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ABSTRACT 
In landfill covers, geomembranes are mainly used to control the infiltration of moisture from rainfall and snow melt. Unlike 
the base liners, cover geomembranes are on a slope and are more vulnerable to differential settlement due to the non-
uniform degradation and thawing of waste. Also, in the long term, some holes in cover geomembranes are inevitable. To 
quantify how much the leakage through a hole would be increased from the differential settlement, a field experiment with 
four sections is designed. Section A serves as a base case to monitor the leakage from a flat 4H:1V slope. Section B has 
a pre-formed oval-dish-shaped settlement trough beneath the geomembrane hole, which is expected to collect more 
leakage. Section C has the similar perimeter geometry to section B with a trough twice as deep backfilled with a snow/sand 
mixture. Section D is similar to section A except that with a wrinkle in the geomembrane extends 1 m on each side of the 
hole. The objectives, design process, survey, material testing, and monitoring plan are introduced.  
 
RÉSUMÉ 
Dans les couvertures des décharges, les géomembranes sont principalement utilisées pour contrôler l'infiltration de 
l'humidité provenant des précipitations et de la fonte des neiges. Contrairement aux revêtements de base, les 
géomembranes de couverture sont sur une pente et sont plus vulnérables au tassement différentiel dû à la dégradation 
non uniforme et au dégel des déchets. De plus, à long terme, certains trous dans les géomembranes de couverture sont 
inévitables. Pour quantifier l'augmentation de la fuite à travers un trou à partir du tassement différentiel, une expérience 
de terrain avec quatre sections est conçue. La section A sert de cas de base pour surveiller la fuite d'une pente plate 4H: 
1V. La section B a un creux de décantation en forme de plat ovale préformé sous le trou de la géomembrane, qui devrait 
recueillir plus de fuites. La section C a la géométrie de périmètre similaire à la section B avec un creux remblai deux fois 
plus profond avec un mélange neige/sable La section D est similaire à la section A sauf qu'un pli dans la géomembrane 
s'étend sur 1 m de chaque côté du trou. vey, les tests de matériaux et le plan de surveillance sont introduits. 
 
 
 
1 INTRODUCTION 
 
Landfill covers are usually placed over the waste to 
physically control the seepage from rain and snow into the 
waste. The integrity of landfill covers is important since 
leakage will only occur where there are holes and 
infiltration through the cover, which will ultimately increase 
the volume of contaminated fluid. Modern covers typically 
have a 1.5 to 2.5 mm-thick high-density polyethylene 
(HDPE) or linear low-density polyethylene (LLDPE) 
geomembrane (GMB) liner to prevent infiltration where 
there are no holes. However, holes may arise during liner 
placement and when covered (Brachman and Eastman, 
2013; Eldesouky and Brachman, 2018; Giround, 2016; 
Rowe and Yu, 2019; Gilson-Beck, 2019), it is inevitable to 
have holes developing in GMBs. For example, the 
assumption of 2.5 to 5 holes with a typical hole diameter of 
approximately 10 mm in the GMB per hectare for good 
construction quality assurance is suggested (Giroud and 
Bonaparte, 1989, 2001; Giroud 2016;  Rowe, 1998, 2005, 
2012, 2020).  

Laboratory apparatus for testing the formation of 
defects in geomembrane liners under large pressures was 
developed by Brachman and Gudina (2002). Modifications 
to this test apparatus were made to measure leakage  

through holes in the GMB holes beneath mine tailings 
(Brachman et al., 2017). The results showed that the 
apparatus was capable of simulating the conditions. Based 
on the similar apparatus, the effect of hole geometry on 
leakage overlain by saturated tailings was investigated by 
laboratory experiments (Rowe and Fan, 2021, 2022; Fan 
and Rowe, 2021). Although there are no universal 
equations to predict the leakage through GMBs, semi-
empirical and analytical models are typically used to 
analyze the leakage through geosynthetic liners, but they 
generally assume a flat surface or wrinkles with a sustained 
head over the liner. A three-dimensional numerical model 
was built to analyze the leakage through circular defects 
(Foose et al., 2001). El-Zein (2008) and El-Zein and Rowe 
(2008) developed a new formulation and validated it 
against finite-layer (Rowe & Booker 1985, 1995; Rowe et 
al., 1997), finite element and boundary-element methods to 
model a landfill liner with a GMB leaking in five locations. 
These results from laboratory tests and modelling provided 
new insights into issues related to leakage through landfill 
base liners. However, there is a paucity of studies 
discussing the leakage through landfill covers, which 
experience very different conditions to bottom liners. Also, 
there is a lack of data based on field experiments that can 
be used to validate models of conditions applicable to 



 

covers in the natural environment.  
Due to the nature of waste and the temperature change 

in the field, differential settlement of waste occurs with both 
degradation of the waste and thawing of frozen 
ground/waste are observed. For example, the Trail Road 
landfill located in Eastern Ontario experienced cover 
settlement at a rate of up to 50 mm/month following the 
completion of waste placement and construction of the final 
cover (Warith et al., 1994). The mechanical response was 
evaluated based on the localized differential settlement. 
Finley and Holtz (2001) performed a field investigation of 
landfills and related the geomembrane strain to surface 
settlement characteristics. Field experiments and 
numerical models were used to calculate the strain in 
geosynthetics bridging voids (Villard and Briançon, 2008; 
Yu and Bathurst, 2017). Eldesouky et al. (2020) analyzed 
the factors affecting GMB strain from differential 
settlement. Based on the same schematic, Fan et al. 
(2021) implemented a time-dependent constitutive model 
for calculating GMB strain due to long-term differential 
settlement. These studies focused on the mechanical 
performance of the geosynthetics when the differential 
settlement occurs, helping engineers to predict the strain 
and stress of geosynthetic liners based on the 
observations. In the long term, the stress and strain cause 
holes or defects in GMBs. However, there are still some 
important unanswered questions regarding leakage 
through GMB defects in cover systems.  

When a GMB is exposed to heating due to solar 
exposure, wrinkling occurs (e.g., Giroud and Peggs 1990; 
Giroud and Morel 1992; Rowe 1998; Rowe et al. 2012). It 
has been observed that holes/defects are located at 
wrinkles (Gilson-Beck 2019). This increases the potential 
for leakage through a hole in the GMB at or near the 
wrinkles (Rowe 1998). Semi-analytic and finite element 
modelling has been used to address this issue (Rowe and 
AbdelRazek 2019). However, the wrinkle can do more than 
just admit fluid. Particularly on a slope, wrinkles and direct 
the flow from its normal path and if there is a hole within 
that flow path it can be hypothesized that it will increase the 
leakage through the hole. Field test data is needed to 
validate this hypothesis and to develop a means of 
assessing insignificance on slopes. 

To quantify the effect of differential settlement and 
wrinkles on leakage through cover GMBs, a field test 
simulates differential settlement and wrinkles that occur in 
field conditions was designed and constructed as outlined 
herein. The future data monitored from the field test will be 
used to calibrate the numerical model, providing a tool for 
the design and assessment of real landfill covers. As the 
field test is time-consuming and expensive, the preparation 
process including survey, material testing and 
instrumentation is presented.The numerical modelling was 
used to help establish the design dimensions and predict 
the leakage from rain and snow melt to aid in the selection 
of field instrumentation. 
 
 
2 FIELD TEST DESIGN AND PREPARATION 
 
2.1 Location and geometry 
The field test location is 40 km northwest of Kingston, 

Ontario at the latitude of 44°34'17.2"N and longitude of 
76°39'44.1"W.  To ensure the feasibility of the field test in 
available area, a field survey was conducted and an 8-m-
wide and 10-m-long area on a south-facing 3H:1V slope 
was staked-out (Figure 1). The slope was flattened to a 
4H:1V (14°) slope by removal of material to simulate the 
common design of landfill cover soil slope (Stark and 
Newman, 2010). The designed 3m-wide crest on top of the 
slope was formed with the general 3% slope to the 
northwest to divert snow melt and rainfall from above the 
slope away from the slope. The cross-section view of the 
designed geometry is shown in Figure 2. 
 

 
Figure 1. Field survey 
 
 

To investigate the leakage through a hole in a landfill 
cover on a 4:1 slope, a 10 mm-diameter hole in the GMB 
located 5m down-slope from the crest was constructed in 
each section. The base case, section A (Figure 3), was 
designed and constructed to have a uniform 4:1 slope from 
the crest to the gravel pile at the bottom of the slope. It was 
anticipated that there would be very little leakage collected 
because of the limited collection area for this hole. To 
simulate the effect of differential settlement on the leakage, 
section B was constructed with a 2 m x 3 m depression 
(Figure 3). The depression was located such that the hole 
was at the downslope center of the depression, thereby 
substantially increasing catchment area for the hole. The 
depression depth of 150 mm was based on a differential 
settlement profile observed in the Trail Road landfill cover 
3-year after construction of the final cover (Warith et al., 
1994). Section C had the same perimeter geometry as 
section B from the plan view, the difference was that the 
depression depth was increased to 300 mm and the 
depression was backfilled with a 1:1 snow:sand mixture. 
The objective of section C is to simulate the localized 
settlement with thawing of frozen waste and examine how 
this affects the leakage through a hole in the 
geomembrane. In section C, the initial anticipated leakage 
should be the same as section A before snow melts, then 
the leakage would increase to the level of section B when 
all the snow melts. Section D is similar to section A except 
that with a wrinkle in the geomembrane extended 1 m on  



 

                                     Figure 2. East-west cross section of the designed embankment 
 
 

                                                           Figure 3. Plan view of the designed four sections 
 
 
each side of the hole so that the hole had the same 
collection width as Sections B and C. The objective of this 
section is to investigate how a wrinkle may affect leakage 
through a hole in the geomembrane. 

 
2.2 Components of the field test 

 
A modern cover system would ideally consist of multiple 
layers including vegetation layer, drainage layer, 
geomembrane, compacted clay liner, etc. (Rowe et al. 
2004). However, this is not always practicable in Canada’s 
North.  In this field test design, the objective is to investigate 
the leakage through the basic cover system comprised of 
a single geomembrane with about 0.3 m of soil cover. 
 
2.3 Cover soil 
 
Sand (Figure 4) was selected as the cover soil. Based on 
the USCS classification system, the cover soil is well-
graded medium-to-fine sand (Cu > 4 and 1< Cc <3). 
 
2.4 GMB material 
 
A 1.5 mm-thick HDPE GMB is most commonly used for 
covers over waste. However, considering the full-scale 
dimension of the embankment and the needs of the 

experiment, the alternative of the 0.15 mm (6-mil) vapor 
barrier (polyethylene film) was used for ease of handling 
and greater flexibility. A rotating table friction test was 
conducted to confirm that the plastic sheeting-cover soil 
 

 
Figure 4. The grain size distribution of cover sand 
 
 
friction angle was sufficient for a 4:1 slope and a 3-month 
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creep-deformation test confirmed that the plastic liner had 
sufficient long-term strength to sustain tensions induced by 
differential settlement (Figure 5).  
 
2.5 Leakage collection   
 
The leakage collection system was designed to collect 
leakage through the hole in the plastic liner and conducted 
the water to prefabricated sumps. In each sump, a tipping 
bucket flow gauge was installed to automatically record the 
volume of leakage. A rain gauge is being used to monitor 
the precipitation. Thermocouples were also buried under 
the cover soil to measure the temperature of vapor barrier 
and cover soil. 
 
(a) 
 

(b) 
 

 
Figure 5. Schematic of the creep-deformation test: (a) plan 
view, (b) cross-section view 
 
 
3 PRETEST MODELLING 
 
Pretest seepage modelling was conducted to assess the 
potential fluid capture of section A and B to aid in the 
selection of flow gauge and size of pipes and sumps.    
 
3.1 Modelling parameters and geometry 
 
The geometry modelled is shown in Figures 2 and 3. 
Recognizing that not all the rainfall would infiltrate into 
cover soil especially when the rain is heavy. The rainfall 
capture capacity, beyond which any additional rainfall 
escaped to surface flow, was established for the 
parameters given in Table 1. In the modelling, once the 

precipitation exceeded the capture capacity, the hydraulic 
head was defined to be at the surface of the cover material.  
The catchment areas for the hole in the geomembrane for 
the two sections are different. In section A, the width of the 
collection area is only 8.9mm, same as the length of the 
square (Figure 6a). This is because only the rainwater 
above the hole can put flow into the hole.  In section B,  the 
settlement depression expands the catchment to the zone 
above the hole over the entire width (2000 mm) of the 
depression (Figure 6b). 
 
Table 1. Parameters for seepage modelling 

Parameters  

Hole diameter (mm) 10 

Saturated k1 (m/s) 1x10-5 

Volumetric residual water content 0.05 

Volumetric saturated water content  0.3  
1 k is hydraulic conductivity 

 
 
 (a) 

 
(b) 

 
Figure 6. Plan view of the seepage model: (a) section A,   
(b) section B 

 
 
3.2 Modelling results 
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The results are shown in Table 2. Compared to section A, 
the differential settlement in section B increased the 
leakage by 160-fold. 
 
Table 2 Results of seepage modelling 

Results Sec A Sec B 

Precipitation capacity (mm/h) 0.65 0.97 

Leakage (ml/h) 20 5237 

Rain volume in collection area (ml/h) 47 14714 

 
 
4 SUMMARY 
 
A field experiment with four sections has been designed 
and constructed to assess the effect of differential 
settlement and wrinkles on the leakage through a 10 mm 
diameter hole in a geomembrane on a 4H:1V slope. Details 
of the design configuration and pretest modelling have 
been outlined. Based on the pretest modelling, the leakage 
collected from this differential settlement is anticipated to 
be about 2 orders of magnitude higher than in the absence 
of differential settlement. Data to be collected over the next 
year will then be used to calibrate numerical models and 
ultimately to develop design recommendations managing 
the consequences of differential settlement. 
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