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ABSTRACT: The influence of geomembrane in maintaining the sealing efficiency of a landfill cover system at the onset 
of flexural distress was studied by conducting a series of centrifuge tests performed at 40 gravities. The tests were 
performed using a 4.5 m radius beam centrifuge having a capacity of 2,500 g-kN available at IIT Bombay on model 
composite barriers of 0.6 m thickness. The thickness and tensile stiffness of the geomembrane was varied. All the models 
were instrumented with pore pressure transducers (PPTs), linear variable differential transformers (LVDTs), a digital 
photo camera and a charge-coupled device (CCD) video camera to study the performance of the barriers during centrifuge 
tests. The sealing efficiency of the composite barriers was found to be maintained even after the formation of full-depth 
cracks within 0.6m thick clay barriers subjected to a maximum distortion level of 0.125. This observed behavior is 
attributed to the downward thrust exerted by the deformed geomembrane at the zone of maximum curvature which hinders 
the infiltration of water through the cracks. The downward thrust exerted by the geomembrane on the clay barrier was 
found to be more for barriers provided with stiffer and thicker geomembrane. 
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1 INTRODUCTION 

Engineered barriers of waste containment systems can 
be in the form of compacted clay barriers (CCB), sand 
bentonite barriers, geosynthetic clay liners (GCL), 
composite barriers (CB), polymer amended sand-
bentonite barriers, geomembranes or a combination of 
the above. Compacted clay barriers (CCB) are 
economically viable barrier material wherever these 
soils are abundantly and easily available at sites (Gourc 
et al., 2010). In modern landfills, geosynthetics are 
used as lining systems (Bouazza, 2002).  
Geomembranes (GM) are widely used in landfill 
construction (Rowe, 2005) and are laid above the clay 
barrier to form composite barriers (CB). The thickness 
of GM ranges from 0.75 to 3 mm (Qian et al. 2002).   

Differential settlements are inevitable in landfill covers 
due to the biodegradation of underlying waste in 
municipal solid waste (MSW) landfills (Sivakumar 
Babu et al. 2010) and due to the voids among the waste 
storage containers in low level radioactive Waste 
(LLRW) landfills (Gourc et al. 2010). An effective 
barrier should be able to accommodate the differential 
settlements and maintain its sealing efficiency. 
Differential settlements of clay barriers have been 
studied by several investigators by conducting either 

full-scale model tests (Edelmann et al. 1999; Gourc et 
al. 2010) or centrifuge model tests (Jessberger and 
Stone, 1991; Rajesh and Viswanadham, 2011 Divya et 
al. 2012). However, studies pertaining to the 
deformation behavior of composite barriers subjected 
to differential settlements in a centrifuge are limited. 
Considering the imitations of reduced scale model tests 
for simulating stress dependant phenomenon, 
centrifuge model tests were used in the present study. 
Hence, the motivation behind this study is primarily to 
evaluate the deformation behavior and sealing 
efficiency of geomembrane overlying clay-based 
landfill covers subjected to flexural distress due to 
differential settlements. As the geomembrane has much 
higher allowable elongation compared to the clay 
barrier material, there is a possibility that the tensile 
strain developed due to differential settlements will be 
apportioned by the geomembrane in the case of a 
composite barrier.  Differential settlements can be 
characterized by the distortion level a/l, which is 
defined as central settlement a over an influence length 
l where the settlement becomes negligible. 

2 CENTRIFUGE MODEL TESTS 

In a centrifuge model, prototype stress conditions are 
simulated by subjecting a model reduced by 1/N to N 
times acceleration due to gravity in a controlled 
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environment (where N = scale factor or g-level). The 
centrifuge model tests reported in the present study 
were conducted at 40 gravities (N = 40). A 4.5 m 
radius large beam centrifuge available at IIT Bombay 
was used for conducting centrifuge model tests.  

A blend of sand and kaolin in the ratio of 1:4 (i.e. 
20:80) by dry weight was selected as the model clay 
barrier material and was selected in such a way that it 
represents the properties of clay used in landfill covers 
(Benson et al. 1999). The maximum dry unit weight of 
the model barrier material was 15.9 kN/m3 and 
optimum moisture content (OMC) was 22%. Average 
value of coefficient of permeability of the model soil 
barrier at maximum unit weight and OMC was found 
to be 4.39 x 10-9 m/s. Model GM were selected from a 
number of commercially available polyethylene sheets 
by measuring their thickness (ASTM D6988) and by 
conducting tensile tests following the sample 
dimensions and procedure outlined in ASTM D6693. 
Two model GM were selected with different thickness 
and stiffness. The stiffer GM is referred herein as GM1 
and weaker geomembrane as GM2. The scaling 
considerations for modelling GM were explained in 
Divya et al. (2012). Based on the scaling 
considerations for GM, linear dimensions of the GM 
and the tension developed in the GM per unit width are 
to be reduced by 1/N times that of corresponding 
prototype values. The thickness (tmg) of GM1 was 
0.135 mm which corresponds to 5.4 mm in the 
prototype at 40 gravities and that of GM2 was 0.05 mm 
(2 mm in the prototype). The value of initial stiffness 

for GM1 is 480 kN/m and for GM2 is 280 kN/m in 
prototype dimensions at 40g. The ultimate tensile stress 
(kN/m2) for GM1 was 28148 kN/m2 and ultimate 
tensile strain (%) was 450%. The corresponding values 
for GM2 were 21569 kN/m2 and 52%. The stress-strain 
behaviour of GM1 and GM2 was comparable with the 
prototype geomembranes used in landfills (Qian et al. 
2002); but thickness of GM1 was slightly higher. This 
is due to the practical difficulty in getting model 
geomembrane of very small thickness having similar 
stress-strain characteristics of prototype material. 
Thickness of GM2 was comparable with the prototype 
geomembranes. 

A strong box (720 mm in length, 450 mm in breadth 
and 440 mm in height) with front side made with 
Perspex sheet and back and rear side made with well 
machined stainless steel plates with stiffeners was used 
to prepare the model barriers. A settlement rate of 1 
mm/min (equivalent to 36 mm/day in the field at 40 g) 
was induced to the model barriers in the present study 
using a motor based differential settlement simulator 
(MDSS). The details of the MDSS system were 
explained by Rajesh and Viswanadham (2011). In 
MDSS, the rotational movement of the motor shaft is 

converted to the translational movement of the central 
platform through a screw jack and series of gears. The 
MDSS system consists of a central support system and 
two side support system on either sides of central 
support system with a hinged plate resting on central 
support system symmetrically. Model clay barrier of 15 
mm (0.6 m) thickness was prepared on the top of pre-
drained 30 mm thick coarse sand layer followed by 30 
mm thick fine sand layer. They are used to avoid stress 
concentration at the onset of differential settlements 
and to induce smooth continuous differential 
settlements to the overlying barrier. After the clay 
barrier of required thickness was prepared, 
geomembrane was placed on the top without any 
wrinkles in the case of composite barriers. Water tight 
seal (thick bentonite paste) was applied all along the 
sides of the clay barrier and thereafter bunds were 
constructed along the sides to retain water during 
centrifuge tests. It also helps to simulate the lateral 
extent of the GM (i.e. GM covering large areas) in the 
field. Discrete markers were embedded 5mm below the 
top surface of the model clay barrier at 20 mm centre to 
centre and also on the GM. These markers were later 
used for performing digital image analysis (DIA). An 
overburden of 25kN/m2 was induced with the help of a 
fine sand layer of 27 mm thickness at a dry unit weight 
of 15 kN/m3 and a calculated quantity of water was 
added so that it forms 10 mm free standing water on 
the sand surface. Figure 1 shows model test package 
used in the present study with model composite barrier 
(CB) with model GM1 before inducing settlements. 

 

Fig. 1 Centrifuge test package with a CB with GM1 

Five pore water pressure transducers (PPTs) were 
installed on the top of the barrier to measure the 
infiltration of water through the barriers (water 
breakthrough). Seven linear variable differential 
transformers (LVDTs) were provided towards the right 
half section of the model barrier at 50mm intervals to 
obtain deformation profiles of the barriers at different 
settlement stages. One digital photo camera was 
mounted along with the model to capture the front 
elevation of the barrier at different settlement stages 
and these images were used for DIA and it also helps to 
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monitor the crack development across the barrier. Also, 
a CCD video camera was placed in such a way to 
register the depletion of water retained on the top of the 
barrier during the centrifuge test. The maximum central 
settlement amax induced was 25 mm (1 m at 40 g).  

3 TEST RESULTS AND DISCUSSONS 

The centrifuge tests results were expressed in terms of 
average crack width (wc) and average crack depth (dc), 
maximum downward thrust (qg,max) exerted by the GM 
on the clay barrier and limiting distortion level alim/l for 
all the model barriers, wherever applicable. Limiting 
distortion level alim/l is defined herein as the ratio of 
central settlement at which a drastic change in water 
volume above barrier was observed to the influence 
length l. In the present study an influence length l of 
200 mm in model dimensions was used. The influence 
of stiffness of the GM on the performance of CB was 
also discussed. Prototype dimensions are given within 
the parentheses, wherever relevant, from here onwards. 
Table 1 summarizes the results of all the centrifuge 
model tests on clay barriers. 

Table 1 Summary of centrifuge test results  

At the onset of differential settlements, the CCB was 
found to experience wide and full depth cracking and 
lose its integrity in terms of sealing efficiency at lower 
a/l. The average crack width wc was 3.7 mm (148 mm) 
for CCB at the end of centrifuge test. In the case of CB, 
wc was reduced to 1.20 mm (48 mm) and 1.50 mm (60 
mm) when provided with stiffer GM (GM1) and 
weaker GM (GM2) respectively. Though full-depth 
cracks were observed to occur in CB (as in case of 
CCB), the presence of GM helped in restraining water 
breakthrough. The sealing efficiency of the barriers can 
be obtained from the change in height of water on the 
top of barrier using PPTs. Ratio of initial volume of 
water v0 and volume of water at any instance va to the 
initial volume of water v0 is defined as the infiltration 

ratio IFR. Figure 2 shows the variation of IFR with a/l 
for the barriers.  

 

Fig. 2 Variation of IFR with distortion level 

The alim/l was determined by back tangent method from 
the curve showing the variation of IFR with a/l. The 
CCB was observed to experience water breakthrough at 
lower alim/l of 0.056. In comparison, model CB of 
identical thickness were observed to experience 
negligible changes in infiltration ratio. The value of 
alim/l for CB was found to be delayed to 0.1 and 0.093 
when provided with GM1 and GM2 respectively. The 
observed delay in water breakthrough can be attributed 
to the effect of total downward pressure acting on the 
CB as explained in the subsequent sections. 

Combined bending and elongation method (Tognon et 
al. 2000) was used to obtain the strain distributions 
along the GM layer at different settlement stages. 
Strain in the GM εg(x) = εlg(x) ± εκg(x). The elongation 
strain εlg(x) in the GM was obtained from the 
deformation profile of GM, wg(x) as [(1+ [wg′(x)]2)1/2 -
1]. The deformation profiles are obtained from the co-
ordinates of the markers on the GM obtained after 
performing digital image analysis (DIA). GRAM++ 
software was used for DIA. The curvature strain in GM 
εκg(x) was obtained as Rg.κg(x)tg , where Rg = neutral 
layer coefficient = 1/2, κg(x) = curvature of GM and tg 
= thickness of GM and x = horizontal distance from 
center of the composite barrier. The curvature strain in 
GM was negligible due to small thickness of GM. 
Further by using the computed strain distributions and 
the curvature of the deformed GM and stiffness of the 
GM, the vertical thrust exerted by the GM layer in the 
cover system was calculated by using membrane theory 
(Espinoza, 1994). The thrust distribution is calculated 
as qg(x) = Jg.εg(x).κg(x). Where, Jg is the stiffness of 
GM in kN/m and this was obtained from the tensile 
load-strain curve of GM1 and GM2 used in the present 
study. The value of qg(x) was found to be maximum 
near the zone of maximum curvature and is denoted 
herein as qgmax . The variation of maximum downward 
thrust qgmax with distortion level a/l for the model 
barriers is shown in Fig. 3. 
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Parameters Test legend 
 CCB CB1 CB2
Type of GM -a GM1 GM2 

Cracking pattern Wide  Narrow Narrow 

wc (mm) 3.70 (148)b 1.20 (48)b 1.50 (60)b 

dc(mm) 15 (600)b 15 (600)b 15 (600)b 

alim/l 0.056 0.10 0.093 

qg,max (kN/m2) -a 20 12 

GM-geomembrane;   anot reported/relevant;  bPrototype 
values are indicated within the parenthesis; wc = average 
crack width ;   dc = average crack depth;   alim/l = limiting 
distortion level 
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Fig. 3 Variation of qgmax with a/l and a/amax 

The qgmax was found to increase with an increase in a/l 
and the increase was more beyond a/l of 0.075 and 
a/amax of 0.6. The value qgmax for GM1 is 20 kN/m2 at a 
distortion level of 0.125. This implies that a total 
downward thrust of the order of 45 kN/m2  (this 
includes overburden pressure of 25 kN/m2 in the form 
of cover) is acting at the zone of maximum curvature 
of the clay barriers. However, the value of qgmax for 
model with GM2 is only 12 kN/m2 at a/l = 0.125 
resulting in a total suppression pressure of 37 kN/m2. 
The value of qgmax for model provided with a weaker 
GM (GM2) was found to be relatively lower than that 
with GM1. Hence, the stiffness of GM is an important 
parameter which decides the performance of CB and 
the stiffer GM can exert more qgmax on the clay barrier 
surface which hinders the crack widening and 
infiltration of water through the cracks. 

4 CONCLUSIONS 

Performance of CCB and CB at the onset of differential 
settlements was studied by conducting a series of 
centrifuge model tests. Tests were also conducted by 
varying the stiffness of the GM. It was observed that 
CCB experienced wide (wc = 148 mm) and full depth 
cracking and lose its integrity in terms of sealing 
efficiency at lower a/l with alim/l of 0.056. In 
comparison, wc was reduced to 48 mm and 60 mm, and 
alim/l was delayed to 0.1 and 0.093, for a CB when 
provided with stiffer GM (GM1) and weaker GM 
(GM2) respectively. Though full-depth cracks were 
observed to occur in also in CB, the presence of GM 
helped in restraining water breakthrough.  The 
presence of GM imposes a fictitious overburden on the 
surface of clay barrier due to the mobilization of 
downward thrust, qg at the zone of maximum curvature 
which increase with an increase in a/l. Also, stiffer GM 
found to exert more qg which hinders the crack 
widening and infiltration of water through the cracks at 
the onset of differential settlements. 
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