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ABSTRACT: Effectiveness of landfill cover systems is presented based on the experimental and theoretical study. Since the incinerator 
ash is disposed in most landfills in Japan, the leaching of inorganic chemicals (heavy metals, salts) is an important geo-environmental 
concern. Reducing the infiltration into waste by cover systems is expected to promote anaerobic condition, which might result in 
minimizing the leaching potential. However, the effectiveness of covers has been discussed only from the viewpoint of water balance 
but not from such chemical and bio-chemical aspects. Thus, the objectives of this paper are (1) to experimentally examine the possibility 
of utilizing sludge materials (paper sludge and construction sludge) as barrier layer for the landfill cover system, (2 ) to parametrically 
evaluate the performance of sludge barrier layer under the Japanese climate conditions, and (3) to evaluate the effect of anaerobic 
(reduction) condition resulting from the reduced infiltration by cover systems.

RÇSUMÇ: L'efficacité des sysèmes de couvertures des dépôts est présentée suite à des travaux expérimentaux et théoriques. Etant 
donnée que les cendres issues de l'incinération des déchets sont, pour la majorité, déposées à terre, la lixiviation des composés 
inorganiques (métaux lourds, sels) est un important problème géoenvironnemental. En limitant l'infiltration de l'eau dans les déchets par 
le système de couverture, on s'attend à favoriser les conditions anaérobiques, ce qui pourrait minimiser le potentiel de lixiviation. 
Cependant, l'efficacité des systèmes de couverture a été discutée seulement du point de vue du bilan d'eau et non du point de vue de 
l'aspect chimique. Ainsi les objectifs de cet article sont (1) d'examiner expérimentalement les possibilités d'utilisation des boues (boue 
d'usine de papier et boue de construction) en tant que couche barrière dans les systèmes de couverture (2) d'évaluer les performances de 
cette barrière par une analyse paramétrique avec des conditions relatives au climat japonais et (3) d'évaluer l'effet des conditions 
anaérobiques (réductrices) résultant de la réduction d'infiltration par le système de couverture.

1 INTRODUCTION

The requirement of waste containment facilities is to prevent the 
migration of waste leachate and protect the peripheral 
geo-environment. To avoid the leakage of leachate that contains 
toxic substances, effective design is not only to install bottom 
liner but to establish the landfill cover system in order to prevent 
infiltration of precipitation and surface water to the waste layer 
and to minimize the generation of waste leachate. In European 
and American countries, clays are generally used as hydraulic 
barrier, of which the water interception is expected. Recently, the 
application of sludge materials to barrier layer has been examined 
from the viewpoint of effective utilization of wastes (Moo-Young 
and Zimmie 1996, Kraus et al. 1997, Kamon et al. 2000a).

Effect of cover systems has been discussed from the 
viewpoint of water balance, but should also be discussed from the 
chemical and bio-chemical aspects, because the less infiltration 
would result in the reduction (anaerobic) condition, which is 
expected to reduce the heavy metals leaching. However, there are 
few studies regarding the effect of redox condition (potential) on 
heavy metals leaching from the waste (Ouyang et al. 1999, 
Ludvigsen et al. 1998). Also, they studied the relation between 
redox potential and concentration of heavy metals of 
groundwater around disposal site, and none has been reported on 
the evaluation of redox potential for barrier layer in the waste 
containment facility.

Thus, the objectives of this paper are, (1) to evaluate the 
applicability of paper and construction sludges as barrier layer in 
the cover system, (2 ) to evaluate the effect of cover system using 
the sludges on leachate reduction for the Japanese weather 
conditions, and (3) to discuss the effect of anaerobic condition on 
the heavy metals leaching in respective of installation of cover.

2 EVALUATION OF SLUDGES AS BARRIER MATERIAL

2.1 Materials

The sludge materials used for experiments are paper sludge (PS) 
(generated from paper manufacturer effluent treatment facility 
and dehydrated in the belt press), construction sludge (CS) 
(produced from the shield-tunnel excavation site), and bentonite 
mixed construction sludge (CSB) (by mixing 10% dry mass ratio 
bentonite with construction sludge). PS significantly contains 
organic substances, and can maintain plasticity even at high water 
content. CSB simulates the waste slurry containing bentonite. 
Engineering properties of the sludges are summarized in Table 1.

2.2 Hydraulic conductivity

Hydraulic conductivity is a key issue for barrier layer. Hydraulic 
conductivity tests were conducted using the flexible-wall 
permeameters on sludge specimens at different water contents 
having 10 cm diameter and 3 cm height. Water content and 
density of specimens was set according to the standard 
compaction curves.

Table 1. Properties of PS, CS, and CSB.

PS CS CSB

Initial water content (%) 132.5 337.2 -

Particle density (g/cm3) 1.79 2.68 2.66

Optimum water content (%) 74.4 18.3 24.4

Liquid limit (%) 352 46.5 55.2

Plastic limit (%) 106 28.0 18.3

Compressibility, Cc 1.22 0.31 0.28

Cohesion, c' (kPa) 3.9 3.6 4.8

Internal friction, <j> ’ (deg.) 40.5 34.1 32.7

Organic content (%) 63.7 6.2 -
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Figure 1. Hydraulic conductivity of PS.

Figure 2. Hydraulic conductivity of CS and CSB.

compressive deformation will not be arisen when the sludge 
remains the plastic state. The slope inclination angle of SO 
cm-thick sludge layer satisfying the safety factor > 1.5 is 43 

degrees or less for CS, and is 56 degrees or less for CSB. To 
construct the sludge layer with higher water content, it is 
suggested that injection method that deeply blows sludge on the 
waste layers by compressed air can be applied.

2.4 Environmental compatibility

Since PS contains heavy metals, their leaching behavior is 
required to be assessed. The results of batch leaching test 
(JLT-13) of PS indicates that leachate amounts of heavy metals 
(i.e., Pb, Cd, and Cr) satisfy the regulatory limits (Kamon et al. 
2000a). The necessity and usefulness of column leaching test is 
emphasized in assessing the environmental suitability of recycled 
materials (Kamon and Katsumi 1999). Thus, heavy metals 
concentrations in the effluent obtained from the hydraulic 
conductivity tests were determined. As shown in Figure 3, the 
cumulative masses of released heavy metals satisfy the 
regulatory limits in case of liquid over solid ratio of 10  that 
corresponds to the regulatory batch leaching test method. Thus, 
PS can be used as a barrier layer from the viewpoint of 
environmental compatibility.

3 COVER SYSTEM EFFECT ON LEACHATE GENERATION

Figure 3. Cumulative mass of heavy metals released from PS.

Figures 1 and 2 show the compaction curves and the 
hydraulic conductivity values of PS, CS, and CSB. In the case of 
PS, the water content providing the lowest hydraulic conductivity 
is about 140% (60% wet of optimum). However, there is no 
remarkable difference in the hydraulic conductivity (4 x 1 O'7 -  9 x 
10'7 cm/s) for water contents ranging from 50 -  150%. CS 
showed hydraulic conductivity of 1 x lO-8 -  7 x 10'* cm/s, 
whereas CSB exhibited lower hydraulic conductivity (5 x 10"* -  7 
x 10"9 cm/s). Also, the hydraulic conductivity of CSB is 
insensitive against water content, which might be advantageous 
in construction quality control. In USA, the hydraulic 
conductivity of barrier layer in cover system for MSW landfill 
has been determined as lower than or equal to 1 x 10'5 cm/s. In 
addition, barrier layer having the hydraulic conductivity lower 
than 1 x 10 ‘7 cm/s can performs excellently for all types of 
landfills (Daniel and Koemer 1995). Based on these aspects, both 
CS and CSB materials satisfy the standards set by USA.

2.3 Strength and stability

Although PS is highly compressive (Cc = 1.22) as shown in Table
1, it exhibits over-consolidation state under the overburden 
pressure of 20 - 30 kPa, which is the typical load subjected to the 
barrier layer. Safety factor for the stability of slope of 50 cm-thick 
PS layer having the inclination less than or equal to 30 degrees is 
greater than 1.5. Compressibility of CS and CSB are dependent 
on water content and initial void ratio. However, in large

3.1 Performance o f final and daily cover systems

Effect of final cover system using sludge material as a barrier 
layer is evaluated by modeling the behavior of precipitation in the 
cover system as shown in Figure 4. The water interception ratio 
was obtained by referring the water balance calculation method 
using Hydrologie Evaluation of Landfill Performance (HELP) 
model (Koemer and Daniel 1997, Khire et al. 1997). Calculation 
procedure is as follows: (1) infiltration water quantity passing 
through surface layer of a unit area is calculated from the 
empirical formula using the data of monthly average 
precipitation, mean temperature, latitude, and surface angle value 
of the site; (2) water head in the drainage layer is obtained by 
inputting the rate of infiltrated water quantity to Darcy’s rule, and 
(3) water percolation quantity across the barrier layer is obtained 
from the calculated hydraulic gradient and given hydraulic 
conductivity. Calculated water interception ratio (intercepted 
precipitation over precipitation) for Owase city, which has 2.2 
times larger precipitation (3930 mm/m2/y) than Japanese average 
(1760 mm/m2/y), is shown in Figure 5. If the barrier layer is 30 — 
70 cm thick and has the hydraulic conductivity lower than 10'7 

cm/s, interception ratio higher than 95% can be achieved. Thus, 
sludges are expected to be the effective materials to be used for 
the barrier layer.

During the waste reclamation stage, daily cover is installed 
on the waste to restrict the infiltration of water through the waste. 
To evaluate the performance of daily cover, it is necessary to 
consider the daily variation of weather. Period of calculation was

Precipitation (P ), Temperature (T) 

g Evapotranspiration (Et = f(P, T))

1  ^  4  t  j  Run°ff(R̂ f(M »
k Drainage layer

(k = 10-1 - 10-3 cm/s) Infiltration (I = P - R - Et)
Lateral drainage ( L)

Barrier layer 
(Paper sludge, Construction sludge) 

, (k=  l a 9 - 10-6cm/s)

Angle: /?
V Waste layer Percolation through barrier layer ( P r = k x i )  

Figure 4. Schematic view of water balance model in the cover system.
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with/without cover systems.

made for 1 month, which is considered the typical exposed period 
of the daily cover. The interception ratio by daily cover having 
the surface soil and barrier layers using the sludge was calculated 
by the method similar to the aforementioned one for the final 
cover. The calculated result of water balance within daily cover in 
October 1998 in Owase is shown in Figure 6 . The water 
interception ratio of the barrier layer having the hydraulic 
conductivity lower than 1 x 10-6 cm/s is about 98% of cumulative 
flux for 1 month.

3.2 Effect o f cover system on leachate reduction

Effect of the cover systems on leachate reduction for the entire 
landfill service life is discussed in this section. The precipitation 
that passed through the cover system and waste layers was 
calculated, and consequently quantity of the leachate 
accumulated above the bottom liner was obtained. The method 
proposed by Tchobanoglous et al. (1993) was used to calculate 
the water balance in the waste layer and to obtain the quantity of 
leachate above the bottom liner. The calculated results are shown 
in Figure 7. Current Japanese regulation on landfill prescribes the 
installation of only surface soil cover after the completion of 
waste reclamation. Compared to the case without any cover 
systems, calculated results indicate that the installation of daily 
cover results in decreasing the leachate generation into 1/ 10 , and

leachate generation after the landfill completion is decreased to 
1/60 by installing final cover system. Further, the quantity of 
leachate generation is very limited (i.e., 40 mm/m2/y). Thus, it is 
concluded that the installation of cover systems is significantly 
effective in reducing the leachate generation.

4 ANAEROBIC EFFECT ON HEAVY METALS LEACHING

4.1 Experimental evaluation o f redox effect

Modified column leaching test shown in Figure 8 (Kamon et al. 
2000b) was conducted to evaluate the leaching characteristic of 
heavy metal from clay in the redox condition. Clay used for the 
experiment was a marine clay (initial water content = 100.4%, 
liquid limit = 93.3%, plastic limit = 46.1%) sampled in Osaka 
Bay. Clay specimens (6 cm diameter and 6 cm height) for column 
tests were prepared by consolidation with 0.2 MPa of vertical 
pressure by using traditional consolidometer. Two test series 
were conducted. For one case (C-l), 10000 ppm Na^O,* 
(Sodium Dithionite) was contained in the influent, and 16200 
ppm Na2S04 (Sodium Sulfate) was contained in the influent for 
another case (C-2). For both influents, Zn(N03)2 was added to 
reach 10 ppm Zn2+. Na2S20 4 is a resistant reducing agent, and 
Na2S04 that was not a reducing agent was used for the sulfur
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Figure 9. Column leaching test results of the marine clay (C-1).
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content supply for the control. Nitrogen and oxygen gases were 
used for the backpressure gas for C-l and C-2, respectively.

Zinc concentration, pH, and oxidation-reduction potential 
(ORP) of the effluent are shown in Figures 9 and 10. In C-l, zinc 
leaching was not detected until the effluent volume reached 600 
mL, since ORP is low enough to immobilize mstals. However, 
the zinc leaching increased after the effluent volume reached 600 
mL. It is probably because the decomposition of Na2S20 4 

lowered pH, raised ORP as the result, and prevented the 
formation of ZnS precipitation. Although was added to
intend to promote the reduction condition, it reversibly promotes 
the leachate of zinc with the lowering of pH. For C-2, zinc 
leaching was less for longer period. It is considered that the 
precipitation of Zn(OH)2 was formed under the lowered ORP, 
and precipitation of ZnS was also formed because the hydrogen 
sulfide arose by the reduction of sulfate ion with redox condition 
of the soil.

4.2 Theory and practical implications

Leaching concentration of Zn can be calculated theoretically 
under the given pH and ORP conditions. The outline of 
calculation method proposed by Kamon et al. (2000b) is as 
follows: (1) calculate the concentration of S2O42' or H2S that is 
produced by the decomposition of S042\  (2) obtain S2' 
concentration from the equilibrium relation between H2S, H \ 
HS\ and S2\  (3) check the maximum limit of Zn2+ leaching

through the solubility product of ZnS or Zn(OH)2, (4) obtain the 
concentration of Zn complex from the equilibrium relation 
between Zn2+, OH', and complex ion, and (5) estimate total Zn 
concentration by adding the concentrations of Zn2+ and Zn 
complex. The calculation results are plotted in Figures 9 and 10. 
Leaching behavior from theoretical calculations agrees with the 
experimental leaching amount. In particular, excellent agreement 
between theory and experiment was observed when the leaching 
amount is low. The theoretical leaching values are slightly greater 
than the calculated value when leaching amount is large, because 
theoretical calculation does not consider the zinc adsorption on 
soil. However, it can be concluded that zinc leaching can be 
predicted from pH and ORP. Figure 11 shows the zinc leaching 
availability with and without consideration of ORP. The zinc 
leaches out for the acid condition, when only the effect of pH was 
considered. However, under the condition of low ORP, sulfate ion 
mainly exists, which results in minimizing zinc leaching even in 
acidic condition. Hence, it can be concluded that the leaching of 
heavy metals are expected to be minimized, if the redox condition 
is maintained and promoted by the installation of cover system.

5 CONCLUSIONS

The following conclusions can be drawn from this study:
1) The experimental results indicate that paper sludge (PS), 

construction sludge (CS), and bentonite mixed construction 
sludge (CSB) exhibit low hydraulic conductivity and 
environmental compatibility so that they may be applied as 
barrier layer in the cover system.

2) Parametric water balance analysis shows that final and daily 
cover systems using sludge materials have an great effect on 
reducing the infiltration into waste layer and minimizing the 
generation of waste leachate.

3) Proposed modified column leaching tests considering the 
reduction-oxidation condition indicate that zinc leaching in 
marine clay was significantly dependent on pH and ORP. The 
leaching behavior can also be theoretically predicted.
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