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ABSTRACT 
The hydraulic conductivity of waste is an important parameter which influences the design of leachate recirculation 
system in a bioreactor landfill. The hydraulic conductivity of waste varies with respect to depth and time in a landfill. 
These variations can be attributed to the settlement of waste and the corresponding changes in the void ratio can be 
related to permeability. In this study, experiments were conducted to find the values of permeability index (Ck, the ratio 
of the slope of the void ratio – coefficient of permeability relationship) at four different placement densities of waste. 
The relation between compression index (Cc) and Ck for waste is discussed. Estimation of permeability using Ck is 
presented and compared with the reported values in the literature. The effect of initial placement density of waste on 
the design of injection wells in a typical bioreactor landfill is presented to demonstrate the applicability of Ck and Cc 
values with the help of Hydrus-2D simulations.  
 
 
 
1 INTRODUCTION 
 
The total settlement in a landfill is the sum of immediate, 
creep and biodegradation settlements and can be up to 
around 20% to 50% of the total depth of landfill (Swati et 
al. 2008; Tchobanoglous 1993). Settlement of waste 
results in the change in void ratio/ density of waste. The 
variations in the density have corresponding changes in 
the properties of waste such as the hydraulic conductivity 
and unsaturated properties of waste. Leachate 
recirculation system (LRS) is an integral part of the 
bioreactor landfill and the hydraulic conductivity of waste 
is an important parameter used in the design of LRS. The 
formulas or the modeling tools used to determine the 
spacing of the leachate recirculation wells are dependent 
on the hydraulic conductivity of waste (Maler 1998; 
Timothy 2016). The hydraulic conductivity is known to 
vary as a function of density and age of waste (Bleiker et 
al. 1995; Reddy et al. 2011; Beaven et al. 
2010).Therefore, any change in the density of waste, 
which may be due to the overburden stress (depth) or 
different placement density as per the design will 
considerably affect the hydraulic conductivity and hence 
the performance of the landfill. In this paper, studies 
pertaining to the effects of placement densities of waste 
and overburden stress in the landfill are studies as they 
can considerably influence the spacing of the 
recirculation wells.  

Therefore, the aim of the study is to: 

 Formulate an experimental program to estimate the 
hydraulic conductivity of waste corresponding to 
different depths in a landfill. 

 Estimate the value of permeability index (Ck = ratio of 
the slope of the void ratio – coefficient of 
permeability) of waste. 

 Study the influence of placement density of waste on 
the spacing of recirculation wells in a bioreactor 
landfill. 

 
 

2 METHODOLOGY 
 
Consolidation tests were performed with wastes 
compacted to different initial densities. During 
consolidation tests, the hydraulic conductivity of waste 
was determined under different loading conditions. 
These values correspond to the hydraulic conductivity of 
waste in a landfill at different depth for a particular 
placement density and time. With these results, the 
permeability index of waste was also estimated. The 
experimental data was used to run the numerical 
simulation (HYDRUS-2D) of landfill recirculation system 
to study the influence of the placement density on the 
well spacings. 
 
2.1 Experimental studies on compression index (Cc), 

hydraulic conductivity (k) and unsaturated 
properties of waste. 

 
2.1.1 Compression index and hydraulic conductivity 

of waste.  
 
One dimensional consolidation test was carried in an 
oedometer to determine the compression index of waste. 
The consolidation experiments were carried out on waste 
samples at different densities (550, 700, 850 and 1050 
kg/m3). The experiments were carried out in standard 
consolidation apparatus as per ASTM D 2435 (2011) 
standard. The load was applied with standard weights 
using a lever system and the deformation was measured 
with a dial gauge. The waste sample (particle size <4mm 
or <10mm) was filled in a standard consolidation ring 
(having diameter of 60 mm and height 20 mm) and 
compacted by the method of static compaction. The 
sample was subjected to a constant vertical stress of 
6.25 kPa and the compression was measured at different 
time intervals. The hydraulic conductivity was measured 
by the variable head method once the dial-gauge reading 
was constant for that particular loading. For the next load 
increment, the normal stress was increased to 12.5 kPa 
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and compression and hydraulic conductivity were 
monitored. This procedure was repeated for normal 
stresses of 25, 50, 100, 200, 400 and 800 kPa. 
 
2.1.2 Estimation of unsaturated properties of waste.  
 
In this study, the filter paper method as specified in  
ASTM D5298 (2010) was followed for the determination 
of suction of waste. The experimental data points 
(suction-moisture content) of waste at a particular dry 
density (800kg/m3) were used for curve fitting and the 
van Genuchten (VG) parameters were estimated. 
 
2.2 Estimation of waste density at different depth in 

the landfill. 
 
The density of the waste increases with the depth of the 
landfill due to increase in overburden pressure. The total 
settlement of the landfill was calculated as per the 
Marques equation (Marques et al. 2003). The 
corresponding changes in the dry densities at any depth 
of the landfill were obtained from the settlement of the 
individual layer. The corresponding changes in the 
hydraulic conductivity of waste was estimated as per the 
procedure described in sections 2.1.1. The effect of 
density on unsaturated properties were not considered 
for the present study. As the effect of biodegradation was 
not considered, the time frame used in the settlement 
equation was set to one day. 
 
2.3 Estimation of hydraulic conductivity of waste at 

different depth in the landfill. 
 
At a particular initial placement density of the waste, the 
permeability index gives the relationship between the k 
and void ratio/density. The variation of void ratio/density 
as a function of overburden pressure is given by 
compression index (Cc). For a wide variety of natural 
soils, the ratio of Ck to Cc is in the range of 0.5 - 2 (Mesri 
and Rokhsar 1974) but there are no such range of values 
reported for MSW. As per the methods suggested in 
section 2.1, both Ck and Cc were determined for waste 
with initial placement densities(bulk) of 550, 700, 850 
and 1050kg/m3 and is shown in Table 1. Thus, for any 
bulk density of waste, the Ck can be determined by 
knowing the Cc value and from Figure 4. From the Ck 
value, the hydraulic conductivity can be obtained for the 
waste of different dry density present at various depth of 
landfill. 
 
2.4 Hydrological modeling the leachate recirculation 

system (LRS). 
 
A landfill cross section of 50 m length and 20 m depth 
was selected to demonstrate the hydraulic performance 
of LRS. Hydrus-2D was used for simulation and landfill 
depth was subdivided into five equal layers of 4 m each. 
A vertical well of 17 m deep and 0.3 m diameter having 
a screen depth of 3 m from the bottom of well was 
selected. The well dimension selected was similar to that 
reported in Khire and Mukherjee (2007). The model input 
mainly consisted of the well dimensions, recirculation 
rate, period of simulation, material properties and 
boundary conditions. Simulation studies on leachate 
injection at the rate of 5 m3/day were carried out under 
continuous operation until steady-state conditions were 
established. No flux boundary condition (BC) was 

assumed for top and side walls while the bottom was 
considered as free drainage BC.  

 
 

3 RESULTS 
 
3.1 Compression index of waste. 
 
From the consolidation experiments, the variation of void 
ratio with respect to different load increment for four 
different placement densities are obtained and is shown 
in Figure 1.  
 
 

 
Figure 1. Variation of void-ratio as a function of 
overburden stress for different initial placement densities 
of waste. 
 
 

The compression index of the waste measured was 
in a narrow range (0.4 to 0.5, from Table 1) for bulk 
densities in the range 550 kg/m3 to 1050kg/m3. This 
indicated that the settlement and hence the change in 
density of waste with an increase in overburden pressure 
(depth of landfill) would be in a small range for all 
placement densities. From Figure 1, it can be observed 
that for a higher placement density, the change in void 
ratio is not so significant up to 50kPa. 
 
Table 1. Compression index and permeability index of 
waste at different placement density. 
 

Bulk density; 
kg/m3 

Cc Ck Ck/Cc 

1050 0.408 0.199 0.487 

700 0.507 0.346 0.682 

850 0.440 0.297 0.674 

550 0.422 0.458 1.085 

 
 
3.2 Estimation of hydraulic conductivity. 
 
Generally, the hydraulic conductivity decreases with 
depth and age of waste. Various laboratory studies on 
hydraulic conductivity of waste report the range between 
1.6 × 10-3 to 3.7 × 10-8 m/s (Powrie and Beaven 1999; 
Reddy et al. 2009; Stoltz et al. 2010). The variation of 
void ratio and dry density with respect to the hydraulic 
conductivity of waste for four different placement 
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densities are shown in Figure 2 and Figure 3 
respectively. The “k” value decreases with increase in 
dry density and from Ck value of Table 1, we can infer 
that with increase in initial placement density the k value 
decreases (due to increase in the slope of e-logk graph). 
The range of k observed for four different placement 
densities under increasing overburden pressure is in 
between 1.0 × 10-8 to 1.0 × 10-5 m/s. The results obtained 
in this study are within the range reported in the literature. 
 
 

 
Figure 2. Variation of void-ratio as a function of the 
hydraulic conductivity of waste for different initial 
placement densities. 
 
 

 
Figure 3. Variation of bulk density as a function of the 
hydraulic conductivity of waste for different initial 
placement densities. 
 
 

 
Figure 4. The relation between initial placement density 
of the waste and the ratio of Ck and Cc. 
 

3.3 Modelling the effect of placement density on the 
LRS 

 
The behaviour of the LRS with waste having bulk 
densities of 550 and 850 kg/m3 were considered for 
modeling studies. In both the cases, the variation of 
density with the depth of landfill (at every 4m depth) was 
calculated as per section 2.3 and was used as the input 
to the model. For a continuous injection of leachate at 5.5 
m3/day, the saturation lines (SL) for the 550 and 850 
kg/m3 placement densities are as shown in Figure 5. 
 
 

 

 
Figure 5. Distribution of saturation lines in landfills with 
550 kg/m3 and 850 kg/m3 initial placement densities. 
 
 

For the same leachate injection rate, the wetted width 
(> 90% saturation contour) for 850 kg/m3 initial 
placement density is 1.7 times greater than the 550 
kg/m3. Even in terms of the areal extent of leachate 
saturation achieved, the higher placement density is 
more efficient. This might be due to the spread of the 
saturation contours towards the high k regions (k 
reduces towards the depth of landfill).  

The modeling results clearly indicate the advantage 
of compacting the waste at a higher density in the 
bioreactor landfills. It also helps in accommodating more 
waste and at the same time help in increasing the 
spacing between the recirculation wells. 
 
 
4 CONCLUSIONS AND REMARK 
 
The paper presents the effect of initial placement density 
of waste on the spacing of the leachate recirculation 
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wells in a bioreactor landfill. Consolidation and hydraulic 
conductivity tests were carried out on the waste samples 
and the relationship between void ratio, Cc and k were 
obtained. The permeability index for waste samples were 
determined in this study which is not reported elsewhere 
in the literature. The Cc values were in a very narrow 
range while the Ck values were found to be inversely 
related to the placement density. Results of numerical 
simulations show that the saturation lines are dependent 
on the placement density of the waste in the bioreactor 
landfill. The study can be applied to space the vertical 
wells in an optimal way by considering the variation of 
wetted width with the initial placement density of waste. 
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