a lower hydraulic con-
ductivity even to electrolytic chemical solutions than 
nonprehydrated ones. The barrier performance of the 
prehydrated bentonites is dependent on the magni-
tude and distribution of their water content (Daniel 
et al. 1993; Katumi et al. 2008a; Lee and Shackel-
ford 2005; Vasko et al. 2001).   

There are some reports that represent the neces-
sary water contents to satisfy the required barrier 
performance. For example, Bonaparte et al. (1996) 
have considered that the prehydration water content 
of GCLs exhibits 40-100% in actual sites, but they 
did not show the hydraulic conductivity values of 
the prehydrated GCLs. Lee and Shackelford (2005) 
systematically investigated the hydraulic conductivi-
ty of prehydrated GCLs against several chemical so-
lutions. Their prehydrated GCLs were prepared by 
directly permeating the fresh water into them in the 
apparatus for the hydraulic conductivity tests before 
permeating the chemical solutions. Katsumi et al. 
(2008a) and Vasko et al. (2001) have investigated 
the water content and its distribution of GCLs hy-
drated under an actual process that the GCLs absorb 
moisture from their underlying base layer, and then 
evaluated their hydraulic conductivity values. The 
following subsections described the water content of 

GCLs naturally prehydrated on base layer soil and 
their hydraulic conductivity to chemical solutions. 

2.2.1 Prehydration water content 
Prehydrated GCLs were prepared using the appara-
tus as shown in Fig. 9 (a). A soil was compacted at 
an optimum water content of 15% using a compac-
tion test mold, which had a 0.1 m in diameter and a 
0.13 m in height. The compacted soil was removed 
to an acrylic mold, which had a 0.1 m diameter and 
0.15 m height, and was used as the base layer in the 
prehydration test. Next, a GCL was trimmed to a 0.1 
m diameter and then it was placed on the base layer 
with a confining pressure of 5 kPa. The mold with 
the base layer was placed in a water tank, which size 
is a 0.6 m width ×  0.3 m depth ×  0.35 m height, 
with a water level of 0.01 m as water supply source, 
and the tank was closed. Then this tank was placed 
in a constant temperature room controlled at 20 °C, 
and the GCL was cured for 7-31 days. 
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(b) Water content distribution with powdered bentonite 
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(c) water content distribution with granular bentonite 
 

Figure 9. Apparatus to prepare prehydrated GCLs and their wa-
ter content distribution after prehydration for seven days 
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Figure 10. Effect of curing period on averaged prehydration 
water content 
 

0 20 40 60 80 100
0

0.1

0.2

0.3

0.4

Curing period   [day]

C
oe

ffi
ci

en
t o

f v
ar

ia
tio

n 
fo

r
wa

te
r c

on
te

nt
 d

is
tri

bu
tio

n
af

er
 p

re
hy

dr
at

io
n

Base layer is a fine sand
Base layer is a decomposed granite soil

Open: granular bentonite GCLs
Closed: powdered bentonite GCLs

 
Figure 11. Effect of curing period on heterogeneity of  prehy-
dration water content distribution 

 
Figures 9 (b) and (c) show the water content dis-

tribution of a prehydrated GCL with powdered ben-
tonite or granular bentonite, respectively. The water 
content distribution was evaluated by measuring the 
water content of each specimen when the prehy-
drated GCL was divided into 16 rectangular speci-
mens (Namely, each specimen had an area of about 
0.025×0.025 m2). The average and the valiance of 
the water content distribution were shown as "Ave." 
and "Cov." in the figure. The curing period for pre-
hydration was 7 days.  The prehydrated GCL with 
powdered bentonite had a higher water content 
(144.6% in average) and a more homogenous water 
content distribution (0.12 in coefficient of valiance) 
than that with granular bentonite. The prehydrated 
GCLs with the more homogenous water content dis-
tribution as well as the higher water content have 
been considered to have the superior barrier perfor-
mance. In contrast, the prehydrated GCLs  with he-
terogeneous water content distribution may not ex-
hibit a good barrier performance even if they had a 
high water content on average. Although the suffi-

ciently swollen parts included in the heterogeneous-
ly prehydrated GCL can exhibit the low hydraulic 
conductivity, the insufficiently swelled parts exhibit 
the high hydraulic conductivity so that the hydraulic 
conductivity of the entire GCL with the heterogene-
ous water content distribution becomes high. 

Figures 10 and 11 show the effects of the curing 
period on the average and the valiance of the water 
content distribution after prehydration. The GCLs 
with powdered bentonite could be more homoge-
neously prehydrated with a higher water content 
than those with granular bentonite. The base layer 
consisting of decomposed granite soil worked to 
more homogeneously prehydrate the GCLs with a 
higher water content than that consisting of fine sand. 
In addition, increasing of the curing period improves 
the prehydration water content and the heterogeneity 
of its distribution in all the prehydration conditions 
tested. However, a curing period greater than certain 
days did not cause a significant change in either the 
prehydration water content or heterogeneity. The 
curing period is dependent on the soil properties of 
the base layer, the GCL properties, and the actual 
depth from the ground surface where the GCL is in-
stalled to the water table; In this experiment, a cur-
ing period longer than 31 days did not cause a sig-
nificant change in either the prehydration water 
content or heterogeneity. In conclusion, prolonging 
the curing period and employing GCLs with the 
powder bentonite are effective measures for enhanc-
ing the prehydration water content and for homoge-
nizing the water content distribution. 

2.2.2 Hydraulic conductivity of prehydrated GCLs 
Twenty-five specimens of the GCLs prepared in the 
above prehydration tests were used for the hydraulic 
conductivity test in order to discuss the prehydration 
effect on the barrier performance of GCLs against 
the permeation of chemical solutions. To prepare the 
specimen, the prehydrated GCL, which had a 0.1 m 
in diameter, was cut into a diameter of 0.06 m. Here 
the average of the water content of the GCLs was 
indirectly estimated from the water content values of 
the remaining bentonite pieces after this trimming. 
Next, the prepared specimen was placed in the flexi-
ble-wall permeameters, and then the hydraulic con-
ductivity test was conducted according to ASTM D 
5084. Calcium chloride solutions with a molar con-
centration of 0.1-0.5 M were used as the permeant 
solutions. This concentration level had an influence 
to deteriorate nonprehydrated GCLs as shown in Fig. 
7. The testing conditions for the hydraulic conduc-
tivity tests were a cell pressure of 20-30 kPa, an av-
erage hydraulic gradient of 90, and a constant tem-
perature of 20 oC. The testing duration was at least 
more than a year to investigate the long-term change 
in the hydraulic conductivity. 
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Figure 12. Hydraulic conductivity of nonprehydrated GCLs 
and prehydrated GCLs against CaCl2 solutions 
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Figure 13. Relationships between the hydraulic condcutivity 
and the water content of prehydrated GCLs 

 
Figure 12 shows the hydraulic conductivity of 

nonprehydrated and prehydrated GCLs. The prehy-
dration treatment maintained an extremely low hy-
draulic conductivity even to the permeation of the 
aggressive chemical solutions such as CaCl2 solu-
tions. In particular, the effect of the prehydration 
treatment greatly appears in the hydraulic conductiv-
ity when the CaCl2 solution with a high concentra-
tion permeates into the GCL. The nonprehydrated 
GCL was deteriorated by the permeation of a CaCl2 
solution with a molar concentration of 0.5 M so that 
the hydraulic conductivity increases up to k = 2.8 
× 10-7 m/s, while the prehydated GCLs against the 
0.5 M CaCl2 solution exhibited the low hydraulic 
conductivity of k ≅ 1.0×10-10 m/s. 

Figure 13 shows the effects of the prehydration 
water content on the hydraulic conductivity of pre-
hydrated GCLs against 0.1-0.5 M CaCl2 solutions. 
When the water content was over 50%,  the hydrau-
lic conductivity of the prehydrated GCLs was k ≅ 
1.0×10-10 m/s even to CaCl2 solutions tested, which 
significantly affects the decrease in the hydraulic 
conductivity of nonprehydated GCLs. All the prehy-

dated GCLs with powdered bentonite indicated such 
a low hydraulic conductivity. In contrast, one of 
prehydated GCLs with granular bentonite indicated 
the high hydraulic conductivity of k = 1.5×10-8 m/s, 
although the others indicated the low hydraulic con-
ductivity. It might be concluded that GCLs with gra-
nular bentonite do not necessarily obtain the low hy-
draulic conductivity by the prehydration. It is 
because the water content distribution of the prehy-
dated GCLs with granular bentonite became easily 
heterogeneous as shown in Fig. 9 (c). Even if the 
sufficiently swollen parts included in the heteroge-
neously prehydrated GCL can exhibit the low hy-
draulic conductivity, the insufficiently swollen parts 
exhibit the high hydraulic conductivity. The hydrau-
lic conductivity of the entire GCL with the hetero-
geneous water content distribution becomes high. 

Prehydration is an effective measure for improv-
ing the chemical resistance of GCLs. The GCLs are 
expected to be naturally prehydrated by absorbing 
moisture in the underlying base layer on which the 
GCLs are installed as bottom liners. Most of the 
prehydrated GCLs exhibit a low hydraulic conduc-
tivity of k ≅ 1.0×10-10 m/s against CaCl2 solutions 
with concentrations between 0.1 and 0.5 M. This 
hydraulic conductivity value is about 1,000 times 
lower at the maximum than that of the nonprehy-
drated GCLs. However, the prehydrated GCLs have 
been considered not to exhibit such a low hydraulic 
conductivity when the water content distribution of 
the prehydrated GCLs was strongly heterogeneous. 
In particular, it was easy for GCLs with granular 
bentonite to be heterogeneously prehydrated. 

2.3 Effects of the over-burden pressure on 
hydraulic conductivity of GCLs  

In most of the previous studies including the above 
sections, the barrier performance of GCLs has been 
conducted using flexible-wall permeameters under a 
low confining pressure of 20-30 kPa. However, the 
GCLs which are applied as bottom liners are con-
fined by the load of the landfill wastes so that the 
bentonite in the GCLs is consolidated and their void 
ratio and hydraulic conductivity are decreased. Such 
a consolidation effect has been considered remarka-
ble because the bentonite has a high compressibility. 
The confining pressure of the buried wastes is also 
one of the factors that affect the barrier performance 
of GCLs at real sites. 

In previous study, the data were limited to GCLs 
confined with < 120 kPa against deionized water or 
NaCl solutions (Petrove and Rowe 1997). Hence, 
this study conducted the consolidation and hydraulic 
conductivity tests using NaCl or CaCl2 solutions, 
and showed the effects of the type and concentration 
of permeant solutions on the void ratio and hydraulic 
conductivity of GCLs confined with an effective 
pressure of < 314 kPa. 
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2.3.1 Relationships between hydraulic conductivity, 
void ratio, and confining pressure 

The consolidation and hydraulic conductivity tests 
were performed in oedopermeameters. The proce-
dure was as follows. First, a filter paper and geotex-
tile which had a 6 mm diameter were placed in the 
permeameter. The granular NB was loosely put in 
the permeameter so that the thickness became ap-
proximately 10 mm, and then the surface of the gra-
nular NB was covered with the geotextile and filter 
paper. The granular NB sandwiched with two geo-
textiles were almost the same as GCL (Hereafter, the 
test specimen is regarded as GCL). The prepared 
GCL was fully saturated with a permeant solution, 
and then the GCL was consolidated with a confining 
pressure for 24 hours in the permeameter. If the de-
gree of the consolidation reached over 90%, the con-
solidated GCL was permeated with the same per-
meant solution. If not, the consolidation was 
continued until the degree of the consolidation was 
over 90%. After that, the hydraulic conductivity test 
started according to ASTM D 5084 and D 6766.  
The void ratio and the hydraulic conductivity were 
calculated from the final thickness measured by dis-
placement gauge.   

Figure 14 shows the relationship between the hy-
draulic conductivity and the confining pressure. The 
hydraulic conductivity was more decreased when the 
confining pressure was increased. In a low confining 
pressure such as 20-30 kPa which is a general-used 
pressure level for the hydraulic conductivity test for 
GCLs, the hydraulic conductivity was remarkably 
dependent on the type and concentration of the per-
meant solution. The hydraulic conductivity to NaCl 
solutions was larger than that to CaCl2 solutions 
when the ionic strength was equivalent. However, 
the difference in the hydraulic conductivity to each 
permeant solution having a different ionic species 
and concentration was suppressed when the confin-
ing pressure was increased. The hydraulic conduc-
tivity was k ≅ 1.0×10-11 m/s to any solutions tested 
when the confining pressure was 316 kPa.    

Figure 15 shows the relationship between the hy-
draulic conductivity and the void ratio. In a low con-
centration level, the void ratio was large and the hy-
draulic conductivity was low because the bentonite 
can sufficiently swell. The permeant solution with 
the high concentration, however, decreases the swel-
ling capacity of the bentonite so that the bentonite 
permeated with the solution with such a high con-
centration level exhibited the low void ratio and the 
high hydraulic conductivity at a low confining pres-
sure. When the confining pressure is increased from 
29.4 kPa to 314 kPa, the hydraulic conductivity is 
decreased with the void ratio. The degree of this 
change was remarkable in the high concentration 
level. For example, only one-order of the hydraulic 
conductivity decreased for the NaCl solution with 
the ionic strength of 0.2 M. In contrast, three-order 

of the hydraulic conductivity decreased for the NaCl 
solution with the ionic strength of 1.0 M. In conclu-
sion, when GCLs are consolidated by a high confin-
ing pressure, they can exhibit a low hydraulic con-
ductivity even to chemical solutions with the strong 
concentration. 
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Figure 14. Relationship between the hydraulic conductivity and 
the confining pressure 
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Figure 15. Relationship between the hydraulic conductivity and 
the void ratio 

3 COASTAL LANDFILLS 

3.1 Containment systems 
In Japan, coastal landfills and the associated con-
tainment systems are important considerations, par-
ticularly for metropolitan areas such as Tokyo and 
Osaka due to the limitation of inland space available 
to waste disposal. Coastal landfill sites account for 
only 2% of the total number of disposal sites in Ja-
pan, but receive 28% of the waste produced because 
of their relatively large capacity (Tanaka et al. 
2005). In addition, subsequent beneficial use of rec-
laimed/closed landfills of these facilities is an impor-
tant consideration, since these coastal landfills are 
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constructed close to metropolitan areas and provide 
the new land for development. Coastal landfills may 
be found to be preferable to inland landfills for sev-
eral reasons, including (1) the large area require for 
inland landfill may not be available or may be pro-
hibitively expensive, (2) the groundwater beneath a 
typical coastal site may not be suitable for beneficial 
uses, (3) many coastal sites are isolated, with few 
inhabitants nearby (or fewer than inland sites), and 
(4) environmental concerns related to coastal land-
fills may be less controversial compared to inland 
fills. Disadvantages of coastal landfills include diffi-
culties in monitoring and the possibility for bio-
accumulation of toxic substances. Therefore, con-
tainment systems for coastal landfills are equally 
important to those of inland fills. 

 

 
 
Figure 16. Typical configuration of coastal waste landfills  

 
Typical configuration of coastal waste disposal 

site is shown in Figure16. Most coastal areas in Ja-
pan often have thick clay layers that satisfy the Jap-
anese regulation for landfill bottom liners, which 
prescribes a hydraulic conductivity value lower than 
1.0 x 10-7 m/s and a thickness more than 5 m, or 
equivalent for the hydraulic barrier layer for the 
waste disposal facilities (Prime Minister’s Office 
and Ministry of Health and Welfare in Japan 1998). 
Thus, the critical issues are design, construction, and 
performance of the seawall which acts as vertical 
barriers. The Japan Ministry of Land, Infrastructure, 
and Transport, which regulates issues related to 
ports, harbors, and coastal development, published 
revised guidelines for containment systems in coast-
al waste landfill sites in 2008. Typical barrier sys-
tems to be used in coastal landfill sites were shown 
in Figure 17. Japanese regulations for these lateral 
containment systems require a composite barrier 
system composed of two geomembranes, or alterna-
tive barrier materials, with some sort of stabilized 
backfill material placed in between (WAVE 2000). 
The gravity caisson seawall system shown in Figure 
17 (a) and the rubble mound seawall systems shown 
in Figure 17 (c) both employ two geomembranes se-
parated by backfill materials that serve as a cushion. 
The backfill may also function as part of the barrier 

if they have low hydraulic conductivity and suffi-
cient ductility to resist service loads.  

 

 
 
Figure 17. Typical seawall systems at coastal landfills 

3.2 Fate and transport of heavy metals 
Bottom clay liners are the most important barriers 
used in solid waste disposal facilities. For coastal 
landfill facilities that have been constructed to con-
tain municipal and industrial types of waste in Japan, 
natural marine clay layers are thought to be the best 
clay liners for preventing the migration of pollutants. 
Bottom clay layers at coastal landfill sites may be 
under moderate to strong reduction conditions. In 
addition, leachate from landfills is rich in dissolved 
organic matter that can be used by microorganisms 
as a source of carbon for energy. The biochemical 
processes may lead to reduction-oxidation (redox) 
reactions and form a sequence of redox zones in the 
landfill leachate plume. Redox reactions strongly af-
fect the behavior of pollutants leached from the 
landfills (Lyngkilde and Christensen 1992; Rugge et 
al. 1995). Among the different pollutants occurring 
in leachate, heavy metals can be of particular con-
cern, which can be attenuated primarily by sorption 
and precipitation in addition to dilution (Christensen 
et al. 1994). The authors have also conducted the re-
searches on the effects of redox potential on the 
heavy metals mobility in coastal landfill sites (Zhang 
et al. 2004; Kamon et al. 2006; Plata et al. 2008 and 
2009; Inui et al. 2009). 
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Plata et al. (2008) reported a large column test 
(190 mm in inner diameter and 1,500 mm in height, 
shown in Figure 18) carried out during 502 days to 
simulate the conditions of a coastal landfill site and 
to evaluate the mobility of heavy metals within the 
incinerator ash layer and bottom clay layer, influ-
enced by pH, Eh, TOC and microbial activities. The 
marine clay (ρs = 2.61 Mg/m3, wL = 41.1%, wP = 
26.7%) sampled from Osaka Bay, Japan, was con-
solidated in the column under a consolidation pres-
sure of 200 kPa, representing an approximate over-
burden pressure of disposed solid waste at a 20 m 
depth, until its void ratio reached 0.92, to form a 
clay layer with 150mm in height. Then, a layer of 
850 mm height of municipal solid waste incinerator 
ash (MSWIA), a mixture of bottom and fly ashes 
collected at a MSW incinerator plant, was placed 
with the wet density of 1.35 Mg/m3 above the clay 
layer. The artificial sea water was employed as an 
influent, enhanced with 2,000 mg/L of ZnCl2 as tar-
get heavy metal, and 1,000 mg/L of NH4H2PO4 and 
1,000 mg/L of Na2SO4 which were added to favour 
reduced conditions. The column was continuously 
bubbled with N2 gas during the time of the experi-
ment under a pressure of 0.04 MPa. Zinc has been 
selected as target pollutant because it is generally 
found in the leachate from both hazardous and mu-
nicipal solid waste (Kamon et al. 2000) and it shows 
a similar behavior to other heavy metals such as lead 
against the pH change. 
 

 
Figure 18. Large column to simulate the metal mobility in 
coastal landfill sites (Plata et al. 2008) 

 
In the large column, the reduced-alkaline condi-

tion was dominant. Although 2000 mg/L Zn/Cl2 
were added to the influent, no significant soluble Zn 
was detected out of any of the sampling points along 
the column during the test except at the depth of 100 
mm in the order of 100 mg/L. Figure 19 shows Zn 
concentrations as functions of pH and Eh along the 
column with the Zn forms expected for various pH 
and Eh values presented by Hem (1972). This result 
reveals that both pH and Eh influence the mobility 
of Zn in ash/clay-water system. As pH decrease and 
Eh increase, Zn is dissolved in water. In contrast, 
when pH increases and Eh decreases greatly, Zn is 

effectively immobilized probably as insoluble hy-
droxides and carbonates. Previous studies also re-
ported that Zn is effectively immobilized in soil as 
pH increases and Eh drops (Kamon et al. 2006). 
Figure 20 shows the distributions of Zn composi-
tions in MSWIA layer with depth, which were de-
termined according to the modified BCR sequential 
extraction method. The percentage of the exchange-
able fraction, with regard to the total Zn, increased 
from 45% to values close to 60% after the test. An 
increase of the exchangeable fraction can pose a risk 
to the environment, since this one fraction is the 
most weakly bonded to the sediment and sudden 
changes in Eh or pH could mean the release of con-
siderable quantities of heavy metals. Except at the 
depth = 100 mm, the amounts of exchangeable frac-
tion were almost consistent regardless of the depth, 
however, the amounts of reducible fraction were in-
creasing particularly at the depths shallower than 
450 mm. From these observations, the mobility of 
Zn was basically very low and the water-soluble 
form was detected only around the surface (depth < 
100 mm), where the neutral pH and relatively high 
Eh ranging from -200 to -100 mV were observed. 
Zinc is proved to be retained as 1) insoluble but ex-
changeable hydroxides and carbonates and 2) reduc-
ible form. These fractions, which could change their 
forms against variations in pH and oxygen concen-
trations, may be subjected to the re-release of metals. 
In the future, effects of these variations on the heavy 
metal mobility will be studied. 

 

 
Figure 19. Zn concentration vs. pH and Eh with the pH-Eh dia-
gram for Zn proposed by Hem (1972) (Plata et al. 2008) 

 

 
Figure 20. Distribution of Zn composition in MSWIA along the 
column (Plata et al. 2008) 
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3.3 Factors affecting containment performance 
Polyvinyl chloride (PVC) geomembrane is widely 
used in the coastal waste containment facilities as 
barrier component in the gravity caisson type sea-
wall and rubble mound type seawall systems (Figure 
17 (a) and (c)). The containment performance of 
seawall systems is governed by a variety of factors 
including the durability of barrier component, integr-
ity of the seawall system, installation quality of the 
barrier component, material properties of other com-
ponents in the seawall systems. In this subsections, 
these factors affecting containment performance 
were reviewed and discussed based on previous re-
search achievements mainly conducted in Japan. 

3.3.1 Durability of PVC sheet 
Installation of geomembrane sheet at the vast coastal 
landfill site has various technical and economical 
problems. Thus, PVC sheet is preferably employed 
due to its flexibility and economical advantage. 
Generally, PVC geomembranes contain approx-
imately 30% plasticizer to enhance flexibility. 
Coastal seawall systems are easily subjected to large 
deformation due to subsoil settlement or earthquake. 
Thus, loss of plasticizers due to volatilization and/or 
leaching over time may have an adverse effect on 
the flexibility and tensile strength of sheet, and inte-
grity of the seawall system will be concerned accor-
dingly. Figure 21 shows the result of field exposure 
tests on PVC sheet (Japan chapter of International 
Geosynthetics Society 2009). In this test program, 
PVC sheet samples, which were exposed under field 
condition without any protection in different period, 
were collected at several inland landfill site in Japan, 
and subjected to the tensile test. PVC sheet sample 
after 27-year exposure was proved to retain only less 
than 30% tensile strength compared with that before 
the installation. As shown in Figure 21, thickness of 
the sheet was reduced and the tensile elongation re-
tention reached less than 50% respectively in several 
cases including submerged condition. Compared 
with HDPE geomembrane sheet, changes in these 
physical properties were more significant in PVC 
sheet. These findings imply that physical properties 
of PVC sheet will significantly change even under-
water condition if there is no protection layer con-
structed. Thus, PVC liner should be properly cov-
ered by some protection material immediately after 
the installation. 

Concerning the chemical resistance of PVC geo-
membranes, previous studies have shown that the 
landfill leachate has no significant effect on PVC af-
ter 16 months (Artieres et al. 2001). However, Ma-
sada et al. (1994) reported that the clay-PVC geo-
membrane interface shear strength was more 
susceptible to the landfill leachate than that of the 
clay-HDPE interface. Thus, further studies on the 
long-term durability of PVC geomembrane and its 

interface shear performance in coastal landfill are 
still required. 

 

 
Figure 21. Changes in thickness and tensile elongation of PVC 
sheet after the long-term field exposure (Japan Chapter of IGS 
2009) 

3.3.2 Integrity of the seawall systems 
Coastal seawall systems are easily subjected to large 
deformation, which is caused by subsoil settlement, 
lateral movement, earthquake motion, or uplift force 
due to wave and tidal fluctuation. Thus, integrity of 
the seawall against large deformation should be 
carefully considered in the design and construction 
stages. Kotake et al. (2004) measured the strains in-
duced in PVC geomembrane sheet during the instal-
lation of the PVC sheet and the protection layer. It 
was observed that the strains were induced by the 
shear force due to the self weight of the protection 
layer and the deformation caused by the uneven 
conditions of subsoil. The maximum stain reached 
approximately 15%, which was influenced by the 
degree of unevenness of the subsoil. In addition, the 
protection layer acts as the counter weight against 
the hydraulic pressure acting on the geomembrane 
sheet due to tidal fluctuation. To protect the defor-
mation of geomembrane due to the cyclic loading 
and uplift effect, specification of the protection layer 
should be carefully designed. 

The seismic performance of the gravity caisson 
seawall system (Figure 17 (a)) through both experi-
mental and analytical methods (Kano and Oda 2005; 
Oda et al. 2007). From a series of centrifuge model 
tests, the lateral movement of the gravity caisson 
seawall toward the waterfront side was induced by 
the earthquake motion and accordingly a large ten-
sile strain occurred in the PVC sheet, although the 
maximum strain values observed at the top of the 
slope was less than 20%, which the typical PVC 
sheet was enough capable of. However, the integrity 
of seawall system against the large deformation due 
to the earthquake has been carefully considered in 
Japan, since the Hyogoken-Nanbu (Kobe) earth-
quake in 1995 caused significant damage to many 
seawall systems; particularly large displacement of 
some gravity caissons occurred due to the strong 
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ground motions and liquefaction of backfill. This is 
one of the reasons that, as shown in previous case 
histories, rubble mound type seawalls have been 
employed for coastal waste disposal facilities in Ja-
pan, since the stability against the lateral movement 
is relatively high among typical seawall systems. 
Another important issue is that non liquefiable ma-
terial should be reclaimed close to the seawall to re-
duce the lateral earth pressure acting on the wall dur-
ing the earthquake. 

3.3.3 Configurations of seawall systems 
It has been pointed out that the containment perfor-
mance of coastal landfill barriers is affected by a the 
construction quality of the geomembrane sheet liner, 
the protection and backfill materials, and the seabed 
deposits (Katsumi and Kamon 2002). This subsec-
tion presented a two-dimensional advection-
dispersion numerical analysis to evaluate the leakage 
of soluble contaminants from the waste to the outer 
sea for the rubble mound type of seawall systems il-
lustrated in Figure 22. 

The finite element advection-dispersion chemical 
transport model “DTransu.2D EL” (Nishigaki et al. 
1995) was used to analyze the concentration and the 
mass flux of the constituents released through the 
barrier. In these analyses, it was assumed that the 
waste layer has a water head 100 cm higher than the 
mean seawater level. This seawall systems employs 
two geomembranes as the barrier component, which 
are separated by backfill material that acts as a cu-
shion. The hydraulic conductivity value of the clay 
layer was assumed to be 1.0 x 10-7 m/s, which satis-
fies the regulatory requirement for a natural bottom 
clay liner. However, the improvement of clay layer 
beneath the rubble mound using the sand compac-
tion pile method was considered to increase the hy-
draulic conductivity to 5.0 x 10-6 m/s. The backfill 
material is sand having a saturated hydraulic con-
ductivity of 1.0 x 10-4 m/s. The geomembranes were 
modelled as uniform layers with an equivalent satu-
rated hydraulic conductivity based upon an assumed 
number of defects, as proposed by Kamon et al. 
(2002). The equivalent saturated hydraulic conduc-
tivity for the geomembrane was based on previous 
research (Giroud et al. 1994; Katsumi et al. 2001) as 
well as two-dimensional axi-symmetric numerical 
analyses. The assumed number of defects, and hence 
equivalent saturated hydraulic conductivity, were 
varied to see their influence on contaminant trans-
port. 

An example of the results from the finite element 
advection-dispersion analysis is shown in Figure 23. 
The profile in Figure 23 (a) is based upon an as-
sumed geomembrane defect frequency of 2.5/hectare, 
while the profile in Figure 23 (b) is based upon 200 
defects per hectares in each geomembrane. These 
assumptions correspond to an equivalent saturated 
hydraulic conductivity of 2.1 x 10-12 or 1.6 x 10-10 

m/s, respectively. For the case with 200 geomem-
brane defects per hectare, illustrated in Figure 23 (b), 
after 50 years constituents from the reclaimed waste 
layer reached open sea. In contrast, for the case of 
2.5 geomembrane defects per hectare, illustrated in 
Figure 23 (a), constituent concentrations remained 
almost zero in the open sea as well as in backfill, 
even after 50 years. A low concentration of constitu-
ent transported through bottom clay liner was ob-
served in the rubble mound. These analyses illustrate 
the importance of integrity of the geomembranes and, 
hence, CQA, to the performance of coastal landfill 
barrier systems. 

 

 
Figure 22. Cross section of rubble mound seawall barrier sys-
tem for numerical analysis 
 

 

 
Figure 23. Effect of defect frequency of the geomembrane 
sheet on the containment performance 

 
Figures 24 illustrates the effect of the hydraulic 

conductivity of the backfill material sandwiched be-
tween two geomembrane sheets with a high frequen-
cy of defects (200 defects/ha) in them. The results in 
Figures 24 correspond to the results in Figure 23 (b) 
except that the hydraulic conductivity of the backfill 
material in Figure 24 (b) is 1.0 x 10-6 m/s, two orders 
of magnitude lower than in Figure 23 (b) while the 
hydraulic conductivity of the backfill material in 
Figure 24 (c) is 1.0 x10-7 m/s, three orders of magni-
tude lower than in Figure 23 (b). Figure 25 shows 
the profile of constituent concentrations of the see-
page flowing into the outer sea in 100 years for 
backfill saturated hydraulic conductivity from 1.0 x 
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10-4 to 1.0 x 10-7 m/s. Figure 25 clearly shows the in-
fluence of the saturated hydraulic conductivity of the 
backfill material on the constituent concentration of 
the seepage leaking through the seawall system. 
These analyses demonstrate that, even when the two 
geomembrane sheets were subjected to significant 
damages, backfill material with a low hydraulic 
conductivity material can effectivelt maintain the 
containment system performance. 

 

 
Figure 24. Effect of hydraulic conductivity of backfill material 
on the containment performance 

 

 
Figure 25. Influence of saturated hydraulic conductivity of 
backfill material on the contaminant concentration at the boun-
dary between the seawall and the outer sea 

 
Accordingly, in the guideline for containment 

systems in coastal waste landfill sites revised in 
2008, the fail-safe design was introduced for the ver-
tical hydraulic barriers, and two different hydraulic 
systems are installed in the seawall system (Watabe 
2008). In the case that the main hydraulic barrier 
(two PVC geomembrane sheets) was damaged, addi-
tional low-permeable layer (backfill material) is able 

to effectively minimize the contaminant transport, as 
proven in this analytical study. 

4 REMEDIATION OF CLOSED AND/OR 
ABONDONED LANDFILLS 

4.1 Redevelopment of closed landfills 
After the closure of landfill sites, including coastal 
landfill sites, they are expected to be utilized as new 
land space, since new space is difficult to find in ur-
ban area of Japan. According to the regulation, the 
landfill site can be “closed,” only after the monitor-
ing data proves that this landfill site will not provide 
any adverse effects on the surrounding environment 
even without any maintenance work. However, 
closed landfill sites are rarely utilized, or surface 
area of the landfill is utilized in the ways which do 
not require any foundation and excavation, such as 
park, green area and athletic ground. This is because 
1) toxic gas and/or leachate may be generated if the 
waste begins to be decomposed again due to the in-
trusion of oxygen and water by excavation works or 
removal of cover soil, 2) engineering properties of 
the waste ground are unknown and of great hetero-
geneity, and 3) it cost a lot to dispose of the waste 
excavated. 

In the Japanese law on the redevelopment of 
closed landfill, the area where the waste that is po-
tentially harmful to the environment used to be dis-
posed of must be registered to the prefectural gover-
nor. Redevelopment of the area of concern has to be 
also approved by the prefectural governor. Although 
the guideline has already been published to enforce 
this law (Committee on Technical Standards for the 
Redevelopment of Closed Landfill Sites, Ministry of 
Environment 2005), there are still a lot of technical 
issues to be solved. For example, the potential risk; 
generation of toxic gas and leachate, differential set-
tlement of the waste layer, damage to the lining sys-
tem, cannot be evaluated quantitatively, and detailed 
methods and technologies to manage and mitigate 
these risks have not been established. 

Redevelopment and utilization of the closed land-
fill can be categorized into (1) shallow-layer utiliza-
tion, (2) middle-layer utilization and (3) deep-layer 
utilization as shown in Figure 26, from a viewpoint 
of the depth in which the construction works for the 
redevelopment are involved. In shallow-layer utili-
zation, construction works are executed only on the 
surface and in the cover layer. Light-weight struc-
tures such as portable house, road and so on, are ex-
pected to be constructed. In middle layer utilization, 
waste layer acts as the bearing layer of footing and 
mat foundation for the relatively light-weight struc-
ture. In deep-layer utilization, pile foundations are 
installed to reach the bearing layer beneath the land-
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fill to obtain the bearing capacity enough for the 
heavy structures. Thus, the facilities in the landfill 
site, such as gas/leachate collection systems, lining 
system, have to be modified. Generally, the waste 
layer is heterogeneous in its mechanical, geotechnic-
al and biochemical properties. Waste materials con-
tain organic matters so much that toxic gas, leachate 
and smell are generated. Continuous and differential 
settlement occurs with the decomposition of organic 
substances. In addition, bearing capacity of the 
waste ground is relatively small compared with the 
normal ground. 
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Figure 26. Categories of redevelopments of closed landfill sites 
with the depth where the construction works are involved 
(Kamon et al. 2007) 

 
Considering these properties of the waste ground, 

the following risks should be carefully considered in 
the redevelopment of the closed landfill site. (1) set-
tlement (particularly differential settlement), (2) in-
sufficient bearing capacity, (3) gas generation (me-
thane, bad smell), (4) leachate generation, (5) 
corrosion of steel and concrete in the ground, (6) 
negative influence on the vegetation, (7) pile instal-
lation prevented by the debris in the waste layer, (8) 
changes of properties of wastes with time and loca-
tion, (9) treatment of waste and leachate, (10) spread 
of fine-particle waste during excavation and trans-
portation. Figure 27 indicates the potential risks in-
duced by the redevelopment of the closed landfill 
sites.  

It is very difficult to evaluate these risks quantita-
tively prior to construction works, since (1) the 
waste ground has strong heterogeneity, (2) testing 
methods for the waste ground have not been estab-
lished, (3) mechanism of the waste stabilization is 
still unclear and difficult to be estimated, for exam-
ple, effect of the change from anaerobic to aerobic 
condition in the waste ground, which is considered 
to occur by excavation work, on the mobility of tox-
ic substances immobilized, (4) geotechnical proper-
ties of the waste ground, particularly seismic per-
formance, dynamic performance, earth pressure, are 
not clear, and (5) settlement is significant and com-
plicated (induced by the decomposition of organics 

as well as elastic and creep deformation). Thus, 
monitoring and mitigation of these risks are very 
important issues in redeveloping the closed landfill 
site. Kamon et al. (2007) introduced items and their 
criteria to be monitored during and after the redeve-
lopment work, and reviewed the applicability of 
ground improvement techniques to mitigate these 
risks. 

 

 
Figure 27. Risks induced by the redevelopment of the closed 
landfill site (Kamon et al. 2007) 

4.2 Remediation of waste abandoned sites 
There are many cases that the soil contamination due 
to the waste dumping was unintentionally detected 
during construction works or site investigation prior 
to the construction project. This type of soil conta-
mination had a significant adverse effect on the 
process and economics of construction project. Thus, 
risk-based remediation design has gained great at-
tention to assess the validity of the remediation pro-
gram and choose the most cost-effective option (e.g., 
Kamon et al. 2003). In addition, the compatibility 
with the geotechnical properties of the contaminated 
site after the remediation is of another great concern, 
since some remediation programs may have some 
adverse effects on the geotechnical properties (e.g. 
change in the groundwater level, settlement, and de-
formation of the adjacent structures). 

In general, soil and contaminant removal will be 
preferable particularly for the residents. However, 
there are some disadvantages for removal technolo-
gy. This technology is usually expensive particularly 
when the volumes of removed materials are large. It 
is also difficult to find the landfill site or treatment 
plant which will receive these removed materials. 
Applications of containment technologies using ver-
tical barriers such as cement bentonite, soil bentonite, 
steel-pipe sheet pile, etc. have been tried in many 
sites. One of the key issues to apply the containment 
technologies is to obtain the consensus of stakehold-
ers. Risk analysis will be useful to explain the effec-
tiveness of containment technologies (Kamon et al. 
2003). Monitoring is also necessary to confirm the 
performance of the measure and the environmental 
safety. Some contaminated sites are located at 
mountainous areas because they are apart from the 
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residential areas. To design the remedial works at 
such sites, not only the environmental concerns but 
also the effects of the measures on the change in 
groundwater level and slope stability should be con-
sidered. 

4.3 Remedial option for the waste abandoned site 
along a landslide area 

The validity of a remediation program designed for a 
contaminated site based on the numerical advection-
dispersion analysis has been examined by Tanaka et 
al. (2008). The site of concern is contaminated due 
to the dumping of waste. Polychlorodibenzo-p-
dioxins (PCDDs) and heavy metals are the contami-
nants of potential concern. The area where this 
dumped site is located suffered the landslides histor-
ically, and has been still famous for the future poten-
tial of landslide; the national and local governments 
have conducted the remedial works for slope stabili-
ty for many decades. These remedial works include 
the installation of concrete piles for reinforcement 
and horizontal and vertical water drainage tunnels to 
lower the groundwater table. Therefore, the remedial 
action against the contamination should not contra-
dict the remedial actions against slope stability. At 
this site, the soil and contaminant removal is not pre-
ferable because the area is so wide and the cost is 
expected too expensive. The in situ containment 
technology using vertical barriers keyed into aqui-
tard is concerned to affect the groundwater level and 
trigger the slope instability, and is not therefore ac-
ceptable either. Thus, the installation of the capping 
over the contaminated soil and/or the shallow vertic-
al cutoff wall (not keyed into the aquitard) was de-
signed as a remediation program to prevent the infil-
tration and groundwater flow into the contaminated 
zone. Contaminant transport in subsurface is ex-
amined using the finite element method for ground-
water flow coupled with contaminant transport with 
and without the construction of these measures.  

Groundwater flow at this site, based on the hy-
drogeological conditions, is numerically modeled 
using the finite element method. Hydrogeological 
conditions include the foundation profile, groundwa-
ter level, and hydraulic properties of foundation ma-
terials such as their porosities and hydraulic conduc-
tivities. The foundation layers of this site consist 
mainly of two layers; a residual soil layer with a rel-
atively high hydraulic conductivity and an underlain 
base rock. Therefore, only a residual soil layer was 
modeled in the analysis and regarded as an aquifer. 
Considering that this site is located along the valley, 
groundwater flow parallel to the direction of the val-
ley is most dominant. Thus, the cross section which 
is parallel to the dominant direction of groundwater 
flow was analyzed as shown in Figure 28. Constant 
water head conditions based on the groundwater le-
vels investigated in geotechnical log boring were 

given at the several points in the section. Since this 
site is located on the landfill area, drainage pipes and 
reinforcement piles were installed as the counter-
measures against the landslide. In the analysis, the 
effects of these countermeasures on the geotechnical 
profiles (groundwater level and hydraulic conductiv-
ity) were considered. 

 

 
Figure 28. Cross section and finite element mesh used for 2-D 
advection-diffusion analysis (Tanaka et al. 2008) 

 
Table 1. Material properties used in numerical analysis (Tana-
ka et al. 2008) 
ParametersUnit Values 
Hydraulic conductivity k (m/s) 2.9 x 10-5 
Effective porosity ne (-) 0.2 
Longitudinal dispersivityαL (m) 15 
Transversal dispersivity αT (m) 1.5 
Coefficient of molecular diffusion Dm (m2/s) 6.5 x 10-10 
Retardation factor Rd (-) 164 

 
The finite element advection-dispersion chemical 

transport model, DTransu.2D EL (Nishigaki et al. 
1995) was used to analyze the concentration and 
mass flux of a contaminant released from the conta-
minated zone in 50 years. The zone where the con-
centrations of dioxins were higher than the environ-
mental criteria (1,000 pg-TEQ/g) is regarded as the 
contaminated zone. The parameters for an aquifer 
used in the analysis are shown in Table 1, based on 
the previous investigations. As the boundary condi-
tions in the analysis, constant water heads and drai-
nage conditions were assumed based on the ground-
water level investigated as shown in Figure 28. At 
the node corresponding to the drainage tunnel, a 
constant drainage rate of 0.5 m3/m/day was assumed. 
Contaminant transport was analyzed under the un-
steady-state hydraulic head distribution and unsatu-
rated water flow condition. The precipitation intensi-
ty is fixed at 4.2×10-3 m/day according to the 
average value of the past 22 years in this region. 
Thirty percent of precipitation was considered to in-
filtrate into the ground. Unitless initial contaminant 
concentration, C0, of 1.0 was set for the contami-
nated zone, although the actual concentration of so-
luble dioxin was unknown.  

Four cases were analyzed: (1) Case-A: No re-
medial action is conducted, (2) Case-B: A capping 
layer was installed at the surface of the contaminated 
area, (3) Case-C: A capping layer at the surface of 
the contaminated area and a shallow vertical cut off 
wall at upper side of the contaminated zone (14 m in 
depth, 0.5 m in thickness) were installed, and (4) 
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Case-D: A capping layer at the surface of the conta-
minated area and a couple of shallow vertical cut off 
wall at both upper and lower sides of the contami-
nated zone (upper side: 14 m in depth, 0.5 m in 
thickness, lower side: 8 m in depth, 0.5 m in thick-
ness) were installed. Depths of the vertical cutoff 
walls correspond to the bottom of the contaminated 
zone, but not keyed into the aquitard. In Cases-B, C 
and D, a vertical cut-off wall and a capping layer are 
assumed impermeable.  

 

 
 
Figure 29. Distributions of the normalized contaminant concen-
tration after 50 years (Tanaka et al. 2008) 
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Figure 30. Changes in C264, maximum concentration in the 
aquifer at the lower edge of the contaminated zone (Tanaka et 
al. 2008) 

 
Figure 29 shows the groundwater level and dis-

tributions of contaminant concentration normalized 
by C0 after 50 years for Case A to D. There is no dif-
ference in the groundwater level between Case-A 
and other cases. This confirms that the remedial ac-
tion do not affect the groundwater level and accor-
dingly the slope stability. By comparing with Case-

A and Case-B, the rainwater infiltration is a strong 
driver for the contaminant transport, and the infiltra-
tion cut by the capping is considered to be an effec-
tive remediation. From the results of Case-C and D, 
the vertical cutoff wall can reduce the lateral trans-
port of contaminant effectively. 

Temporal changes of C264, which is the maximum 
concentration in the aquifer (below the groundwater 
level) at the length of 264 m, corresponding to the 
lower side edge of the contaminated zone, are shown 
in Figure 30. The C264 value after 50 years even for 
Case A is only 34% because dioxins are assumed 
strongly adsorbed to the organic matter in soil in the 
analysis. Cases B, C, and D resulted in the 8.5%, 
8.0%, and 4.6% of C264 values after 50 years respec-
tively. Capping over the contaminated zone will be 
considered very effective at this site. Further exami-
nations such as the effects of the expansion of cap-
ping area and/or the depth of vertical wall are pre-
sented in Tanaka et al. (2008). 

5 CONCLUSIONS 

Three issues related to the application of geomem-
branes and geosynthetic clay liners (GCLs) are dis-
cussed in this paper, including (1) chemical resis-
tance of GCLs against synthetic chemical solutions 
and waste leachate, (2) performance of geosynthetic 
materials applied to the coastal waste containment 
facilities, and (3) application of geosynthetic barriers 
to remedial actions at abandoned waste disposal sites. 

The type and concentration of the chemical per-
meant solutions has significant influences on the 
barrier performance of GCL. From the relation be-
tween free swell and long-term hydraulic conduc-
tivity values obtained through experimental works, 
the free swell to sampled leachates will derive the 
hydraulic conductivity even if the type and concen-
tration of the permeant solution cannot be specified. 
Prehydration is an effective measure for improving 
the chemical resistance of GCLs. The GCLs are ex-
pected to be naturally prehydrated by absorbing 
moisture in the underlying base layer. However, the 
prehydrated GCLs may not exhibit such a low hy-
draulic conductivity when the water content distribu-
tion of the prehydrated GCLs, particularly with gra-
nular bentonites, is heterogeneous.  

Coastal landfills and the associated containment 
systems are important considerations, particularly 
for metropolitan areas, due to the limitation of inland 
space available to waste disposal. Not only barrier 
systems but also the nature of heavy metals in coast-
al landfills should be taken into consideration. A re-
search project on heavy metals mobility using a 
larch column to simulate the redox potential at the 
coastal landfill sites was presented. Barrier perfor-
mances of several types of side barrier systems using 
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geosynthetic materials were also numerically ana-
lyzed. In the case that the main hydraulic barrier 
(double PVC geomembrane sheets) was damaged, 
additional low-permeable layer (backfill material) is 
able to effectively minimize the contaminant trans-
port. 

Remedial option for a dumped waste site located 
along a landslide area should be designed under the 
consideration against contaminant transport as well 
as slope instability; cut-off wall keyed into the aqui-
tard might elevate groundwater level and thus may 
not be employed. An analytical study on contami-
nant transport proves that the containment system 
using capping and shallow (not keyed) vertical bar-
rier will be a cost-effective option. 
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