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Abstract

A literature review of municipal solid waste landfill design was conducted to provide the
knowledge base for development of an environmental decision support system (Landfill Advisor).
Landfill Advisor integrates the current knowledge of barrier systems into a software program to
assist in landfill design. The choices available for each liner component (e.g., drainage layer,
geomembrane liner, compacted clay liner, geosynthetic clay liner) and their suitability for
different situations (e.g., final cover, base liner, lagoon liner) are presented. Landfill Advisor
covers both the design and related operational issues for municipal solid waste landfills, with
consideration given to the interactions between components, operating conditions, and the natural
environment with a view to maximization of long-term system performance. Unique to Landfill
Advisor, the service life of each engineered component is estimated based on results from the
latest research.

Original research is also presented on the risk of geosynthetic clay liner (GCL)
desiccation in low stress applications such as solar ponds. Numerical modelling was undertaken
using a thermo-hydro-mechanical model with parameters that were developed and verified by
comparison to previously reported laboratory data. A parametric study was performed to establish
recommendations for future investigation. The water retention curve of the GCL was found to
have a significant effect on the conditions that are expected to cause desiccation. The temperature
coefficient of the water retention curve was also found to have a significant effect, yet this
parameter is not well defined. Poisson’s ratio was found to affect the risk of desiccation in
proportion to the applied stress. As reported by previous researchers, the initial degree of
saturation of a GCL was found to be important to desiccation; however, the effect is diminished

at low applied stress.
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FOS filtration opening size

GCL geosynthetic clay liner
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VOC volatile organic compound
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WRC water retention curve
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coefficient of uniformity (-)

initial concentration [ML "], Equation (2.10)

Lloret and Alonso (1985) state surface equation parameter (-), Equation (3.1)
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Fus shear force above the geomembrane due to the cover soil [MT ], Equation

(2.112), (2.119)

g gravitational acceleration (= 9.81 m/s®), Equation (A.5)

Gy maximum waste loading for double generic design (m*/ha), Equation (4.2)
Gs maximum waste loading for single generic design (m*/ha), Equation (4.1)
Nimax maximum height of leachate mounding [L], Equation (2.12), (2.14)

hp pressure head in aquifer [L], Equation (2.92)

H protrusion height (mm), Equation (2.87)

H; reference height of leachate [L], Equation (2.9), (2.10)

Huaste height of waste [L], Equation (2.16)

Hi. soil layer thickness [L], Equation (2.2)

i hydraulic gradient (-), Equation (2.3), (2.77)

I length of leachate lagoon [L], Equation (2.120)

ID internal pipe diameter [L], Equation (2.22)

Iy second moment of area per unit length of the pipe [L?], Equation (2.28), (2.29),
(2.38)

j intermediary value; may be approximated as 1 (-), Equation (2.13), (2.14)

k hydraulic conductivity [LT™], Equation (2.1), (2.2), (2.11), (2.71, 2.75 unit: m/s),
(2.77)

Ka permeability of soil to water vapour (m/s), Equation (3.5)

K unsaturated hydraulic conductivity of liquid water (m/s), Equation (3.4)

Kn hydraulic conductivity normal to the geosynthetic [LT™], Equation (2.63)

Kp hydraulic conductivity in the plane of the geonet [LT™], Equation (2.64)

K hydraulic conductivity of waste (m/s), Equation (2.95)

Ky 2 hydraulic conductivity of soil layers [LT™], Equation (2.2)
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pressure, (2.117), (2.119) (-)

distribution coefficient [L3M™], Equation (2.6), (2.70)

organic carbon/water partitioning coefficient [L*M™], Equation (2.17)
octanol/water partitioning coefficient [L*M™], Equation (2.79), (2.81), (2.82)
at-rest earth pressure coefficient (-), Equation (2.17)

spacing between LCS pipes [L], Equation (2.12), (2.14)

drainage length (m), Equation (2.59), (2.60), (2.61), (2.62)

length of geonet perpendicular to central drainage geopipe [L], Equation (2.66)
liquid limit (%), Equation (2.68), (2.71)

drainage length between upstream end and location of maximum leachate mound
(m), Equation (2.59)

geomembrane runout length [L], Equation (2.110), (2.112), (2.113)

length of slope measured along the liner [L], Equation (2.101), (2.103)
interconnected wrinkle length [L], Equation (2.77)

change in modified TSS concentration between t, and t, (kg/m®), Equation (2.54),
(2.61)

additional source TSS concentration between t, and t, (kg/m®), Equation (2.49),
(2.50), (2.51)

mass of daily and intermediate cover in landfill [M], Equation (2.98)

change in source TSS concentration (kg/m®), Equation (2.43), (2.56), (2.57)
mass proportion of a chemical in waste (mg/kg)

total leachable mass of chemical in waste [M], Equation (2.10)

mass of waste in landfill [M], Equation (2.96), (2.97), (2.98)

mass per unit area (g/m?), Equation (2.87)
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molecular weight (g/mol), Equation (2.80), (2.83), (2.84), (2.85), (2.86)
porosity (-)

average porosity reduction required to cause clogging (-), Equation (2.59)
effective force normal to the failure plane of the active wedge [MT?], Equation
(2.102), (2.106), (2.107), (2.108)

moles of carbon in chemical formula of MSW (-), Equation (2.89)

outer pipe diameter [L], Equation (2.15), (2.22)

apparent opening size of nonwoven geotextile [L]

percentage of clay-sized particles (%), Equation (2.69)

precipitation [LT™], Equation (2.88), (2.121 unit: m/a)

air pressure (Pa)

active earth pressure against the backfill side of the anchor trench [MT™],
Equation (2.115), (2.117)

capillary pressure (Pa, kPa), Equation (3.1), (3.3), (A.1)

temperature corrected capillary pressure (Pa, kPa), Equation (3.2), (3.3)
permeability coefficient of a geomembrane [L*T™], Equation (2.78), (2.79, 2.80
unit: m%s)

passive earth pressure against the in-situ side of the anchor trench [MT],
Equation (2.117), (2.119)

percolation through landfill cover [LT™], Equation (2.88)

plasticity index (%), Equation (2.68), (2.69)

plastic limit (%), Equation (2.68)

percent open area of woven geotextile (%)

Darcy flux (Darcy velocity) [L*T*L?] or [LT"], Equation (2.1), (2.42)

allowable flow rate [L°T™], Equation (2.65), (2.67)
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infiltration collected by the drains [LT™], Equation (2.11)

flow rate measured with laboratory testing [L*T™*], Equation (2.65)

required flow rate [L*T™], Equation (2.66), (2.67)

initial infiltration through the waste [LT™], Equation (2.9), (2.50), (2.56), (2.57),
(2.60), (2.61), (2.62)

infiltration after t, [LT™], Equation (2.50), (2.57), (2.62)

leakage through a liner [L3T™], Equation (2.77)

leachate inflow rate [L3T L], Equation (2.66)

surface water run-off [LT™], Equation (2.88)

reduction factor for biological clogging of geonet (-), Equation (2.65)
reduction factor for chemical clogging of geonet (-), Equation (2.65)

reduction factor for creep of a geonet (-), Equation (2.65)

reduction factor for intrusion of adjacent geosynthetics into a geonet (-), Equation
(2.65)

moles of hydrogen in chemical formula of MSW (-), Equation (2.89)
horizontal to vertical slope ratio (i.e., for a 3H: 1V slope, S = 3) (-), Equation
(2.120)

mass of contaminant removed from solution (-), Equation (2.6)

degree of gas saturation (-), Equation (3.5)

partitioning coefficient of a chemical to a geomembrane (-), Equation (2.78),
(2.82), (2.83), (2.84), (2.85), (2.86)

degree of saturation (-), Equation (3.2), (3.4), (3.6), (A.4)

residual degree of saturation (-), Equation (3.4)

time for concentration to reduce to the specified allowable value [T], Equation

(2.9)
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t. service life of LCS (years), Equation (2.60), (2.61), (2.62)

tge0;GM:soil thickness of geosynthetic, Equation (2.63), (2.64); geomembrane, Equation
(2.111); soil, Equation (2.3), (2.77), (2.92), (2.101), (2.103), (2.104) [L]

toipe minimum geopipe wall thickness [L], Equation (2.15), (2.22), (2.29)

t; time when peak source leachate concentration starts to decline [T], Equation
(2.43), (2.49), (2.50), (2.51), (2.54), (2.56), (2.57), (2.61), (2.62)

ty, half-life of chemical [T], Equation (2.8)

t time when source leachate concentration reaches residual level [T], Equation

(2.43), (2.50), (2.51), (2.54), (2.57), (2.62)

T temperature (°C), Equation (3.1), (3.3), (3.7)

Tallow allowable force in geomembrane [MLT?], Equation (2.110), (2.111), (2.117)

u moles of oxygen in chemical formula of MSW (-), Equation (2.89)

v seepage velocity [LT™], Equation (2.40), (2.41), (2.42, unit: m/s)

\Y volume of lagoon [L?], Equation (2.120)

Veover volume of daily and intermediate cover in landfill [L*], Equation (2.97), (2.98)

Viot total void volume occupied by clog mass (m?), Equation (2.59), (2.60), (2.61),
(2.62)

Viaste volume of waste in landfill [L?], Equation (2.96), (2.97), (2.98)

w gravimetric moisture content (%)

Wo intermediary value for pipe deflection calculation [L], Equation (2.35), (2.36),
(2.37)

W, intermediary value for pipe deflection calculation [L], Equation (2.35), (2.36),
(2.38)

W width of leachate lagoon at ground surface [L], Equation (2.120)
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Wap total weight of the active wedge, Equation (2.101), (2.102), (2.106), (2.107); total

weight of passive wedge, Equation (2.104), (2.107) [MT?]

Wiaste average annual waste input (tonnes), Equation (2.121)

X 0.25 if C, is health related; 0.5 if C, is aesthetic (-), Equation (2.91)

z moles of nitrogen in chemical formula of MSW (-), Equation (2.89)

Z constant in pipe deflection calculation (-), Equation (2.25), (2.27), (2.30)

a LCS base slope (radians), Equation (2.13), (2.14)

0y dispersivity [L], Equation (2.40), (2.41 unit: m)

Ok constant in unsaturated hydraulic conductivity function (-), Equation (3.4)

o thermal diffusivity (m%s), Equation (A.3)

or coefficient of thermal volume change (°C™), Equation (3.1), (3.7)

0o:1 Thomas et al. (1996) coefficient of thermal volume change parameters (°C™),

Equation (3.7)

03 Thomas et al. (1996) coefficient of thermal volume change parameters (°C?),
Equation (3.7)

B slope angle (°), Equation (2.101), (2.102), (2.103), (2.104), (2.106), (2.107),
(2.108), (2.109), (2.110), (2.114), (2.119)

Bk constant in permeability of soil to water vapour equation (-), Equation (3.5)

Ysoil:wawaste unit weight of soil, Equation (2.92), (2.99), (2.102), (2.113), (2.115); water,
Equation (2.92); waste, Equation (2.16) [ML?T?]

r average depth of leachate lagoon [L], Equation (2.120)

o interface friction angle between two liner components (°), Equation (2.107),

(2.108), (2.109), (2.110), (2.112), (2.113), (2.114)

% rate of contaminant decay [ML>T™], Equation (2.7)
g—g concentration gradient [ML?], Equation (2.4)
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horizontal pipe deflection [L], Equation (2.36)

vertical pipe deflection [L], Equation (2.35), (2.39)

change in water storage in landfill cover [LT™], Equation (2.88)

dielectric constant (-)

viscosity of air (Ns/m?), Equation (3.5)

interface transmissivity [L*T™], Equation (2.77)

transmissivity of a geonet [LT"'], Equation (2.64)

thermal conductivity, dry thermal conductivity, saturated thermal conductivity,
Equation (3.6), (A.3) (W/m°C)

first-order decay constant [T™], Equation (2.7)

Poisson’s ratio (-), Equation (2.20), (2.21), (2.25), (2.26), (2.27), (2.28), (2.30)
mathematical constant = 3.14159... (-)

density (kg/m®), Equation (A.3), (A.5)

apparent waste density [ML"®], Equation (2.97)

bulk density of clog material (kg/m®), Equation (2.60), (2.61), (2.62)

total waste density [ML™], Equation (2.98)

in-place waste density [ML"], Equation (2.96)

allowable stress in geomembrane [ML™T], Equation (2.111)

deviator stress for pipe deflection calculation [ML™T?], Equation (2.19), (2.33),
(2.34)

horizontal stress [ML™T?], Equation (2.17), (2.18), (2.19), (A.6: unit kPa)
mean stress for pipe deflection calculation [ML™T?], Equation (2.18), (2.32)
applied normal stress due to cover soil [ML™T™], Equation (2.110), (2.112),
(2.113)

reference stress [ML™T?], Equation (3.7)
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vertical stress [ML™T?], Equation (2.16), (2.17), (2.18), (2.19), (2.23, 2.24, 2.72,
2.73,2.74, 2.87, 2.95 unit: kPa), (2.101), (3.7)

normal stress acting on pipe due to mean stress [ML™T?], Equation (2.32), (2.37)
principal stresses (Pa)

normal stress acting on pipe due to deviator stress [ML™T], Equation (2.33),
(2.38)

net mean stress (Pa), Equation (3.1), (3.2), (A.2)

shear strength [ML™T?], Equation (2.99)

shear stress acting on pipe due to deviator stress [ML™T ], Equation (2.34),
(2.38)

internal friction angle of soil (°), Equation (2.99), (2.107), (2.108), (2.116),
(2.118)

volumetric water content (-), Equation (2.42)

soil suction (kPa), Equation (A.5)

permittivity [T], Equation (2.63)

parameter used in LCS pipe spacing calculation (-), Equation (2.11), (2.12),

(2.13), (2.14)
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Glossary

advection: movement of contaminants in solution with flowing groundwater (Rowe et al. 2004)
amorphous: arrangement of the atoms in a solid in space without regular packing or orientation of
molecules (Rowe et al. 2004)

aquifer: a geologic formation that is capable of yielding usable quantities of groundwater (Rowe
et al. 2004)

aquitard: a relatively low permeability stratum from which it is difficult to extract significant
volumes of water (Rowe et al. 2004)

berm: artificial ridge of earth or other material used as a mitigative measure against visual and/or
noise effects (Rowe et al. 2004)

biofilm: a layer of active microorganisms attached to a solid surface (Blockley 2005)

bioreactor: a landfill that supplements the naturally occurring precipitation by recirculating
collected leachate and possibly other sources of liquid and/or oxygen, with the goal of increasing
the rate of gas generation and reducing time to reach landfill stabilization (Kumar et al. 2011)
blowout: the upward movement of a low permeability soil due to water pressures in an underlying
aquifer which exceed the weight of the overlying aquitard (Rowe et al. 2004)

bonded interface: perfect adhesion of the soil to the structure (Moore 2001)

buffer zone: the area between an emission source and nearby sensitive land uses, where land use
controls are used to minimize any significant adverse effects (Rowe et al. 2004)

carrier: the bottom geotextile in a GCL (Rowe et al. 2004)

coefficient of hydrodynamic dispersion: a parameter to describe the spreading of contaminants

due to the combined effects of mechanical dispersion and diffusion (Rowe et al. 2004)
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coextruded: technique in polymer manufacture where two or more types of materials are joined
under heat and pressure (Rowe et al. 2004)

compacted clay liner: a layer of low permeability soil used in landfill barriers that is compacted in
lifts and usually required to have a hydraulic conductivity of less than 1 x 10”° m/s
contaminating lifespan: the period of time during which the landfill will produce contaminants at
levels that could have unacceptable impact if they were discharged to the surrounding
environment (Rowe et al. 2004)

craze: an initial defect in a geomembrane that concentrates stress (Rowe et al. 2001)

creep: a gradual increasing strain and deformation of a material under constant or reducing load
(Blockley 2005)

crystalline: a regular arrangement of the atoms of a solid in space (Rowe et al. 2004)

daily cover: a thin layer of cover soil or some other material placed on the waste at the end of
each working day to minimize odours and pest attraction (Bonaparte et al. 2002)

Darcy flux or Darcy velocity: volume of water flowing through a porous medium (e.g. soil) per
unit area per unit time (Rowe et al. 2004)

decision support system: computer-based system used to aid decision makers in solving problems
using some combination of expert systems, simulation models, and geographic information
systems (Adenso-Diaz et al. 2005)

diffusion: movement of chemical from high to low concentration (Rowe et al. 2004)

field capacity: moisture content at which maximum liquid is held in voids against gravity
drainage (Qian et al. 2001)

form: the graphical user interface of a computer program; in Landfill Advisor, a separate form is

used for each component of the landfill
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geogrid: a planar polymeric structure that consists of a regular open network of tensile elements
whose openings are larger than the constituents (IGS 2009)

geomembrane: a planar, relatively impermeable, polymeric (synthetic or natural) sheet (IGS
2009)

geonet: a planar geosynthetic structure with large openings designed to allow the flow of liquids
(IGS 2009)

geosynthetic: a polymeric (synthetic or natural) material used in contact with soil/rock and/or any
other geotechnical material in civil engineering applications (IGS 2009)

geosynthetic clay liner: an assembled structure of geosynthetic materials and low hydraulic
conductivity earth material (clay), in the form of a manufactured sheet (IGS 2009)

half-life: the time required for half of a chemical material to be degraded or transformed (Rowe et
al. 2004)

hydraulic conductivity: the ability of soil or rock to transmit water (Rowe et al. 2004)

hydraulic gradient: the change in head per unit of distance in a given direction (Rowe et al. 2004)
hydraulic trap: a landfill design where water flow is into the landfill, resisting the outward
movement of contaminants (Rowe et al. 2004)

infiltration: water that penetrates the soil from the ground surface (Rowe et al. 2004)

interface transmissivity: the capacity of the space between a geomembrane and an underlying
material to convey fluid (Rowe et al. 2004)

landfill footprint: the area of the site within which solid waste will be placed (Rowe et al. 2004)
leachate: a liquid produced from a landfill that contains dissolved, suspended, and/or microbial
contaminants from the solid waste (Rowe et al. 2004)

leachate head: the vertical distance between the top of the landfill liner and the top of the zone of

saturation of leachate (Rowe et al. 2004)
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LinkLabels: underlined blue text used in Landfill Advisor to provide references for information
given; clicking on a LinkLabel opens a form containing references for all data used

lysimeter: a sampling instrument used to monitor and measure and quality or rate of water
movement through a liner system (Rowe et al. 2004)

matric suction: negative pore pressures that can be generated in unsaturated soils due to capillary
effects at soil-water-air interfaces (Rowe et al. 2004)

mechanical dispersion: the scattering of contaminants due to local changes in groundwater
velocity (MacFarlane et al. 1983)

municipal solid waste: domestic waste and commercial and industrial waste of similar
composition in any combination but does not include liquid waste or hazardous waste (Rowe et
al. 2004)

natural attenuation: the process whereby the concentrations of chemical species in groundwater
or leachate are reduced as they move through the subsurface (Rowe et al. 2004)
needle-punching: mechanical bonding by staple or filament fibres using barbed needles to form a
compact fabric (Rowe et al. 2004)

oxidation: a loss of electrons normally involving the combination of oxygen with another element
to form one or more new substances (Rowe et al. 2004)

oxidative induction time: a relative measure of a material's resistance to oxidative decomposition
as determined by the thermoanalytical measurement of the time interval to onset of exothermic
oxidation of a material at a specified temperature in an oxygen atmosphere (Rowe et al. 2004)
peptizing: the process of applying sodium hydroxide to calcium bentonite to produce sodium
bentonite (Koerner 2012)

permittivity: the volumetric flow rate of water normal to a geosynthetic per unit cross-sectional

area per unit head under laminar flow conditions (Rowe et al. 2004)
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scrim reinforcement: a geotextile manufactured by needle-punching a woven geotextile to a
nonwoven geotextile (Renken et al. 2005)

shadow effect: the phenomenon of landfill construction causing a change in the natural water
levels at the site (Rowe 2001)

smooth interface: zero adhesion of the soil to the structure (Moore 2001)

sorption: the process by which contaminants are removed from groundwater due to cation
exchange or precipitation (Rowe et al. 2004)

stitch-bonded: a GCL having the two geotextiles sandwiching the bentonite sewn together with
continuous fibres in parallel rows (Bouazza et al. 2010b)

stress cracking: the rupturing of plastic caused by tensile stresses lower than the plastic’s tensile
strength at yield (Bouazza et al. 2010a)

stress relaxation: a decrease in stress while deformation is held constant (Blockley 2005)
TabPage: a control that contains multiple items that share the same space on the form; in Landfill
Advisor, multiple TabPages are used on each form to address various design issues

TextBox: a control in Landfill Advisor that presents data or requests data entry from the user
thermo-hydro-mechanical: the coupled flow of heat, liquid water, water vapour, and air under the
influence of temperature, stress, and water gradients

ToolTips: messages displayed to the user when the cursor is hovered over a required input in
Landfill Advisor

transmissivity: the ability of a geosynthetic to conduct a fluid within its plane (IGS 2009)
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Chapter 1

Introduction

1.1 Problem definition

Despite increasing environmental awareness, the amount of waste generated continues to increase
in many wealthy nations, with Canada being particularly notable in this regard®. Options for
dealing with waste include landfilling and incineration (although incineration will leave an ash
residue that still requires disposal in a landfill). Around the world, different waste disposal
methods are favoured. In North America, incineration of municipal solid waste is avoided due to
concerns with particulate matter emissions (Statistics Canada 2012) and high capital cost. While
reducing, reusing, and recycling can minimize the amount of waste that must be disposed of,

landfills are likely to be required in some capacity for the foreseeable future (Rowe 20123).

While historic landfills or “dumps” may have been little more than a hole in the ground,
modern engineered landfills are designed to isolate waste materials and prevent unacceptable
contamination of the surrounding environment (Rowe 2012a). Landfills are designed with the
recognition that the manmade components used as a liner (e.g., plastic materials, or
geosynthetics) will not last forever, and the proper functioning of soil materials (e.g., clay liners
or granular drainage layers) may diminish over time. It is important in the initial stage of design
to assess the likely service life of each component in the system, and to predict how the
breakdown of any one component will affect the overall performance of the landfill system

(Rowe 2005, 2011, 2012a, b). The goal should be to design a barrier system that is expected to

1The 2008 total generation rate of nonhazardous waste in Canada was 1031 kg/person (of which 25% was diverted from landfills).
This is up slightly from 981 kg/person in 2002, when the diversion rate was 22% (Statistics Canada 2012).
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provide protection for the time in which the landfill is capable of producing an unacceptable
impact on the surrounding environment (i.e., the contaminating lifespan). While the varied nature
of household waste makes it unfeasible to quantify the exact chemicals in a landfill, studies on
landfill leachates have identified common constituents, as well as those likely to cause the

greatest concern of contamination.

Municipal solid waste commonly contains a high percentage of organic matter (e.g., food
waste). This organic matter will biodegrade in the landfill, a process that generates significant
guantities of landfill gas (predominantly methane and carbon dioxide). Landfill gas may be
collected and used for energy generation. In some cases, landfills are operated as bioreactors,
where water is introduced to the waste to accelerate the degradation reactions, with the goal of
maximizing the generation of gas and accelerating stabilization of the landfill (Pichtel 2005). The
degradation reactions are driven by microbial activity, which results in elevated temperatures in
the waste. This increased temperature can have several detrimental effects on the long-term
performance of the landfill if not mitigated (Rowe and Hoor 2009; Rowe et al. 2010; Hoor and

Rowe 2012a).

Modern landfills incorporate several components, including a leachate collection system
to collect and remove contaminated liquid (called leachate) from the landfill, a barrier system to
restrict the escape of leachate from the landfill (which may contain a combination of natural and
manmade materials), and a landfill cover (which also may contain natural and manmade
materials, as well as a gas collection system) that is installed once the waste has reached its final
height (Rowe et al. 2004). Common barrier components used in landfills are polymeric
geomembranes, along with either a compacted clay liner (CCL; typically 0.6 to 1.2 m thick layer
of low permeability clay, compacted in lifts) or geosynthetic clay liner (GCL; typically 5 to 10

mm thick layer of bentonite contained by 2 geotextiles).
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Geosynthetic clay liners offer many benefits over the traditional compacted clay liner.
GCLs are often easier to construct than CCLs, and generally have a lower hydraulic conductivity
(typically 5 x 10™ m/s for a GCL vs. 1 x 10”° m/s for a CCL), which reduces the leakage that can
be expected through a composite liner. However, there are several problems that have been
observed in the use of GCLSs that can negate these advantages if not carefully considered (Rowe
et al. 2004; Rowe 2011). For example, GCLs may be subject to clay/leachate interaction, which
has the potential to significantly increase the hydraulic conductivity (by an order of magnitude in
common situations), thereby decreasing the effectiveness of the GCL as a barrier against leakage
unless used in an effective composite liner (Rowe 2011). Other processes that can increase the
effective hydraulic conductivity of a GCL are desiccation, cation exchange, seam separation, and
internal erosion (Rowe 2011). The prevention of these negative processes is discussed in this
thesis based on reported data.

Desiccation of GCLs is considered in more detail. This is a concern due to the elevated
temperatures in the waste, which cause movement of water under a thermal gradient. When a
GCL is covered by an impermeable geomembrane (a common liner configuration), this thermal
gradient tends to transfer moisture out of the GCL from below. The analysis of desiccation
requires a thermo-hydro-mechanical analysis to describe the coupled flow of heat, liquid water,
water vapour, and air. Since the governing equations are nonlinear, numerical modelling is
necessary to achieve solutions. Hoor and Rowe (2012b) conducted numerical modelling to
predict the likelihood of GCL desiccation for landfills with a single composite liner under various
stress levels. They found that desiccation depended on the temperature of the liner, the level of
stress on the liner, the degree of saturation at the time the stress and temperature are applied to the
GCL, the depth to an underlying aquifer, and the moisture content and soil type of the attenuation

layer.



Landfills have been designed with engineered containment systems for over 40 years
(Mitchell et al. 2007). Despite the extensive research that has been conducted on landfill design
and barrier system performance, problems still occur (Rowe 2012a). The cause of many problems
that occur at landfills is inadequate design. In one large study, 48% of problems were attributed to
design as opposed to construction (38%) or operational issues (14%) (Bonaparte et al. 2002). The
design of a landfill is not a simple matter; the optimization of a single component in isolation has
the potential to adversely impact the overall performance of the landfill. Proper landfill design
requires the adoption of a systems approach (Rowe 2011) which considers the interactions
between the engineered components, the natural environment, and the operating conditions for
the landfill. The systems approach to landfill design (specifically municipal solid waste landfills)
is incorporated in the information presented in this thesis.

The interconnected nature of the landfill design considerations present challenges to a
designer. While a great deal of research has been undertaken in this subject area, it is not easily
accessible. This thesis describes a decision support system (DSS) that was developed to aid in
landfill design. A DSS is a computer-based program with the ultimate goal of predicting what
will happen if a series of decisions were made (Adenso-Diaz et al. 2005). Landfill design is an
ideal candidate for DSS development because of the wide range of data available from different
sources, as well as recently developed simulation models to predict the behaviour of individual

components in the system.

1.2 Scope of thesis

This thesis describes the development of a decision support system for municipal solid waste
landfill design. It also presents original research that was incorporated into the decision support
system on the desiccation of geosynthetic clay liners in low stress applications. The objectives are

to:



o Take a systems approach to landfill design, considering the interactions between

components and operating conditions (including bioreactor landfills)

e Integrate current knowledge of barrier systems into a software program to assist in

landfill design

e Provide estimates of the service life of each engineered component

o Examine the conditions likely to cause desiccation of geosynthetic clay liners used in low

stress applications such as leachate lagoons and solar ponds

o Assess the importance of various model parameters to provide recommendations for

future laboratory investigations

e Prepare the DSS in such a way that it can be easily modified as new information becomes

available (as it invariably will).

1.3 Thesis outline

This thesis contains five chapters: an introduction (Chapter 1), an extensive literature review
covering the theory necessary for landfill design (Chapter 2), two manuscripts (Chapters 3 and 4),
and overall conclusions from the entire thesis (Chapter 5). Supplemental information pertaining
to Chapter 3 is provided in Appendix A. Appendix B explains in detail the use of the Zhou and

Rowe (2003) model.

The literature review (Chapter 2) presents the theoretical basis of landfill design, briefly
introducing contaminant transport processes. Each major component that may be used in a
landfill design (leachate collection system, compacted clay liner, geosynthetic clay liner,
geomembrane, and cover systems) is then discussed, with a focus placed on good design practices

and potential problems that may arise when these components are used in conjunction. Important



specifications from different regulatory regimes (Ontario, Canada, United States, and the
European Union) are discussed. Other considerations, such as site and waste characterization, are
considered to help obtain the practical information required in design. A review of landfill
stability is then presented, covering GCL internal strength, interface friction between
components, and slope and cover stability. Operating conditions are discussed, including leachate

management and the design of leachate lagoons, as well as the use of bioreactor landfills.

Words printed in italics are included in the glossary at the beginning of the thesis. The
appropriate unit of each variable discussed is identified in square brackets, where [L] is the basic
dimension of length, [T] is time, and [M] is mass. For empirical equations requiring very specific

units, these are identified in round brackets, e.g., (m%/s).

Chapter 3 presents original research conducted into the risk of GCL desiccation in low
stress applications such as leachate lagoons and solar ponds. A fully coupled thermo-hydro-
mechanical model described by Zhou and Rowe (2003) was used with parameters developed and
verified by comparison to previously reported laboratory data (Southen 2005; Southen and Rowe
2005; Southen and Rowe 2007; Beddoe 2009; Beddoe et al. 2011). The effect of changing
various parameters was examined, including the water retention curve, temperature coefficient of
the water retention curve, stress level, initial GCL hydration, and Poisson’s ratio. Conclusions are

made based on the available data and necessary future laboratory studies are identified.

Chapter 4 outlines the decision support system developed to incorporate the information
given in Chapters 2 and 3. It provides a literature review of decision support systems, outlines the
structure of the DSS (which has been named “Landfill Advisor” or in shortened form

“LFAdvisor”), and describes the functionality of the program.



1.4 Original contributions

A DSS called “Landfill Advisor” was developed to integrate current knowledge of barrier
systems into a software program to assist in landfill design. LFAdvisor covers both the design and
operation of municipal solid waste landfills, with consideration given to the interactions between
components and the maximization of long-term system performance. Unique to LFAdvisor, the
service life of each engineered component is estimated based on results from the latest research.
Consideration is also given to bioreactor landfills. Additionally, the thesis presents new research
into the desiccation of geosynthetic clay liners in low stress applications, which is relevant to

their use in leachate lagoons and solar ponds (incorporated into LFAdvisor).
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Chapter 2

Municipal Solid Waste Landfill Design Literature Review

2.1 Introduction

The purposes of an engineered landfill liner are to (i) increase the effectiveness of
leachate collection and (ii) maximize resistance to contaminant migration, with the overall
objective of limiting the impact on the underlying aquifer to negligible levels. While landfill
liners cannot prevent contaminant transport completely (there is always the potential for at least
one molecule to escape), they can reduce the rate of release to a manageable level (Mitchell et al.
2007). A typical base liner configuration consists of a permeable leachate collection system
(LCS) to control the head (the driving force for leachate advection/leakage) by collecting and
properly disposing of leachate, the contaminated liquid generated by a landfill, a geomembrane
(GM) barrier, and an engineered clayey barrier to provide low hydraulic conductivity. The clayey
barrier may be a compacted clay liner (CCL) or a geosynthetic clay liner (GCL). The liner system
is constructed on the existing soil, which can act as an attenuation layer (AL) for diffusive
transport even if it has a relatively high (e.g., 1 x 107 m/s) hydraulic conductivity relative to

typical liners (< 1 x 10°° m/s).

2.2 Limitations

This chapter contains many correlations and “typical” parameters. These may be used in
preliminary design; however if the design is critically dependent on any specific parameter then
the appropriate values should be obtained by independent testing for the materials and conditions
relevant to the given design situation. The information contained in this chapter is for guidance

only; it is not to be regarded as complete in itself and should not therefore be used without
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independent examination and verification of its suitability for any particular project. Anyone
making use of the information or material contained herein does so at their own risk and assumes

any and all liability from such use.

2.3 Contaminant transport mechanisms

The primary objective of a landfill liner is to prevent unacceptable contamination of groundwater
and surface water. The transport of chemicals can occur by several mechanisms, including
advection, diffusion, and mechanical dispersion. As a general guideline, if the hydraulic
conductivity of a soil is less than 1 x 10™° m/s, diffusion will dominate chemical transport, while

if it is greater than 1 x 10°® m/s, advection will dominate (Rowe et al. 2004).

2.3.1 Advection

Advection is the movement of “contaminants” (e.g., chemicals, bacteria, viruses) with flowing
groundwater, and is governed by the groundwater velocity as described by Darcy’s law (Rowe et
al. 2004):

q = ki (2.1)

where ¢ [L*T™L?] is the flow per unit area, called the Darcy flux or Darcy velocity, k [LT™] is the
hydraulic conductivity of the liner, and i (-) is the hydraulic gradient. For one-dimensional flow, k
in Equation (2.1) must account for any differences in hydraulic conductivity due to varying soil
types between the leachate collection system and underlying receptor aquifer. Based on

consideration of continuity of flow, this is accommodated using the harmonic mean hydraulic

conductivity (Rowe 2012):
Hi+Hy+

he=mm (22)
k1 kz
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where Hy, H,, etc. [L] are the thicknesses of individual soil layers between the leachate collection
system and the receptor aquifer and ki, k,, etc. [LT™*] are the hydraulic conductivities of the

various layers.

The liquid flow rate through a layered liner/attenuation layer system can be calculated
using Equations (2.1) and (2.2). For saturated soil, the hydraulic gradient, i (-) can be calculated

with:

i = ol (2.3)

tsoil

where h [L] is the leachate head over the liner and t.; [L] is the thickness of the soil liner.

2.3.2 Diffusion

Diffusion is the movement of chemicals due to a concentration gradient. A high concentration of
chemicals in the waste relative to the underlying aquifer will result in diffusion toward the
groundwater, where the concentration of most chemicals will be negligible. This process can be

modelled by Fick’s first law (Tyrrell 1964):

ac
€ az

f=-D (2.4)

where f [MT™] is the mass flux, D, [L?T™] is the diffusion coefficient of the chemical of interest
in the medium of concern, and g—g [ML™] is the concentration gradient, or change in concentration

with depth.

2.3.3 Mechanical dispersion

Mechanical dispersion is the scattering of contaminants due to local changes in groundwater
velocity, resulting in decreased concentration at a given point but contaminant movement further

than that predicted by the average groundwater velocity (MacFarlane et al. 1983). Despite the fact
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that diffusion and mechanical dispersion occur by different processes, it is convenient to model
them together. This combination gives rise to the coefficient of hydrodynamic dispersion, D [L°T"

1, of a soil layer as defined by (Rowe et al. 2004):
D = Dg + Dppq (2.5)

where D, [L?T™] is the effective molecular diffusion coefficient and Dy [L°T™] is the coefficient
of mechanical dispersion. For soils with low hydraulic conductivity (< 1 X 107 m/s), Dg Will be
negligible, while for higher hydraulic conductivities (> 1 x 10° m/s), such as that of the LCS, D,

will be negligible (Rowe et al. 2004).

2.3.4 Sorption

Sorption is a process by which contaminants can be removed from groundwater. This can occur
due to many processes such as cation exchange, precipitation of heavy metals, or interactions
with organic matter. A simple sorption model considers reversible linear behaviour (e.g., see
Rowe et al. 2004):

Sc = K4C (2.6)
where S; (-) is the mass of contaminant removed from solution, K4 [L3M™] is the distribution
coefficient, and C [ML™] is the contaminant concentration. Nonlinear sorption models (including

Langmuir and Freundlich) have also been developed (e.g., see Rowe et al. 2004).

2.3.5 Biological and radioactive decay

Certain contaminants will naturally undergo radioactive decay to form lighter compounds, while
organic compounds can biologically decay into simpler chemicals. It is common to model decay

as a first-order process (e.g., Rowe et al. 2004):

ac
=M 2.7)
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where Z—f [ML®T™] is the rate of decay, C [ML] is the current concentration, and A, [T™] is the

first-order decay constant, which is equal to the sum of the radioactive decay constant (Ag) and
the biological decay constant (Ag).The half-life of a chemical, t, [T],is the time it takes for its

concentration to reduce to half its original value and is obtained by:

In2

A contaminant that does not decay either biologically or radioactively and does not undergo
sorption is referred to as a conservative contaminant. These are often the critical contaminants

that control the contaminating lifespan of a landfill.

2.3.6 Contaminating lifespan

The contaminating lifespan of a landfill is defined as the period of time during which a landfill
will produce contaminants at levels that would have an unacceptable impact if they were released
to the environment (Rowe et al. 2004). Landfill design should ensure that the landfill barrier
system will not fail prior to the end of the contaminating lifespan. The contaminating lifespan of a
municipal solid waste (MSW) landfill is likely hundreds of years. Since no landfill has been in
service for this amount of time, uncertainty exists as to the actual contaminating lifespan of a
given landfill.

Bonaparte et al. (2002) state that the contaminating lifespan of a MSW landfill is between
50 and 200 years, while a hazardous waste (HW) or low-level radioactive waste (LLRW) landfill
could produce unacceptable levels of contaminants for 200 to 1000 years. Ontario regulations
suggest that the contaminating lifespan of a landfill with a low mass loading rate requiring only a
single liner is approximately 160 years, while a larger landfill requiring a double liner could

contaminate for 360 years (see Section 2.5.1). The Ontario predictions assume a minimum
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infiltration of 0.15 m/a (MoE 1998), which is an important factor in predicting contaminating
lifespan.

Ammonia has been identified as the most critical contaminant in landfills due to a lack of
degradation mechanisms under the typically methanogenic conditions of a landfill. In this case,
ammonia concentrations will decrease only due to leaching, and were found not to appreciably
decrease even 30 years post-closure (Varank et al. 2011). Concentrations of cations such as
calcium, magnesium, iron, and manganese may be lower in leachate during the methanogenic
phase due to the higher pH, which increases sorption and precipitation. Varank et al. (2011)
demonstrated that heavy metals were not critical contaminants, with leachate concentrations
being below sewer discharge limits during all degradation phases. This study also identified
phenol as an important contaminant due to the slow anaerobic degradation of this substance,
along with the fact that phenol is a decay product of all phenolic compounds (Varank et al. 2011).

Heavy metals were found to be sufficiently attenuated by the mechanisms of sorption and
precipitation so as not to pose the threat of contamination. Hubé et al. (2011) found that
groundwater was not impacted by heavy metals, chemical oxygen demand, nitrogen, or
hydrocarbons. Groundwater samples did show concentrations of tritium and carbon isotopes that
likely originated in the landfill (Hubé et al. 2011).

Chloride concentrations in a MSW sample were found to remain high even after
permeation with several pore volumes of water. The observed concentration was higher than that
predicted by degradation models. This may be explained by preferential flow paths, with 19 to
41% of flow found to travel in preferential flow paths in a laboratory study. The tendency for
preferential flow will be greater at higher flow rates. This would result in a longer contaminating
lifespan than otherwise expected due to high concentrations remaining in the waste even when

leachate concentrations are low, representing the area adjacent to the preferential flow path. Co-
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disposal of sewage sludge with MSW can increase the moisture content and therefore allow more
rapid degradation (Rosqvist et al. 2005).

Stability of a landfill must be attained with respect to leachate concentration, landfill gas,
and settlement. A very conservative indicator of the stability of leachate may be assumed to occur
when a chemical’s concentration drops below the regulated drinking water standard. In reality,
the natural attenuation that will occur before the contaminant reaches a point of compliance could
be considered. The results from a landfill cell using leachate recirculation showed that many of
the contaminant concentrations (excepting ammonia, iron, manganese, 1,2-dichloroethane, and
benzene) were reduced to the drinking water standard by 5 years post-closure following 7 years
of leachate recirculation (Morris et al. 2003). Scharff et al. (2011) argue that the most appropriate
way to define the end of the post-closure care period is to specify a desired end-point, which is
related to an allowable level of risk. This approach accounts for the environmental conditions of
the site and allows for consideration of attenuation processes that will occur prior to the point of
compliance (Scharff et al. 2011).

Rich et al. (2008) discuss the use of aeration of pre-existing landfills to achieve
stabilization more quickly. Estimates of time to stabilization are compared for traditional
anaerobic landfills (decades to millennia) and aerobic landfills (2 to 5 years). It is suggested that
landfills be allowed to degrade anaerobically until methane collection is unprofitable, at which
time the landfill is switched to aerobic conditions to rapidly bring about stabilization (Rich et al.
2008).

A higher rate of infiltration through a landfill cover or injection of fluid below the cover
will decrease the contaminating lifespan by increasing dilution, leaching, and removal of
chemicals (Rowe et al. 2004). In addition to infiltration, the contaminating lifespan will also

depend on the mass of contaminant present per unit area, the contaminant, leachate
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characteristics, and the contamination pathway. Higher contaminant concentrations will increase
the contaminating lifespan. The pathway that a contaminant must travel before reaching the
receptor aquifer influences the amount of natural attenuation or sorption that may occur (Rowe et
al. 2004). The time required for the concentration in the leachate to reduce by a specific amount
when leachate is collected can be defined as (Rowe 1991):

c

= [Z—jml]_llnc (2.9)

where t [T] is the time for a contaminant concentration to reduce to the specified allowable value
C, H, [L] is the reference height of leachate, qo [LT™] is the infiltration through the waste, A, [T™']
is the decay constant (or zero for a contaminant that does not decay), C [ML™] is the allowable
concentration, and C.x [ML™] is the peak concentration in the leachate.

The reference height of leachate accounts for the mass of contaminant available within

the waste mass and can be represented by (Rowe 1991):

_ mrc
Hy = 72 (2.10)

where mrc [M] is the total leachable mass of a particular chemical species, C, [ML™] is the initial
concentration of that species, and A, [L?] is the landfill footprint. mrc is the mass of the waste
multiplied by the mass proportion, m, (mg/kg), of the chemical of interest in the waste. The mass
proportion of a given chemical will vary between landfills depending on the type of waste
deposited, but typical reported values are given in Table 2.1.

Equation (2.9) considers the effects of dilution and first-order decay on the contaminating
lifespan but neglects the attenuation offered by the aquitard. Other factors that affect the
contaminating lifespan include the geometry of the landfill, the head difference between the
landfill and the aquifer, and properties of the aquifer and aquitard (particularly the hydraulic

conductivity; Rowe et al. 2004).
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Contaminant transport software (e.g., POLLUTE) can be used to calculate chemical
concentrations with time to allow the estimation of the contaminating lifespan of landfills.
POLLUTE provides a 1%-dimension solution to the advection-dispersion equation by calculating
vertical migration and considering the horizontal groundwater flow (Rowe and Booker 2004).
POLLUTE can calculate the contaminant concentration at the edge of the landfill. If contaminant
attenuation through a buffer zone is required to meet regulations, a 2-dimension solution is
available in the MIGRATE software. The 1%-dimension solution provided by POLLUTE
typically underestimates the peak concentration by up to 30% compared to the MIGRATE
solution. This level of error is generally acceptable for preliminary design. The error is
maximized at low aquifer velocity and the solutions converge to minimal error at Darcy velocities

above 10 m/a (Rowe et al. 2004).

2.4 Engineered components

2.4.1 Leachate collection system

The main purpose of the LCS is to control the leachate on the liner and to remove contaminants
from the landfill. Decreasing the water height on the liner minimizes the hydraulic gradient (e.g.,
Equation 2.3), thereby minimizing leachate transport through the liner as given by Equation (2.1).

The first leachate collection systems consisted of pipes around the outside edge of the
landfill base (toe drains). These minimized lateral movement of contaminants but did not control
the leachate mound and hence vertical advection as given by Equation (2.1). In an attempt to
control the leachate mound, landfills began to be designed with pipes running throughout the
footprint of the landfill, surrounded by drainage material. These finger (or French) drains

controlled the leachate head for a period but clogged rapidly (Rowe and Yu 2010). It is now
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generally recognized that optimal LCS performance requires a high permeability drainage layer

extending over the entire landfill footprint.

2.4.1.1 Drainage material
The primary considerations in the design of a drainage layer are providing and maintaining an
adequately high hydraulic conductivity so that leachate will preferentially flow into the leachate
collection system where it can be removed. The thickness of a typical granular drainage layer is

between 0.3 and 0.6 m (Bonaparte et al. 2002).

2.4.1.1.1 Sand
Field studies have shown that sand drainage layers can clog very rapidly, with one case
demonstrating significant clogging in less than 4 years. Using the numerical model BioClog, a
gravel layer (diameter of 37 mm) was shown to provide three times the service life (90 years) of
coarse sand (diameter of 2 mm), and nine times the service life of medium sand (diameter of 1
mm) (Rowe and Yu 2010). These results indicate that sand clogs too easily to be used as a
drainage material (Mclsaac and Rowe 2006). Fine sand may be defined as sand having diameter
between 0.075 and 0.425 mm, medium sand having diameter between 0.425 and 2 mm, and

coarse sand having diameter between 2 and 4.75 mm (ASTM 2011b).

2.4.1.1.2 Gravel
A common gravel size is 38 mm, with coarser and more uniform gravel providing a longer
service life (Rowe 2009a). Gravel with up to 50 mm diameter is commonly used in drainage
layers, including newer portions of the Keele Valley Landfill (Rowe 1999). However, some
research has shown that gravel larger than 40 mm may cause increased geopipe deformation
(Rowe et al. 2001). To minimize this problem, care should be taken to avoid using angular stones

(Rowe et al. 2001). Ontario regulations permit the use of gravel with a median diameter of 50
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mm, with maximum particle sizes up to 75 mm. The density of gravel will typically be 1500
kg/m?® (Dickinson and Brachman 2008). Gap-graded soil should be avoided (Richardson and
Koerner 1988) since it is more susceptible to the migration of fines (Bonaparte et al. 2002).

The amount of fine-grained particles (i.e., passing through a US#200 sieve) in the
drainage gravel should be minimized to limit the amount of clogging (Bennett et al. 2000). A
typical specification is to allow no more than 2 to 5% of drainage gravel particles to be classified
as fine-grained (Bonaparte et al. 2002). Gravel that meets specifications initially may break up
during transport causing unacceptable generation of fines. Care should be taken to prevent the
fine particles from being included in the LCS.

Despite speculation that using carbonate gravel for the drainage layer would contribute to
clogging because the clog material is largely composed of calcium carbonate deposits, this
assumption has been invalidated in numerous studies (Bennett et al. 2000). This is because MSW
leachate entering the drainage layer is typically supersaturated with carbonate minerals, and
consequently the drainage stone is unable to dissolve and contribute to clogging. However, MSW
leachate is generally undersaturated with gypsum, meaning that gypsum can dissolve and
therefore contribute to clogging of the drainage layer (Bennett et al. 2000). This is one reason
why separate landfills are required for construction and demolition (C&D) waste, which contain

large quantities of gypsum in the form of drywall (Zekkos et al. 2006).

2.4.1.1.3 Tire shreds
Due to the high cost of gravel, tire shreds have been proposed as an alternative drainage material.
They have shown relatively high hydraulic conductivity (Rowe and Mclsaac 2005) and are a
better thermal insulator than conventional materials (Phaneuf 2010a; Hoor and Rowe 2012).
Two commonly studied varieties of tire shreds are called P and G shreds. P shreds are

rough cut with average dimensions of 125 mm by 40 mm by 10 mm and have wire protrusions. G
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shreds are clean cut and irregularly shaped with average dimensions of 100 mm by 50 mm by 10
mm (Rowe and Mclsaac 2005; Rowe and Babcock 2007). The uncompressed densities are 440 to
480 kg/m? for P shreds and 440 to 450 kg/m?® for G shreds (Rowe and Mclsaac 2005).

Considerable care is required in replacing gravel with tire shreds. A much greater
thickness of tire shreds is required due to their high compressibility, which is reported to be 44%
for P tire shreds and 48% for G tire shreds by Rowe and Mclsaac (2005). At a relatively low
overburden pressure of 150 kPa, an uncompressed thickness of 0.9 m of tire shreds would be
required to perform equivalently to 0.3 m of gravel. Even greater thicknesses would be necessary
for the higher pressures that would occur at many landfills (Rowe 2009a).

Tire shreds cannot be used in critical areas due to their low lateral support (Rowe 2009a).
When tire shreds are used as a drainage material, gravel must still be used in areas with high
leachate mass loading, such as near collection pipes and sumps (Rowe and Yu 2010). The amount
of gravel covering the pipe should be at least one pipe-diameter above and three pipe-diameters
on each side of the pipe (Rowe et al. 2004).

The pathways between compressed tire shreds are much more narrow and constricted
compared to gravel, which causes an increase in clogging (Rowe and Yu 2010). However, with
proper design tire shreds may provide an economical option as a drainage layer in noncritical
areas, as well as helping to reduce the number of tires that must be disposed of in landfills

(Phaneuf et al. 2002).

2.4.1.2 Filter
In the absence of a filter or separation layer, waste can be expected to intrude into the drainage
layer, decreasing the effective thickness available for drainage (Mclsaac and Rowe 2006). To

prevent this, a filter (usually a geotextile) may be included. Geotextiles are not capable of
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retaining particles that pass through the US#200 sieve. If significant particles of this size are

anticipated in the waste, a graded granular filter may be used (CGS 2006).

2.4.1.2.1 Geotextiles
Geotextiles may be either woven or nonwoven. Woven geotextiles are comprised of two or more
sets of filaments of yarns interlaced together. Woven geotextiles are typically available as
monofilament or slit-film. Slit-film geotextiles are composed of yarns having a very large width-
to-thickness ratio (IGS 2009). Nonwoven geotextiles are often needle-punched, scrim reinforced,
and/or heat reinforced. Needle-punching is a method of reinforcing a geotextile by punching
many small needles through the product. Scrim reinforcement refers to a geotextile manufactured
by needle-punching a woven geotextile to a nonwoven geotextile (Renken et al. 2005) and is used
to provide extra strength to the geotextile. Heat reinforcement can create a stronger bond by
causing needle-punched fibres from the cover geotextile to fuse with the carrier geotextile
(Brachman et al. 2010). Geotextiles having heat reinforcement may be referred to as thermally

treated, thermal locked, or heat burnished (Rowe et al. 2004).

Geotextiles made of polypropylene (PP) have been reported to be more susceptible to
ultraviolet (UV) degradation than those made of polyester (PET) (Bouazza et al. 2010c), but offer
better chemical resistance (Richardson and Koerner 1988). PET geotextiles demonstrate slower
degradation than those made of PP (Bonaparte et al. 2002) and exhibit less creep (Richardson and

Koerner 1988).

Nonwoven needle-punched geotextiles are most commonly used for filtration (Qian et al.
2001). It is desirable to place the geotextile over the entire landfill footprint between the waste

and the drainage gravel (Koerner and Koerner 1995). Geopipes used in landfill leachate collection
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systems should not be wrapped in geotextile as this practice contributes to clogging in a critical
location (Rowe 2005; Rowe and Yu 2010).

The mass per unit area of the geotextile is measured by ASTM D5261 (ASTM 2010f).
The percent open area (POA) is a property relevant only to woven monofilament geotextiles
whose measurement is described by Koerner (2012). A minimum POA of 10% is recommended
(Koerner and Koerner 1995). The apparent opening size (AOS), or Ogs [L] is typically specified
only for nonwoven geotextiles and is defined by ASTM D4751 (ASTM 2004) as the diameter of
uniform glass beads for which 5% of the beads pass through the geotextile during dry sieving. For
geotextiles used in leachate collection layers, Ogs should be a minimum of 0.21 mm (Koerner and
Koerner 1995). The filtration opening size (FOS) is an alternative to the AOS that uses a
gradation of sizes of glass beads and hydrodynamic force instead of dry sieving. If AOS is less
than 150 um, the FOS value will be more accurate (CGS 2006).

To provide adequate serviceability for geotextiles used in leachate collection layers,
Koerner and Koerner (1995) recommend that woven monofilament geotextiles have a grab
strength of 1400 N while 900 N is recommended for nonwoven needle-punched geotextiles as
measured with ASTM D4632 (ASTM 2008b). The trapezoidal tear strength should be a minimum
of 350 N and is measured with ASTM D4533 (ASTM 2011c). The puncture strength is measured
with ASTM D4833 (ASTM 2007e) and should be at least 350 N. The burst strength is measured
with ASTM D3786 (ASTM 2009c) and should be 1300 kPa for woven monofilament geotextiles
and 1700 kPa for nonwoven needle-punched geotextiles.

Clogging is the build-up of biofilm, chemical precipitates, and small particles that are
deposited in pipes, granular material, and geotextiles used in leachate collection systems (Rowe et
al. 2004). One of the primary mechanisms of geotextile clogging is microbial activity (Rowe

2001). For a mild leachate, which is defined as one with both total suspended solids (TSS) and
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biological oxygen demand (BOD) below 2500 mg/L, the geotextile properties given in Table 2.2
are expected to prevent unacceptable clogging. For stronger leachates, an alternate procedure
exists to identify an adequate geotextile (Koerner and Koerner 1995).

Woven geotextiles tend to clog less than nonwoven geotextiles. A nonwoven geotextile
will filter TSS, which passively treats the leachate (Rowe and Yu 2010). One experiment
indicated that woven geotextiles may experience a decrease in hydraulic conductivity of about
23% compared to the 90% reduction observed for nonwoven geotextiles. However, even with the
decrease in hydraulic conductivity of the nonwoven geotextile, no leachate mounding was
observed over the geotextile (Mclsaac and Rowe 2006). Furthermore, it has been shown that the
most extreme loading conditions cause the hydraulic conductivity of geotextiles to reach a
minimum value of approximately 4 x 10 m/s. Since this is greater than typical infiltration rates,
there is little potential for leachate mounding on the geotextile (Rowe et al. 2004).

Another design option is to place a geotextile within the gravel drainage layer. The
rationale behind this is to maximize the leachate treatment achieved. This results in
approximately an order of magnitude decrease in hydraulic conductivity. However, the geotextile
is still able to transmit leachate without developing an excessive perched leachate mound. The
advantages to this design are that if the geotextile becomes impermeable, the gravel above will
still be able to drain the leachate toward the sump, and if a high head does develop, it will act on
the clogged geotextile and not the underlying liner. To prevent waste intrusion, another geotextile
must be placed as a separator between the gravel and the waste (Mclsaac and Rowe 2006). To
help prevent clogging of the drainage layer, fine particles in the waste may be allowed to pass

through the system to be collected from the geopipes.
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2.4.1.2.2 Granular filter
A graded granular layer may be used in place of a geotextile filter. One possible configuration of
this layer may consist of concrete sand underlain by pea gravel (Mclsaac and Rowe 2006).
Studies have shown that a graded granular layer can produce less clogging in the drainage layer
than a geotextile because it retains much of the clog material itself (Rowe and Yu 2010). When
the upper layer of sand clogs in this type of drainage layer, perched leachate mounding can be

expected above the sand (Rowe 2009a).

2.4.1.3 Collection pipes
Plastic pipes (referred to as geopipes) transfer the leachate collected from the drainage layer to
pumps that remove it from the landfill to be treated (Rowe 1998b). The geopipes are perforated to
allow the inflow of leachate. Decreasing the spacing of the geopipes will decrease clogging
because of diminished mass loading on each individual geopipe (Rowe and Yu 2010). Drainage
geopipes may be oriented in a sawtooth pattern, as shown in Figure 2.1. One method of
calculating the geopipe spacing necessary uses Equations (2.11) to (2.14) given by Rowe et al.

(2004). Q (-) is an intermediary value defined by:

_ dc
o=4 (2.11)

where g [LT™] is the infiltration per unit area to be collected by the drains and k [LT™] is the
hydraulic conductivity of the drainage layer. In humid climates, q. may be assumed equal to the
infiltration into the waste due to rainfall (Rowe et al. 2004). In very dry climates, the volume of
leachate generated by degradation of organic waste may be more significant than that due to
precipitation. The maximum height of leachate mounding, hyax [L], on a flat LCS is given by:
Riax = 0.517/Q (2.12)
where | [L] is the spacing between geopipes. Equation (2.12) is applicable only for flat base

slopes. In order to effectively drain leachate by gravity, the LCS should be built on a sloped
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grade. In fact, many regulations require a minimum LCS slope (0.5% in Ontario; MoE 1998 and
2% in the US; Richardson and Koerner 1988). A greater slope will better ensure that settlement
does not reverse the flow direction in the geopipes (Pichtel 2005). A 2 to 3% slope is ideal. For
large sites, it may be difficult to excavate the extra depth required for this slope. An absolute
minimum slope on the pipes is 0.25% combined with a sawtooth formation to maximize the flow
to the pipes (Figure 2.1). Breitenbach and Thiel (2005) report that landfill base slopes range from
0.5 to over 10%, while 2 to 4% is the norm. For sloped conditions, or if Q is less than 0.01,

Equations (2.13) and (2.14) should be used (Rowe et al. 2004):

j = 1-0.12¢" 0806z P

(2.13)

where j (-) is an intermediary value that may be approximated as 1 and o is the slope of the base

(o = slope%
100

). The maximum height of mounding on a sloped LCS can thus be calculated:

Rmax = 0.25ljvVtan? a + 4Q — tan (2.14)
These calculations give meaningful results only for sand drainage layers, as the high

hydraulic conductivity of gravel suggests an extremely large geopipe spacing that would result in

rapid clogging. It should be noted that these equations assume that the hydraulic conductivity of

the drainage layer is constant, when in reality it will gradually decrease as it clogs (Rowe 2009a).

2.4.1.3.1 Geopipe specifications
High density polyethylene (HDPE) or polyvinyl chloride (PVC) is normally used for the geopipes
(Bonaparte et al. 2002). Corrugated geopipes have shown greater flexibility than rigid wall
geopipes but have less strength (Bonaparte et al. 2002). The use of corrugated pipes in the LCS is
not recommended (Rowe and Yu 2010). Thick plane-wall geopipes are considered the most
suitable for landfill applications. Geopipe thickness is expressed using the dimension ratio, DR (-)

(Rowe et al. 2004):
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DR = oD

tpipe

(2.15)

where OD [L] is the outer diameter and ty;,e [L] is the minimum wall thickness. Leachate
collection geopipes usually have DR between 17 and 6. The potential for installation deflection
exists for DR greater than 11 (Rowe et al. 2004). For this reason, a DR of 11 or less is commonly

specified for pipes used in landfill applications (Bonaparte et al. 2002).

2.4.1.3.2 Deflection
The amount that a LCS geopipe may deflect is highly dependent on the surrounding drainage
material stiffness, measured using the soil modulus (Rowe et al. 2004). The modified lowa
method for calculating pipe deflection is not appropriate for the design of LCS pipes because it
neglects soil-pipe interaction, predicts deformation in a different manner than that observed, and
does not allow the calculation of the stresses in the pipe (Rowe et al. 2004). An alternate method
is given by Moore (2001). The vertical stress, 6, [ML T, acting on a leachate collection system
pipe is obtained by (Rowe et al. 2004):
Oy = Ywastewaste (2.16)
where Ywase [ML?T?] is the unit weight of wastwe and Hy.se [L] is the height of the waste
overlying the pipe. The horizontal stress, o, [ML™"T], may be calculated using:
on = Kyoy, (2.17)
where Ky (-) is the at-rest earth pressure coefficient.

The mean stress, o, [ML™T?], is then:

O = 2220 (2.18)

and the deviator stress, 64 [M L'lT'Z], is:

0g =220 (2.19)
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Moore (2001) presented factors for the stresses acting on a pipe in terms of the mean and

deviatoric stresses. A, (-) is the factor for the mean stress:

2(1-v)

m = ooy (2.20)
where v (-) is Poisson’s ratio of the backfill soil and C; (-) is a constant defined by:
— EsDp
Cs = 2(1+v)(1-2V)EpAp (2.21)

where E, [ML™T?] is Young’s modulus of the pipe, A, [L] is the cross-sectional area per unit

T+Dp*tpipe

0 ), Es [ML™T?] is Young’s modulus of the backfill soil, and

length of the pipe (i.e., A, =

D, [L] is the mean pipe diameter. HDPE geopipes have a short-term modulus of about 760 MPa
and a long-term modulus of about 150 MPa (Rowe et al. 2001). The long-term modulus should be
used in LCS pipe design because of the long required lifetime of the pipes. D, may be defined as

(Qian et al. 2001):

=0D+ID=0D_t

Dy 2 pipe

=D+t (2.22)

pipe

where ID [L] is the internal diameter of the pipe and ty,. [L] is the pipe thickness.
Qian et al. (2001) provide E; of soil depending on the level of applied stress and standard

density. For gravel and sand (the typical materials surrounding LCS pipes), the Young’s modulus

of the soil, E; (kPa), is defined as:

85% standard density: E; = 4776.9¢,,%-3137 (2.23)

95% standard density: E5 = 3721.70, %5627 (2.24)

where o, (kPa) is the applied vertical stress. The data used to generate these equations along with

the predicted curves are given in Figure 2.2. The equations are considered valid over a stress

range of 7 to 420 kPa.

Solutions have been developed for the two extreme pipe-soil interface conditions: (i)

perfect adhesion, or bonded interface, and (ii) no adhesion, or smooth interface. In reality, the
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solution will lie somewhere between these extremes (Moore 2001). The non-uniform radial stress

component, Ay, (-) is defined by one of the following depending on the interface condition

assumed:
bonded interface: Ao = 4(1_v)(4+3CZS(1_2V)_2F) (2.25)
smooth interface: Ao = Zlei__‘gv (2.26)
where Z (-) is given by:
Z =Cs(1—2v)(5—6v+2F) +2F(3 — 2v) + 4(3 — 4v) (2.27)
and F (-) is defined by:

__ EsDp’

T 48(1+V)Eplp (2.28)

where I, [L?] is the second moment of area per unit length of the pipe. For a plain-wall pipe:

_ tpipe®
I, = T (2.29)

The non-uniform shear stress component, A4, (-), is defined by one of the following:

bonded interface: Age = 16(1_+(F+1) (2.30)
smooth interface: Ag: =0 (2.31)
These factors allow the calculation of the stresses acting on the pipe:

0o = Apom (2.32)
0, = Ags04q (2.33)
Ty = Ag¢04q (2.34)
The vertical, AD, [L], and horizontal, ADy, [L], deflections may then by obtained by:

AD, = —2(wg + wy) (2.35)
ADy = —2(wy — wy) (2.36)

where w, [L] and w, [L] are defined as:
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O'ODg

0= A (2.37)
w2=(202+rﬁ5;¥;; (2.38)
The deflection ratio of a pipe is expressed as (Rowe et al. 2004):

Deflection ratio = ADﬂ * 100% (2.39)

p

The maximum allowable pipe deflection of flexible geopipes such as those used in the
LCS is usually 5% (Rowe et al. 2004). If the pipe is surrounded by coarse gravel, the deflection
calculated by this method should be multiplied by factors as described by Rowe et al. (2004). In
one laboratory test, the average diameter change was 1.3 times that predicted by the above
method when 50 mm gravel backfill was used. The appropriate factor can be expected to change
based on the site conditions. Furthermore, this method does not consider the effect of high
temperature on deflection (Koerner 2012). Since HDPE has a high coefficient of thermal
expansion, large longitudinal strains may result if large changes in temperature occur (Rowe et al.

2001).

2.4.1.3.3 Capacity
LCS geopipes must be able to handle the maximum leachate flow, which usually occurs shortly
after construction. During this time, there is little to no waste to absorb the water, and thus
essentially all precipitation enters the LCS (Bonaparte et al. 2002). However, the required flow is
usually not large, and the critical factor in geopipe size selection is the ability to perform
maintenance activities, such as allowing entry of a video camera to inspect clog growth. Typical
LCS pipes have internal diameters ranging from 150 to 300 mm (Rowe et al. 2004).

Consideration should be given to confined space entry for maintenance of flow

monitoring devices (Phaneuf et al. 2002). Flow meters may be susceptible to clogging. It has been

reported that clogging of flow meters was no longer an issue when mechanical flow meters were
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replaced with venturi flow meters. The flow measuring devices should be calibrated at least

annually (Bonaparte et al. 2002).

2.4.1.3.4 Perforations
Circular perforations are thought to clog less rapidly than perforations consisting of narrow slots.
Circular perforations are recommended to be placed at the quarter points of the geopipe (at the
shoulders and haunches; see Figure 2.3), where stresses are lowest (Rowe et al. 2004). The axis-
to-axis spacing between holes should be at least four times the perforation diameter. In practice,
perforations are commonly spaced 100 to 300 mm apart. Common perforation diameters are 10 to
15 mm (Bonaparte et al. 2002), with Ontario landfill standards specifying a minimum perforation
diameter of 12 mm. Research has shown, however, that large perforations do not increase the
deformation of the geopipe. Large perforations can be used to minimize clogging of the geopipes.
For 50 mm gravel, 25 mm perforations were found to be acceptable when spaced 150 mm apart
(Rowe and VanGulck 2001). Perforation diameters up to 37.5 mm were shown to be acceptable
in another study (Rowe et al. 2001). However, the perforation diameter must be small enough that
the drainage gravel cannot enter the geopipe. One guideline for this problem is to ensure that the
perforation diameter is less than half of the dgs value of the drainage gravel (Rowe et al. 2004),
where the dgs value is defined as the particle size at which 85% of the particles are finer

(Richardson and Koerner 1988).

2.4.1.4 Chemical transport
The distribution coefficient for the drainage layer is usually conservatively assumed to be
negligible although there can be precipitation of certain contaminants (e.g., heavy metals) in the

clog material. Due to the high hydraulic conductivity of the LCS, diffusion can be neglected.
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Thus, the coefficient of hydrodynamic dispersion is defined solely by D4, which may be
modelled as a function of the seepage velocity (Rowe et al. 2004):

Dypg = aqv (2.40)
where aq [L] is the dispersivity and v [LT™] is the seepage velocity. Dispersivity is a scale-
dependent parameter subject to considerable uncertainty (Rowe et al. 2004). An empirical
relationship to obtain dispersivity (m) knowing the seepage velocity (m/s) is given by (Rowe

2001):
og = 35200v + 0.013 (2.41)
Seepage velocity is defined by (Rowe 2001):

v = (2.42)

a
)
where ¢ [LT™] is the Darcy flux and @ (-) is the volumetric water content, noting that in saturated

soils, ® will be equal to the porosity, n (-). The portion of the LCS where leachate is flowing is

commonly assumed to be saturated for design calculations.

2.4.1.5 Service life

The service life of the LCS is said to correspond to the time when it can no longer control the
leachate head below the specified design value, which is usually taken to be the layer thickness.
Therefore, the service life may be extended by increasing the drainage layer thickness. This is
reflected in the Ontario regulations shown in Table 2.3 with a thicker drainage layer having a
longer service life (Rowe et al. 2004). The hydraulic conductivity of the drainage layer is usually
specified to be greater than 1 x 10 m/s, but the best performance will occur when it as high as
possible, and it should be at least 1 x 10 m/s (Rowe et al. 2004). Higher hydraulic conductivities
correlate with larger pore sizes. Clogging has been shown to occur more rapidly for layers with

smaller particle sizes (Rowe 1999).
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Clogging of the drainage layer governs its service life. It is important to note that this
does not mean that leachate is no longer being collected after the end of the service life (Rowe
1999). The geopipes should continue to be pumped until contaminant concentrations in the

leachate meet environmental regulations for discharge.

The service life of the drainage layer can be extended by using a nonwoven geotextile or a
graded granular filter above the gravel rather than a woven geotextile (Rowe and Yu 2010).
Clogging will be more severe in saturated systems (Rowe 2005) because biofilm can develop
more easily in the saturated portion of the layer. Due to sporadic biofilm presence in the
unsaturated portion, very little clogging will occur (Rowe 2009a). Therefore, the geopipes should
be regularly pumped to remove leachate quickly. Higher drainage layer slopes will minimize

saturation of the drainage layer, which will also reduce clogging (Rowe 2009a).

The composition of the leachate has a critical effect on the rate of clogging. High levels of
organic acids, inorganic cations, and suspended solids have all been shown to increase the rate of
clogging. Greater clogging will also occur with higher mass loading (a product of the chemical
concentration and flow rate). Thus, for a given leachate, a higher flow rate will produce greater
clogging than a lower flow rate (Rowe and Yu 2010). However, in landfill practice, a greater flow
rate may indicate a higher rainwater infiltration rate, serving to dilute the leachate and decrease
the mass loading and clogging. Landfills where leachate recirculation is practiced may be subject
to increased concentrations of non-decomposable contaminants (Rowe et al. 2004). Phaneuf
(2010a) suggests that when all the leachate constituents are below the values given in Table 2.4,
clogging is unlikely to be severe; however, it is the quality of the leachate entering the drainage
system and not that which is collected that will control clogging (Rowe and Yu 2010) and this is
rarely known. The leachate that is collected from the geopipes is different from the leachate

entering the LCS. The clogging process is caused by the removal of certain constituents from the
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incoming leachate. In this way, the leachate is partially treated by the biological, chemical, and
physical processes occurring in the LCS, which includes filtering by geotextiles (Rowe and Yu

2010).

A numerical model called BioClog (Cooke et al. 2005) has been developed to predict the
rate of clogging of porous media due to exposure to MSW leachate. BioClog has been developed
in 1 and 2 dimensions and both have been calibrated with laboratory data. While BioClog is able
to accurately predict the rate of LCS clogging, it is too complex for routine use in engineering
practice. A simplified form of BioClog was presented by Yu (2012), allowing a more site-specific
estimate of service life than the Ontario regulations provide. The simplified model considers
linearly decreasing source concentrations of calcium, chemical oxygen demand (COD), and TSS.
The concentrations are assumed to maintain their peak levels until a time t; and then decrease to a
residual level after time t, as illustrated by Figure 2.4. For example, the change in source TSS

concentration between t; and t,, mc 1ss (kg/m3), is described by:

_ CL2,TSS—CL1,TSS
Metss == ¢, (2.43)

where ¢, 1ss (kg/m®) is the source TSS concentration prior to t; and ¢, rss (kg/m®) is the source

TSS concentration after t,.

The additional TSS concentrations, Ci1 agq @Nd Ci2 agd (kg/m®), due to biogeochemical

reactions are evaluated based on results from BioClog (see Yu 2012):

CL1,add = 0.44cpq,ca (if cpg,ca < 0.041c15 cop) (2.44)
CL1add = 0.018¢p,cop (if cL1,ca > 0.041cy cop) (2.45)
CL2add = 0.44¢ 5 ca (if crzca < 0.041¢15 cop) (2.46)
CL2,add = 0.018¢13 cop (if crz,ca > 0.041c12 cop) (2.47)
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where Ci1.ca (kg/m3) is the source calcium concentration before t;, C2.ca (kg/m3) is the source
calcium concentration after t,, ¢, cop (kg/m?) is the source COD concentration before t; and

CL2.cob (kg/m3) is the source COD concentration after t,.
The average additional TSS concentration, Cagg,avg (kg/m?) is then obtained by one of:
Cadd,avg = CL1,add (ift < tl) (2-48)

_ CLiaddt1+CL1,add (E—t1)+0.5Mcaq4(E—t1)?

Cadd,avg = . (lf tl <t< tz) (249)

c t1+qocC (tz—t1)+0.5qom (tz—t1)%+q5c (t-t5) .
Cadd ave = qoCL1,addt1t90CL1,add (L2~ 1 qoMc,addl2—1l1 42CL2,add 2 (lft > tz) (2.50)
ave Aotz +q,(t—t3)

where m¢ aqq (kg/m®) is the additional TSS concentration between t, and t,:

_ CL2,add—CL1,add
Mcadd = P— (2.51)

The modified TSS concentrations, ¢, (kg/m®) before t, and c,, (kg/m°) after t, are

calculated by:
CL1 = Cri,add T frs X CL1,Tss (2.52)

CL2 = Cr2,add T frs X CL2Tss (2.53)

where fgs (-) is the filter-separator coefficient (f=s = 1.0 if a woven geotextile is used and frs = 0.7

for a nonwoven needle-punched geotextile; Yu 2012).

The change in modified TSS concentration between t; and t,, m (kg/m®), is described by:

m = S2=C (2.54)

ty—ty

The average source TSS concentration entering the drainage layer, Crss avg0 (kg/m?), is

obtained by one of the following:
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Crss,avgo = CLirss (ft < tp) (2.55)

cL1Tsst1+CLyTss (E—t1)+0.5mcrss(E—t1)* .
CTSS,an,O = P < (lf tl <t< tz) (256)

_ qocLa,Tsst1t+qocL1Tss(t2—t1)+0.5q0mc rss(E2—t1)%+q2CL2 Tss (E—t2) (ift>t,) (2.57)
2

C =
TSS,avg,0 qotz+qz(t—tz)

The TSS fraction of the clog material, frss (-), is then calculated by:

frss = tanh [o 33 x CTSS avg°] ] (2.58)

Cadd,avg

The total void volume occupied by clog mass, Vi (m?), is equal to the volume of clog

material accumulated in the drainage material and is given by:
Viot = Neavg |5 Lm (2B + By) + % (L — L) (4B + By)| (2559)

where n¢a.q (-) is the average porosity reduction required to cause clogging, L (m) is the drainage
length in the LCS, L, (m) is the drainage length between the upstream end and the location of the
maximum leachate mound (taken as 0.6L in Yu 2012), B (m) is the thickness of the drainage
layer, B, (m) is the leachate mound thickness at the upstream end (can be taken as B—-0.1 m; Yu
2012), and B, (m) is the leachate mound thickness at the downstream end (0.1 m in accordance
with Yu 2012). Figure 2.5 allows a value of n. ., to be obtained based on the grain size and
drainage length of the LCS based on BioClog simulations. It is valid for drainage lengths between
5 and 50 m, drainage layer thickness between 0.3 to 0.5 m, and dg, grain size between 6 and 45

mm (Yu 2012).

Equation (2.60) gives the service life, t; (years), if the calcium, COD, and TSS
concentrations are constant (i.e., t. <t;). Equation (2.61) applies when t. is between t; and t, and

Equation (2.62) is valid when t. is greater than t,.The service life is defined by one of (Yu 2012):
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t, = LefrssVhot ey < 4y (2.60)

qocL1L
2
cL cL 2t;cL 2pcfrssVi :
tC = tl - 71 - \/(#) - :n 1 + cquL tot (lf tl <t< tz) (261)

1
pefrssViot  (CL1—CL2)(t1—tz)qo+CLitado

qzcLzL CL2q2

te=t, + (ift > t,) (2.62)

where qp is the infiltration rate prior to t, (m/a), g is the infiltration rate after t, (m/a), p. is the
bulk density of clog material (typically1570 kg/m?, but a value of 1500 kg/m® was taken by Yu
2012 to provide a conservative result). These equations are not valid for sand, which has
previously been shown unacceptable for use in a drainage layer. The service life can be extended
by increasing the thickness of the drainage material or decreasing the drainage length. BioClog
simulations have demonstrated that the drainage material thickness has the greatest effect (Yu

2012).

2.4.1.6 Geonets

An alternative to granular drainage stone in some applications is the use of a geonet. A geonet is a
planar geosynthetic structure with large openings designed to allow the flow of liquids (IGS
2009). Instead of hydraulic conductivity, the flow through geosynthetic products is measured by
two parameters: permittivity for vertical flow and transmissivity for in-plane flow. These
parameters take into account the thickness of the product, which typically ranges from 4.0 to 6.9
mm (Pichtel 2005). Geonet thickness can be measured with ASTM D5199 (ASTM 2012a) and
should be assessed under a pressure of 20 kPa. Thicker geonets provide greater capacity for in-
plane drainage (Koerner 2012).

Geonets require permeable geotextile filters above and below to prevent adjacent material
from intruding and limiting the drainage capacity (Bonaparte et al. 2002). If a geonet is laminated

with geotextiles on one or both sides, it is called a drainage geocomposite (Pichtel 2005).
38



2.4.1.6.1 Flow capacity
The permittivity, ¥ [T™"], of a geosynthetic is the volumetric flow rate of water per unit cross
sectional area per unit head in the normal direction (Richardson and Koerner 1988) and is given
by (Koerner and Hsuan 2001):

g = fo

(2.63)

tgeo
where k, [LT™] is the hydraulic conductivity normal to the geosynthetic and tg, [L] is the
thickness of the geosynthetic. Permittivity is measured using ASTM D4491 (ASTM 2009d) or
ASTM D5493 (ASTM 2011e) under loaded conditions.

The transmissivity, ® [L?T™], of a geosynthetic drain is the volumetric flow rate per unit
thickness in the in-plane direction and is measured with ASTM D4716 (ASTM 2008j). The
minimum transmissivity of a geonet must usually be 3 x 10° m?/s (Richardson and Koerner 1988)
and is calculated by (Koerner and Hsuan 2001):

0 = kptgeo (2.64)
where k, [LT™] is the hydraulic conductivity in the plane of the geosynthetic. While
transmissivity is the common specification, the design of geonets is more straightforward using
the flow rate per unit width. To take into consideration the deviation of the test setup from field
conditions, reduction factors as given in Equation (2.65) are applied to the flow rate measured in

the lab, g [L°T™], to obtain an allowable flow rate, Gaiow [L?T™] (Koerner 2012):

Qallow = qlab [ : ] (2.65)

RF{N*RFcR*RFcc*RFpC

where (5 IS measured with ASTM D4716, RFyy (-) is a reduction factor for intrusion of adjacent
geosynthetics into the geonet, RF¢r (-) is a reduction factor to account for creep, RFcc (-) is a
reduction factor for chemical clogging of the geonet, and RFgc (-) is a reduction factor for

biological clogging of the geonet. Suggested values for these reduction factors based on the
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design application are given in Table 2.5. The required flow rate, Qrequired [L2T'1], in a geonet is
defined by (Koerner 2012):

Qrequired = 7 * Ly (2.66)
where r [L*T™L?] is the leachate inflow rate and Ly [L] is the length of geonet perpendicular to
the central drainage geopipe. Using Qaiow aNd Qrequires, @ factor of safety value, FS (-), may be
obtained (Koerner 2012):

FS = allow (2.67)

Adrequired

Geonets are available in biplanar and triplanar forms. Biplanar geonets consist of
diamond-shaped openings with a typical size of 12 mm by 8 mm. The angles between the ribs are
70 to 110 degrees. The mass per unit area of a 5.0 mm thick biplanar geonet is typically in the
range of 800 to 1600 g/m* (Koerner 2012). Triplanar geonets have a central set of ribs that must
be placed in the field in the direction of the hydraulic gradient. The upper and lower ribs are
smaller and more closely spaced. Triplanar geonets are better suited for slopes, where the
unidirectional flow takes advantage of the higher flow rate in the central ribs. Triplanar geonets
can withstand greater normal stresses than biplanar geonets (Koerner 2012).

Notwithstanding the presence of a clogging reduction factor in Equation (2.65), geonets
and drainage geocomposites are not recommended as the primary leachate collection system at

the base of MSW landfills because of the high potential for biologically induced clogging.

2.4.1.6.2 Geocomposites
It is preferable to have the geotextiles thermally bonded to the geonet during manufacture because
of the low interface shear strength between these two components. The bond strength of the
geocomposite is measured using ASTM D7005 (ASTM 2008l), while the interface shear strength

can be assessed with ASTM D5321 (ASTM 2008e). The tensile peel strength can be obtained
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with ASTM D413 (ASTM 2007b), which is often specified within the range of 90 to 180 N/m

(Koerner 2012).

There are many types of geocomposite sheet drains and both the core material strength
and drainage capability will vary substantially between different products. Creep may also be
observed in the breakdown stress of cuspated cores in the geocomposite. At high normal stress,
this problem is more likely. Davies and Legge (2003) described a test in which a hollow cuspated
geocomposite sheet drain underwent buckling of cuspations under 300 kPa of normal stress,

reducing the flow capacity of the drainage layer by about 50%.

2.4.1.6.1 Issues with geonets
Geonets are susceptible to experiencing a reduction in flow capacity due to penetration of
bentonite from GCLSs, other soil materials, or due to compression (Mitchell et al. 2007). Geonets
should not replace drainage gravel on the base of a landfill due to this susceptibility to clogging.
When a geonet is used, all overlying layers should have less than 0.5 to 1% of fine-grained
particles to prevent clogging (Rowe 2001).

There are several important problems associated with the use of geonets outlined in the
following sections. Due to the numerous issues related to the performance of geosynthetic
drainage products, including geonets, geocomposites, and cuspated drainage sheets, these
products are recommended only for use where the construction of granular drainage blankets is
problematic. This includes cover applications and side slopes (Rowe et al. 2004). Granular

drainage, such as a gravel layer, is recommended for the base of landfills.

2.4.1.6.1.1 Creep
Sustained loads on the geonet (as should be expected at the base of a landfill) can reduce the

thickness of the product, which in turn reduces its flow capacity. This phenomenon is referred to
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as creep. The reduction in thickness will depend on the resin density, the geonet structure type,
and the composition of rib junctions (Koerner 2012). High temperatures will also increase creep.
The effect of temperature becomes more important at increased pressures, such as those that
would be expected in a landfill. Compared to the measured flow rate at 25°C, the flow rate
through a geonet was reduced by 28% at 200 kPa and 81% at 500 kPa when heated to 70°C. The
corresponding values for a cuspated drainage sheet were 33% and 80% (Davies and Legge 2003).
It should be noted that a landfill liner temperature could feasibly reach 70°C, particularly in
bioreactor landfills where temperatures in the range of 50 to 60°C have been observed (Rowe

2009a).

2.4.1.6.1.2 Intrusion of adjacent materials
The geotextile filter must be prevented from intruding into the flow channels of the
geocomposite. The geotextile covering should retain soil outside the system while allowing the
required flow to pass through (Koerner 2012). Intrusion of the covering geotextile into the
openings of the geonet will reduce the flow capacity of the geonet. A needle-punched nonwoven
geotextile shows considerable intrusion, while the stiffness afforded to a heat-bonded nonwoven
geotextile limits this intrusion. Thermally bonding the geotextiles to the geonet (i.e., forming a
geocomposite) will also reduce the intrusion (Koerner 2012). The minimum recommended mass
per unit area for a covering geotextile is 200 g/m?. Heat-bonded nonwoven needle-punched
geotextiles are considered optimal for geocomposites used in landfill applications (Koerner

2012).

2.4.1.6.1.3 Clay extrusion through covering geotextile
If a CCL or GCL overlies the geonet, there is the potential for clay particles to extrude through

the geotextile into the geonet. This is a possibility when woven geotextiles are used, while
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nonwoven geotextiles were shown to prevent this problem (Koerner 2012). The flow capacity of
the drainage layer can be considerably reduced if bentonite extrusion occurs (Davies and Legge

2003).

2.4.1.6.1.4 Biological clog growth
It is likely that fungi and bacteria could grow in geonets, reducing the flow capacity, although
little research has been conducted in this area. In design, the factor of safety for flow rate must be
high to compensate for this uncertainty and/or the geonet should be flushed regularly with clean
water (Koerner 2012). As noted above, even with a significant reduction factor in Equation
(2.65), geonets and drainage geocomposites are not recommended as the primary leachate
collection system at the base of MSW landfills because of the high potential for biologically

induced clogging.

2.4.1.7 LCS construction
LCS geopipes must be cleaned regularly from the beginning of operation to remove soft biofilm
before it hardens (Mitchell et al. 2007). This is done by flushing or pressure jetting (Rowe 2005).
Sewer jetting is usually required by regulation annually, but many landfill operators opt to clean
the geopipes more frequently to enhance the performance of the LCS (Phaneuf et al. 2002). A
flayer may be used to remove particles that are tightly adhered to the sides of the geopipes (Rowe
et al. 2001). The need for this extra effort will be eliminated if LCS geopipes are cleaned before

the biofilm solidifies.

While manholes have been traditionally used to enable leachate collection and removal,
access pipes are now becoming more common. These pipes allow cleaning and inspection of the
LCS geopipes without the need to construct heavy structures on the landfill liner (Rowe et al.

2001).
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2.4.1.7.1 Geotextiles
Geotextiles are delivered to the site on rolls and must be joined together to achieve the correct
size. This may be accomplished using stitching or heat bonding (Bouazza et al. 2010c).
Geotextiles used for filtration are typically sewn together. Protection geotextiles may not always
require sewing. Filtration geotextiles are usually sewn with a flat two-thread chain stitch in one
row. The seam should be continuously sewn together. On side slopes greater than 5H:1V, all
geotextiles should be sewn with an overlap of 100 mm (Qian et al. 2001). Bonds on slopes should
be parallel to the slope gradient. Defects should be seamed with a minimum of 300 mm overlap in
all directions. On side slopes, double seaming is required with each seam 5 to 20 mm apart
(Bouazza et al. 2010c). Polymeric thread should be used with chemical and UV resistance equal
to or greater than the geotextile. Heat seaming of geotextiles may be used in some cases, and
should have an overlap of 200 mm. Soil backfilling on geotextiles should occur from the bottom
of the slope upwards. Generally, PP geotextiles should be covered within 14 days and PET

geotextiles within 28 days (Qian et al. 2001).

2.4.1.7.2 Geopipes
Geopipes may be joined by butt fusion or special couplings. Butt fusion is commonly used for
HDPE geopipes, which involves the ends of the geopipes being thermally sealed together. PVC
geopipes can be chemically sealed using a solvent. Overlap connections can only be used for
thick-walled geopipes. Special coupling is required for corrugated geopipes (Bonaparte et al.
2002). Due to the high coefficient of thermal expansion of HDPE pipes, care is needed to avoid
movement of the pipe out of the drainage line if left exposed. This problem can be avoided by the

installation of a suitable expansion joint.
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2.4.1.7.3 Geonets
If a geonet is used on side slopes, it should be secured in the anchor trench and rolled down the
slope so that it remains in tension. Any wrinkles should be removed. Geonets must not be welded

to any other geosynthetic with extrusion welding (Qian et al. 2001).

Geonets are delivered to the site on rolls ranging from 2.0 to 6.7 m wide that must be
connected together to provide a continuous drainage path.. As with all polymeric products, they
should not be left exposed to UV for an extended period. The roll direction of the geonet should
be placed in the downslope direction. This will eliminate seams along the flow direction. If
multiple sheets must be joined on a slope, the flow must be allowed to travel unimpeded.
Therefore, if the geonet is laminated by a geotextile (as in a geocomposite), the geotextile must be
pulled back so that the geonet cores from both sheets are connected with no geotextile in
between. Seaming of geonet edges is achieved with an overlap of 50 to 100 mm using plastic
electrical ties, threaded loops, or wires to fasten the openings from both geonets (Koerner 2012).
The ends of the geonet roll should be overlapped by 150 to 200 mm. The ties should be placed
every 1.5 m along edges and 150 mm along ends. The geonet roll should be long enough to cover
the complete side slope so that horizontal seaming is not necessary. If horizontal seams must be
used, they should be staggered along the slope (Qian et al. 2001).

Using white or yellow plastic ties to contrast with the black geonet can provide easier
visual inspection (Qian et al. 2001). Metal rings should not be used if the geonet is adjacent to a
geomembrane to prevent puncturing of the geomembrane. The outlet of the geonet must always
be kept free draining (Koerner 2012). Care should be taken to prevent any soil or rocks from

entering the geonet (Qian et al. 2001).
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2.4.2 Compacted clay liner

2.4.2.1 Specifications
The thickness of a CCL typically ranges from 0.6 to 1.2 m (Rowe 2009b). Although many
regulations give recommendations of various clay characteristics to be used for CCLs, it has been
reported that there is little correlation between these parameters and the measured hydraulic
conductivity; this is because other factors, especially construction quality and post-construction
exposure, often have a dominant effect on the hydraulic performance. CCLs can be successfully
constructed from a wide range of soil types. To achieve the normally specified hydraulic
conductivity of 1 x 10 m/s, the soil used should have a minimum fine-grained particle content of
30 to 50% and maximum gravel content of 20 to 50%. The maximum particle size should be 25
to 50 mm (Bonaparte et al. 2002). If the soil to be used exceeds the allowable amount of gravel
(usually 50%), individual gravel particles must be removed. Often the best way to accomplish this
is removal by hand (Qian et al. 2001). The grain size distribution should be obtained with ASTM
D422 (ASTM 2007c).

Soil should be compacted at 2 to 4% wet of optimum to achieve the lowest hydraulic
conductivity. However, soils wet of optimum will be closer to the plastic limit, which may cause
trafficability problems and make it more difficult to achieve a smooth surface (Rowe 1998b). The
optimum water content is obtained from either the standard Proctor test, ASTM D698 (ASTM
2007i), the modified Proctor test, ASTM D1557 (ASTM 2009b), or a reduced Proctor test (Qian
et al. 2001). The water content of a CCL is measured with ASTM D6780 (ASTM 2005) in the
field and ASTM D2216 (ASTM 2010c) in laboratory tests. Most CCLs are about 85% saturated
(Qian et al. 2001). Gas transport is hindered by soils with greater degrees of saturation (Mitchell

et al. 2007).
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The plasticity index, Pl (%), is a measurement of the range of moisture content over
which a soil demonstrates the capability to deform permanently without fracturing. It is calculated
using the Atterberg limits test outlined by ASTM D4318 (ASTM 2010d) by subtracting the
plastic limit from the liquid limit and is expressed in percent (Blockley 2005):

Pl =LL—PL (2.68)
where LL (%) is the liquid limit and PL (%) is the plastic limit.

Most natural clay soils used as CCLs have relatively low PI (Mitchell et al. 2007). Pl may
be specified to lie between 12 and 15% despite little correlation between Pl and field hydraulic
conductivity (Bonaparte et al. 2002). However, if the plasticity index is greater than 30%, hard
clods may form that are difficult to break up, leaving the soil susceptible to shrinkage and
cracking if it is allowed to dry after compaction (Rowe et al. 2004). The activity, A (-), of a soil is
defined as its plasticity index divided by the percentage of clay-sized particles, p (%) (those with

less than 2 pm diameter) (Lade 2001):

PI
a=7Z (2.69)

The activity of clay used as a liner is often specified to be 0.3 or greater (Rowe et al.
2004). The potential for clay/leachate incompatibility increases as the activity of the soil increases

(Mitchell et al. 2007).

2.4.2.2 Chemical transport

2.4.2.2.1 Advection
The hydraulic conductivity of a CCL is generally required to be less than 1 x 10 m/s (Mitchell et
al. 2007). Once waste is placed over the liner and the effective stress increases, the hydraulic
conductivity will decrease due to consolidation and the liner will be less susceptible to increases
in hydraulic conductivity due to chemical interaction. The hydraulic conductivity of a clay liner is
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more likely to be less than 1 x 10”° m/s if it is at least 1 m thick (Bonaparte et al. 2002). Field
hydraulic conductivity can be measured with ASTM D5084 using a flexible wall permeameter
(ASTM 2010e). With good compaction, a value of 1 x 10™ m/s will usually be obtainable at
typical stress levels due to the waste. The hydraulic conductivity increases with temperature as
demonstrated in Table 2.6. The most important factor in building a CCL with low hydraulic

conductivity is the compaction process.

2.4.2.2.1.1 Compaction
The most important specification for a clay liner is the percentage of water content/dry density
points that plot above the line of optimums (see Figure 2.6). This percentage should be a
minimum of 70 to 80%, taking into consideration that at higher values shear strengths will
decrease (Bonaparte et al. 2002). To plot the line of optimums, five to six clay samples should be
compacted at each of the standard, modified, and reduced Proctor compaction energies. The dry
density and water content of each sample are then measured and plotted, yielding the optimum
water content at each compactive energy. The density of the clay can be measured with ASTM
D1556 (ASTM 2007f) or ASTM D2167 (ASTM 2008a). A straight line can be drawn through the
three optimum water contents to obtain the line of optimums (Qian et al. 2001). The hydraulic
conductivity of the compacted samples should then be tested with ASTM D5084 (ASTM 2010e)
under site-specific overburden pressure (Qian et al. 2001) with a liquid closely simulating the

expected leachate for the most accurate results.

2.4.2.2.1.2 Clay/leachate incompatibility
Certain types of clay are prone to increased hydraulic conductivity when permeated with certain
contaminants, some of which may be present in MSW leachate (Rowe et al. 2004). For example,

the presence of non-aqueous phase liquids (NAPLS) in leachate may cause increased hydraulic
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conductivity due to clay shrinkage because of the low dielectric constant of NAPLs (Mitchell et
al. 2007). The dielectric constant, € (-), is the measure of a substance’s inability to conduct
electricity (Blockley 2005). Liquids with lower dielectric constants than water tend to produce
higher hydraulic conductivities in CCLs and GCLs. For example, a clay with a hydraulic
conductivity of 3 x 10™ m/s when permeated with water (g = 80) increased to 1 x 10°° m/s when
permeated with an aromatic compound with £ = 2 (Rowe et al. 2004).

The cation exchange capacity (CEC) of clay is a measure of its adsorption capacity. A
high CEC will provide more opportunities for removal of harmful components, such as heavy
metals, from the leachate (Rowe et al. 2004). CEC values for common clay types are given in
Table 2.7 and can be measured according to ASTM D7503 (ASTM 20101). A minimum CEC of
10 meq per 100 g of soil may be specified. This commonly prevents kaolinite, which typically has
a high hydraulic conductivity and provides little retardation, from being used as a CCL.
Montmorillonite is the clay type used in GCLs and is a swelling clay. Vermiculite has the
potential to shrink and crack. Compatibility testing should be performed if montmorillonite or
vermiculite is present in large amounts in clay considered for a CCL. Both illite and chlorite are
well suited for CCLs, as they have been shown to be insensitive to MSW leachate in field studies.
The hydraulic conductivity of these inactive clays decreases slightly as a result of ion exchange
and consolidation (Rowe et al. 2004). Ignoring this decrease will give a conservative estimate of

the liner performance.

2.4.2.2.1.3 Desiccation
Field studies have shown that CCLs not quickly covered with a suitable thermal protection layer
(e.g., a geotextile and 0.3 m of sand or gravel) tend to experience desiccation. This desiccation
can be particularly problematic when the CCL is used as part a composite liner (i.e., it is overlain

by a GM) (Bonaparte et al. 2002). Even if not initially desiccated, the CCL can desiccate quickly
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following covering with the geomembrane (Qian et al. 2001) if the composite liner is not quickly
covered with a protection geotextile and a 0.3 m thick soil protection layer or leachate collection
layer. The temperature of geomembrane liners left exposed to the sun has been reported at over
80°C (Needham et al. 2004). Using clay with a Pl greater than 50% will increase the potential for
desiccation (Qian et al. 2001). Even if the desiccation cracking in the layer only penetrates a
small distance ( < 10 mm), it can substantially increase the interface transmissivity between the
GM and CCL, thereby substantially reducing the effectiveness of the composite liner (Rowe

2012).

Shrink/swell processes are a concern if they cause fissures to form in the liner. This is
most likely to occur if the liner is left uncovered prior to waste placement (Mitchell et al. 2007).
Adding some sand to the clay has been shown to reduce susceptibility to desiccation and
shrinkage (Bonaparte et al. 2002). To prevent shrinkage in arid regions, GMs can be placed both
above and below the CCL to trap moisture (Qian et al. 2001).

The desiccation potential depends on the temperature gradient, the water retention
properties of the soil below the liner, and the location of the water table. The water content of a
CCL has been shown to decrease if the underlying soil is coarse-grained (Mitchell et al. 2007). If
the subgrade is unsaturated and fine-grained, there is also the potential for desiccation. If a CCL
is used as a primary liner in a double liner system, the CCL will be separated from the
groundwater system, which could lead to desiccation. These considerations are also relevant to
GCLs.

To reduce the shrinkage potential, the clay should be placed and compacted at the lowest
acceptable water content, especially in arid regions (Qian et al. 2001). One method of testing for

desiccation potential is using ASTM D4943 (ASTM 2008d) to measure volumetric strain. It has
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been reported that desiccation is less likely to occur for volumetric strains less than 4%, although

this is a soil-specific value that must be obtained for a given project (Qian et al. 2001).

2.4.2.2.1.4 Freezelthaw cycles
In areas where freezing temperatures may occur, CCL construction should be scheduled in the
summer months so that the liner can be covered with sufficient waste by the time that freezing
occurs to avoid damage due to freeze/thaw cycles (Mitchell et al. 2007). Once the CCL is covered
with material exceeding the frost penetration depth at the site, it will be unaffected by freezing
temperatures. One freeze/thaw cycle has been shown to increase hydraulic conductivity by 1
order of magnitude, with three to five cycles causing an increase of 1 to 3 orders of magnitude.
After the first few cycles (3 to 10), no further increase in hydraulic conductivity is likely to occur.
Soils with low hydraulic conductivity, such as CCLs, are more susceptible to increased hydraulic
conductivity than soils with initially higher hydraulic conductivity. The application of overburden
pressure following freeze/thaw has been shown to decrease the hydraulic conductivity.
Approximately 200 kPa is required to return the CCL to its original hydraulic conductivity. This
is likely to be achieved for base liners, but covers will not be subjected to these pressures (Qian et

al. 2001).

2.4.2.2.2 Diffusion
Each chemical species diffuses at a rate that varies depending on many factors, including
temperature as shown in Table 2.6. See Table 2.8 for reported diffusion coefficients through

CCLs.

2.4.2.2.3 Sorption
The degree to which a chemical adsorbs to the soil through which it passes is measured by the

distribution coefficient, a process referred to as sorption. For inorganic constituents, sorption may
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involve cation exchange (and in some cases precipitation). Sorption of organic compounds
usually occurs on the organic fraction of a soil. For modelling purposes, sorption should not be
assumed unless the clay to be used has a known organic carbon fraction. The distribution
coefficient, Ky [L*M™], can be measured with batch tests in ASTM D4646 (ASTM 2008c), or
alternatively can be obtained by an empirical correlation (Rowe et al. 2004):

Kq = Kocfoc (2.70)
where Ko [L3M™] is the organic carbon/water partitioning coefficient and f, (-) is the weight
fraction of organic carbon in the soil. See Table 2.8 for reported distribution coefficients for

CCLs.

2.4.2.3 Bentonite enhanced soil (BES)
If material suitable for CCL construction is unavailable, local soils may be mixed with a small
percentage of sodium bentonite (2 to 6% by weight) to decrease the hydraulic conductivity.
Unlike conventional CCLs, water content is not an important parameter in BES, whose hydraulic
conductivity is much more dependent on compaction. The liner is typically passed with the
compactor 6 times (Bonaparte et al. 2002). A well-graded soil mixture including both sand and
silt is optimal for retaining the bentonite. An empirical equation to estimate the hydraulic

conductivity, k (m/s) of BES has been developed (Sivapullaiah et al. 2000):

e—0.0535LL—5.286

(2.71)
0.0063LL+0.2516

logk =
where e (-) is the void ratio and LL (%) is the liquid limit. Hydraulic conductivity of between 1 x
10° m/s and 1 x 10™ m/s can be expected for BES containing 4 to 10% bentonite. The diffusion
coefficients for BES are similar to those for compacted clay (Rowe et al. 2001). Several are given

in Table 2.9. BES has demonstrated better resistance to freeze/thaw cycles than CCLs (Rowe et

al. 2004). Particular care is required to assess clay/leachate compatibility for BES.
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2.4.2.4 CCL construction
Natural clay may contain particles agglomerated due to capillary effects, known as clods. If there
are many clods, preferential pathways for water will exist which increase the hydraulic
conductivity. Thus, care must be taken during construction to provide greater compactive energy
and adding water, thereby reducing suction and enabling the destruction of clods (Rowe et al.

2004).

In order to achieve the desired hydraulic conductivity, close attention must be paid to
proper construction of the liner, in particular compaction (Bonaparte et al. 2002). The loose
thickness of each lift should be less than 0.23 m before compaction (Rowe 2001). The lift
thickness after compaction is typically 0.15 m (Bonaparte et al. 2002). Stones larger than 35 mm
on the surface of a CCL were found to cause GM strains exceeding the usual criterion and should
be removed during construction (Brachman and Sabir 2010).

When the primary CCL is being constructed above underlying engineered components, a
sacrificial soil layer may be placed to prevent damage to the secondary liner system. The
sacrificial layer should be compacted using a lightweight smooth drum roller and its thickness
should not be considered part of the CCL (Rowe 2001).

If a CCL is to be constructed on native soil, the soil should be compacted to provide a
uniform surface. The subgrade should be prepared to the same degree of compaction as the CCL.
If the native soil requires mixing to produce an appropriate grain size distribution, an on-site
pulverizing mixer may be used. This equipment can reduce the size of clods and produce a
uniform moisture content (Qian et al. 2001).

In a report on CCL construction, the number of passes per lift varied from 2 to 80, but
was typically less than 10. While it was expected that a greater number of passes would be
required for lighter equipment, no such trend was observed. The minimum recommended number
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of passes with a heavy roller is 5 to 10 (Qian et al. 2001). A greater number of passes will impart
greater compactive energy, and results in a lower hydraulic conductivity (Bonaparte et al. 2002).
Despite the fact that greater compactive effort is expected to yield greater compaction, field tests
have shown that compactor weight has no effect on the hydraulic conductivity produced
(Bonaparte et al. 2002).

Kneading compaction can produce the lowest hydraulic conductivity. The weight of the
compaction equipment should be greater than 180 kN with feet long enough to fully penetrate the
lift to prevent zones with higher hydraulic conductivity from forming at the interface between
lifts. Therefore, the feet must be longer than the typical compacted lift height of 0.15 m (Rowe
2001). In order to create a cohesive liner, the surface of a compacted lift should be scarified prior
to the placement of the next lift. Typically, the top 25 mm of soil is roughened, which should be
accounted for in the subsequent lift thickness. If construction of a CCL is halted over winter, the
top 0.3 m of soil should be scarified prior to the continuation of construction (Qian et al. 2001).
After the compaction is complete, the CCL may be finished using a smooth drum roller (Rowe
2001).

Heavy rollers with static weights up to 32000 kg may be used for compacting the landfill
base; however, in a cover system the weight should be limited and is often from 13600 to 18100
kg. Heavy rollers cannot be used if the foundation soil is very wet, weak, or compressible. This
has implications for constructing a CCL as part of a landfill cover (Qian et al. 2001). Equipment
typically used for compaction include padfoot, sheepsfoot, and wedge-foot rollers. Kneading
compaction is also effective at removing clods (Rowe et al. 2004). Padfoot rollers have short feet
of about 75 mm, which only partly penetrate a typical lift of soil; thus they should generally be
avoided. Sheepsfoot rollers have feet of about 200 mm, which are capable of completely

penetrating a lift, and are generally the equipment used for constructing a CCL (Qian et al. 2001).

54



To ensure that the CCL will achieve the specified hydraulic conductivity, a test pad may
be constructed on-site prior to landfill construction. This will allow the contractor to gain
experience with the construction method, discover any problems, and measure the field hydraulic
conductivity. An advantage to this approach is that construction and placement of the layers
overlying the CCL will not be delayed by field testing of the actual liner system (Rowe et al.
2001). Desiccation of a bottom clay liner may occur if it is left uncovered for weeks or months
after construction. To allow time for hydraulic conductivity testing, the liner usually has to be
watered until waste placement begins (Mitchell et al. 2007).

Some methods of assessing construction quality of CCLs are in-situ density and water
content testing, in-situ hydraulic conductivity testing using infiltrometers, pan lysimeters and
borehole permeameters, and physical sampling and laboratory testing for index properties and
saturated hydraulic conductivity (Mitchell et al. 2007). Table 2.10 provides guidance on testing

frequency for CCLs.

2.4.3 Geosynthetic clay liner
A GCL consists of a thin layer of granulated or powdered bentonite contained by geosynthetic
components (Mitchell et al. 2007). Bentonite is a weathered volcanic ash composed mainly of
montmorillonite (Rowe et al. 2004). GCLs can be grouped into four commonly used varieties (see
Figure 2.7). Three of these involve two geotextiles, which may be either stitch-bonded, needle-
punched, or glued to both sides of the bentonite. Alternatively, the bentonite can be glued to a
carrier geomembrane (Bonaparte et al. 2002). Geotextile-supported GCLs may also have an
adhesive mixed with the bentonite (Koerner 2012). For geomembrane-supported GCLs, this GM
is typically very thin and does not replace the 1.5 to 2.5 mm GM required by most regulations

(Bouazza et al. 2010b).
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GCLs are referred to as reinforced if they are stitch-bonded or needle-punched (Mitchell
et al. 2007). Stitch-bonded GCLs have the two geotextiles sandwiching the bentonite sewn
together with continuous fibres in parallel rows (Bouazza et al. 2010b). Needle-punching is a
method of holding the GCL together by punching many small needles through the entire GCL
thickness, causing fibres from the cover geotextile to be pulled all the way through to the carrier
geotextile. The fibres naturally become entangled, and this friction holds the GCL together (Rowe
et al. 2004). Unlike stitch-bonding, the needle-punching process does not introduce stitching to

the GCL.

The cover geotextile in a GCL is usually needle-punched nonwoven, while the bottom, or
carrier, geotextile varies between different products. GCLs with needle-punched nonwoven
carrier geotextiles are less susceptible to damage than those with woven carrier geotextiles (Rowe

et al. 2004).

2.4.3.1 Specifications
The typical thickness of a GCL ranges from 5 to 10 mm (Bouazza et al. 2010b) and can be
measured as outlined in ASTM D1777 (ASTM 2007g). The thickness of a given GCL depends on
the normal stress it is subjected to and its moisture content. Although dry GCL thickness is not a
commonly specified parameter, it may be used for manufacturing quality control purposes and the

hydrated thickness may be required in flow rate calculations (Koerner 2012).

Sodium bentonite has the lowest hydraulic conductivity of any naturally occurring
geologic material and is found in large quantities primarily in Wyoming and North Dakota, USA.
Calcium bentonite, on the other hand, is more available worldwide. It is possible to convert
calcium bentonite to sodium bentonite by a process called peptizing, which involves the

application of sodium hydroxide to replace calcium ions. Clay type can be assessed with x-ray
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diffraction, but the test is expensive. Alternatively, the clay type can be obtained using the easier
method of methylene blue analysis, which is reported to give conservative results. The volume of
methylene blue dye that must be added to a bentonite solution to form a blue halo on filter paper
is correlated with the montmorillonite content of the bentonite. A result of 70% is approximately
equivalent to an x-ray diffraction value of 90%, which is considered suitable for bentonite used in
a GCL (Koerner 2012). The quality of bentonite can be defined by its percentage of sodium
smectite, plasticity, cation exchange capacity, microstructure, and hydraulic conductivity. Higher

quality bentonite is more susceptible to increased hydraulic conductivity (Mitchell et al. 2007).

It is recommended that the montmorillonite content of the bentonite in the GCL be greater
than 70% (with a preference for Wyoming montmorillonite), while carbonate should constitute
less than 1 to 2%. Sodium bentonite is preferred, although calcium bentonite with 80% sodium
activation through peptizing is also acceptable. The bentonite in a GCL may be either powdered
or granulated. Powdered bentonite contains at least 80% particles that will pass the 75-micron
sieve, while less than 1% of granulated bentonite will pass the same sieve. Once fully hydrated,
there is no significant advantage to using either powdered or granular bentonite although the
hydration from a base soil with relatively low moisture content may be faster for powdered
bentonite. The CEC should be 70 to 120 meqg/100 mg. For critical situations, the carrier geotextile

should be scrim reinforced and thermally treated (Bouazza et al. 2010b).

ASTM D5993 (ASTM 2009i) outlines the measurement of mass per unit area of the
overall GCL, the bentonite in a GCL, the cover and carrier geotextiles, as well as moisture
content. A common target value of bentonite mass per unit area is 3.7 kg/m?, but this parameter is
difficult to measure (Koerner 2012). The overall mass per unit area of the GCL should be at least
4 kg/m?. A nonwoven cover geotextile should have a mass per unit area of at least 200 g/m? if the

GCL is reinforced and 100 g/m? if it is nonreinforced. A woven cover geotextile should have a
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mass per unit area of 100 g/m? regardless of reinforcement. A nonwoven carrier geotextile should
have a mass per unit area of at least 240 g/m? if the GCL is reinforced and 100 g/m? otherwise. A
woven carrier geotextile should have a mass per unit area of 100 g/m? if the GCL is reinforced
(GRI 2010). Most GCLs are installed with dry bentonite, but some may be installed in a
prehydrated state (Rowe et al. 2004). While there is no specification for moisture content of a
GCL, it will be less likely to desiccate if it is hydrated by uptaking water after the application of

load (see Chapter 3).

The swelling behaviour of bentonite is commonly specified in the form of the swell index
(SI). Sl is measured with ASTM D5890 (ASTM 2006¢) under zero normal stress. Specifications
commonly require Sl to be greater than 24 mL/2 g (Koerner 2012). Due to this extreme swelling
behaviour, bentonite can intrude into nonwoven needle-punched geotextiles or extrude out of
woven geotextiles. Cover geotextiles with any amount of open area are the greatest concern
(Koerner 2012). Extruded bentonite can contaminate the seams of the overlying geomembrane,
which has been identified as an issue particularly for textured GMs (Koerner 2012). The amount
of fluid loss from bentonite under a pressure of 700 kPa is measured using ASTM D5891 (ASTM
2009h). This test is used as an indication of the affinity of pore water for bentonite particles. A
common maximum allowable result from this test is 18 mL (Koerner 2012). The puncture
resistance can be measured with ASTM D4833 (ASTM 2007¢) using an 8 mm probe or ASTM
D6241 (ASTM 2009j) using a 50 mm probe. The puncture resistance is generally not of great
importance considering the self-healing properties of GCLs (Koerner 2012), as GCLs exhibit the
ability to self-heal small holes of up to about 30 mm due to swelling of bentonite (Rowe 1998b).

The peel strength measures the tendency of the upper and lower geotextiles in needle-
punched GCLs to separate (Koerner 2012). It is measured with ASTM D6496 (ASTM 2009I) and

should be at least 360 N/m (GRI 2010). The geotextiles and any reinforcing fibres should retain at
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least 65% of the grab strength after oven aging as measured with ASTM D4632 (ASTM 2008b)
(GRI 2010). The tensile strength of the GCL in the machine direction is measured with ASTM
D6768 (ASTM 20090) and should be at least 4 kN/m (GRI 2010). Long-term direct shear and
wide-width creep tension tests are generally not required for GCLs used as landfill liners due to
the stabilization provided by the overlying waste (Koerner 2012). Table 2.11 lists recommended

specifications for GCLs as well as testing frequencies.

2.4.3.2 Chemical transport

2.4.3.2.1 Advection
The hydraulic conductivity of a GCL is measured according to ASTM D5887 (ASTM 20099)
using a flexible wall permeameter under the expected site loading conditions (Koerner 2012). A
maximum value of hydraulic conductivity when permeated with water should be 5 x 10™* m/s
(GRI 2010).

GCLs are hydrated by uptaking water from the underlying soil where they are placed. It is
not necessary for the GCL to be fully saturated to provide a suitably low hydraulic conductivity
(Rowe 1998b). While subsoil at field capacity can allow a GCL to become saturated in as little as
2 weeks, drier subsoil will limit the ultimate degree of hydration the GCL can achieve (Rayhani
et al. 2011). In any case, the GCL should be covered as soon as possible after placement (Qian et

al. 2001).

The hydraulic conductivity of a GCL has been shown to depend on the bulk void ratio, eg,
which is used to represent the apparent void ratio of GCLs considering both the bentonite and the
geosynthetic components. It can be calculated as outlined by Rowe et al. (2004). An indication of
approximate values is given in Table 2.12 depending on GCL type and the applied vertical stress,

or calculated from empirical correlations depending on GCL type (Rowe et al. 2004):
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NWNWT: logo, = 3.25 - 0.57ep (2.72)
WNWT: logo, = 3.5 — 0.69¢p (2.73)
WNWBT: logo, = 2.9 —0.32¢p (2.74)

where o, (kPa) is the applied vertical stress and eg (-) is the bulk void ratio. NWNWT refers to a
GCL with nonwoven carrier and cover geotextiles that has been thermally treated, WNWT is a
thermally treated GCL with a woven carrier geotextile and nonwoven cover geotextile, and
WNWBT is a thermally treated GCL with a woven carrier and nonwoven cover that has been
impregnated with additional powdered bentonite. The bulk void ratio of thermally treated GCLSs
is generally lower than that of non-thermally treated GCLs. Needle-punching also reduces eg. At

stresses above 100 kPa, the effect of GCL type is negligible (Lake and Rowe 2000).

A relationship between hydraulic conductivity and eg for a NWNWT GCL was found to

be (Rowe et al. 2004):
logk = —11.8 4+ 0.29¢p (2.75)

where k (m/s) is the hydraulic conductivity. This relationship will vary between GCL products.
Lower bulk void ratios result in lower values of hydraulic conductivity (Rowe et al. 2004).
Conditions that may increase the hydraulic conductivity of a GCL are outlined in the following

sections.

2.4.3.2.1.1 Leachate interaction

The hydraulic conductivity of GCLs to permeation with water is commonly observed to
be between 5 x 102 m/s and 5 x 10™ m/s (Rowe et al. 2004). Like CCLs, the hydraulic
conductivity of GCLs may increase due to contact with high ionic strength leachate or divalent

cations resulting in cation exchange with the sodium in the bentonite. However, once a

60



prehydrated GCL is placed under high effective confining stress (greater than 500 kPa), its
hydraulic conductivity is generally independent of leachate composition (Mitchell et al. 2007).
ASTM D6766 (ASTM 2009n) is used to evaluate chemical incompatibility with the expected
leachate which can result in increased hydraulic conductivity (Koerner 2012). A typical salt
(NaCl) concentration in leachate is 0.1 M (5.84 g/L). When this concentration passes through a
GCL, it has the effect of increasing the hydraulic conductivity by less than a factor of 2. With
higher concentrations of NaCl, the increase will be greater than a factor of 2 (Petrov and Rowe
1997). GRI (2010) provides recommendations for the maximum acceptable hydraulic
conductivity following permeation with calcium chloride. After permeation with 0.1 M CacCl, the
maximum hydraulic conductivity under a stress of 35 kPa should be 1 x 10°® m/s, while under 500
kPa the hydraulic conductivity should not be greater than 5 x 10™° m/s.

Initially hydrating a GCL with water rather than leachate yields a lower hydraulic
conductivity than would be observed if the GCL was initially hydrated with leachate (Rowe et al.
2004). Due to the hydrophilic nature of bentonite, it hydrates optimally with distilled water. If
diesel fuel is permeated through a GCL, it will result in no hydration. Landfill leachates fall in
between these two extremes due to the presence of various anions and cations. Different GCL
products exhibit varying degrees of hydration with the same leachate. Water should be the first
liquid to come into contact with the GCL rather than leachate for optimal performance (Koerner
2012). If a GCL is placed below a GM and is separated from the natural soil by underlying
geosynthetics, any leakage through the GM will be absorbed by the GCL resulting in very low
leakage rates escaping from the liner system (Koerner 2012). This situation is not desirable,
however, because of the higher hydraulic conductivity that results when a GCL is hydrated by

leachate rather than water.
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2.4.3.2.1.2 Desiccation
The potential for desiccation is greater when the GCL is placed underneath a GM (Bouazza et al.
2010b), partially due to the high GM temperatures that are common, especially for exposed
liners. It is common practice for geomembranes to be installed above GCLs as a composite liner.

This necessitates rapid covering of the GM to prevent high temperatures due to solar radiation.

When GCLs are being deployed, the underlying soil should have a moisture content of at
least 10% to minimize the risk of desiccation (Azad et al. 2011). A GCL with a high moisture
content when installed can be expected to shrink if it is allowed to dry (Koerner 2012). If the
moisture content of a GCL is greater than 20%, it is likely to experience seam separation (see
Section 2.4.3.2.1.4). Optimally, the moisture content should be less than 15% (Rowe 2005). It is
also advantageous for the GCL to be hydrated under stress, requiring a fast rate of waste
placement. However, consideration must also be given to the higher temperatures that faster
waste placement will generate as well as the greater potential for clogging of the LCS (Rowe

2009b).

Wet/dry cycles have not been shown to greatly affect the hydraulic conductivity of GCLs
(Koerner 2012). However, wet/dry cycles may cause degradation if the wetting fluid contains
multivalent cations, the dehydration during drying is severe enough for desiccation cracks to
form, and the overburden pressure is low. Thus, the best protection against damage due to wet/dry

cycles is to quickly cover the liner to increase the overburden pressure (Mitchell et al. 2007).

A minimum of 0.75 m of soil material covering the GCL was shown to prevent
desiccation cracks from forming (Egloffstein 2001). This is particularly important in landfill
cover applications. The thickness of soil required above the GCL may vary depending on climatic

conditions and in some cases more than 0.75 m may be required to ensure good performance.
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DESICCATE is a numerical model for predicting the desiccation of clay liners that was
presented by Zhou and Rowe (2003). DESICCATE provides a fully coupled model of the
thermo-hydro-mechanical behaviour of deformable unsaturated media. Refer to Chapter 3 for a

more complete description of this model.

2.4.3.2.1.3 Cation exchange
lon exchange of a GCL occurs when the sodium ions in the bentonite are replaced by calcium
ions due to exposure to calcium from the leachate or from contact with calcium-rich soils. This
causes the conversion of sodium bentonite into the less desirable calcium bentonite. Calcium
bentonite has a lower swell potential and a higher risk of desiccation cracking. Cation exchange
has been reported to cause the hydraulic conductivity of a GCL to increase by a factor of 3 to 10

(Rowe et al. 2004).

To prevent cation exchange from occurring, the cover soil placed over a GCL should be
low in calcium and magnesium (Bouazza et al. 2010b). Even small concentrations of these
multivalent ions will lead to conversion from sodium bentonite to calcium bentonite. It is also
important to assess whether the soil beneath the GCL contains multivalent cations. Experiments
conducted with a GCL placed on a calcium-rich subgrade showed that ion exchange occurred,
resulting in an increase in hydraulic conductivity from 3 x 10™ m/s to 2 x 10™® m/s. The addition
of a 0.3 m low-calcium foundation layer above the calcium-rich soil decreased the magnitude of
increase to 7 x 10™ m/s (Rowe and Abdelatty 2012). Thus, a sacrificial layer of soil free of
excessive multivalent cations is an option to reduce the effect of cation exchange from increasing
the hydraulic conductivity of the GCL. The presence of an overlying geomembrane will also help

to protect the GCL from cation exchange due to contact with the cover soil.
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2.4.3.2.1.4 Seam separation

GCL seams can separate due to environmental conditions, such as yielding of panels under
gravity loads, shrinkage of GCLs manufactured at high moisture contents, or exposure to large
temperature variations. The best way to prevent seam separation is timely covering of the liner
system (Mitchell et al. 2007). If it is not possible to cover the GCL quickly, the best option is a
needle-punched scrim reinforced thermally treated GCL (Bouazza et al. 2010b). The GCL should
be covered with 0.3 to 0.9 m of soil, as specified by the manufacturer, to ensure adequate
protection (Brachman et al. 2010).

Traditionally, GCLs manufacturers recommended an edge overlap of 150 mm (Koerner
2012), while the ends of the GCL are usually overlapped by 600 mm (Qian et al. 2001). To
provide better protection against seam separation, it is now recommended that GCLs be
overlapped by 300 mm and be covered with soil within 30 days. An alternative to this greater
overlap, or if the liner cannot be covered within 30 days, is heat tacking of seams, which involves
the brief application of heat from a flame torch along the seam, followed by light applied
pressure. This process has shown promise in preventing seam separation in laboratory tests and
field applications (Rowe et al. 2009a) but it has not been verified that heat tacking will prevent
seam separation in all situations. Heat tacking may prevent seam separation caused by
deployment of the overlying geomembrane. This is particularly useful when a textured
geomembrane is used, which may snag on the cover geotextile of the GCL and cause separation
of GCL panels.

For geomembrane-supported GCLs, the overlap is usually a minimum of 150 mm along
the edges and 300 mm at the ends. If the GCL is placed with the bentonite facing downward, tape
can be applied on the geomembrane to minimize seam separation (Qian et al. 2001). If transverse

seams are required down a slope, the minimum overlap is 1500 mm. For composite liners, care
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must be taken to prevent the sealing agent from contaminating the top surface of the GCL, as this
will affect the degree of contact with the overlying GM. Repairs may be conducted in the same
manner, but the minimum overlap is 500 mm (Bouazza et al. 2010b).

The amount of seam separation is expected to be greater when the GCL is subjected to
low normal stress, such as may be observed in a landfill cover. The differential settlement caused
by the underlying waste can exacerbate this problem. Therefore, a larger overlap is called for in
landfill covers (Koerner 2012).

GCL products with self-sealing seams are available. They are manufactured with a thin
strip of exposed bentonite that seals the GCL panels together upon wetting. If both geotextiles of
a GCL are nonwoven, dry bentonite should be placed on the seams to ensure that sealing occurs
(Qian et al. 2001). Overlapped GCL seams can be supplemented with bentonite in the form of
paste, powder, or granules. This practice has been shown to reduce leakage at the seams. A
typically specified supplemental bentonite application rate is 0.4 kg/m but the manufacturer’s

recommendations should be followed (Koerner 2012).

2.4.3.2.1.5 Internal erosion
Coarse-grained material, such as gravel, overlying a GCL may cause thinning of bentonite due to
stress migration. Bentonite may extrude into a geonet, allowing greater chemical flux through the
GCL (Rowe 2005). Caution is required if a GCL is placed over a coarse subgrade such as gravel
or a geonet, or if it is under high heads (Rowe and Orsini 2003). Internal erosion is not expected
if the GCL is placed over well-graded sand. If a GCL is placed on 6 mm gravel, scrim

reinforcement can help minimize the risk of internal erosion (Rowe 2007).
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2.4.3.2.1.6 Freeze/thaw cycles
Freeze/thaw cycles were not shown to increase the hydraulic conductivity of GCLs provided that
there has not been significant cation exchange (Rowe et al. 2004). Part of this difference between
GCLs and CCLs, which are more susceptible to freeze/thaw processes, is that the geotextile or

GM covering prevents soil intrusion from occurring as the GCL expands (Koerner 2012).

2.4.3.2.2 Diffusion
Laboratory testing is required to assess the sorption and diffusion coefficients of a particular
GCL. Like hydraulic conductivity, the diffusion coefficient of GCLs has been shown to depend
on eg. The relationship between the diffusion coefficient of chloride, D (m?/s), and bulk void
ratio was found to be (Rowe et al. 2004):
D, = (1.02eg — 0.89) « 10710 (2.76)
Thermally treated GCLs were shown to have lower diffusion rates, especially at low
applied stress (Lake and Rowe 2000). Table 2.8 gives reported diffusion coefficients for
chemicals through a GCL at approximately 20°C. The diffusion rate increases with higher

temperatures as shown in Table 2.6.

2.4.3.2.3 Sorption
The sorption of volatile organic compounds (VOCs) on GCLs occurs primarily on the geotextile
components rather than the clay, with bentonite itself providing negligible sorption (Rowe et al.

2004). Distribution coefficients through GCLs are given in Table 2.8.

To achieve comparable diffusive and sorptive protection against VOC migration to a
CCL, a GCL must be underlain with a suitable thickness of soil attenuation layer. This may be
considered a GM/GCL/AL composite, with the AL requiring a minimum hydraulic conductivity
of 1 x 107 m/s, instead of the usual CCL requirement of 1 x 10”° m/s (Bonaparte et al. 2002). A 3

66



m attenuation layer is usually sufficient to provide adequate control of the diffusion of typical

VVOCs found in MSW landfills (Rowe and Hoor 2009).

2.4.3.3 Service life
The service life of a GCL is expected to be hundreds to thousands of years if the effects of cation
exchange and clay/leachate interaction have been considered as part of the design, there is no loss
of bentonite during placement, no thinning occurs, the geosynthetic component is not critical to

performance, and no seam separation, internal erosion, or desiccation occurs (Rowe et al. 2004).

2.4.3.4 GCL construction
ASTM D5888 (ASTM 2006b) outlines proper storage and handling procedures. ASTM D5889
(ASTM 2008g) is a guide to test methods for construction quality assurance of GCLs. Test

methods and frequencies are outlined in Table 2.11.

2.4.3.4.1 Installation
ASTM D6102 (ASTM 2006d) provides guidance on installation of GCLs. GCLs cannot be
installed in wet or windy weather. If rain occurs before the GCL has been covered, it should be
replaced due to the importance of GCL hydration under pressure (Bouazza et al. 2010b). When
covering GCLs on slopes with soil, the work should be done from the toe of the slope upwards
(Bonaparte et al. 2002). During installation, the surface of needle-punched components should be
visually inspected for needles accidentally left over from the manufacturing process (Bonaparte et
al. 2002). Only light equipment should be allowed to drive over installed GCLs until they are
covered by a sufficient thickness of soil material (Koerner 2012). Wrinkles in a GCL are not

acceptable and must be removed before it can be covered (Bonaparte et al. 2002).
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2.4.4 Geomembrane liner
Geomembranes used as landfill liners can be made from various materials, including
polyethylene, PVC, and PP. HDPE is almost exclusively used for the bottom liners of landfills,
while linear low density polyethylene (LLDPE) may be used on side slopes and in cover
applications (Needham et al. 2004). Geomembranes can be smooth or textured to enhance shear
resistance (Rowe et al. 2004).

Most geomembrane types used in landfills, including all those discussed here, are
thermoplastic materials, meaning they can be melted and reformed at high temperatures without
chemical changes (Richardson and Koerner 1988). This allows sheets of geomembrane to be
joined by heat welding (Bouazza et al. 2010a). Different types of geomembranes such as HDPE
and LLDPE have different melting temperatures and may be difficult to weld together properly

(Koerner 2012).

2.4.4.1 HDPE

HDPE possesses many favourable properties, including excellent chemical resistance, good weld
strength, and good performance at low temperatures. HDPE is also better suited to environments
with high UV exposure (Lupo and Morrison 2005). Disadvantages of HDPE include a relatively
high potential for stress cracking, a high degree of thermal expansion, and poor puncture
resistance (Fourie et al. 2010). HDPE possesses good tensile strength (Lupo and Morrison 2005)
but exhibits poor multiaxial strain resistance (Fourie et al. 2010). HDPE is semi-crystalline,
meaning that it is partially crystalline and partially amorphous. This has important implications

for geomembrane aging (Bonaparte et al. 2002).
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2.4.4.1.1 Specifications

High density polyethylene is defined as polyethylene having a density greater than 0.940 g/cm®.
The resin used to manufacture modern HDPE geomembranes typically has a density between
0.932 and 0.940 g/cm?, technically making it medium-density polyethylene (MDPE). The density
of the polyethylene resin itself without any additives should be at least 0.932 g/cm® (GRI 2011a).
However, the additives to the polymer (such as carbon black) increase the density to the HDPE
range (Needham et al. 2004). The polymer content should be greater than 97.5%, with the
remainder being additives such as carbon black and antioxidants. It is recommended that recycled
polymer constitute no more than 2% of the mixture and it must be clean (Bouazza et al. 2010a).
ASTM D792 (ASTM 2008i) outlines a simple method for measuring the density of
geomembranes, or any plastic material, by dividing the weight of the specimen in air by its
weight in water. ASTM D1505 (ASTM 2010b) allows for a meausrement to within 0.005 mg/I
(Koerner 2012).

The thickness of a geomembrane has a strong effect on its performance, with many
strength properties, such as tear and puncture resistance, increasing with greater thickness
(Bouazza et al. 2010a). Other things being equal, thicker GMs have longer service lives (Rowe et
al. 2010) and reduce the flux of organic contaminants (Rowe et al. 2001). The thickness of
smooth geomembranes is measured according to ASTM D5199 (ASTM 2012a). Smooth HDPE is
manufactured in thicknesses of 0.75, 1.0, 1.25, 1.5, 2.0, 2.5, 3.0, and 3.5 mm (Qian et al. 2001),
while most landfill regulations specify a thickness between 1.5 and 2.5 mm. Geomembranes with
a thickness less than 1.5 mm are subject to more problems with seaming and should be avoided
(Bouazza et al. 2010a). The core thickness of textured GM is measured with ASTM D5994
(ASTM 2010h) while the asperity height can be measured with ASTM D7466 (ASTM 2010Kk).

The minimum asperity height should be 0.25 mm (GR1 2011a). Textured HDPE is available in
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1.0, 1.5, 2.0, and 2.5 mm thicknesses. Textured geomembranes introduce adhesion to the liner,
while smooth geomembranes are usually assumed to act under frictional conditions only (Qian et
al. 2001).

ASTM D1238 (ASTM 2010a) outlines the melt flow index measurement that is used to
measure the molecular weight of the polymer. A lower melt flow index indicates a higher
molecular weight, other things being equal (Koerner 2012). This index is a good measure of
oxidative degradation. A common recommendation for the melt flow index is less than 1.0 g/10
minutes (GRI 2011a). However, due to different modes of degradation, either an increase or a
decrease in this property can signal oxidative degradation (Rowe et al. 2010).

The antioxidant content in a HDPE geomembrane should be greater than 0.5% (Bouazza
et al. 2010a). The quantity and type of antioxidants are measured using oxidative induction time
(OIT) tests (Rowe et al. 2010). ASTM D3895 (ASTM 2007a) describes the standard OIT test,
which is conducted at a temperature of 200°C using differential scanning calorimetry (DSC). A
common specification for standard OIT of the GM as manufactured is 100 minutes (Rowe et al.
2004). As shown in Table 2.13, certain antioxidants are not effective at this temperature. To
capture these antioxidants the high pressure OIT test given by ASTM D5885 (ASTM 2006a) is
required. This is conducted at a higher pressure but a lower temperature (typically 150°C). A
common specification for high pressure OIT as manufactured is 400 minutes (Rowe et al. 2004).
Both tests are usually required to completely quantify the antioxidant content of a modern
geomembrane. To assess the depletion of antioxidants, the OIT tests can be conducted on oven-
aged geomembrane samples. This procedure is described in ASTM D5721 (ASTM 2008K).
Common specifications are at least 55% of OIT retained in the standard test and 80% retained in
the high pressure test. The UV resistance is generally assessed with the high-pressure OIT test,

with 50% retained after 1600 hours of exposure being a minimum value (Rowe et al. 2004). UV
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degradation was found not to be autocatalytic, meaning that even if a geomembrane is exposed to
the sun for some period of time, the UV degradation will not continue once it has been buried
(Bonaparte et al. 2002).

Carbon black is an additive used to block and absorb light energy during exposure to the
sun, which leads to photodegradation of the geomembrane (Needham et al. 2004). Protection
increases linearly with carbon black content up to 3%, after which additional amounts have no
further effect (Bonaparte et al. 2002). Carbon black content can be measured with ASTM D1603
(ASTM 2011a) and should be 2 to 3%. Carbon black dispersion is measured with ASTM D5596
(ASTM 2009f) and should be classified as Al. The carbon black particle size is usually 20 nm.
To further protect against photodegradation, the geomembrane should be covered as soon as
possible after placement with at least 0.15 m of soil material (Rowe et al. 2004).

Stress cracking is defined as the rupturing of plastic caused by tensile stresses lower than
the plastic’s tensile strength at yield. Stress cracking occurs in crystalline polymers, and is
possible in the semi-crystalline HDPE. The potential for stress cracking may rise as a result of
oxidation (Mark and Mesrobian 1950). In order for stress cracking to occur, there must be an
initial defect in the geomembrane, called a craze, which concentrates stress. Tensile stress will
cause the craze to open, and the crack can then propagate through the geomembrane (Rowe et al.
2001).

The stress crack resistance (SCR) of a geomembrane is assessed using the single point
notched constant tensile load (SP-NCTL) test described by ASTM D5397 (ASTM 2007h). The
SCR of a geomembrane is defined as the transition time between ductile and brittle behaviour
during the SP-NCTL test. When a geomembrane has a low transition stress or a long transition
time, the SCR is high and the risk of stress cracking is reduced. A commonly recommended

specification for SCR is 300 hours (GRI 2011a). ASTM D5397 can only be performed on smooth
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geomembranes. If a textured geomembrane is to be used, either a smooth edge portion or a
smooth sheet made from the same formula may be tested. Alternatively, Germany’s Federal
Institute for Materials Research and Testing has a SCR test for textured geomembranes. This test
requires a SCR of 700 hours for textured geomembranes (Needham et al. 2004).

To minimize the risk of stress cracking, a geomembrane with a high SCR should be
chosen. GMs should be protected from contact with drainage gravel using a suitable geotextile or
sand protection layer to reduce the damage and tensile strains that initiate stress cracking.

HDPE experiences creep, which is the time-dependent increase in strain that occurs under a
constant stress. Stress relaxation may also occur, where stress in the material decreases while
experiencing a constant strain (Rowe et al. 2004). However, stress relaxation will not prevent
stress cracking, which has been observed in laboratory tests (Rowe 2012).

The tensile properties of geomembranes can be assessed using ASTM D6693 (ASTM
2010j). The strain at yield should be at least 12% while the strain at break should be 700% for
smooth geomembranes and 100% for textured geomembranes. The recommended strength at
yield and strength at break vary depending on the thickness of the geomembrane (Rowe et al.
2004). The tear resistance of geomembranes is measured according to ASTM D1004 (ASTM
2009a). The puncture resistance of geomembranes is measured with ASTM D4833 (ASTM
2007¢e), the same standard as is used for the puncture resistance of geotextiles. The recommended
specifications depend on whether the geomembrane is smooth or textured and vary with
thickness. Table 2.14 outlines the recommended material specifications discussed above for

HDPE used as a landfill liner as well as recommended testing frequencies.

2442 LLDPE

LLDPE is more flexible than HDPE and is easier to place flat, but has less UV and chemical

resistance (Fourie et al. 2010). It also has better multiaxial strain properties and higher interface
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friction, and therefore a greater degree of stability. LLDPE is easier to install in cold temperatures
than HDPE (Renken et al. 2005) and is a good choice for liners constructed on soft foundations
due to its considerable flexibility (Galea et al. 2010). LLDPE oxidizes more rapidly than HDPE
(Needham et al. 2004).

The density of LLDPE should be within the range of 0.915 to 0.926 g/cm®. The
axisymmetric break resistance strain is an additional specification for LLDPE. It is measured with
ASTM D5617 (ASTM 2010g) and should be greater than 30% (GRI 2011b). The 2% modulus of
LLDPE is specified by GRI (2011b) and measured by ASTM D5323 (ASTM 2011d). Other

specifications for LLDPE are generally similar to those for HDPE and are given in Table 2.15.

2443 PVC

The benefits of PVC geomembranes include high elongation and the ability to drape around
protrusions. PVC is also durable, has excellent chemical resistance to salts, has high
subgrade/geomembrane interface strength, and good flexibility. PVC tends to form smaller
wrinkles than other types of geomembranes due to its lower coefficient of thermal expansion
(Berube et al. 2007). PVC exhibits good workability, is easy to seam, and lays flat easily. An
important advantage to the use of PVC is that it can be manufactured into larger sheets in the
factory and folded for shipment. This way, fewer field seams are required, which are more likely
to leak. PVC has relatively poor UV and ozone resistance but additives can be introduced to the
polymer to improve these properties. It has poor resistance to weathering and poor performance at
extreme temperatures (Fourie et al. 2010). PVC geomembrane panels can be seamed together by
thermal or solvent methods, with the thermal approach being preferred (Berube et al. 2007). The

main disadvantage of PVC is its inferior chemical resistance compared to polyethylene.
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2.4.4.4 PP

In the same way as PVC, flexible polypropylene can be manufactured into larger sheets in the
factory and folded for shipment. Furthermore, there is a broad window of temperatures at which
PP can be seamed, making the process easier. PP also possesses excellent multiaxial properties
and good conformability (Fourie et al. 2010). PP is not recommended for use at sites subjected to
cold temperatures because its glass transition temperature (approximately -10°C) could occur on-
site. Below the glass transition temperature, a geomembrane becomes more brittle and is subject
to easier breakage. Instead, a geomembrane such as HDPE could be used, whose glass transition
temperature (-50°C) is low enough that it has no danger of being reached in typical applications
(Renken et al. 2005). Another disadvantage to PP geomembrane is its low resistance to
hydrocarbons and chlorinated water (Fourie et al. 2010). PP liners are often scrim reinforced to

increase their tensile strength (Qian et al. 2001).

2.4.4.5 Coextrusion

Several combinations of polymers have been manufactured to take advantage of the desirable
qualities of different materials. For example, coextruded HDPE/LLDPE/HDPE can be
manufactured such that the surface 10 to 20% of the GM possesses the excellent chemical
resistance of HDPE, while the overall product exhibits the flexibility of LLDPE. A similar
process can be used to provide a white surface to the GM with a black core, the benefits of which
are described in Section 2.4.4.6.1.1. The carbon black content can also be varied in coextruded

liners to permit electric spark testing (Qian et al. 2001).
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2.4.4.6 Chemical transport
Chemical transport through a geomembrane occurs by two mechanisms: (i) advection through
defects and (ii) diffusion through the intact geomembrane. A geomembrane alone should not be

used as a liner for liquid containment due to the high probability of hole formation.

2.4.4.6.1 Advection
In the absence of defects, a geomembrane is impermeable to the flow of liquids. However, leaks
invariably develop in geomembranes due to high overburden pressures and material degradation.
Construction quality during geomembrane placement is extremely important in controlling the
number of defects that occur. A large proportion of the holes arising in a geomembrane are
formed during construction. To minimize hole formation, the first lift of waste placed in the
landfill should be of select type, with potentially hazardous and bulky items removed (Needham
et al. 2004). In one study, a strict construction quality assurance (CQA) program resulted in 0.5
leaks/ha compared to 16 leaks/ha without strict CQA. No correlation was found between the
geomembrane thickness and number of leaks in this study (Mitchell et al. 2007). Half of all holes
are typically less than 1 cm® Cushion geotextiles can be used above the geomembrane to reduce
the likelihood of punctures; however, they should not be used below the GM as this will prevent
good contact and provide a relatively high interface transmissivity between the GM and CCL

thereby reducing the effectiveness of the composite liner (see Section 2.4.4.6.1.2).

A typical design value is 2.5 to 5 leaks/ha for a strict CQA program (Rowe 2009a) assuming
a hole radius of 0.001 m (Rowe et al. 2004). Simple models are adequate for predicting leakage
through a geomembrane provided there are no wrinkles present (Mitchell et al. 2007). Wrinkles

will usually exist, but should be minimized as discussed in the following section.
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2.4.4.6.1.1 Wrinkles
The formation of wrinkles occurs due to construction practices and thermal expansion. Wrinkles
are common in North American landfills. The presence of wrinkles in the geomembrane will
exacerbate the leakage rate due to holes if any holes coincide with wrinkles (Rowe 1998b;
Mitchell et al. 2007). Holes are likely to form on wrinkles due to the higher stress concentrations

at these locations (Rowe et al. 2001).

Care must be taken to minimize wrinkles before covering the geomembrane, as they are
not likely to disappear due to the overburden pressure. Studies have demonstrated that wrinkle
height for a GM placed over a sand subgrade will only reduce by about 40% with the application
of high overburden pressures (700 kPa), and even for the smallest wrinkles tested (14 mm high),
contact was not established with the underlying soil (Soong and Koerner 1998). This finding was
repeated by Gudina and Brachman (2006) for stress up to 1100 kPa. For wrinkles in a GM
overlying compacted clay, contact may be achieved after the application of overburden stress. A
CCL prepared at 4% wet of optimum allowed contact to be achieved for stress above 100 kPa,
while a CCL 1% wet of optimum achieved contact when the stress was 500 kPa (Gudina and
Brachman 2006). Wrinkles are sometimes cut out and resealed flat (Bonaparte et al. 2002);

however, this practice introduces potential for many extra seam defects and should be avoided.

Wrinkles may also be caused by intentionally leaving slack in the geomembrane in
anticipation of contraction when the waste is placed if temperatures are expected to decrease.
This is done in the hope that a greater degree of contact will be achieved, but is not likely to be
successful. Instead, GMs should be installed without slack and backfilling should occur at the
coolest part of the day, perhaps even at night. If backfilling must be delayed for some time, the
GM may be temporarily overlain with a light-coloured geotextile (Bonaparte et al. 2002). White

geomembranes can be used to reduce the size of wrinkles by limiting temperature variations
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(Rowe et al. 2004). White geomembranes reduce the surface temperature by about 50% compared
to a black GM (Qian et al. 2001). UV protection is imparted to white geomembranes by adding
titanium dioxide to the polymer formulation (Richardson and Koerner 1988) rather than the

carbon black used in traditional GM.

Wrinkles in a GM that overlies a GCL may cause bentonite thinning if the bentonite
swells into the wrinkle (Rowe et al. 2004). Wrinkles can also cause residual tensile stresses
depending on their size and shape. Taller wrinkles will cause higher maximum strains. This
tensile strain also increases slightly with thicker GMs and increases as normal stress increases.
Increasing strain is also seen for higher temperatures, but only for wrinkles originally less than 40

mm tall (Bonaparte et al. 2002).

A schematic diagram of a wrinkle in a GM coinciding with a hole is shown in Figure 2.8.
One study reported that typical wrinkle widths were 0.2 to 0.3 m, heights were 0.05 to 0.1 m, and
spacing was 4 to 5 m (Rowe 2007). It is common for wrinkles to stretch the entire length of a
geomembrane panel (Take et al. 2007). Typical interconnected wrinkle lengths are likely to be in
the range of 120 to 600 m/ha. With good attention to conditions when the geomembrane is

covered, values less than 100 m/ha are possible (Rowe 2010).

2.4.4.6.1.2 Interface transmissivity

The lowest leakage rates occur when the greatest degree of contact between the geomembrane
and the underlying layer is achieved. The degree of contact is measured by a parameter called
interface transmissivity, 0. Perfect contact is defined as 6 = 0 (Rowe et al. 2004), but is not
practically attainable. In landfill design, consideration must be given to the fact that contact will
be imperfect. Good contact is defined as geomembrane installation on a CCL or a GCL on a

foundation soil having a smooth surface. Poor contact allows for a rougher surface (Rowe et al.
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2004). The transmissivity of a GM/CCL composite was found to be 1.6 x 10® m?/s for good
contact and 1 x 10" m?/s for poor contact for a typical CCL with a hydraulic conductivity of 1x
10 m/s (Rowe 1998b). To ensure good contact, there should never be a geotextile placed

between the geomembrane and CCL.

Better contact can be achieved with a GCL than with a CCL. A reasonable value of
transmissivity for a GM/GCL composite is about 3 x 10 m%s (Rowe 2010) for good CQA. The
transmissivity of a GM/GCL composite is lower due to the swelling of bentonite into the upper
geotextile, filling any gaps in the interface. Compared to a GM/CCL composite liner, a GM/GCL
composite will reduce leakage by 1 to 2 orders of magnitude (Rowe 2010). Leakage can be
calculated to take account of wrinkles in the geomembrane that commonly form. It is based on
the concept of the interconnected wrinkle length from the observation that many wrinkles are

hydraulically connected (Rowe 2012):
Q = 2Ly i[kby, + (kts0110)%°] (2.77)

where Q [L*T] is the leakage through the liner, L,, [L] is the interconnected wrinkle length, i (-)
is the hydraulic gradient through the liner, k [LT™] is the hydraulic conductivity of the liner, by,
[L] is half of the wrinkle width, ts; [L] is the thickness of soil liner, and 6 [L*T™] is the

transmissivity of the clay liner/GM interface.

2.4.4.6.1.3 Electrical leak location
Electrical leak location (ELL) can be used to detect defects in installed geomembrane, which can
allow construction damage to be repaired. ASTM D6747 (ASTM 2012b) outlines the selection of
an appropriate ELL method. One study found that a third party CQA program for a single
composite liner costs about 10 times the cost of ELL testing (Phaneuf 2010b). One limitation is
that ELL can only find holes that fully penetrate the GM, while there may be scratches present
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that are likely to become holes. Repairing holes in GMs requires extensive seaming, which may

cause leakage from these seams in the future (Needham et al. 2004).

The water puddle method of ELL is described by ASTM D7002 (ASTM 2009p) and can
detect holes in exposed GM with area of 1 mm? or greater. This method allows a surveying rate

of 5000 m?/day/operator and requires a continuous water supply of 4 m*/day/operator.

The dipole leak detection method is described by ASTM D7007 (ASTM 2009q) and can
be used to find holes in the GM after the drainage layer has been placed, which will find holes
caused by LCS construction. Another benefit is that the time required for testing will not
introduce damage to the GM by leaving it exposed (Bonaparte et al. 2002). ASTM D7007 can

detect holes with area of around 6 mm? (Jacquelin et al. 2008).

The spark test described by ASTM D7240 (ASTM 2011h) is applicable to exposed
geomembranes overlying a conductive medium. Additionally, geomembrane products are
available that contain a thin coextruded layer specifically designed to be used for spark testing.
This method allows leaks on side slopes to be identified, which is not possible with the water

puddle method or the dipole leak detection method.

While it is expected that thinner geomembranes are more likely to develop leaks, the
potential for leaks in a GM depends more strongly on the construction quality control
(CQC)/CQA than on the thickness of the GM. The results of an ELL survey of over 4 million
square metres of GM found an average leak density of 2.1 leaks/ha for 1.0 mm GM, 5.1 leaks/ha
for 1.5 mm GM, and 8.9 leaks/ha for 2.0 mm GM (Jacquelin et al. 2008). Another survey of
HDPE geomembranes used in the Chilean mining industry found an average leak density of 8.55

leaks/ha for 1.5 mm GM and 6.87 leaks/ha for 2.0 mm GM (Rollin et al. 2010).
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To evaluate the performance of a barrier, a lysimeter may also be installed to measure the
guantity and quality of leakage. The lysimeter is composed of a barrier, such as a GM, underneath
a drainage material such as sand, gravel, or a geonet and is drained by gravity (Bonaparte et al.
2002). Considerable care is needed in the design of lysimeters to avoid misleading results. Barone
et al. (1999) present results demonstrating that the placement of lysimeters in unsaturated soils
can cause wicking due to the negative porewater pressures outside the lysimeter and can prevent

detection of any leakage.

2.4.4.6.2 Diffusion
Diffusion through a geomembrane occurs in three phases. First, a chemical adsorbs to the surface
of the geomembrane. It then diffuses through the polymer structure and finally desorbs on the
other side of the geomembrane. The tendency of a chemical to sorb to the geomembrane is
described by the partitioning coefficient, Sy (). The diffusion of the chemical through the
polymer is captured by the diffusion coefficient, Dy [L?T™Y]. These two parameters contribute to
the mass flux of a chemical through a geomembrane, and so the permeability, P, [L*T™], is

defined as (Rowe et al. 2004):
Pg = ngDg (278)

Empirical correlations have been developed that allow the estimation of the diffusion
parameters of VOCs through HDPE geomembranes based on either the molecular weight of the
VOC or the octanol/water partitioning coefficient, Ko, [L*M™], of the VOC (Rowe et al. 2004).
The permeability, Py (m?/s), of any particular VOC through HDPE geomembrane may be

estimated from:
log By = —13.4476 + 2.2437 log K\, — 0.3910(log K,,)? (2.79)

based on K, or:
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log P, = —25.6933 + 0.2633M,, — 0.001099M2, (2.80)

where M,, (g/mol) is the molecular weight of the VOC in question.

No strong correlation was found between D, (m?s) and molecular weight, so the diffusion

coefficient may be inferred from:

log Dy = —12.3624 + 0.9205log Koy — 0.3910(log Kow)? (2.81)
The partitioning coefficient, Sy; (-), may be estimated by:

log Sgr = —1.1523 + 1.2355log Ko, (2.82)

based on the octanol/water partitioning coefficient. When correlating this parameter with
molecular weight, it was found that Sy depended on the class of VOC. For oxygenated VOCs

(e.g., methanol, acetaldehyde, acetone):

log Sgr = —3.8883 + 0.0363M,, (2.83)
For chlorinated VOCs (e.g., perchloroethylene, trichloroethylene, vinyl chloride):

log Sgr = —2.0467 + 0.0305M,, (2.84)
For aromatic VOCs (e.g., benzene, toluene, styrene):

log Sgr = —0.0776 + 0.0322M,, (2.85)
For aliphatic VOCs (e.g., chloromethane, chlorodibromomethane, bromodichloromethane):
log Sgr = —0.1107 + 0.0442M,, (2.86)

Geomembranes have proven to be excellent diffusive barriers to ionic compounds, but
they provide little resistance to VOC diffusion, which occurs in both agueous and gaseous phases.

VOCs have been shown to diffuse through HDPE in a matter of days (Sangam and Rowe 2001).
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Using a fluorinated HDPE geomembrane is reported to reduce the diffusion of hydrocarbons
(e.g., benzene, ethyl benzene, toluene, and xylenes) by a factor of 2 to 5 (Sangam and Rowe
2005). Diffusion of heavy metal salts through HDPE is negligible (Rowe 2005). Reported

diffusion and partitioning coefficients through a GM are given in Table 2.8.

2.4.4.7 Chemical degradation
As yet unpublished studies have demonstrated that extensive stress cracking occurs at the end of
the service life of an HDPE geomembrane, with 30 to 100 holes/m® being observed (Rowe 2012).
The time to reach this point depends most strongly on the liquid in contact with the geomembrane
and the liner temperature. Chemical resistance may be assessed by immersion testing described
by ASTM D5322 (ASTM 2009¢). Following this, the change in properties is typically assessed
by following ASTM D5747 (ASTM 2008f) (Koerner 2012). However, testing for chemical
resistance of geomembranes is not usually required for MSW landfills (Needham et al. 2004), but

should be considered for more hazardous wastes.

2.4.4.8 Geomembrane protection

The primary functions of a geomembrane protection layer are to (i) minimize the short-term risk
of geomembrane damage during construction and operation and (ii) minimize long-term strains in
the geomembrane that cause stress cracking. While geotextile protection layers over
geomembranes are the current North American standard, they have been found insufficient in
limiting long-term tensile strains.

Geomembranes in landfills should not be required to perform any structural function,
being designed solely as a barrier to contaminant movement. Liner systems should be designed
with the goal of minimizing stresses on geomembranes (Scheirs 2009). Uniaxial forces on a

geomembrane may arise from the self-weight of the geomembrane on side slopes, settlement-
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induced down-drag on side slopes, and contraction due to the geomembrane being too tightly
placed in the anchor trench. Multi-axial forces can occur due to differential settlement,
protrusions under or over the geomembrane, consolidation of clay liners, and thermal expansion
(Scheirs 2009).

The required mass per unit area of a protection geotextile for a 1.5 mm thick GM is given

by (Bonaparte et al. 2002):

_ FSxoy*H?
T 450

M (2.87)

where M (g/m?) is the mass per unit area, o, (kPa) is the bearing pressure due to the weight of
waste, H (mm) is the protrusion height (half of the maximum particle size of the granular material
overlying the geotextile), and FS (-) is the factor of safety. The maximum particle size that should
be placed directly on a HDPE geomembrane is 12 to 25 mm (Qian et al. 2001). The minimum FS
values to be used in Equation (2.87) have been recommended depending on the protrusion height
of the drainage material and are given in Table 2.16. The properties given in Table 2.17 are
recommended to provide adequate GM protection with a nonwoven geotextile based on the
required mass per unit area calculated with Equation (2.87). The recommended grab tensile
strength, trapezoidal tear strength, and puncture strength increase as the mass per unit area of the
geotextile increases. The recommended grab tensile elongation (ASTM D4632) is 50% and the
UV resistance measured with ASTM D4355 (ASTM 2007d) should be 70% for any geotextile.
This approach appears to work reasonably well at minimizing short-term puncture but not at
preventing long-term strains that can ultimately result in stress cracking. While a geotextile with a
higher mass per unit area decreases the strain observed in the GM, no such correlation was found
with protection against bentonite thinning in an underlying GCL (Dickinson and Brachman

2008).
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HDPE has a yield point at approximately 12% strain, after which plastic deformation can
occur without any additional stress (Bouazza et al. 2010a). Some regulatory bodies limit local
strain in a geomembrane to 0.25%. However, many tests have failed to achieve such a low level
of strain with many different protection materials, while a strain of less than 1% can usually be
achieved. Available evidence would suggest that the strain should not exceed the 3%
recommended by Seeger and Mller (1996). The tensile strength of the protection layer has been
found to influence the strain experienced by the GM (Rowe et al. 2001). HDPE exhibits excellent
strain capabilities only under uniaxial strain, whereas LLDPE exhibits excellent uniaxial as well
as multi-axial strain behaviour (Bouazza et al. 2010a). LLDPE has a yield point at 40% strain,
making it a much better option when high strains are anticipated (e.g., for cover systems). Table
2.19 lists published maximum allowable strain for various types of geomembranes; however,
unpublished research would suggest that the stain should probably be limited to half of these
values (or less) to maximize the likelihood of good long-term performance.

A 0.15 m sand layer is superior to a geotextile in preventing unacceptable strains in a GM
while also minimizing thinning of bentonite in GCLs. In a study of alternative protection layers,
sand showed the best results (Dickinson and Brachman 2008). Up to 0.3 m of sand has been used,
for example, at Keele Valley Landfill (Rowe 1999). Research has shown that a 0.15 m layer of
poor quality backfill or tire shreds may be substituted with a similar degree of protection, which
is a much more cost-effective option than sand (Rowe 2009b). A 0.3 m sand layer has also been
shown to increase the antioxidant depletion time of the GM by approximately 100 years (Rowe
2009a). Tire shreds work reasonably well as a protection layer, with a 75 mm layer performing
almost as well as a 150 mm layer. Strains can be further reduced by underlying the tire shreds
with a geotextile. Care should be taken not to use tire shreds with remnant wires that may

puncture the geomembrane (Dickinson and Brachman 2008).
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In one study of a GM/GCL composite, a 0.15 m compacted clay protection layer
performed almost as well as sand. Clay provides the advantage of lower cost, with excavated soil
being a potential source (Dickinson and Brachman 2008). A single layer of geonet is a very poor
protection layer, both in terms of GM strain and GCL thinning. Layering of geotextiles was
attempted to improve their performance. This configuration did serve to decrease the strains
measured in the GM but were still much higher than a soil protection layer (see Table 2.18). The
optimal configuration consisted of a thick nonwoven geotextile core sandwiched between two
stiff, thin outer geotextiles. Thinning of bentonite in an underlying GCL was not improved
(Dickinson and Brachman 2008). GCLs have also been used as protection mats over

geomembranes in Germany (Koerner 2012).

2.4.4.9 Textured GM

There are four methods of adding texture to a geomembrane: (i) coextrusion (which is most
common), (ii) impingement, (iii) lamination, and (iv) structuring. Along the edges of the textured
geomembrane sheet, 150 to 300 mm is left smooth to facilitate seaming (Koerner 2012). Textured
geomembranes can produce an increase of 10 to 20° in peak interface shear strength. A
disadvantage to textured geomembranes is that they exhibit decreased stress crack resistance
(Needham et al. 2004). The benefit of textured GM is greatest on side slopes. To save the extra
cost of textured GM, textured GM may be used on the slope, while smooth GM is used on the
base. However, this approach does not provide additional resistance against waste mass sliding
along the slope due to texturing as the frictional resistance of the smooth liner on the base
controls in this scenario (Stark and Choi 2004).

Placing a nonwoven geotextile on a textured geomembrane may be problematic if there is
a need to move the geotextile after placement because the textured protrusions on the

geomembrane can snag the geotextile and make separation difficult. Under these circumstances, it
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may be possible to place a thin sheet of plastic on the textured geomembrane to allow the
nonwoven geotextile to be properly positioned, after which the thin plastic sheet may be removed

(Qian et al. 2001).

2.4.4.10 Service life
A geomembrane is considered to have failed (i.e., reached the end of its service life) when it no
longer provides an effective hydraulic or diffusive barrier to chemical movement (Rowe et al.
2004). The aging of geomembranes is considered to occur in three phases (Hsuan and Koerner
1998): (i) antioxidant depletion time (Point A on Figure 2.9), (ii) induction time to degradation
(B), and (iii) time for a specified mechanical property to decrease by 50% (C). The end of stage C
is then taken to be the service life of the geomembrane. The first stage, antioxidant depletion, has
been the most researched. An alternate approach to stage C is to take the service life to be 50% of
the specified value (Bouazza et al. 2010a; Rowe 2012). For example, if SCR is the property of
interest, a geomembrane with an initial value of 400 hours instead of the common specification of
300 hours would be at the end of its service life when the measured SCR was 150 rather than 200
hours.

The primary degradation mechanism of geomembranes is antioxidant depletion. This
process occurs exponentially faster at higher temperatures; thus, the service life of geomembranes
is highly dependent on temperature (Rowe et al. 2009b). Surfactant concentration (i.e., soap) was
found to be the main cause of antioxidant depletion rates (Rowe 2009a). The presence of
transition metals has also been shown to increase oxidation (Rowe et al. 2010). Antioxidants may
also be depleted by physical removal such as leaching, which is accelerated by moving water
(Bonaparte et al. 2002). Stage A is measured with OIT tests. Stages B and C are obtained by
monitoring the change in physical properties and may use the melt index, SCR, or tensile tests

(Bouazza et al. 2010a). For Stage A, experiments have shown that a 2.0 mm GM has a 30%
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increase over 1.5 mm, while a 2.5 mm increases 50% over the 1.5 mm GM (Rowe et al. 2010).
The service life of a geomembrane can thus be increased by increasing its thickness (other things
being equal). Stage B is temperature dependent and Stage C is the subject of ongoing research.

Physical aging of HDPE geomembranes leads to an increase in measured crystallinity,
which reduces diffusive transport of VOCs (Rowe 2009b). This is a beneficial side effect of GM
aging. However, increased crystallinity also causes geomembranes to become brittle and more
susceptible to stress cracking. Oxidation causes a deterioration of the physical and mechanical
properties of the geomembrane (Mark and Mesrobian 1950). The oxidation rate is greater in
amorphous regions than crystalline regions (Rowe et al. 2010). Antioxidants are added to prevent
oxidation and extend the service life of the GM. There are various types of antioxidants available.
Usually, a combination of more than one type will work synergistically to produce better results
(Bonaparte et al. 2002). Antioxidants may perform one of two functions to prolong the service
life of a geosynthetic. Primary antioxidants trap the peroxy radical that is formed in the presence
of oxygen while secondary antioxidants reduce the active hydroperoxides to inactive alcohol.
GMs typically contain a combination of both kinds of antioxidants to provide the most protection
(Rowe et al. 2001). Furthermore, there are different chemicals that can perform the function of
primary and secondary antioxidants, and each is effective within a limited temperature range (see
Table 2.13). The chosen antioxidants must cover the high temperatures during the GM
manufacturing as well as the relatively low temperatures that it will experience after installation
(Bonaparte et al. 2002). Metal deactivating additives are available that may reduce the
acceleration of oxidation by transition metals; however their effectiveness is unproven (Needham
et al. 2004).

Based on leachate immersion tests on 2.0 mm HDPE GM, the predicted service life is 680

to 1180 years at 20°C, 150 to 215 years at 35°C, and 40 to 50 years at 50°C. Since these values
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are based on leachate in contact with both sides of the GM, representing more extreme exposure
than would occur in a landfill, they are lower bound estimates (Rowe et al. 2009b). It is clear
from these estimates that temperature is an extremely important parameter in estimating the

service life of a geomembrane.

2.4.4.11 Geomembrane construction
GMs should be covered with the protection and drainage layers within 5 working days to prevent
moisture migration from decreasing the slope stability (Bonaparte et al. 2002). Protection
geotextiles should be covered by at least 150 mm of soil material within 2 to 4 weeks of
placement to prevent UV degradation (Bonaparte et al. 2002).

Geomembrane boots may be used to seal the barrier around a well. To prevent leakage,
the space between the boot and the GM can be filled with a bentonite slurry. To accommodate
waste settlement, expandable boots can be used. When installing wells, the degree of waste
settlement should be considered to avoid drilling into any liner components (Bonaparte et al.
2002). Geomembranes must also be sealed to any structure that intercepts it, such as collection
geopipes or manholes. Studies have shown that it is very difficult to produce these kinds of
connections without leaks, and so they should be minimized in design (Bonaparte et al. 2002).
The recommended method of attaching geomembranes to structures is outlined in ASTM D6497

(ASTM 2010i).

2.4.4.11.1 Installation
Prior to installation, a panel layout plan should be prepared to minimize the amount of seaming
required, including consideration of placement methods and connections to other structures.
Geomembranes should not be installed if it is raining, if there is excessive moisture such as fog or

dew, or during winds greater than 32 km/h (Qian et al. 2001). The construction of the landfill
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should be scheduled such that waste can be placed over the liner system before freezing
conditions occur (Rowe 2001). When temperatures below -20°C are expected during installation
of a GM, thermal insulation will be required because HDPE will contract and may rupture. While
the GM is being installed, wind should be prevented from blowing under the material, which can
damage the GM, requiring replacement. Prevention of wind uplift is usually accomplished by
placing sand bags along the loose end of the sheet, approximately 0.6 m apart (Richardson and
Koerner 1988). At the end of each working day, sand bags should be placed on the free edges of
the geomembrane (Bouazza et al. 2010a). Care must be taken to ensure sand bags are not trapped

beneath seamed GMs or left in the drainage layer (Bonaparte et al. 2002).

2.4.4.11.2 Seaming

Geomembranes are delivered to a landfill on rolls approximately 6.5 m wide (Take et al. 2007).
Separate panels must be combined to create an impermeable barrier that covers the entire landfill
footprint. Only thermal methods of seaming should be used in landfills, and of these only hot
wedge and extrusion fillet are recommended. Main panels should be seamed using hot wedge
welding, with each bond width being 15 mm with a 5 mm air void in between (Bouazza et al.
2010a). The main advantage to thermal bonding is that it allows dual-track seams to be created
with an air channel between them. This air channel can be tested for pressure, which helps to

assess the integrity of the seam (Berube et al. 2007).

Seams should be started in the centre and worked toward the edges to minimize wrinkle
formation. The seams should lie vertically along the slope rather than horizontally to minimize
stress on the seams (Richardson and Koerner 1988). The seam to connect the panels on the slope
to the panels on the base should be located on the base at least 1.5 m from the toe of the slope
(Bouazza et al. 2010a). All geomembrane panels bonded by hot wedge welding should be

overlapped by a minimum of 125 mm. For wedge welds, a consistent “squeeze out” on the weld
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edge is an indicator that the correct temperature and pressure were used during installation

(Bouazza et al. 2010a).

For repairs or detailed work the extrusion method is more appropriate. The surface of the
geomembrane area to be extrusion welded must be grinded to remove surface oxidation, not
exceeding the removal of 10% of the geomembrane thickness. The area is then blasted with hot
air to preheat the geomembrane, and melted polyethylene resin of the same formulation is applied
over the area to be seamed. The minimum width of the surface extruded bead should be 30 mm.
With extrusion welding, the minimum overlap is 75 mm. Extrusion fillet welds should appear
smooth, uniform, and free of streaks and lumps. No scoring, notches or deep scratches should be

visible (Bouazza et al. 2010a).

The area being seamed must be as clean as possible to ensure proper attachment.
Therefore, seaming should be conducted as soon as possible after laying down the GM. Some
GM manufacturers sell a product with plastic protection on the edges of the GM that can be

removed immediately before seaming occurs to ensure a clean surface (Bonaparte et al. 2002).

If defects are detected in the geomembrane, they should be repaired. Small holes may be
repaired by extrusion welding. Holes larger than 6 mm should be patched. Patches should be
round or oval and be made of the same geomembrane material and thickness as the installed
geomembrane. The patch should extend 150 mm beyond all edges of the defect (Qian et al.

2001).

2.4.4.11.3 Trial seams
Trial seams are conducted on excess geomembrane pieces immediately prior to the start of
seaming the installed geomembrane. They are used to assess the welding conditions and operator

technique. The trial seam should be 1.5 m long and 0.3 m wide (Bouazza et al. 2010a). Several
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samples from each trial seam should be tested in peel and shear with ASTM D6392 (ASTM
2008h) using a field tensiometer as soon as the seam cools to ambient temperature. Failure of any
sample requires modifications to welding conditions and/or operator (Koerner 2012). New trial
seams should be completed when personnel or equipment changes, for wide temperature changes,

every 4 hours (Koerner 2012), or if work stops for more than an hour (Bouazza et al. 2010a).

2.4.4.11.4 Non-destructive seam testing
ASTM D4437 (ASTM 2008K) outlines several methods of non-destructive seam testing. Dual
seaming allows the non-destructive air pressure test to be used to assess seam integrity. This test
is outlined in ASTM D5820 (ASTM 2011g) and involves pressurizing the air channel in between
the two seams. A drop in pressure indicates faulty seaming. All seams in the GM should be tested
with this method over their entire length. This test, along with the vacuum box test, cannot be

started until 1 hour after seaming to allow the GM temperature to cool (Bouazza et al. 2010a).

The only way to test extrusion welds is the vacuum box method (Bouazza et al. 2010a).
The vacuum box test is described by ASTM D5641 (ASTM 2011f) and can be used in locations
where dual seaming was not possible. The vacuum box test is difficult to perform and cannot be

used on slopes (Koerner 2012) and its accuracy has been questioned (Needham et al. 2004).

ELL is also a non-destructive testing method that can find leaks in the seams as well as in
the geomembrane sheets themselves. ELL surveys have shown that 50 to 83% of leaks are in the

geomembrane sheets rather than the seams (Koerner 2012).

2.4.4.11.5 Destructive seam testing
Destructive seam testing involves removing a portion of the seamed geomembrane to test its
integrity. This requires patching of the removed area with the less desirable extrusion fillet

method. Destructive testing should be minimized as much as possible. A reasonable destructive
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testing frequency is one sample per 200 to 300 m of seamed geomembrane. The sample size is
typically between 0.3 and 1.5 m (Koerner 2012). Bouazza et al. (2010a) recommend sampling
every 150 m for fusion welds and 120 m for extrusion welds. Destructive seam samples are tested
with ASTM D6392 (ASTM 2008h) for shear and peel strength. Destructive samples taken from
installed liner may have to be sent to an accredited geosynthetics laboratory to be tested in shear
and peel in addition to the field testing (Bouazza et al. 2010a). When conducting destructive seam
sampling on GMs, the crest of the slope should not be sampled as this can greatly weaken the

stability of the liner system (Bonaparte et al. 2002).

2.4.5 Composite liners
Many regulations specify the use of a composite liner, which is one with both a geomembrane
liner and an underlying CCL or GCL. Composite liners are favoured because they combine the
positive characteristics of two or more different materials with distinct hydraulic, physical, and

endurance behaviour (Bouazza et al. 2010a).

2.4.6 Double liners
One significant advantage of a double liner system is the ability to monitor the performance of the
primary liner. In this case, the secondary LCS acts as a leak detection system (LDS) for the
primary liner. In the US, only hazardous waste landfills are required to have this LDS, as
mandated in the Resource Conservation and Recovery Act (RCRA) Subtitle C (Bonaparte et al.
2002) although some states require a double liner for MSW. Generic design in Ontario requires a
double liner once a landfill reaches a critical size (as defined in MoE 1998). In a double liner
system, the leakage rate through the primary liner can be estimated by examining the leachate

collected by the LDS. If significant flows are observed in the LDS after construction but before
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waste placement, an ELL survey can be conducted to locate and repair damage to the primary

GM.

Landfill leakage is often measured in units of litres per hectare per day (Iphd). One study
showed that when a CQA program was in place, leakage rates through a GM/CCL were usually
less than 200 Iphd, and most were less than 50 Iphd. Leakage is much lower through a GM/GCL
composite, often being around 2 Iphd. The analysis of leakage rates is complicated by the
presence of consolidation water from clay liners. The actual leakage rates from a GM/CCL
composite may be less than those measured. The amount of consolidation water can be estimated
based on knowledge of the clay characteristics, thickness, and the overburden stress.
Consolidation water is more likely to infiltrate the LCS during construction and the initial stages

of operation (Bonaparte et al. 2002).

A hydraulic control layer below the primary liner can be used to induce an inward
gradient into the landfill. Water is pumped into the hydraulic control layer, causing higher
pressures and reversing the direction of advection inward rather than outward. This approach
generally is not applicable to landfills using a GM liner since water cannot flow through an intact

GM (Bonaparte et al. 2002).

For ease of construction and better performance of double liner systems, one strategy is to
use a GM/GCL composite as the primary liner and a GM/CCL or GM/GCL/CCL as the
secondary liner. It may be acceptable to design a double liner system on the base of the landfill
and only a single liner on the side slopes, since it is more difficult to construct on slopes and there

is less leakage potential on the side slopes due to the lower leachate head (Bonaparte et al. 2002).

A foundation layer between the primary and secondary liners will decrease the

temperature on the secondary liner, thereby lengthening the service life of the secondary GM.
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This is primarily a concern in an all-geosynthetic system, where the temperatures of the primary
and secondary GMs may differ by only a few degrees (see Table 2.20). A 1 m thick primary CCL
provides the necessary temperature protection (Rowe 2009a). If sufficient thermal separation
from the waste is achieved, the temperature of the secondary geomembrane should be
approximately equal to the ambient groundwater temperature (Needham et al. 2004), which may
range between 5 and 20°C, depending on the site location (Southen 2005). As a rough estimate, a
600 year service life may be assumed if the secondary GM temperature is less than 20°C (Rowe
2005). Table 2.20 presents an estimate of secondary geomembrane service life depending on
temperature and liner configuration. This table illustrates the effect of a foundation layer on

decreasing the temperature of the secondary geomembrane, and hence increasing its service life.

2.4.7 Cover system
After waste placement is completed, a final cover will be placed over the landfill to isolate it from
the surrounding environment and allow the land to be re-vegetated and possibly used for another
purpose. Waste should be periodically covered to control disease vectors, fires, odours, blowing
waste, and scavenging by animals (Pichtel 2005). A 0.15 m soil layer is commonly required at the
end of each working day, referred to as the daily cover (MoE 1998). If a portion of the landfill
has ceased accepting waste for an extended period, an intermediate cover may be installed, which
is typically similar to the daily cover but has a greater thickness (Bonaparte et al. 2002).

Geotextiles may also be used as a daily cover material. Their use in this function is

outlined in ASTM D6523 (ASTM 2009m) and ASTM D7008 (ASTM 2008m) (CGS 2006).
Alternative daily cover materials include fly and bottom ash from utilities and municipal waste
incinerators, composted MSW or sewage sludge, foundry sands, yard waste, C&D debris, and tire

shreds; however the use of these materials may introduce other problems and great care is needed.
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Commercial products also exist, including foam that can be sprayed onto the working face

(Pichtel 2005).

Material from the initial excavation of the site may be used as daily cover if it meets
recommendations (Pichtel 2005). Fine-grained soils can contribute to clogging of the LCS and
should be avoided (Phaneuf et al. 2002). If low permeability cover soil is used, it must be
removed prior to placement of additional waste to minimize problems with perched leachate and
gas collection (MoE 1998), particularly for bioreactor landfills (Qian et al. 2001), where foams or

tarps are more appropriate (Pichtel 2005).

2.4.7.1 Final cover

There are two main approaches to final cover infiltration: (i) attempting to prevent infiltration and
(ii) allowing unlimited infiltration. Taken to the extreme, bioreactor landfills supplement the
naturally occurring precipitation by recirculating collected leachate and possibly adding other
sources of liquid (see Section 2.9.3). An optimal approach may be to allow high infiltration
during the operation and post-closure period and constructing a low infiltration cover once the
waste has stabilized (Rowe et al. 2004). Allowing settlement to occur prior to final cover
construction will minimize damage to the cover and maximize its effectiveness; however, some
regulations (e.g., US EPA) require final cover construction by 1 year following landfill closure
(Koerner 2012).

Several computer models exist to predict the infiltration through the final cover using a
water balance approach, for example (Rowe et al. 2004):
PERC =P —R—ET —AS (2.88)
where PERC [LT™] is the percolation through the cover, P [LT™] is the precipitation, R [LT™] is
the surface water run-off, ET [LT™] is the net evapotranspiration, and AS [LT™] is the change in

water storage in the cover. The most widely used model is the Hydrologic Evaluation of Landfill
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Performance (HELP) model. HELP considers precipitation, surface water storage as snow, water
uptake by plants, evaporation, surface run-off, snowmelt, and infiltration. The HELP model takes
a quasi-2-dimensional approach, where flow is assumed vertical except in lateral drainage layers,
which can have vertical or lateral flow. The HELP model uses average daily precipitation values,
which results in an overprediction of infiltration due to the usually short duration of intense
storms. Infiltration at humid sites is also likely to be overpredicted by HELP, while it is likely to
underestimate evapotranspiration in arid climates. A major limitation of the HELP model is the
inability to consider unsaturated flow conditions or correctly model leakage though a
geomembrane. In situations where the limitations of the HELP model are significant, the
UNSAT-H model may be useful. UNSAT-H is more difficult to use than the HELP model but
can consider precipitation during intense storms in addition to unsaturated flow (Bonaparte and
Yanful 2001).

In arid regions, the use of traditional CCLs or GCLs may be problematic because of
desiccation. Alternative cover system designs, such as capillary barriers (Section 2.4.7.1.3) or

evapotranspiration covers (Section 2.3.7.1.4), can be more effective in these regions (NRC 2007).

2.4.7.1.1 High infiltration philosophy
A high infiltration cover provides the benefits of a decreased contaminating lifespan and more
rapid stabilization. Gas generation will be increased, which is positive if it is being collected for
energy. Negative aspects include higher leachate collection and treatment costs and higher
leachate mounding following LCS failure (Rowe et al. 2004).
A recently proposed method of dealing with high settlement rates is to install a temporary
geosynthetic cover after waste filling is completed. This temporary cover can stay in place for the

first two years when settlement rates are greatest. After the majority of settlement has occurred,
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the final cover may be installed, which can be expected to experience less movement (Staub et al.

2011; Laner et al. 2012).

2.4.7.1.2 Low infiltration philosophy

The low infiltration approach attempts to prevent all infiltration into the landfill once it is closed.
This provides the benefits of reduced leachate collection and treatment costs, leachate mounding,
and gas generation. Negative aspects are that the contaminating lifespan will be longer and
stabilization of the landfill will be delayed. Furthermore, if the impermeable final cover is
damaged, the positive aspects are eliminated. A low infiltration cover requires maintenance in
perpetuity to prevent moisture ingress (Bonaparte et al. 2002; Kumar et al. 2011), which may be
difficult to ensure in practice.

For low infiltration covers, the typical configuration from top to bottom are a vegetated
topsoil surface layer, soil protection layer, drainage layer, barrier layer, gas collection layer, and a
foundation layer. The capacity of the drainage layer should be designed to accommodate a high
intensity, short duration storm using a water balance. The HELP model is not recommended for
this purpose since it tends to underestimate the flow rate (Bonaparte et al. 2002). The soil
protection layer is usually 0.3 to 0.6 m thick, although it should be deeper than the frost
penetration depth (Koerner 2012). It is usually appropriate to use on-site soil for the protection
layer. However, if the protection layer must prevent damage due to burrowing animals, cobbles or

asphaltic concrete will likely be required (Bonaparte and Yanful 2001).

2.4.7.1.2.1 Geosynthetic clay liners
In a low permeability cover, the benefit/cost ratio has been shown to be better for a GM/GCL
composite than for a GM/CCL when used in a final cover (Koerner 2012). GCLs are able to

withstand reasonable displacement while maintaining low hydraulic conductivities. When built
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with nonwoven carrier geotextiles, they can withstand higher strains. Since differential settlement
is likely to occur in covers, the GCL seam overlap should be increased (Rowe et al. 2004).

If an encapsulated GCL (one covered with geomembranes on both sides) is used with
unhydrated bentonite, unexpected hydration has been shown to cause failure due to the decreased
shear strength of GCLs upon hydration (see Figure 2.10). However, in a study of cover system
test plots, failures occurred due to inadequate interface strength rather than a lack of internal
strength of GCLs (Bonaparte et al. 2002). GCLs are less susceptible to freezing conditions than
CCLs (Koerner 2012). The long-term behaviour of GCLs in cold climates is unknown (Rowe et
al. 2001). Long-term direct shear and wide-width creep tension tests may be required for GCLs
used in landfill covers (Koerner 2012).

A soil protection layer over the GCL of about 1 m is required (Rowe et al. 2004). In one
study, this thickness of soil was able to prevent infiltration entirely through the GCL during a 3
year period. A soil cover of 0.3 m, however, allowed 25% of the precipitation to infiltrate. The

gas flux is highly dependent on the moisture content of the GCL (Rowe et al. 2001).

2.4.7.1.2.2 Compacted clay liners

Compacted clay liners used in landfill covers are susceptible to increased hydraulic conductivity
due to freeze/thaw and wet/dry cycles. The hydraulic conductivity of a CCL was shown to
increase up to two orders of magnitude during 3 to 5 freeze/thaw cycles. Some resistance to
shrinkage and cracking was demonstrated for a CCL compacted near optimum water content and
composed of low plasticity clays. While a natural soil layer cannot completely protect a CCL
from environmental damage, it is recommended that a protection layer thickness equal to the
freeze depth plus an additional 0.3 m be installed (Rowe et al. 2001).

Compacted clay covers can generally be expected to limit infiltration to 10 to 50 mm/a in

humid climates and 1 to 4 mm/a in semi-arid climates. If the cover becomes cracked, infiltration
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will increase to 100 to 150 mm/a in humid climates and 30 mm/a in semi-arid climates (Rowe et
al. 2001).

If infiltration is to be limited to a low value, a CCL should not be used in a final cover
without an overlying GM due to the high potential for desiccation (Bonaparte et al. 2002). In one
study, CCLs overlain by 150 to 450 mm of topsoil experienced desiccation and increased
hydraulic conductivity within 3 years post-closure. These problems can be mitigated by placing a
GM between the CCL and a sufficient thickness of topsoil (Bonaparte et al. 2002). When a
composite cover consisting of a 0.6 m CCL covered by a 1.5 mm HDPE GM was tested,
infiltration was 2 to 3 mm/a. The inclusion of a GM on cover side slopes can cause stability
issues. Drainage layers may be required both above and below the barrier components to reduce
pore water and gas pressures (Rowe et al. 2001), particularly if the slope is greater than 5H:1V

(Rowe et al. 2004).

2.4.7.1.2.3 Geomembrane barriers
Unlike geomembranes used at the base of landfills, the most important consideration for cover
geomembranes is their ability to resist differential settlement and the resulting higher strains
(Needham et al. 2004; Bouazza et al. 2010a). LLDPE may be used as an alternative to HDPE for
cover applications because of its better strain resistance. The thickness should be at least 1.5 mm

(Bouazza et al. 2010a). Recommended specifications for LLDPE are outlined in Table 2.15.

2.4.7.1.3 Capillary barrier cover

Capillary barriers are characterized by a fine-grained soil overlying a coarse-grained soil. Water
that enters the fine-grained soil will be held there by the matric suction until the entry pressure of
the coarse-grained soil is exceeded. For this reason, this type of cover is most effective in arid or

semi-arid climates (Dwyer et al. 2007). A site may be considered arid if it receives 80 to 150 mm
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up to 200 to 350 mm of precipitation annually, while a semi-arid site receives 300 to 400 mm to
700 to 800 mm in summer rainfall regions and 200 to 250 mm to 450 to 500 mm in winter rainfall
regions (De Pauw et al. 2000).

Capillary barrier covers are usually installed on a slope to allow lateral drainage and to
prevent breakthrough. The storage capacity of the fine-grained soil should be equal to the total
precipitation received during the wettest year on record, outside of the growing season. The
coarse-grained layer should be at least 0.4 m thick and should have a minimum hydraulic
conductivity of 1 x 10™ m/s. This type of cover cannot be modelled with the HELP software,

instead requiring an unsaturated flow model such as UNSAT-H (Rowe et al. 2001).

2.4.7.1.4 Evapotranspiration cover

Evapotranspiration covers typically consist of a single layer of vegetated fine-grained soil
between 900 and 1800 mm thick. The concept behind this cover system is that the soil is thick
enough that changes in moisture content due to precipitation are limited to the upper portion of
the cover, resulting in essentially no infiltration. Fine-grained soil is used for its considerable
water storage capacity and low saturated hydraulic conductivity (Bonaparte and Yanful 2001).
The layer may consist of compacted natural soil with the uppermost lift being noncompacted
(Bonaparte et al. 2002). UNSAT-H is recommended for the design of an evapotranspiration cover

(Bonaparte and Yanful 2001).

2.4.7.1.5 Gas collection system
Ontario regulations require the inclusion of a gas collection system if the landfill capacity is
greater than 1.5 million cubic metres. Exceptions are made for landfills that have little potential to

generate methane such as C&D waste landfills (MoE 1998).
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2.4.7.1.5.1 Gas production
The decay of organic material disposed of in landfills produces various gases. These gases may
escape into the atmosphere and may migrate through the geomembrane to contaminate
groundwater (Mitchell et al. 2007). If the gas is not collected and is prevented from escaping by
an impermeable final cover, the gas pressure will build up in the landfill. This may cause any GM
in the cover to be uplifted, which may eventually cause a slope failure. For these reasons, gas
monitoring and collection is required (Bonaparte et al. 2002). Landfill-generated methane has
been the cause of explosions in nearby residences, with methane concentrations in air of 5 to 15%
being explosive (Phaneuf 2010a).

The composition of gases produced has been found to depend on the age of the landfill,
proceeding through several phases (see Figure 2.11). During Phase I, the landfill is under aerobic
conditions, as oxygen is consumed by bacteria in the waste. During Phase 11, the landfill
transitions from aerobic to anaerobic conditions as oxygen is depleted. At this point, the leachate
will contain COD and total volatile acids (TVA). During Phase Ill, acid is formed, and COD and
TVA in the leachate are at a maximum. Phase IV sees the conversion of acid into methane and
carbon dioxide. Heavy metals are precipitated onto solids so their concentration in leachate is
reduced. Phase V is the maturation phase, where biological activity, gas production, and leachate
strength decrease (Qian et al. 2001).

The optimum temperature for methane production has been reported to range from 34 to
41°C in various laboratory studies. In an operating landfill in England, however, the range was
found to be 40 to 45°C (Shariatmadari et al. 2011). Methane will only be generated if the
moisture content in the waste is greater than 40%, with maximum methane production occurring

with moisture content between 60 and 80% (Pichtel 2005).
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The gas production rate is highest during the 5 years following landfill closure (Pichtel
2005). Methane generation rates have been reported from 2.5 (Qian et al. 2001) to 100 m*/tonne
of waste (Pichtel 2005). This value varies widely depending on climate, waste type, and landfill
management. Many models exist to predict gas production. The theoretical gas yield can be

calculated using the chemical formula (Tchobanoglous et al. 1993):

Co, (2.89)

CoHsOuNz + (40—5—2u+3z)

HZO N (4o+s—2u—3z)

CH, + (4o—s+2u+3z)
where C,H;OyN; is a representative chemical formula for the expected waste composition and o,
s, U, and z represent the molar quantities of C, H, O, and N, respectively. The chemical formula is
obtained with the ultimate analysis (i.e., chemical composition; see Table 2.21) of the various
waste components. It is typically calculated on a dry basis by subtracting the weight of moisture

from each component. The total amount of each element (C, H, O, and N) is calculated and then

divided by the atomic mass of that element. From Equation (2.89), the ratio of the molecular

weight of methane ((—40+5—2u_32)

CHy,) to the molecular weight of the MSW (C,H;OyN,) is

multiplied by the dry mass of the organic wastes (usually based on a 100 kg waste sample). The
weight of methane and carbon dioxide generated can be obtained by dividing by the appropriate
specific weights (Tchobanoglous et al. 1993 use 0.716 kg/m? for methane and 1.978 kg/m? for

carbon dioxide). The theoretical gas generation can finally be estimated by dividing the mass of

methane or total gas by the dry mass of organic waste or the total mass of waste.

2.4.7.1.5.2 Gas collection

There are three common methods of gas collection: (i) numerous deep wells installed in the
waste, (ii) a continuous gas transmission layer, and (iii) collection trenches. The first method
consists of installing perforated vertical collection wells. Usually 5 wells per 2 hectares are

required, although this can vary substantially depending on the local conditions. This approach is

102



suitable only if the waste is relatively permeable to gas and the collection wells are close enough
together, or if gas is generated slowly, such as in arid regions. Expandable pipe boots should be
used to prevent damage caused by differential settlement. The second method is to install a
continuous gas transmission layer beneath the final cover. The gas transmission layer may be
constructed of a geotextile, geocomposite, or granular soil. Shallow extraction pipes must connect
with this layer to remove the gas. The third option is to construct gas collection trenches that have
regularly spaced extraction pipes. In any case, the gas is channelled through plastic geopipes that
extend up through the final cover. Passive collection involves simple venting to the atmosphere or
flaring, while active collection may be achieved using a blower system to create a vacuum
(Bonaparte et al. 2002).

Care must be taken to ensure that gas collection wells do not penetrate the liner system.
For a gas transmission layer, it is important that the layer be continuous. If a geosynthetic gas
transmission layer is used, it often consists of a geonet with geotextiles bonded to each side (i.e.,
a geocomposite). It is crucial that the geonet is joined with the correct number of plastic ties
specified. Both of the geotextiles must be continuous with overlaps of 300 mm or must be sewn
together. This will prevent soil from intruding into the geonet and clogging the gas transmission
layer (Bonaparte et al. 2002).

If methane is not being used for energy, it may be collected and flared. This involves
burning the methane, which proceeds by the chemical reaction given in Equation (2.90).
Complete combustion gives off carbon dioxide and water (Staub et al. 2011):

CH, + 20, 5 CO,+ 2H,0 (2.90)

2.4.7.2 Construction
An erosion control layer may be constructed of geosynthetic erosion control materials, natural

jute, gravel, asphalt, or riprap. Erosion must be considered as it has the potential to clog toe drains
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and expose final cover components such as the gas collection system. Attempts should be made to
control erosion to a manageable degree, which is often defined as 5 tonnes per hectare per year
(Bonaparte et al. 2002). Erosion can be limited by constructing swales every 6 m along the slope
on the final cover. Drainage channels for redirected run-off should have an appropriate lining for
their expected velocities and their outlets should be maintained free of snow and ice to allow free
drainage. Construction plans should allow time for adequate vegetation to grow by the end of the

first growing season after final cover construction (Bonaparte et al. 2002).
2.5 Regulations

2.5.1 Ontario, Canada

Ontario regulations require a new performance-based landfill design to prove that it will not
exceed a certain maximum allowable concentration for 8 chemicals, listed in Table 2.22. This
policy defines either health-related or aesthetic drinking water objectives. The reasonable use
policy allows the calculation of allowable impact from the landfill for individual contaminants
(MOE 1998):
Com = Cp + x(Cr — Cp) (2.91)
where C, (mg/L) is the maximum allowable concentration, C, (mg/L) is the background
concentration in groundwater, x (-) is equal to 0.25 if C, is a health-related objective or 0.5 if C, is
an aesthetic drinking water objective (given in Table 2.22), and C, (mg/L) is the drinking water
objective for the contaminant of interest.

Ontario regulations provide specifications for leachate collection systems with expected

service lives. For a service life of 100 years, the drainage material in the primary LCS is to have

dgs > 37 mm, dio > 19 mm, coefficient of uniformity, C, < 2.0, where C,,(—) = ?, and less than
10

1% of particles should be fine-grained. A geotextile or granular filter must be installed both above

104



and below the drainage material. The drainage pipes are to be made of HDPE with a minimum
internal diameter of 150 mm and minimum perforation diameter of 12 mm. The pipes should be
placed such that there is 250 mm of drainage material above and 50 mm below. The drainage
material should be 0.5 m thick and the maximum drainage path is 50 m. The slope toward the
drainage pipes should be at least 0.5%. Leachate collection pipes must be inspected annually for
the first 5 years and more often after that as deemed necessary. A 75-year service life requires
drainage material thickness of 0.3 m but with local thickening of drainage material at the location
of the pipes. The maximum drainage path is 25 m. A 60-year service life requires drainage
material thickness of 0.3 m (with local thickening of drainage material at the location of the

pipes) and maximum drainage path of 50 m (MoE 1998).

The secondary LCS may be assumed to have a service life of 1000 years if the same
requirements are met for the primary LCS with drainage material thickness of 0.3 m and
maximum drainage path of 100 m. These requirements are summarized in Table 2.3.

For a normally operated MSW landfill (i.e., no leachate recirculation or operation as a
bioreactor), a primary geomembrane liner may be assumed to have a 150 year service life if it is
at least 1.5 mm thick, has a minimum standard OIT of 100 minutes, and a minimum high-
pressure OIT of 250 minutes. The OIT should retain at least 80% of their value after aging as per
ASTM D5721 (ASTM 2008k). A secondary geomembrane liner is assumed to have a 350-year
service life if it meets the same requirements as the primary geomembrane but it must be at least
2.0 mm thick. These requirements are summarized in Table 2.23.

A compacted clay liner can be assumed to have an unlimited service life if it is at least
0.75 m (constructed in 5 lifts) or 0.6 m (constructed in 4 lifts). A 0.6 m CCL should only be used
as a single liner. The clay must not be incompatible with leachate and stones larger than 100 mm

must be removed. Ontario regulations do not mention GCLs, but their use is permitted if 0.75 m
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thickness of attenuation layer is included (equal to the minimum CCL thickness) in addition to
the required 3 m AL.

The generic single liner design consists of a LCS meeting the 100-year service life
requirements, a 1.5 mm HDPE geomembrane meeting the 150-year service life requirements, and
a0.75 m CCL with a maximum hydraulic conductivity of 1 x 10" m/s and an organic carbon
content of at least 0.1%. This liner must be placed on natural or engineered soil with a minimum
thickness of 3 m and maximum hydraulic conductivity of 1 x 107 m/s. The generic single liner

design is illustrated in Figure 2.12.

The generic double liner design consists of the same requirements as the single liner
except that the LCS requires a 60-year service life, which is underlain by a secondary LCS
meeting the 1000-year service life requirements, a 2.0 mm HDPE geomembrane meeting the 350-
year service life requirements, and an additional CCL meeting the same requirements as the

primary CCL. The generic double liner design is illustrated in Figure 2.13.

A minimum buffer zone of 100 m is required on all sides of the waste fill area. The
requirement may be reduced to 30 m if it is confirmed that there is adequate space on the site
property for vehicle movement and that the contaminant concentrations meet regulations at the

site boundary.

2.5.2 United States
The minimum US EPA regulations require a single composite liner consisting of a 0.3 m LCS
with a minimum hydraulic conductivity of 1 x 10™* m/s overlying a composite GM (1.5 mm thick
if HDPE and 0.75 mm otherwise)/CCL (0.6 m thick with a maximum hydraulic conductivity of 1
x 10°° m/s for a MSW landfill). The leachate head must be controlled to 0.3 m or less (Pichtel

2005). Leachate recirculation is permitted under US EPA regulations (Qian et al. 2001). This
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liner system is shown in Figure 2.14. Certain states allow performance-based designs that
demonstrate that maximum contaminant concentrations in the aquifer do not exceed specified
maximum contaminant levels (MCLs) at a point not further than 150 m away from the landfill
edge (Pichtel 2005). Table 2.24 lists MCL values for chemicals commonly found in MSW landfill
leachate. A double liner including a leak detection system is required for landfills containing

hazardous waste.

US regulations specify a minimum distance between a landfill and floodplains, wetlands,
known faults, seismic impact zones, unstable areas, and airports (to minimize the risk of aircraft

accidents due to birds). More information is provided by Pichtel (2005).

The cover system should consist of a 0.15 m topsoil layer, a 1.5 mm HDPE GM, a 0.45 m
CCL with k<1 x 10° m/s, and a gas transmission layer. This cover system is illustrated in Figure

2.15.

Morris and Barlaz (2011) describe a performance-based method of defining post-closure
care requirements based on observed conditions in the landfill as a more rational alternative to the
30-year monitoring period mandated by the US EPA, which does not consider the concentration
or impact of contaminants. For example, this would allow for eliminating the monitoring of
contaminants that are shown to be below regulatory limits so that focus is placed on contaminants
that are still of concern. Firstly, it must be observed that concentrations in the leachate are
decreasing. Then, if the concentration in the leachate is less than the allowable discharge limit,
monitoring may be stopped. If the leachate does not meet this stringent requirement, contaminant
transport modelling may be conducted using software such as POLLUTE to show that the
concentration will be sufficiently attenuated by the time it reaches the point of compliance
(Morris and Barlaz 2011). The Evaluation of Post-Closure Care (EPCC) methodology proposed

by Morris and Barlaz (2011) uses a modular approach to assess whether functional stability has
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been achieved with respect to four elements: (i) leachate management, (ii) landfill gas (LFG)
management, (iii) groundwater monitoring, and (iv) cover maintenance. Functional stability of a
landfill is achieved when it is found to no longer present an unacceptable threat to human health

and the environment in the absence of any post-closure care.

2.5.3 European Union

European Union (EU) regulations specify minimum liner requirements for various types of
landfills (hazardous and non-hazardous). The soil layer (which may be naturally present or
compacted clay) must be at least 5 m for a hazardous landfill and 1 m for a non-hazardous
landfill. In both cases, the minimum hydraulic conductivity is 1 x 10° m/s. A drainage layer of
0.5 m is also required. The presence of an “artificial sealing liner” is also required, which is most
commonly a geomembrane. No specifications are provided for the thickness of the geomembrane
(European Council 1999). This liner system is depicted in Figure 2.16.

The cover system (Figure 2.17) is recommended to consist of a 1 m topsoil layer, a 0.5 m
drainage layer, an impermeable mineral layer, and a gas transmission layer. It is assumed that the

“impermeable” mineral layer actually refers to a soil layer having low permeability.

2.6 Site characterization

2.6.1 Siting
Often, the siting of a landfill is dependent on politics rather than environmental suitability
(Koerner 2012). However, there are several restrictions on features that may be present at or near
a landfill site. Some considerations concerning site location include haul distance, location
restrictions, available land area, site access, soil conditions and topography, site climate, surface
water hydrology, site geology and hydrogeology, local environmental conditions, and post-

closure plans. Long haul distances may be made more economical by using strategically located
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transfer stations. Landfill regulations will likely place restrictions on the proximity of the landfill
to certain features considered environmentally sensitive. Favourable hydrogeologic conditions
include a significant vadose zone, low hydraulic conductivity soil, and an adequate distance
between the proposed landfill and human populations. A site overlying a fresh water aquifer is
not ideal but may be necessary in some situations (Qian et al. 2001).

A proposed landfill site must undergo a geotechnical investigation to assess the soil
profile and a hydrogeologic investigation to obtain groundwater conditions. Boreholes are
commonly necessary for these investigations. In higher risk areas, test pits may be required.

Aquifer quality including background chemical concentrations and velocity should be measured.

2.6.2 Required size

During the planning stage of landfill design, a materials balance should be conducted to
establish whether there will be sufficient excavated soil to use as daily, intermediate, and final
covers if the on-site soil is suitable. The ground area is usually excavated to provide material for
cover soils (daily, intermediate, and final), compacted clay liners, and berms. This is referred to
as above and below ground filling. In areas with difficult to excavate terrain, the waste may
simply be placed on top of the ground. If the site is located between hills, the waste can be filled
between them, which is called canyon filling (Qian et al. 2001). Landfills in floodplains are often
restricted to a height of 6 to 8 m to prevent unacceptable contamination to the groundwater
system, thus requiring a larger site footprint than a taller landfill. The landfill footprint will
govern the leachate generation due to precipitation (Kumar et al. 2011). In addition to the waste
fill area, a landfill facility will require weigh stations, administrative buildings, recycling areas,
hazardous waste holding areas, and residential waste drop-off areas. Leachate lagoons (see
Section 2.9.2), storm water retention ponds, and stage storage for any streams crossing the site

may also be necessary.
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A proposed site should provide enough area for waste disposal lasting at least 5 years,
with a typical landfill operating life exceeding 20 years (Qian et al. 2001). The required landfill
volume should be calculated taking account of the proposed operating lifespan of the landfill,
current population of the area to be served, expected population growth rate, current waste
generation and diversion rates, and expected changes in waste generation and diversion rates. The
volume ratio of uncompacted to compacted waste is usually between 2:1 and 3:1 (Qian et al.
2001). The required volume of daily cover soil should also be considered. A typical ratio of waste
volume to cover soil is 4:1.With the predicted volume of waste and available landfill area, the
final height of the landfill can be estimated. An average modern landfill height is around 60 m,

while landfills have been filled up to 150 m (Breitenbach and Thiel 2005).

2.6.3 Aquifer
If the landfill site is excavated below the groundwater table or potentiometric surface of an
underlying aquifer, there is potential for blowout, or deformation of the soil forming the base of
the excavation. To prevent these problems, the factor of safety against blowout, FS (-) as defined
by Equation (2.92) should be greater than 1.4 (Rowe et al. 2004). This equation yields the

maximum safe excavation depth or allowable pressure head in the aquifer during construction of

the landfill:
__ Ysoiltsoil
L (2.92)

where y4i [ML™?T?] is the unit weight of soil overlying the aquifer, t.; [L] is the thickness of soil
overlying the aquifer, h, [L] is the pressure head in the aquifer, and y,, [M LT is the unit weight
of water. In conditions where the depth of excavation is required to meet material balances (or for
other reasons) there may be a need to depressurize the aquifer to achieve a suitable FS during
construction.
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Other things being equal, a thicker aquifer will provide greater dilution, decreasing the
maximum concentration that will be observed at the site boundary. However, due to plume
localization when the aquifer thickness exceeds about 3 m thick, the full thickness generally
should not be used in numerical modelling of contaminant impact. Unless there is overwhelming
evidence to support dispersion over a greater thickness, the maximum thickness of an aquifer

modelled in POLLUTE should be 3 m (Rowe 1998b).

A hydraulic trap is best achieved in areas with a low permeability aquitard underlain by
an aquifer with a potentiometric surface close to or above ground level (Rowe 1998a). The
shadow effect is the term given to the phenomenon of landfill construction causing a change in
the natural water levels at the site. This is most commonly an issue with hydraulic trap designs

(Rowe 2001).

2.6.4 Attenuation layer
Cracks in natural soil can greatly affect the hydraulic conductivity of a liner and must be taken
into consideration during design. Fractures may be caused by desiccation, geological unloading,
or reflection cracking if the underlying bedrock is fractured. Fractures in the attenuation layer can
be detected from core logs, however, the chance of encountering a vertical fracture with a vertical
borehole is very small. Inclined boreholes have been used to locate fractures (Rowe et al. 2000).
Pumping tests on the aquifer are the optimal way of estimating the extent of fracturing and also
provide the bulk hydraulic conductivity of the attenuation layer. The steps to be followed in

modelling fractured systems are described by Rowe et al. (2004).

Hydraulic trap landfills are particularly susceptible to fractured attenuation layers. The
groundwater flow will be concentrated along the fractures, providing diminished resistance to

diffusion.
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2.7 Waste characterization

2.7.1 Temperature
The temperature at the base of a landfill has a significant effect on the service life to be expected
for geosynthetic components (refer to Section 2.4.4.10). Major factors affecting the temperature
include waste type (especially content of biodegradable waste and waste that may experience an
exothermic reaction when hydrated, such as ash), infiltration into the landfill, and leachate
recirculation. The mass loading rate also affects liner temperature. For example, one landfill filled
at a rate of 10 to 20 m/a experienced temperatures ranging from 23 to 38°C while another landfill

filled at a rate of 2 m/a had a temperature of 14 to 20°C (Brune et al. 1991).

The temperature of a conventional MSW landfill liner can be expected to range from 30
to 40°C for normal operating conditions. The presence of a significant leachate mound can
produce temperatures in the range of 40 to 60°C (Rowe 2005). Landfills with leachate
recirculation generally have liner temperatures from 50 to 60°C (Rowe 2009b; Kumar et al.
2011). The temperature in a MSW landfill usually gradually increases over time to a peak
temperature. As degradation completes, the temperature will return to its original level.
Temperatures above 30°C have been reported to be sustained for 5 to 20 years (Yoshida and
Rowe 2003) and at present there is no good data on when the temperatures will drop. This time-
temperature history can have a significant effect on the service life of the geosynthetic
components (Rowe and Islam 2009).

The choice of cover philosophy will also affect the temperature observed in the landfill.
Low infiltration covers inhibit degradation until the waste has sufficient time to take up moisture,
which results in lower temperatures in the waste in the early years. Rowe et al. (2001) estimated

low infiltration landfills to have temperatures in the range of 10 to 30°C.
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A recent study of organic waste landfills found liner temperatures higher than those
usually assumed to exist. Temperatures after waste placement averaged 60°C for several months
and then stabilized at about 55°C (Bouazza et al. 2011). The initial higher temperatures can be
attributed to aerobic decomposition (Equation 2.93), while the later temperatures likely signify
the onset of anaerobic conditions with its lower heat output (Equation 2.94). Simulations by
Yoshida et al. (1999) have also demonstrated higher temperatures for aerobic than anaerobic
conditions. The reactions for both aerobic and anaerobic decomposition of cellulose are
exothermic, meaning they produce heat (Rowe et al. 2001):

Aerobic decomposition: C¢H1,06 + 60, S 6H,0 + 6CO, + 1770 ki/mole (2.93)
Anaerobic decomposition: C¢H1,0s S 3CH4 + 3CO, + 100 kJ/mole (2.94)

A test using predominantly organic waste with 70% moisture content generated average
temperatures of 45°C for conventional landfills and 47°C for bioreactor landfills. The ambient air
temperature was found to affect only the uppermost layers of waste, and had no significant impact

on geomembrane service life (Shariatmadari et al. 2011).

2.7.2 Hydraulic conductivity
The hydraulic conductivity of MSW may be approximately 1 x 10 m/s, but can be reduced to 1
x 10" m/s after consolidation (Rowe et al. 2004). Neglecting the effect of consolidation will lead
to an earlier calculated arrival time of contaminants (Rowe 1998b). A best-fit equation gives a
correlation between vertical effective stress, o, (kPa), and the hydraulic conductivity of waste, k,
(m/s) (Rowe et al. 2004):
ky = 17(c,) 326 (2.95)
Research on the anisotropy of waste hydraulic conductivity has shown that the horizontal value is
2 to 8 times larger than the vertical value. This can have a substantial effect on the possibility of

leachate seeps, particularly in the case of a bioreactor landfill (Rowe et al. 2004).
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2.7.3 Density
The density of waste can vary widely, depending on type and composition of waste, moisture
content, degradation, compaction, and volume and type of daily cover. A report on waste in the
state of New York published in 2002 gives a range of 712 to 1365 kg/m® for the in-place density
of MSW (Phaneuf et al. 2002). There are various ways to define the density of waste depending
on how it will be used. The in-place density, puaste [ML?], is simply the density of the waste

itself:

Pwaste = Dwaste (2-96)

Vwaste

where Myase [M] is the mass of the waste and Ve [L?] is the volume of waste.

The apparent density, p, [ML?], is:

P, = Mwaste (297)

- VwastetVcover
where Veover [L%] is the volume of the daily and intermediate cover. The apparent density is used
to calculate the required landfill volume.

The total density, proa [M L'3], is:

__ MwastetMcover (298)

1=
ptOta Vwaste+Vcover

where my.se [M] is the mass of the daily cover. The total density is used for stability analyses,

settlement calculations, and calculating stresses on liner components.

2.7.4 Unit weight
The unit weight of waste in a landfill varies, with increasing values at greater depths due to the
increased overburden pressure. Typical values are 12 to 16 kN/m?® at the top of the waste and 14
to 17 kN/m® at a depth of 60 m. Landfills that use large amounts of daily cover soil or that have
high moisture content will usually have unit weights over 15 kN/m?®. The unit weight in a
bioreactor landfill is normally closer to 20 kN/m*at depth. Overburden pressure applied to the
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liner system is directly dependent on the unit weight of the waste as previously given by Equation
(2.16). When conducting slope stability analyses using unit weight, the upper bound value will
provide a more conservative result, while for calculating required volume, a lower bound estimate
would be conservative (Rowe et al. 2004). The unit weight of waste also affects the seismic
stability of the landfill, depending on the natural periods of the landfill and the earthquake

(Zekkos et al. 2006).

2.7.5 Moisture content

The porosity, n (-), of MSW has been observed to vary from 0.40 to 0.67 (Qian et al. 2001).
Reliable studies have given moisture contents in the range of 10 to 50% (Zekkos et al. 2006).
Other sources give a narrower range of 15 to 40%, depending on waste composition, season, and
weather (Pichtel 2005). A typical volumetric field capacity for MSW has been reported as 22.4%,

while the value assumed by the HELP model is 29.2% (Qian et al. 2001).

2.7.6 Settlement

The settlement of a landfill depends on the stiffness of the waste. The stiffness modulus of MSW
can be expected to fall within 0.5 and 3.0 MPa. Compressibility values were reported within the
range of 7.45 to 1.07 MPa™ under applied stresses of 34 to 463 kPa (Rowe et al. 2004). The
settlement of MSW landfills is typically 5 to 30% of the total waste height (Rowe et al. 2001).
For wells installed in the waste, settlement may cause a down-drag effect, which could put stress
on the GM liner. Wells that compensate for settlement are recommended (Needham et al. 2004).

The leachate management strategy has a profound effect on the settlement rate observed
at a landfill. Landfills with leachate collection are expected to experience overall settlement of 10
to 20% within 30 years, while a bioreactor will see the same amount of settlement within 15

years. Differential settlement is also affected, and is likely of larger concern. Conventional
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landfills are likely to see minor to moderate differential settlement within a 20-year period.
Bioreactor landfills, however, can expect moderate to major differential settlement within 10
years (Bonaparte et al. 2002). This must be accounted for in the design of the final cover system.
From this information, it is clear that leachate collection decreases the total settlement, while
leachate recirculation decreases the time to achieve total settlement but may yield greater
differential settlement. To prevent damage to the cover due to differential settlement, a thick layer
of soil may be placed on the waste to act as a buffer beneath the final cover system or

geosynthetic reinforcement such as a geogrid may be used (Bonaparte and Yanful 2001).

2.7.7 Composition
The characteristics of waste depend on its composition. This can be affected by the level of
recycling and/or composting in the municipality. For example, pre-composting of waste may
contribute to lower liner temperatures due to a lower organics content (Rowe 1998b), as well as
lessened gas generation from a bioreactor landfill, decreasing potential profits (Rowe et al. 2004).
Ontario regulations give typical concentrations of several important contaminants. These
are shown in Table 2.22. This table also provides estimates of half-life for some common landfill

contaminants. Neglecting consideration of decay will result in a conservative estimate.

2.8 Stability

Many materials, including those used in landfill liners, experience strain softening after the peak
strength (Point A on Figure 2.18), reaching a lower residual strength at larger deformations (Point
B) (Bonaparte et al. 2002). The peak strength is the maximum strength measured during testing.
In analysis, if only small displacement can be assured, the peak strength can be used. If large

displacements may occur, the residual or large-displacement strength should be used (Rowe et al.
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2004). The strength behaviour of many of the materials used in landfills is described using the
Mohr-Coulomb failure criterion (Coduto et al. 2011):

T=o0,tan + ¢, (2.99)
where T [ML™T?] is the shear strength, o, [ML™T?] is the effective normal stress, ¢ (°) is the
internal friction angle, and ¢, [ML™T] is the effective cohesion.

Field-testing has shown that interface shear strengths are likely to be more critical than
the internal shear strengths of GCLs (Bonaparte et al. 2002). Qian et al. (2001) suggest that
interface shear strengths will likely be critical for low stress (up to 14 kPa), but for higher
stresses, failure may occur within the GCL itself. The materials used for any given project must
be analyzed to predict the likely failure mechanism. Section 2.8.1 covers the internal strength of
GCLs, while Section 2.8.2 discusses the interface friction between the various components in a

landfill liner.

2.8.1 GCL internal shear strength
While the drained angle of internal friction, ¢, for unhydrated bentonite in a nonreinforced GCL
is high at approximately 20° (Bonaparte et al. 2002), GCLs exhibit low strength upon hydration
(see Figure 2.10). GCL reinforcement was introduced to counter this problem. Reinforced GCLs
tend to have higher peak strengths but relatively low residual shear strengths. Thermal treatment
also improves the internal shear strength of GCLs (Rowe et al. 2004), particularly the residual
strength (Mitchell et al. 2007). Nonreinforced GCLs should not be used on side slopes because of
their low shear strength. The maximum slope where it is considered safe to use nonreinforced
GCLs is 10H:1V, whereas the typical slope of landfill liners is 3H:1V (Bonaparte et al. 2002).
Needle-punching produces a large increase in shear strength (Koerner 2012). Koerner (2012)

recommends needle-punched GCLs with nonwoven cover geotextiles for slopes of 2H:1V or
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steeper, since woven geotextiles may have lower shear strength than nonwoven geotextiles

(Bonaparte et al. 2002).

The internal shear strength of needle-punched GCLs has been found to increase with
increasing normal stress, which is not the case for stitch-bonded products, making needle-
punched GCLs the best choice when high normal stresses are expected (Fox et al. 1998). Thermal
treatment is also most effective at high normal stresses (Zornberg et al. 2005). Needle-punched
and stitch-bonded GCLs are both appropriate for low-stress applications such as final covers or in

leachate lagoons (Qian et al. 2001).

In a review of over 400 GCL internal shear strength tests, the large-displacement
strengths of different types of GCLs were not found to vary greatly, while there were some
differences in peak strength. Reinforced GCLs had slightly higher strengths, while stitch-bonded
GCLs had the lowest values of the reinforced GCLs. However, a large variance was seen
depending on whether the carrier geotextile was woven or nonwoven (Zornberg et al. 2005). Qian
et al. (2001) also found the peak internal shear strength to depend on GCL type, but reported that
the residual strength is independent of GCL type. Table 2.25 gives the shear strength parameters
reported by these two researchers that may be used in the Mohr-Coulomb failure criterion to
describe GCL internal shear strength. Discrepancies in strength parameters can be seen for
nominally similar products. In a project where internal shear strength of the GCL is critical to
acceptable performance, the parameters must be measured using direct shear testing as outlined

by ASTM 6243 (ASTM 2009K).

The durability of the reinforcement will control the long-term strength of the GCL. This
will depend on the stress level, the environmental conditions such as oxygen level, the required

lifetime, and the polymer formulation (Mitchell et al. 2007). Shear stresses generated during the
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lifetime of the landfill will be transmitted to the internal fibre reinforcement of GCLSs as tensile
forces. As the GCL ages, its shear strength will be reduced. Therefore, this reduction should be
taken into account to prevent failure from occurring if the shear strength of the GCL falls below

the critical level (Bouazza et al. 2010b).

2.8.2 Interface friction
The design of a liner on a slope must consider the weight of the liner components themselves on
the side slopes, the down-drag during and after waste placement, the weight of the overlying
components, and the stability of the liner on the subgrade soil (Bouazza et al. 2010b). To keep the
various liner components from slipping along slopes, there must be adequate friction between
them.

The primary stability concern in landfills is likely to be the sliding along slopes of
geosynthetic materials. This sliding may be caused by low shear strength interfaces, steep or long
slopes, equipment loads, or seepage and seismic forces (Bonaparte et al. 2002). Many reported
failures of liner systems have been attributed to an incorrect estimatation of the interface shear
strength between materials, especially between two geosynthetics. When the forces that resist
movement are greater than the forces that drive movement, the liner will be stable, corresponding
to a factor of safety greater than 1.0. In many cases of landfill failure, interface friction tests were
not done on the actual materials to be used, resulting in liners being built with FS less than 1.0,
indicating an unsafe design. The basic calculation of factor of safety against liner sliding is

defined by (Richardson and Koerner 1988):

FS = Y. Resisting forces (2.100)

Y. Driving forces
The critical importance of interface shear strength demands that performance tests be

conducted using the exact materials that will be used and closely simulating the field conditions.
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ASTM D6243 (ASTM 2009K) is a test method for measuring the shear strength of GCLs. This
method allows the evaluation of the interface friction between GCLs and soils or other
geosynthetic materials in addition to the internal shear strength of the GCL. Factors that may
affect the test results include the degree of hydration of bentonite, the liquid used for initial
hydration, the consolidation procedure, the normal stress applied, the specimen size, the shearing
device, the clamping system, shear displacement, and shear rate (Bouazza et al. 2010b). The
ASTM standard to measure geomembrane interface shear strength is ASTM D5321 (ASTM

2008e).

The interface strength between a geomembrane and a compacted clay liner is strongly
dependent on moisture content. The results from one study found that the large-displacement
secant friction angle was 18° when the clay was 2% wet of optimum, decreasing to 12° when 7%
wet of optimum. For this reason, the surface of a CCL should not have any visible moisture, such
as rain or dew, when being covered by a geomembrane. It is also recommended that geotextiles
on slopes be reinforced to ensure stability if the compacted clay liner has a moisture content
greater than 3 percent wet of optimum (Bonaparte et al. 2002). This reinforcement may be scrim
reinforcement, needle-punching, and/or heat reinforcement. The bentonite in GCLs may swell
and leak out of a woven geotextile. This excess moisture could serve to lubricate a GM/GCL
interface and promote sliding (Bonaparte et al. 2002).

Table 2.26 provides a compilation of reported interface friction values from the literature.
This information should be used only as a rough guide to select potential materials. Interface
friction tests should be performed on the chosen site materials using the appropriate ASTM
methods with field conditions closely simulated for use in stability analyses (Bouazza et al.

2010a).
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2.8.3 Slope stability
The stability of geosynthetic components on landfill side slopes is assessed using the limit
equilibrium method outlined below. This same procedure is used for any combination of
materials (geomembranes, geosynthetic clay liners, geotextiles, etc.). A factor of safety value for
a given liner system can be calculated by the method outlined in Equations (2.101) through

(2.108) for the stability of cover soil on a geomembrane given by Koerner (2012):

Lg 1 t
Wa = Ysoi * tszoil (_ == B) (2.101)

tsoil sin 2

where W, [MT?] is the total weight of the active wedge, ysi [ML?T?] is the unit weight of cover
soil, tsi [L] is the thickness of cover soil, Ls [L] is the length of slope measured along the liner,

and B (°) is the soil slope angle beneath the liner.
Ny = Wy cos B (2.102)

where N [MT ] is the effective force normal to the failure plane of the active wedge. The

adhesive force between the cover soil and the liner may be obtained by:

Ca = ca(Ls —222L) (2.103)

sin

where C, [MT?] is the adhesive force between the cover soil of the active wedge and the liner and
Ca [ML™T?] is the adhesion between the cover soil of the active wedge and the liner. The total

weight of the passive wedge, Wp [MT?] is:

W, — Ysoi*teoi (2.104)
P sin2p ’

The factor of safety, FS (-), against the cover soil sliding along the liner is found by solving the

guadratic equation:
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—bg+ |bg’—4agc
F§=—1 91 (2.105)

- 2aq
where the variables are given by:
aq = (Wy — N cos B) cos B (2.106)

bq = —[(Wa — N cosB) sinBtan @ + (N, tan 8 + C,) sin B cos B + sin B (Cr + Wp tan ¢)]

(2.107)

cq = (Natan§ + C,) sin® Btan ¢ (2.108)
where ¢ (°) is the internal friction angle of the cover soil, & (°) is the interface friction angle
between the cover soil and liner, and C; [MT?] is the cohesive force along the failure plane of the
passive wedge. One proposed design method for liner systems is to design for a factor of safety of
1.5 on final slopes, 1.3 for interim slopes, and 1.1 to 1.3 for seismic stability, considering the peak
interface shear strength on the base of the landfill and residual strength on the side slopes. An
alternate proposal considers only the residual strength and requires a factor of safety greater than

1.0 (Stark and Choi 2004).

2.8.4 Cover stability

The factor of safety, FS (-), for landfill covers can be conservatively simplified to:

__tané
FS = an g (2.109)

which assumes zero cohesive strength and an infinite slope. Consequently, no toe buttressing
effects are accounted for. Generally, the factor of safety in covers should be greater than 1.5
based on the peak shear strength of the weakest interface. If the slope of the cover exceeds the
peak shear strength of the weakest interface (i.e., p > o in Equation 2.109) then the residual

strength value should be used for & (Stark and Choi 2004).
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A common way of using this equation in design is to have a known slope angle, B, and
chosen factor of safety. The unknown would then be 8, the interface friction angle between the
geosynthetic product and the cover soil. To achieve a suitable friction angle, possibilities include
geomembrane texturing and choice of cover soil (Koerner 2012). For example, the result from
Equation (2.109) should be compared to the values in Table 2.26 depending on the type of
geosynthetic involved, and a combination of geosynthetic and cover soil should be selected with a

friction angle greater than that required for the desired factor of safety.

Equation (2.109) assumes an infinite slope, while the average length of slopes in landfills
is limited to about 30 m. For slopes longer than 30 m, horizontal benches are used to break up the
slope into distinct areas (Koerner 2012). The equations to solve the problem of a finite slope
require more input parameters, but typically result in a higher factor of safety value. Therefore,
the simpler Equation (2.109) may be used with the conservative assumption of an infinite slope.

One method that may be used to increase an insufficient FS value is to include a geogrid
for veneer reinforcement (Koerner 2012). Geogrids are planar polymeric structures that consist of
a regular open network of tensile elements whose openings are larger than the constituents (IGS
2009). The soil will be in contact with the geosynthetic through its large apertures, providing
greater stability (Koerner 2012). A geogrid can bridge over voids in uneven waste to provide a
more level surface for construction of the cover and may reduce differential settlement (CGS
2006). In addition to cover reinforcement, geogrids are often used to allow the vertical or lateral
expansion of an existing landfill (Koerner 2012).

To ensure greater stability, cover side slopes should not be steeper than 3H:1V (Bonaparte
et al. 2002). The factor of safety in covers should be greater than 1.5 based on peak shear strength
and 1.0 based on large-displacement shear strength (Bonaparte et al. 2002). Under Ontario

regulations, cover slopes must not exceed 4H:1V and must not be less than 20H:1V (MoE 1998).
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Typically, the waste will be piled at the steeper slope until the maximum height is reached.
However, the top of the landfill cannot be completely flat to prevent ponding of rainwater. For

this reason, the top surface of the cover is usually sloped at 5° to ensure drainage occurs.

2.8.5 Anchor trench
To secure geosynthetics in place and to prevent them from sliding down the slope, they are
usually placed in an anchor trench. At the top of the slope, the geosynthetics are laid horizontally
for a certain distance, called runout. They may then be placed in a vertical ditch that can be dug
by a small backhoe or trenching machine. The geosynthetics should be placed on the inside wall
and base of the anchor trench (Bouazza et al. 2010a). After the geosynthetics are placed in the
anchor trench, the soil removed to create the trench is backfilled and compacted in lifts (Koerner
2012). Surface water run-on should be prevented from entering the anchor trench (Bonaparte et
al. 2002). Sealing the anchor trench by pouring concrete is not recommended, as geomembrane
pullout is preferred to a geomembrane failure along the slope (Koerner 2012). The anchor trench
is usually at least one metre back from the top edge of the slope, with the front edge rounded to
minimize stress concentrations (Bouazza et al. 2010c). For double-lined landfills, all components
may be placed in the same anchor trench, in separate trenches, or the primary geomembrane may
be thermally sealed to the secondary geomembrane along the runout distance (Koerner 2012). If a
geogrid is included, it should be placed in a separate anchor trench and covered with soil starting
from the toe of the slope upwards (Koerner 2012).

The geomembrane should be placed in the anchor trench and backfilled during the coolest
part of the day to prevent expansion (Bouazza et al. 2010a). The method of anchoring should be
carefully selected, as this is often found to be the cause of leakage. This is of particular
importance for double-lined systems to prevent excess leakage in the LDS. All of the

geosynthetic components should be sealed with a geomembrane cap strip as shown in Figure 2.19
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(Bonaparte et al. 2002). The site-specific runout distance required if a vertical anchor trench is

not used can be calculated using (Koerner 2012):

LRO — Tallow(cos B—sin B tan &y,) (2.110)

op(tandy+tandy)

where Lgo [L] is the geomembrane runout length, o, [ML™T?] is the applied normal stress due to
the cover soil, 5, (°) is the interface friction between the GM and the material underneath it, and
8u (°) is the interface friction between the GM and the material above it. Ty, [MLT?] is the

allowable force in the geomembrane, and is defined by (Koerner 2012):

Taow = CallowtaMm (2.111)

where tgyw [L] is the thickness of the geomembrane and 6,00 [ML™T ] is the allowable stress in
the geomembrane, which is obtained from laboratory tests and is usually within the range of 6000
to 30000 kPa (Koerner 2012). Vertical anchor trenches are recommended, with a common
recommended depth of 0.5 m (Koerner 2012).The required depth of the anchor trench can also be
calculated by a series of equations if a runout distance is assumed (typically 1 m). The process is

given by Equations (2.112) through (2.119) (Koerner 2012):
FUO' = Op tan 8U LRO (2112)

where Fy, [MT?] is the shear force above the geomembrane due to the cover soil, which is
assumed to be negligible for thin cover soils. The shear force below the geomembrane due to the

cover soil, Fi; [MT?], is defined as:
FLO‘ = Op tan 6L LRO (2113)

The shear force below the geomembrane due to the vertical component of Tyyow, FLr [MT"

7, is:

Fi.1 = Tanow Sin B tan &y, (2.114)
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The active earth pressure against the backfill side of the anchor trench, P4 [MT?], is:
Pp = (0.5ysoi1dat + 0n)Kadar (2.115)

where ysi [M L'ZT'Z] is the unit weight of soil in the anchor trench, dat [L] is the depth of the

anchor trench, and Ka (-) is the coefficient of active earth pressure, defined by:

Kp = tan®(45 — ) (2.116)
A similar procedure is followed for passive earth pressure, Pp [MT?]:

Pp = (0.5Ysoi1dat + 0n)Kpdar (2.117)

where K, (-) is the coefficient of passive earth pressure defined by:

Kp = tan®(45 + ) (2.118)

All of these parameters are then substituted into the general force equation, where the

depth of the anchor trench will be the only unknown:

Tanow 0SB = Fyg + FLo + Fur —Pa + Pp (2.119)

2.8.6 Waste stability
The stability of waste slopes must also be considered. Limit equilibrium slope stability methods
are commonly used. Waste filling plans should be devised before placement, considering the
slopes that will exist along with waste placement procedures. Several major waste failures have
occurred after heavy rainfall, which increases waste density and seepage forces (Bonaparte et al.
2002). In a study of 10 major waste slope failures, it was found that the triggering mechanism for
each case involved excess liquid. This includes the buildup of leachate or wetness of the
geomembrane/clay liner interface (Koerner 2012). The failure of a slope can often be traced to

drainage material with a permeability that is too low, which can increase leachate mounding
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(Rowe 1998b). Increased seepage pressures often have a large effect for interfaces located above
the GM (Bonaparte et al. 2002).

Other factors that have contributed to waste slope failure have been excavation at the toe
of the slope, exceeding the strength of the foundation, and stockpiling cover soil at the crest of the
slope. Excavation at the toe of the slope is often required when expansions are made to the
landfill footprint. For this reason, any excavation required for lateral expansion should be
checked for stability by a qualified geotechnical engineer (Rowe 1998b).

The stability of the waste slopes will be influenced by the shear strength of the waste,
which can be modelled using the Mohr-Coulomb failure criterion given in Equation (2.99). For
normal stresses of 10 to 350 kPa, results are given in Figure 2.20, with typical parameters being ¢
= 33%and ¢, = 24 kPa (Kavazanjian 2001). The shear strength of waste can be expected to
decrease with time as decay occurs. MSW has been observed to have an initially very high shear
strength that allows nearly vertical tipping faces (Breitenbach and Thiel 2005). If waste slopes are
designed to be 4H:1V it may be appropriate to use literature strength values for similar waste, but
for steeper slopes, site-specific testing should be conducted (Rowe et al. 2004).

The failure surface of waste slopes may be either rotational or translational, with
translational failure always occurring with geomembrane-lined slopes. Commercial slope stability

computer programs should be used to assess this risk (Koerner 2012).

2.8.7 Seismic stability
To limit movement to a tolerable degree in seismically sensitive areas, predetermined slip planes
can be used. For example, if the textured side of a geomembrane is facing down, movement will
be likely to occur along the top, smooth side of the geomembrane (Bonaparte et al. 2002).
It is undesirable for geosynthetics to be anchored during an earthquake. If no seismic

activity is expected, geosynthetics can remain anchored in the anchor trench throughout
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operation. However, if there is the possibility of an earthquake, the anchor trench should be
designed such that it is stable under static conditions but will not hold against seismic loading
(Bonaparte et al. 2002). Where seismic activity is expected, the preferred method of securing
geomembranes is to weld the primary geomembrane to the secondary geomembrane without the

use of a vertical anchor trench to avoid tensile failure along the slope (Koerner 2012).

2.9 Operation

Before the liner is completely covered with waste, guidelines should be given for the type and
maximum weight of equipment that will not damage the system (Bonaparte et al. 2002). For
example, only lightweight vehicles should be allowed to drive directly on any geosynthetic
(Koerner 2012). Sensitive areas of the liner may be identified with flags, and if possible can be

isolated with berms to prevent traffic around them (Bonaparte et al. 2002).

2.9.1 Groundwater monitoring

Most regulations are based on the landfill having a certain allowable effect on groundwater
pollutant concentrations. Other types of monitoring that should be considered when designing a
landfill are vadose zone moisture, chemistry and pressure, LCS and LDS flow quantity and
guality, leachate head in the LCS sumps, LCS and LDS hydraulic conductivity and gas collection
system flow, pressure, and temperature (Bonaparte et al. 2002).

Most regulations require the use of groundwater monitoring wells around the landfill area
to assess groundwater contamination. There has been some criticism of this approach based on
the low leakage rates that modern landfills can achieve and the high cost of the monitoring

program (Rowe et al. 2001).
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2.9.2 Leachate management
Leachate from MSW landfills is a mineralized, biologically active liquid containing trace
amounts of heavy metals and synthetic organic chemicals. The highest metal concentrations
found in a review of many studies were barium, nickel, and zinc. Commonly detected organic
compounds were acetone, methyl ethyl ketone, methylene chloride, and toluene (Bonaparte et al.
2002). Table 2.27 lists reported concentration of various chemicals in leachate. Due to its
potential to cause damage to the environment, careful consideration must be given to the
management of leachate. In a survey of 37 landfills located in New York state, 0 to 30% of the
annual operating budget was spent on leachate management (Phaneuf et al. 2002).

Perforated geopipes are embedded in the LCS to convey the leachate to sumps where it
can be removed from the landfill and treated (Rowe 2009a). Leachate may be removed by a
submersible pump or a gravity drainage layer. Pumps may be placed in riser pipes that extend up
the side slope of the landfill. Self-priming pumps have shown greater reliability in landfill
applications (Bonaparte et al. 2002).

Holes that occur in sumps can generate high leakage rates due to the high water head.
Leakage can be reduced by decreasing the height at which pumping of the sump occurs. Another
way to minimize leakage under sumps is to underlay the area with an additional liner, such as a
GCL, in addition to the liner system covering the rest of the landfill base. This added level of
protection is warranted by the high sensitivity of this area (Bonaparte et al. 2002).

The flow rate during the active life of the landfill is typically 2 to 3 times smaller than
during the initial stage of construction (Bonaparte et al. 2002). The leachate generation rate of a
Canadian landfill was approximately 0.3 m/a during operation and decreased to 0.2 m/a after

construction of the final cover (Yu 2012). Care should be taken to divert surface water from
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contributing to leachate production if a low infiltration approach is desired. Limiting the size of
each active landfill cell will help to reduce surface water intrusion (Bonaparte et al. 2002).

US regulations require leachate to be collected for the active life of the landfill and for 30
years post-closure. Other jurisdictions, such as Ontario, require leachate collection to continue for
the entire contaminating lifespan of the landfill, which may be hundreds of years (see Section
2.3.6). Even with very little infiltration from precipitation, significant amounts of leachate can be
generated from the processes of biodegradation (Rowe 2009a). Therefore, the LCS should never
be omitted from a landfill design, even in an arid region. Landfills in arid regions usually collect
less than 100 Iphd in their primary LCS (Bonaparte et al. 2002).

After leachate is collected, consideration must be given to its management. Leachate may
be stored in glazed steel panel tanks, which can have covers to control odours and prevent rain
intrusion. Another option is an in-ground concrete tank, which can be constructed to have a
capacity in the millions of gallons. Leachate storage may also be accomplished using
geomembrane-lined surface impoundments (Phaneuf et al. 2002). In some cases, it may be
possible to perform preliminary leachate treatment on-site and then discharge it into the sewer
system. This is likely to be a cost-effective option if it is permitted by regulations (Phaneuf et al.
2002).

PVC geomembranes were historically used to line leachate lagoons and ponds. If these
liners were left uncovered, they were prone to progressive brittleness and cracking. Polyethylene
is now more commonly used (Koerner 2012). The design volume of the leachate lagoon should
be calculated based on the leachate generation rate and the storage duration. Once the required
volume is known, the geometry of the lagoon can be designed using (Koerner 2012):

V =TIW — ST?] — ST?W + 25?13 (2.120)
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where V [L?] is the volume of lagoon, T [L] is the average depth of lagoon, I [L] is the length of
the lagoon, W [L] is the width at the ground surface, and S (-) is the horizontal to vertical slope
ratio (e.g., S = 3 for a 3H: 1V slope).

The side slopes of a lagoon are typically 3H:1V. It should be kept in mind that the depth
calculated with Equation (2.120) should be increased somewhat to allow for possible wave action
or overfilling. Another concern is the construction of deep lagoons. Problems that may arise
include issues with stabilization and interception of the water table, unsuitable soil conditions, or
bedrock (Koerner 2012). It is common to place a geotextile beneath the geomembrane in leachate
lagoons to provide a clean working area, for puncture resistance, to allow for the escape of
subsurface gas and/or water, and possibly to increase frictional resistance (Koerner 2012). A
nonwoven needle-punched geotextile, geonet, or geocomposite can be used if gas or water escape
is deemed necessary. However, a geotextile beneath the GM will increase the interface
transmissivity which increases leakage (see Section 2.4.4.6.1.2) and eliminate the composite
action between the geomembrane and the underlying soil. If gas generation can be expected to
occur beneath the liner, there is potential for the gas to lift up the GM, creating bubbles on the
bottom of the impoundment. To prevent this occurrence, passive gas vents should be installed
below the GM and the slope should be at least 3% (Richardson and Koerner 1988).

A geomembrane used as a leachate lagoon liner for 14 years was found to be severely
degraded in locations exposed to air, while the portions that were covered by leachate or soil had
a much lower antioxidant depletion rate (Rowe et al. 2004). Primary liner leakage is common in
unprotected surface impoundments. Because the GM in leachate lagoons in cold climates will be
exposed to greater variations in temperature than those in the landfill itself, slack may be
intentionally left during installation to allow for contraction at the lowest expected temperature.

Other measures for thermal protection are to cover the GM with an insulation layer if cold
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temperatures are expected and to install compensation panels (extra pieces of GM that are added

at the seams to allow expansion to occur) (Bonaparte et al. 2002).

2.9.3 Bioreactor landfills
The limiting reactant to the biodegradation of MSW is usually water (Kumar et al. 2011). The use
of a bioreactor landfill encourages decomposition of waste by increasing the moisture content to
the optimum for methane generation. In bioreactor landfills, the moisture content should remain
near the field capacity, which may range from 35 to 65% (Pichtel 2005). Waste with a higher unit
weight will have a higher field capacity (Qian et al. 2001). The leachate generated from the
landfill is often injected into the waste to increase the moisture content. Stabilization is often
achieved within 5 to 10 years (Pichtel 2005; Kumar et al. 2011). This fast stabilization will reduce
the post-closure monitoring period and therefore reduce closure costs (Kumar et al. 2011).

The ratio of BOD/COD concentration has been proposed as an indicator of waste
stabilization, with BOD/COD < 0.1 considered indicative of a stable methanogenic condition, at
which point most of the biodegradable waste has been degraded. The half-life of COD, a common
indicator of leachate strength, is ten times shorter in a bioreactor landfill than a conventional
landfill (Pichtel 2005). However, such a result could also be obtained if fresh waste is placed over
well-decomposed waste, as the BOD from the fresh waste would be consumed as leachate
percolated through the older waste (Laner et al. 2012). Placing new waste over old waste causes
the landfill to provide some treatment of the new leachate as it passes through the older waste
(Rowe 2005). Planned waste placement can provide some leachate treatment before collection
from the LCS.

While a major source of added moisture will come in the form of the leachate that has
been collected from the landfill, this is usually insufficient to achieve field capacity (Pichtel 2005;

Kumar et al. 2011). An estimate of the required moisture is 270 litres of water per cubic metre of
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waste. Landfills in arid regions are likely to require larger water quantities. Alternative liquid
sources include wastewater, biosludges, biosolids, stormwater run-off, and groundwater (Pichtel
2005). Water can be introduced to the landfill by pre-wetting the waste before placement, vertical
injection wells, horizontal infiltration systems, surface ponds, or sprayers (Kumar et al. 2011). It
has been reported that horizontal trenches are more effective in evenly distributing injected
moisture than vertical wells (Staub et al. 2011). Both horizontal and vertical wells can be used
after landfill closure, while the other methods lack this capability (Kumar et al. 2011).

A practical issue in the design of a bioreactor landfill is the use of plastic bags to hold the
waste. The plastic prevents the waste from being degraded if the bags are not ripped apart during
compaction of the waste. To counter this problem, the waste can be shredded prior to placement
in the landfill. It is also an option for municipalities to require the use of biodegradable bags for
household waste (Pichtel 2005). Shredded waste may be very dense and the process may not be
cost-effective, and has been reported not to help the overall performance of a bioreactor.
Compaction of waste in a bioreactor landfill should be minimized to allow the leachate more

uniform access to the waste (Kumar et al. 2011).

Clogging of the LCS will be accelerated in a bioreactor landfill because of the increased
rate of biodegradation (Rowe 2009a). While it is always beneficial for the LCS to have a high
permeability, this is even more important in bioreactor landfills. The LCS in a bioreactor landfill
should have a minimum initial hydraulic conductivity of 0.01 m/s (Qian et al. 2001). It has been
suggested in some cases that to prevent clogging, the LCS in a bioreactor landfill should not
include a geotextile or soil protection layer above the drainage layer; however, the data to support
this suggestion is sadly lacking and the omission of the geotextile or protection layer may

accelerate clogging of the drainage layer. This is a subject requiring more research.
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Traditional landfills are usually covered within one year of final lift placement. However,
the final cover for a bioreactor landfill should not be placed until the majority of settlement has
occurred (see Section 2.7.6). This is likely to take 5 to 20 years after the final lift placement.
During this time, a temporary cover should be installed. If gas is being collected, a geomembrane
will be necessary in the temporary cover. Otherwise, a soil cover should suffice (Qian et al.

2001).

Bioreactor landfills can be expected to achieve a 15 to 30% reduction in height due to
biodegradation and increased density. While faster biodegradation will decrease the
contaminating lifespan of a landfill (Kumar et al. 2011), the placement of additional waste
following settlement will increase the contaminating lifespan due to greater mass loading and
inorganic compounds that are not removed by biological processes.

Due to the addition of water, the liner of a bioreactor landfill will likely experience a
much greater hydraulic head than a traditional landfill (Kumar et al. 2011). For this reason, it is
recommended that a bioreactor landfill be lined with a composite GM/CCL system as a
minimum. Leakage can be reduced by using a GM/GCL system (Qian et al. 2001; Rowe 2005,
2012) along with a natural or engineered attenuation layer to provide diffusive protection (see
Section 2.4.3.2.2). To prevent excessive leachate mounds, the LCS should be pumped
continuously at 2 to 3 times the rate of leachate production (Kumar et al. 2011).

Perhaps the most important issue is that the increased moisture content characteristic of
bioreactor landfills causes increased temperature. High temperatures in the LCS have been shown
to increase clog growth, likely due to enhanced biological activity (Rowe and Yu 2010). The
increased temperature will also decrease the service lives of the geosynthetic components
exponentially (see Section 2.4.4.10). Injection of leachate or water can also cause instability,

higher unit weight of waste, and lower shear strength (Rowe et al. 2004). The lower shear
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strength means that bioreactor landfills cannot safely be built to the same height or slope as a

conventional landfill (Pichtel 2005; Kumar et al. 2011).

2.9.3.1 Anaerobic bioreactor
Anaerobic bioreactors require a pH near neutral. A volatile organic acid (VOA)-to-alkalinity ratio
greater than 0.25 is an indicator that the landfill conditions could prevent methane production.
The rate of moisture addition must be carefully monitored. Moisture should be added gradually
until the methane content of the landfill gas reaches 40%, at which time the methanogenic
bacteria have become established and the rate of moisture addition can be increased. The benefits
of anaerobic bioreactors include leachate storage within the waste, increased rate of settlement,
faster waste stabilization, a 200 to 250% increase in methane generation rate, and lower post-
closure costs (Pichtel 2005). Anaerobic bioreactors tend to have lower temperatures and slower

degradation than other types of bioreactor landfills (Kumar et al. 2011).

2.9.3.2 Aerobic bioreactor
Aerobic bioreactors operate by the same principles as composting. They require the addition of
air as well as water, which are introduced to the waste by a network of pipes. Water is added first
to achieve a moisture content of 50 to 70%. Air is then injected using vertical or horizontal wells.
Blowers force the air into the waste through perforated wells installed within the landfill. The
optimum temperature for degradation in an aerobic bioreactor is between 60 and 72°C (Pichtel
2005). The aerobic degradation process has led to temperature as high as 66°C being recorded in
bioreactor landfills (Kumar et al. 2011). This high temperature allows evaporation of the leachate,
with 50 and 86% evaporation rates being observed in two studies. The high temperature also
poses the danger of landfill fires. To prevent fires, the waste must be continually wetted and the

air injection must be uniform throughout the landfill. Aerobic landfills can achieve waste
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stabilization in 2 to 4 years. Methane is not generated in large quantities in an aerobic bioreactor.
The benefits of aerobic bioreactors include rapid waste and leachate stabilization, increased rate
of landfill settlement, 50 to 90% reduction in methane generation, up to 100% reduction in
leachate volume by evaporation, the potential for landfill mining (Pichtel 2005), decreased metal
mobility, a reduction in leachate and methane treatment costs, and greater removal of organics,
nitrogen, phosphorus, and alkali metals (Kumar et al. 2011).

A hybrid bioreactor combines the benefits of both the aerobic and anaerobic approaches.
Organics in the upper layers of waste are rapidly degraded aerobically while the lower layers of

waste generate methane anaerobically (Pichtel 2005).

2.9.4 Waste filling
The landfill footprint is usually broken up into cells that are sectioned off by berms. In the US,
most landfill cells are active for a period of 1 to 5 years, and are then closed with a low
infiltration cover (Bonaparte et al. 2002). The final cover should be progressively constructed as
each cell reaches its final height (MoE 1998). Constructing only one landfill cell at a time directly
before it will be filled is good practice. This way, the liner system will not be exposed for a long
period and has less chance of being damaged (Bonaparte et al. 2002). A recommendation for the

maximum working area of a landfill is given by (Pichtel 2005):

—_ 0'1WWElSte

Amax = e (2.121)

where Anax (mz) is the maximum working face of the landfill, Wy,.s (tonnes) is the average annual
waste input, and P (m) is the average annual rainfall. Ay, defines the size of the cell that accepts
waste in a given day and is covered by the daily cover at the end of the working day.Waste should

be placed in lifts with thickness of about 0.5 m and compacted (Kumar et al. 2011).
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2.9.5 Landfill fires
Methane is a common trigger for landfill fires. Tire shreds used as drainage material have been
known to ignite. In one case, the geomembrane was adequately protected from damage due to fire
by a 300 mm moist sand layer. To prevent fires, appropriate waste acceptance procedures should
be instituted, adequate compaction and breakdown of waste must be completed, and sufficient
inert cover material should be provided, along with ongoing monitoring of landfill gas and waste
temperatures (Needham et al. 2004).

One reason for the application of daily cover soil is to limit the amount of oxygen that can
access the waste. This can help in preventing landfill fires. Care should also be taken not to dump
“hot waste” in the landfill, as it is particularly susceptible to catching fire (Bonaparte et al. 2002).
Extinguishing landfill fires is often a long process. In one case, it took 11 months and required the
installation of hundreds of small steel pipes to pump leachate through the fire continually to lower

the temperature (Bonaparte et al. 2002).
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Table 2.1: Mass proportion of chemicals in leachate

Chemical Mass proportion (mg/kg)
1,1,1-trichloroethane 0.01 to 3.65°
1,4-dichlorobenzene 0.007°
Ammonium 1400 to 4000°
Benzene 0.014°
Cadmium 0.035°
Chlorine 1800?
Copper 1.0t06.7°
Dichloromethane 2.3
Ethylbenzene 010 0.39°
Iron 20 to 39°
Lead 0.42°

m, p-xylene 0t02.93°
Nitrogen 200 to 310°
o-xylene 0to1.21°
Organic carbon 2100 to 7100°
Phosphorus 5 to 33
Toluene 0.7%
Trichloroethene 0 to 0.59°
Vinyl chloride 0.039%
Zinc 14 to 98"

aMOoE 1998, PRowe et al. 2004

Table 2.2: Minimum recommended geotextile properties (Rowe et al. 2004)

Property ASTM Woven mono_filament Nonwoven need_le—punched
method geotextile geotextile

Mass per unit area (g/m?) D5261 200 270

Percent open area, POA (%) - 10 -

Apparent opening size, Ogs (Mm) D4751 - 0.21

Grab strength (N) D4632 1400 900
Trapezoidal tear (N) D4533 350 350

Puncture strength (N) D4833 350 350

Burst strength (kPa) D3786 1300 1700
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Table 2.3: Service life of LCS (MoE 1998)

Property Primary Secondary
Service life (years) 100 75 60 1000
Base side slope thickness (m) 0.3 0.3 0.3 0.3
Minimum thickness elsewhere (m) 0.5 0.3 0.3 0.3
Minimum dgs (mm) 37 37 3 37
Minimum dyg (mm) 19 19 19 19
Maximum C, 2.0 2.0 2.0 2.0
Maximum weight % passing US #200 sieve 1.0 1.0 1.0 1.0
Minimum internal collection pipe diameter 150 150 150 150
Minimum perforation diameter (mm) 12 12 12 12
Stone height above pipe (mm) 250 250 250 250
Stone height below pipe (mm) 50 50 50 50
Maximum drainage path (m) 50 25 50 100
Minimum surface grade (%) 0.5 0.5 0.5 0.5
Table 2.4: Maximum leachate parameters to limit clogging (Phaneuf 2010a)
Indicator Value
TSS 2500 mg/L
BOD 2500 mg/L
pH 7
Total carbonate hardness 300 mg/L
Total Fe 2 mg/L
Total Mn 1 mg/L
CO, 50 mg/L
H,S 1 mg/L
Table 2.5: Suggested reduction factors for geonet flow rate (Koerner 2012)
Application RF N RFcr RFcc RFgc
Cover drainage 1.3t015 1l1ltol.4 10t01.2 15t02.0
Primary LCS 1.5t02.0 141020 15t020 15t02.0
Secondary LCS 1.5t02.0 141020 1.5t020 15t02.0
Table 2.6: Temperature effect on diffusion and hydraulic conductivity (after Rowe 1999)
Temperature (°C) Dy ke

Dyy | kg
10 0.71 0.76
20 1 1
25 1.14 1.15
35 1.42 1.38
50 1.92 1.84
65 2.5 2.23
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Table 2.7: Surface area and CEC of common clay minerals (Rowe et al. 2004)

Clay mineral Surface area (m?/g) CEC (meq/100 g)
Montmorillonite 800 100

Ilite 80 25
Chlorite 80 25
Vermiculite 250 150
Kaolinite 15 5

Table 2.8: Diffusion, distribution, and partitioning coefficients through CCLs, GCLs, and GMs

CCL GCL GM

Chemical D, x 10™° Kg D, x 10% Kg Dy x 10 St ()
(m?s) (mL/g) | (m%s) (mL/g) (m?s)
1,1-dichloroethane 1to 2.5%
1,1,1-trichloroethane 3.5° 78.2°
1,2,4,5- 10°
tetrachlorobenzene
1,2,4-trichlorobenzene 2.2°
1,2-dichlorobenzene 0.98¢ 1.4° 0.98°
1,2-dichloroethane 3 2.5 0.16 to 6.8° 6 to 12°
0.18¢
1,4-dioxane 4.00°
2-butanone 0.3t00.8°
Acetic acid 0.003to 1.1* | 0.015to 0.021%
Acetone 5.60° 0.26 to 1.0° 0.013t0 0.2°
Aluminum 12"
Ammonium 5.70° 1.56%
Aniline 6.80°
Arsenic 3t05° 0.86" 210 20"
Benzene 3.60° 3.70¢ 4.4° 0.12 to 0.35° 50 to 557
0.19 to 0.24f 51'
0.2¢
Bromide 4.8 to 18.2° 0?
60
Cadmium 30t04.2% [ 2t070° | 0.86" 30 to 39"
Calcium 3.80° 1.28 1.0 3to 6"
Carbon tetrachloride 482 0.18 t0 0.2°
Chloride 2t08° 0? 2.40° 0to2" | 0.002t00.3% 0.00082
7.9° 3.8"
3.5t10
4.1
0.4to0 3°

Chlorobenzene 0.37% 109 to 116*
Chloroform 7.00° 178 0.134 t0 0.153°
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CCL GCL GM
Chemical D, x 10" Kq D, x 107 Kq Dy x 10% St (9)
(m?/s) (mL/g) | (m?5s) (mL/g) (m?/s)
Copper 400° 0.67" | 25to0 60"
Cyclohexane 0.012° 2378°
Dichloromethane 8.0t0 8.5" 3.00 1.0’ 0.45 to 9° 1.8t0 6°
(DCM) / methylene 0.95 to 1.2° 2.09 to 2.22"
chloride 0.25° 2!
0.923%
Ethylbenzene 2.90° 36" 0.18° 285 to 315°
0.16 t0 0.18" 310 to 345'
0.16°
lodide 3.5t014.7° 0
Iron 0.69" 47 to
700"
Lead 5.9° 19007 5.90°
6000°
Magnesium 1.3" 35t019"
Manganese 1.9" 810 40"
Methyl ethyl ketone 0.3t00.8* 0.025°
Methyl tertiary butyl 0.52 to 0.57"
ether (MTBE)
Nickel 0.73" | 34to59"
o-xylenes 2.60° 27° 0.04 to 0.15° 295 to 320
0.14t00.17°
0.119
Potassium 5t07.5° 2.7° 3.2" 2t0 3"
m, p-xylenes 2.50° 42° 0.06 t0 0.17° 340 to 440"
0.15t00.17°
0.159
Sodium 2t04.8° 0to 5.1t0
0.3 5.9'
Strontium 0.92" 7 to 60"
Sulfate 2.00° 0
Tetrachloroethane 782
Toluene 06t03° 3.10° 157 0.3 63.5 to 192°
0.12t0 6.1° 100 to 125°
0.19 to 0.22f 87 to 90%
0.22¢ 193'
0.364%
Trichloroethylene 4.2 18.8’ 0.16 to 0.4° 53 to 189°
(TCE) 0.28¢ 62 to 67"
0.7 52!
Zinc 37t07" | 2t035° | 0.77" 17 to 57"

“Rowe et al. 2004; "Rowe et al. 2001; “Rowe 2001; Rowe 2007; “Rowe 1998; "Islam and Rowe 2009;
9Sangam and Rowe 2005; "Lange et al. 2009; 'Lake and Rowe 2000; ‘Paumier et al. 2011; *Park et al. 2012;
"Touze-Foltz et al. 2011
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Table 2.9: Diffusion coefficients through BES (Rowe 2001)

Bentonite (%) Porosity, n (-) Contaminant De x 10 (m?/s)
0 0.3t00.33 Bromide 10to 11
Trichloroethane 6.6107.3
4 0.37 Bromide 6
Trichloroethane 4.4
5 04 Chloride 7.9

Table 2.10: Test frequencies for compacted clay liners (Rowe et al. 2004)

Property Location | ASTM method | Borrow pit | Loose lift | After compaction
Water content Field D6780 750 m? or lift
Water content Lab D2216 2000 m? 800 m* 750 m” or lift
Density Field D1556/D2167 15000 m? or lift
Atterberg limits Lab D4318 5000 m* 800 m° 750 m? or lift
Grain size distribution Lab D422 5000 m* 800 m° 750 m? or lift
Compaction curve Lab D698 5000 m®* | 4000 m®

Hydraulic conductivity Lab D5084 10000 m® 2000 m*

Table 2.11: Recommended GCL specifications (minimum except where noted) and testing
frequencies (after Bouazza et al. 2010b, GRI 2010, and Koerner 2012)

Property ASTM | Specification Testing frequency
Dry thickness D1777 N/A Each roll®
Swell index? (mL/2 g) D5890 247 500 m*, 50 tonnes'
Fluid loss® (mL) D5891 18" 500 m*, 50 tonnes'
Moisture content® (%) D5993 N/A 500 m*%, 4000 m”'
Non\gvoven cover geotextile mass per unit area® | D5261 | 200°T, 100°" 20000 m*

/m
\(/g\]/ove)n cover geotextile mass per unit area” (g/m?) D5261 100" 20000 m*
Nc/)n\évoven carrier geotextile mass per unit area’ | D5261 240°%, 100° 20000 m*'

m
\(/%/ovgn carrier geotextile mass per unit area” (g/m”) | D5261 100° 20000 m*'
Mass per unit area of GCL® (g/m°) D5993 4000" 500 m*%, 4000 m*'
Mass per unit area of bentonite® (g/m?) D5993 3700" 2500 m*%, 4000 m*
Montmorillonite content by x-ray diffraction (%) N/A 90" 10000 m*
Montmorillonite content by methylene blue (%) N/A 70" 500 m*
Mass per unit length of supplemental bentonite in N/A 0.4" 40 m°
overlaps (kg/m)
Tensile strength®, machine direction (kN/m) D6768 4 20000 m”'
Peel strength of needle-punched GCLs® (N/m) D6496 360" 500 m*%, 4000 m*'
Hydraulic conductivity® (m/s) D5887 5 x 107 10000 m?9, 25000 m”'
Bentonite hydraulic conductivity after permeation | D6766 1x107%T Yearly'
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with 0.1 M CacCl, at 35 kPa (m/s)

Bentonite hydraulic conductivity after permeation | D6766 5 x 1071%" Yearly'
with 0.1 M CacCl, at 500 kPa (m/s)
Geotextile strength retained after oven aging (%) D4632 65" Yearly'

*Reinforced GCL, "Nonreinforced GCL, “Maximum value, °As received, °As manufactured, 'GRI (2010)
recommendation, °Bouazza et al. (2010b) recommendation, "Koerner (2012) recommendation; N/A = not

applicable

Table 2.12: GCL bulk void ratio based on applied stress and manufacture (Rowe et al. 2004)

Confining stress (kPa) No needle-punching Needle-punched Needle-punched with
thermal treatment
6 7.58 5.12 3.98
25 4.04 3.23 2.97
100 2.58 2.26 2.25
200 1.96 1.68 1.69
400 15 1.24 1.19

Table 2.13: Antioxidants and their effective temperature ranges (Bonaparte et al. 2002)

Category Chemical type Effective temperature range
Primary Hindered phenols 0 to 300°C
Hindered amine light stabilizers (HALS) 0 to 140°C
Secondary Phosphites 150 to 300°C
Thiosynergists 0 to 200°C
HALS 0 to 140°C
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Table 2.14: Typical HDPE GM laboratory test specifications (minimum except where noted)

Property ASTM Specification Frequency
Density (with additives) D792/D1505 0.940 g/cm®*© 5000 m”®
Density (no additives) D792/D1505 0.932 g/cm™

Polyolefin polymer - 97.5%"

Carbon black content D1603 2 to 3%*° 5000 m®
Carbon black particle size - 20 nm”

Carbon black dispersion D5596 INE 5000 m®
Melt flow index (maximum) D1238 1.0 g/10 minutes”

Antioxidant content - 0.5%"°

Standard OIT as manufactured D3895 100 minutes®® 10000 m®
High pressure OIT as D5885 400 minutes* 10000 m*
Standard OIT after aging D5721 55% retained®® 10000 m*
High pressure OIT after aging D5721 80% retained*® 10000 m®
High pressure OIT after UV D5885 50% retained®® Each
Stress crack resistance (smooth) D5397 300 hours*® 10000 m®
Stress crack resistance (textured) D5397 300 hours®; 700 hours® 10000 m®
Strain at yield D6693 12%*¢ 5000 m®
Strain at break (smooth) D6693 700%*° 5000 m®
Strain at break (textured) D6693 100%™¢ 5000 m”®
Core thickness (textured) D5994 1.5 mm? Each roll?
Asperity height (textured) D7466 0.25 mm°© Each roll°
Thickness D5199 1.5 mm 2mm 2.5 mm Each roll?
Tear resistance® D1004 187 N 249N 311N 5000 m*
Strength at yield®® D6693 22kN/m | 29kN/m | 37 kN/m 5000 m®
Puncture resistance (smooth)? D4833 480 N 640 N 800 N 5000 m®
Puncture resistance (textured)®® D4833 400 N 534 N 667 N 5000 m®
Strength at break (smooth)*® D6693 40kN/m | 53KkN/m | 67 kN/m 5000 m®
Strength at break (textured)®® D6693 16 kKN/m | 21 kN/m | 26 kN/m 5000 m®

aRowe et al. 2004; "Bouazza et al. 2010a; ‘GRI 2011a;

169

INeedham et al 2004




Table 2.15: Typical LLDPE GM laboratory test specifications (minimum except where noted)

Property ASTM Specification Frequency

Density D792/D1505 0.915 to 0.926 g/cm™ 5000 m*

Polyolefin polymer - 97.5%*

Carbon black content D1603 2 to 3%" 20000 kg”

Carbon black particle size - 20 nm?

Carbon black dispersion D5596 A1 5000 m*

Melt flow index (maximum) D1238 1.0 g/10 minutes®

Antioxidant content - 0.5%*

Standard OIT as manufactured D3895 100 minutes™” 10000 mzi, 90000

kg

High pressure OIT as D5885 400 minutes™® 10000 m*, 90000

manufactured kg’

Standard OIT after aging D5721 35% retained®” 10000 m*, per

formulation®
High pressure OIT after aging D5721 60% retained®” 10000 m*, per
formulation”

High pressure OIT after UV D5885 35% retained” Per formulation®

exposure

Axisymmetric break resistance D5617 30%?° Per formulation®”

strain

Stress crack resistance D5397 300 hours? 10000 m?

Strain at break (smooth) D6693 800%"° 9000 kg”

Strain at break (textured) D6693 250%" 9000 kg”

Core thickness (textured) D5994 1.5 mm? Each roll*®

Asperity height (textured) D7466 0.25 mm° Every second roll”

Thickness D5199 1.5mm 2mm | 2.5mm Each roll*®

Tear resistance” D1004 150 N 200N | 250N 20000 kg

2% modulus (maximum)® D5323 630 kN/m 840 1050 Per formulation®
kN/m kKN/m

Puncture resistance (smooth)® D4833 370N 500 N 620 N 20000 kg

Puncture resistance (textured)® D4833 300 N 400 N 500 N 20000 kg

Strength at break (smooth)® D6693 40 kN/m 53 66 9000 kg”
kN/m kKN/m

Strength at break (textured)® D6693 16 kN/m 21 26 9000 kg”
kN/m KN/m

3Bouazza et al. 2010a; °GRI 2011b
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Table 2.16: Recommended FS values for Equation (2.87) (Rowe et al. 2004)

Protrusion height (mm) Minimum factor of safety
6 (isolated) 3
12 (isolated) 4.5
25 (isolated) 7
38 (isolated) 10
Packed gravel, P <38 mm 3

Table 2.17: Minimum required properties for a nonwoven protection geotextile (Bonaparte et al.

2002)

ASTM Requirement based on mass per unit area (g/m°)
Property D5261 340 406 542 812 1080 2000
Grab tensile strength (kN) D4632 1.02 1.33 1.64 2.00 2.25 2.80
Grab tensile elongation (%) D4632 50 50 50 50 50 50
Trapezoidal tear strength (kN) D4533 0.42 0.51 0.64 0.89 0.96 1.27
Puncture strength (kN) D4833 053 | 062 | 0.75 | 111 1.33 1.71
UV resistance (%) D4355 70 70 70 70 70 70

Table 2.18: Short-term GM strains and GCL thinning for various alternate protection layers for a
GM/GCL composite liner under 250 kPa (after Dickinson and Brachman 2008)

GM protection L Average normalized change
Peak GM tension (%) in GCL thickness
150 mm sand 0.1 0.22
150 mm compacted clay 0.3t00.4 0.12 t0 0.40
75 mm tire shreds 4.1 0.48
150 mm tire shreds 5.21t06.3 0.28 t0 0.42
570 g/m” NWNP GT + 150 mm tire shreds 2.3102.8 0.15t00.26
570 g/m” NWNP GT 10.7 0.63
1230 g/m” NWNP GT 7.6 1.06
2240 g/m* NWNP GT 5.1 0.80
270 g/m* NWT GT 14.6 0.80
220 g/m*woven /570 g/m* NWNP layered GTs 6.7 0.55
(not glued) ' '
220 g/m? woven /570 g/m” NWNP/220 g/m* woven E4 0.60
layered GTs (not glued) ' '
270 g/m* NWT/570 g/m” NWNP/270 g/m* NWT 3.9 0.54
layered GTs (not glued) ' )
270 g/m* NWT/2240 g/m* NWNP/270 g/m* NWT 90t02.6 0.32 t0 0.61
layered GTs (glued) ' ' ' )
192 g/m* SNWNP GT/sand/275 g/m” NW GT 6.2 075
(needle-punched, thermally bonded) ' '
Geonet 12.8t0 15.4 0.61t00.81
None 19.3 0.98
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NWNP = nonwoven needle-punched; NWT = nonwoven thermally treated; SNWNP = scrim reinforced
needle-punched; NW = nonwoven; GT = geotextile
Table 2.19: Maximum allowable strain in geomembranes (Bouazza et al. 2010a)

Geomembrane type

Maximum allowable strain

HDPE smooth

6%

HDPE randomly textured

4%

HDPE structured profile

6%

LLDPE density < 0.935 g/cm®

12%

LLDPE density > 0.935 g/cm®

10%

LLDPE randomly textured

8%

LLDPE structured profile

10%

Table 2.20: Estimated service lives of secondary geomembrane liners (Rowe and Hoor 2009)

Primary liner FL Secondary liner AL PGM T SGMT Service
(m) (°C) (°C) life

(years)
GM/GCL GN GM/GCL 3 30 29.9 310
GM/GCL GN GM/GCL 3 40 39.8 125
GM/GCL GN GM/GCL 3 50 49.8 50
GM/GCL 1 mFL/GR GM/1 m CCL 1 30 24.9 515
GM/GCL 1 mFL/GR GM/1 m CCL 1 40 32.3 250
GM/GCL 1 mFL/GR GM/1 mCCL 1 50 39.7 125
GM/GCL 1 mFL/GR GM/1 m CCL 3 30 27.6 390
GM/GCL 1 mFL/GR GM/1 m CCL 3 40 36.4 170
GM/GCL 1 mFL/GR GM/1 mCCL 3 50 45.2 75
GM/GCL 1 mFL/GR GM/1 mCCL 10 30 29.1 340
GM/GCL 1 mFL/GR GM/1 m CCL 10 40 38.7 135
GM/GCL 1 mFL/GR GM/1 m CCL 10 50 48.3 60
GM/0.5 m CCL GR GM/1 m CCL 3 30 28.5 360
GM/0.5 m CCL GR GM/1 m CCL 3 40 37.7 150
GM/0.5 m CCL GR GM/1 m CCL 3 50 46.9 65
GM/0.75 m CCL GR GM/1 m CCL 3 30 28.1 370
GM/0.75 m CCL GR GM/1 m CCL 3 40 37.1 160
GM/0.75 m CCL GR GM/1 m CCL 3 50 46.1 70
GM/1 mCCL GR GM/1 m CCL 3 30 27.6 390
GM/1 mCCL GR GM/1 m CCL 3 40 36.5 165
GM/1 m CCL GR GM/1 m CCL 3 50 45.3 75
GM/1.5m CCL GR GM/1 m CCL 3 30 26.9 420
GM/1.5m CCL GR GM/1 m CCL 3 40 35.4 185
GM/1.5m CCL GR GM/1 m CCL 3 50 43.9 85
GM/3 m CCL GR GM/1 m CCL 3 30 25.1 505
GM/3 m CCL GR GM/1 m CCL 3 40 32.6 240
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GM/3 m CCL GR \ GM/1mCCL \ 3 \ 50 \ 40.1 120
FL = foundation layer; AL = attenuation layer; PGM = primary geomembrane; SGM = secondary
geomembrane; GN = geonet; GR = gravel
Table 2.21: Ultimate analysis of MSW (after Tchobanoglous et al. 1993)
Waste component Moisture C (%) H (%) O (%) N (%) | S(%) | Ash (%)

content (%)
Food waste 70 48 6.4 37.6 2.6 04 5
Paper 55 44 6 44.2 0.3 0.2 53
Plastic 0.2 60 7.2 22.8 0 0 10
Textiles, rubber, leather 8 62 24 3.9 0.1 2
Wood 50 495 42.7 0.2 0.1 15
Glass 2 0.5 0.1 0.4 0.1 0 98.9
Metal 4.5 0.6 4.3 0.1 0 90.5
Other 26.3 3 2 0.5 0.2 68
Table 2.22: Chemical information (MoE 1998)
Contaminant Initial source Mass Half- Health Aesthetic Maximum
concentration proportion life related drinking allowable
(mg/L) (mg/kqg) (years) | drinking water concentration
water objective (mg/L)"
objective (mg/L)
(mg/L)

Benzene 0.02 0.014 25 0.005 - 0.00125
Cadmium 0.05 0.035 - 0.005 - 0.00125
Chloride 1500 to 2500° 1800 - - 250 125
Lead 0.6 0.42 - 0.01 - 0.0025
1,4-dichlorobenzene 0.01 0.007 50 - 0.001 0.0005
Dichloromethane 3.3 2.3 10 0.05 - 0.125
Toluene 1.0 0.7 15 - 0.024 0.012
Vinyl chloride 0.055 0.039 25 0.002 - 0.0005

®Varies linearly based on mass loading of 150000 to 250000 t/ha
Assumes negligible background concentration. Use Equation (2.91) if contaminant is present in

groundwater.

Table 2.23: Minimum requirements for Ontario geomembrane service life (MoE 1998)

Property Primary Secondary
Service life (years) 150 350
Thickness (mm) 1.5 2.0
Standard OIT 100 100
Standard OIT after aging (% retained) 80% 80%
High pressure OIT 250 250
High pressure OIT after aging (% retained) 80% 80%
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Table 2.24: Maximum contaminant levels for chemicals in leachate (Pichtel 2005)

Chemical MCL (mg/L)
1,1-dichloroethylene 0.007
1,1,1-trichloroethane 0.2
1,2-dichloroethane 0.005
1,4-dichlorobenzene 0.075
2,4-dichlorophenoxy acetic acid 0.07
2,4,5-trichlorophenoxy acetic acid 0.05
Arsenic 0.01
Barium 2.0
Benzene 0.005
Cadmium 0.005
Carbon tetrachloride 0.005
Chromium 0.05
Endrin 0.002
Fluoride 4.0
Lindane 0.0002
Lead 0.015
Mercury 0.002
Methoxychlor 0.04
Nitrate 10
Selenium 0.05
Silver 0.05
Toxaphene 0.003
Trichloroethylene 0.005
Vinyl chloride 0.002

Table 2.25: GCL internal shear strengths based on reinforcement type

GCL type o (°) ¢’p (kPa) o, r (%) C'ia, r (kP2)
Nonreinforced 5.7%,10.2° 5.0°, 2.4° 5.3%,4.7° 3.5% 1.0°
Stitch-bonded 5.6% 4.3 28.5%, 71.6° 4.7 1.0°
Needle-punched (all) 39.7%,32.6" [ 19.9° 98.2° 7.9°47° 18.3% 1.0°
Needle-punched (W) 40.9% 19.1% 7.8 19.1%
Needle-punched (NW) 24.5° 35.0° 8.7% 11.3°
Thermally treated needle-punched 22.7° 33.2°% 9.0° 11.8°

p = peak, r = residual, Id = large displacement, W = woven carrier geotextile, NW = nonwoven carrier
geotextile; *Zornberg et al. 2005; "Qian et al. 2001: applicable for normal stress between 7 and 280 kPa
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Table 2.26: Interface shear strength values reported in the literature

Geosynthetic interface

Opposing interface

Interface friction & (°) (peak, residual)

smooth HDPE GM sand 15 to 28°
concrete sand 18°
Ottawa sand 18°
mica schist sand 17°
clay 510 29°
geotextile 8to 18°
geonet 6 to 10°
GCL 8to 16°
woven monofilament GT 6°
woven slit-film GT 10°
nonwoven needle-punched GT 8°
nonwoven heat-bonded GT 11°
textured HDPE GM sand 30 to 45°
drainage sand 37, adhesion = 1.2 kPa, 24°
clay 29, adhesion = 7.2 kPa*
compacted clay 7 to 35, adhesion = 20 to 30 kPa®
pea gravel 20 to 25°
geotextile 14 to 52°
geonet 10 to 25°
GCL 15 to 25°
dry bentonite 37, 35"
woven slit-film GT 20, 20°

nonwoven needle-punched GT

29 to 37, 22 to 24°

nonwoven GT

32, adhesion = 2.6 kPa®

GCL sand 20 to 25°
clay 14 to 16°
GCL 8 to 25, adhesion = 8 to 30 kPa®

GT sand 22 to 44°

clay 15 to 33°

geonet 10 to 27°
woven monofilament GT concrete sand 26°

woven slit-film GT drainage sand 31, 31°

concrete sand 24°
Ottawa sand 24°
mica schist sand 23°
nonwoven needle-punched concrete sand 30°
GT Ottawa sand 26°
mica Schist sand 25°
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nonwoven heat-bonded

concrete sand

26°

*Rowe et al. 2001, "Bonaparte et al. 2002, °Qian et al. 2001
Table 2.27: Measured concentrations in leachate (Pichtel 2005)

Chemical C (mg/L) Chemical C (mg/L)
1,1,1-trichloroethane 1 to 13000 Bis(2- 18to 25
1,1,2,2-Tetrachlorothane 210 I?;ié(Z—ethyIhexyl)phthalate 16 to 750
1,1,2-Trichloroethane 30to 630 Bis(chloromethyl)ether 250
1,1-Dichloroethane 4 to 44000 BOD 7 t0 29200
1,2,3-Trichloropropane 230 Bromomethane 170
1,2-dichlorobenzene 3t021.9 Butanol 10000
1,2-Dichloroethane 1to 11000 Butyl benzyl phenol 21to0 150
1,2-Dichloropropane 0.03 to 500 Cadmium 0.0007 to 0.15
1,3-dichloropropane 18t0 30 Calcium 95.5 to 2100
1,4-dichlorobenzene 1to52.1 Carbon tetrachloride 6 to 397.5
1-butanol 320 to 360 Chloride 31to 5475
1-Propanol 11000 Chlorobenzene 1to 685
2,4-D 7.4 t0 220 Chloroethane 11.1 to 860
2,4-Dimethyl phenol 10 to 28 Chloroform 7.27 to 1300
2-Butanone 110 to 27000 Chloromethane 170 to 400
2-Chloroethyl vinyl ether 2t0 1100 Chromium 0.0005t0 1.9
2-Chloronapthalene 46 cis-1,2-Dichloroethane 190 to 470
2-Hexanone 6 to 690 Cobalt 0.04t0 0.13
2-Propanol 94 to 26000 COD 42 to 50450
4,4-DDT 0.042t0 0.22 Copper 0.003t0 2.8
4-Methyl-2-pentanone 10to 710 Cyanide 0.004t0 0.3
4-Nitrophenol 17 Dibromomethane 5
Acetone 8 to 11000 Dichlorodifluoromethane 10.3 to 450
Acrolein 270 Dichloromethane (DCM) / 2 to 220000
Alkalinity 470 t0 57850 Diethyl phthalate 310 330
Aluminum 0.01t05.8 Dimethyl phthalate 30 to 55
Ammonia 0.39 to 1200 Di-N-butyl phthalate 12 to 150
Antimony 0.0015 to 47 Endrin 0.04 to 50
Arsenic 0.0002 to 0.982 Ethanol 23000
Barium 0.08t0 5 Ethyl acetate 4210 130
Benzene 4t0 1080 Ethyl benzene 6 to 4900
Beryllium 0.001to0 0.01 Fluoride 0.11 to 302
Iron 0.22 to 2280 Sodium 12 to 2574
Isophorone 4 to 16000 Sulfate 8 to 1400
Lead 0.005t0 1.6 Tetrachloroethylene 2 t0 620
Lindane 0.017 to 0.023 Tetrahydrofuran 18 to 1300
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Chemical C (mg/L) Chemical C (mg/L)
Magnesium 74 to 927 Toluene 5.55 to 18000
Manganese 0.03t0 79 Total dissolved solids 390 to 31800
Mercury 0.0001 to 0.00098 Total organic carbon 20 to 14500
Methyl ethyl ketone 0.0086 to 37° Total suspended solids 23 t0 17800
Naphthalene 2 to 202 Toxaphene 1
Nickel 0.02 to 2.227 trans-1,2-Dichloroethylene 2 t0 4800
Nitrobenzene 40120 Trichloroethylene (TCE) 1to 1300
p-Cresol 45.2t0 5100 Trichlorofluormethane 4to 150
Pentachlorophenol 310470 Vanadium 0.009 to 0.029
Phenol 7.3 to 28000 Vinyl chloride 8to6l
Phosphorus 0.29t0 117.18 Xylenes 3210 310
Potassium 17.8t0 1175 Zinc 0.03 to 350
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Figure 2.1: Sawtooth configuration for LCS pipes (Richardson and Koerner 1988)
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Figure 2.2: Young's modulus of soil (after Qian et al. 2001)
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Figure 2.4: Assumed source concentration variation of COD, TSS, and calcium entering the LCS
(Yu2012)
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Figure 2.5: Average porosity reduction required to cause LCS clogging (Yu 2012)
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Stitch-bonded GCL Needle-punched GCL
Figure 2.7: Four types of GCL (modified from Bouazza et al. 2010b)
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Figure 2.8: Leakage through a wrinkle with a hole (Rowe 2010)
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Figure 2.10: Nonreinforced GCL shear strength (Bonaparte et al. 2002)
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Figure 2.14: US EPA generic MSW landfill liner (modified from Pries and Clitus 2010)
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Figure 2.15: US EPA generic MSW landfill cover (modified from Pries and Clitus 2010)
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Figure 2.16: EU generic MSW landfill liner (modified from Pries and Clitus 2010)
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Figure 2.17: EU generic MSW landfill cover (modified from Pries and Clitus 2010)
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Chapter 3
Prediction of Geosynthetic Clay Liner Desiccation in Low Stress

Applications

3.1 Introduction

Geosynthetic clay liners (GCLs) are a common component used in barrier systems to minimize
the flow of liquids. Their extremely low hydraulic conductivity, typically between 5 x 102 and 5
x 10" m/s (depending on stress level) when permeated with water (Rowe et al. 2004), decreases
the amount of leakage that can escape the system compared to natural soils. The effectiveness of
GCLs can be decreased if their hydraulic conductivity increases substantially because of chemical
interaction, seam separation, internal erosion, freeze/thaw cycles, or desiccation (Rowe et al.
2004). This chapter focuses on the risk of GCL desiccation in low stress applications, such as

leachate lagoons and especially solar ponds, as predicted by a numerical model.

Maximum temperatures at the base of landfills have commonly been reported from 35 to
45°C (Yoshida and Rowe 2003). The temperature in solar ponds range from 30°C at the pond
surface to 90°C at the liner (Silva and Almanza 2009). While geomembrane (GM) liners have
historically been used, Silva and Almanza (2009) assessed the potential for using various types of
compacted clay as a liner for solar ponds. They found promising results while noting the need for
additional experimental tests to examine the long-term behaviour of clays exposed to high
temperatures. When a GCL is exposed to elevated temperatures, a thermal gradient will exist
between the liner system and the cooler groundwater. Water vapour will travel by vapour
diffusion away from the hotter liner under this thermal gradient. The decrease in moisture will
increase the suction (negative capillary pressure) in the GCL. At the same time, liquid water will

be drawn upwards by this capillary pressure. The upward flow of water will be limited by the
189



hydraulic conductivity of the subsoil, which decreases substantially at lower degrees of
saturation. This study considers composite liners consisting of a geomembrane overlying the
GCL, which prevents any additional moisture from entering the system. These combined

processes have the potential to cause desiccation of GCLs under certain circumstances.

Southen and Rowe (2005a) assessed the ability of a rigid-media model developed by Déll
(1997) to model GCL desiccation. Models that do not consider compressibility have been found
to underpredict volumetric water content (Parent et al. 2007). Southen and Rowe (2005a) found
the volumetric water contents in the GCL were underestimated by a factor of 2 by the D&ll (1997)
model, and concluded that this model was not suitable for predicting GCL desiccation. Zhou et al.
(1998) presented a new model for deformable thermo-hydro-mechanical analysis (describing the
coupled flow of heat, liquid water, water vapour, and air) of unsaturated media, which improved
upon previous models that assumed a rigid medium. The Zhou et al. (1998) model was extended
by Zhou and Rowe (2003) to model the desiccation of clay liners used as barriers in landfill
applications. The inclusion of deformation effects is crucial to the modelling of clay liners in

landfills, particularly GCLs, which are highly compressible.

Zhou and Rowe (2003) present a fully coupled thermo-hydro-mechanical model with
displacement, capillary pressure, air pressure, and temperature as the basic variables. The model
makes several assumptions: (i) each layer of the porous media is homogeneous and isotropic; (ii)
liquid water and heat flow occur due to water potential and temperature gradients; (iii) vapour
movement occurs by convection and diffusion; (iv) thermal equilibrium exists between the
different phases; (v) deformations are small and strains are infinitesimal; and (vi) heat flows due
to conduction, convection, and latent heat transfer (Zhou and Rowe 2003). Since the governing
equations are nonlinear partial differential equations, it is not possible to obtain analytical

solutions and a mass-conservative finite element method has been implemented. The Petrov-
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Galerkin method was used with a backward difference time-stepping scheme, which was
necessary to ensure a stable solution (Zhou and Rowe 2003). For a full explanation of the model’s
governing equations, refer to Zhou and Rowe (2003). The finite element program is referred to as
DESICCATE.

The majority of research into the thermo-hydro-mechanical behaviour of bentonite has
been in the context of nuclear waste deposition, where heavily compacted bentonite is proposed
as a sealing material between nuclear waste canisters and the surrounding underground
environment (Navarro and Alonso 2000). While some of the research conducted in this area is
transferable to the use of bentonite in the landfill and solar pond applications considered in this
chapter, there are some notable differences. Firstly, the bentonite used for nuclear waste
deposition is heavily compacted compared to the very loose bentonite used in GCLs. This will
affect the engineering properties of the bentonite, including the Poisson’s ratio, compressibility,
void ratio, and the water retention behaviour. Secondly, the bentonite used in nuclear waste
applications is designed to be subjected to much higher stresses than will be present in landfills or
solar ponds. The parameters selected for use in modelling the GCL in this study were taken from

data reported on GCLs or noncompacted bentonite when it was available.

This study builds on the work presented by Hoor and Rowe (2012), who examined the
likelihood of desiccation for typical landfill conditions found in Ontario, Canada considering
stresses between 50 and 150 kPa. Hoor and Rowe (2012) conclude that stress level is an
important factor in assessing the risk of desiccation, with lower applied stress leading to greater
likelihood of cracking. There is a paucity of information on the desiccation risk for GCLs
subjected to stresses below 50 kPa. This study aims to investigate the desiccation potential of
GCLs used in low stress applications such as solar ponds, which would be subjected to low

stresses (similar to landfill covers) but will also be exposed to high temperatures that are not
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usually expected in covers. In particular, the focus will be on the effect of applied stress and the
initial degree of saturation in the GCL when the temperature and stress are applied. Other
parameters considered include Poisson’s ratio, the water retention curve, and the temperature
coefficient of the water retention curve (which can have a significant effect on the prediction of

desiccation yet is poorly established). Areas requiring further laboratory study will be identified.

3.2 Numerical details

The system examined is composed of a GM/GCL composite liner. It is assumed that the GCL has
an initial height of 8 mm and that the liner system is placed on top of a 3.75 m thick silty sand
attenuation layer (AL). The effect of the grain size distribution of the soil underlying a GCL on
the risk of desiccation was considered by Hoor and Rowe (2012).

The Zhou and Rowe (2003) model uses one-dimensional elements each containing two
nodes. The geomembrane is modelled as an impermeable flow boundary. The GCL consists of 20
evenly distributed elements containing 21 nodes. The attenuation layer is separated into three
sections to provide a more refined mesh where the largest changes are expected, with the
elements evenly distributed within each section. The uppermost 0.05 m is modelled with 100
elements, the underlying 0.95 m contains 132 elements, and the lowermost section uses 50
elements. A sensitivity analysis conducted by Hoor (2011) concluded that this level of mesh
refinement was acceptable for comparable conditions to those examined in this chapter. The
initial time step was 0.001 s, which was allowed to increase to a maximum of 84600 s (1 day).
Further details, including a sample input file, can be found in Appendix B.

The Zhou and Rowe (2003) model provides output of horizontal stress at the nodes.
Cracking can be considered to occur when the horizontal stress in the soil is less than the tensile
strength (Morris et al. 1992). In the absence of knowledge of the tensile strength of GCLs,

desiccation was conservatively assumed to occur when the net horizontal stress at the midpoint of
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the GCL becomes tensile (i.e., assuming the GCL has zero tensile strength). It is not known how
the geosynthetic components of GCLs affect the tensile strength, but their contribution could

affect the predictions made in this chapter.

3.3 Boundary conditions

The temperature and stress are assumed to be applied to the top of the GM/GCL liner
instantaneously and remain at a constant level. Analyses were performed for the peak temperature
sustained for 20 years (temperatures above 30°C have been reported to be sustained in landfills
for 20 years although they may remain above these levels for longer; Yoshida and Rowe 2003).
The simulations reported in this chapter demonstrate that desiccation occurs more quickly at
higher temperatures (usually at between 5 and 10 years after the peak temperature is applied).
While it may take time for the peak temperature to be developed in a landfill or solar pond, it is
likely to be sustained for the periods considered in this study.

The top boundary conditions were a specified increase in stress, zero moisture flux (to
represent the impermeable GM), zero increase in air pressure, and a specified temperature
increase. The bottom boundary consisted of zero displacement, zero capillary pressure
(representing full saturation at the surface of the aquifer), zero increase in air pressure, and zero
increase in temperature.

The aquifer was modelled with a constant temperature of 10°C. Since prolonged high
temperatures were applied to the system, an analysis was conducted with POLLUTE (Rowe and
Booker 2004) to evaluate whether the aquifer temperature would be impacted by the temperature
applied to the liner. Considering a saturated attenuation layer (yielding the highest expected
thermal diffusivity) it was found that a temperature of 35°C on the GCL would result in less than
1°C increase in the aquifer if the groundwater velocity is greater than 50 m/a (0.14 m/day or 1.6 x

10 m/s). The velocity could be lower if the attenuation layer were thicker. Large increases in
193



aquifer temperature are only expected for aquifers with very low velocities (see Appendix A for

more information).

3.4 Initial conditions

The initial stress on the liner system prior to the application of elevated temperature and
additional stress represents the weight of the protection soil or leachate collection system that is
placed soon after GCL installation in accordance with manufacturers’ guidelines. For a final
stress of 10 kPa, the initial stress was taken as 6 kPa to simulate about 0.3 m of cover soil on the

GM. For cases with final stresses up to 50 kPa, the initial stress was 10 kPa.

The initial pore pressure in the GCL was obtained by relating an assumed degree of
saturation to the corresponding suction predicted by the adopted water retention curve (WRC)
using parameters given in Table 3.1. Analyses were conducted for an initial GCL degree of
saturation ranging between 10%, representing rapid covering following installation, and 80%,
which corresponds to a GCL that was not covered for some time allowing considerable hydration
to occur. The time required for a GCL to reach 80% degree of saturation will depend on the type
of GCL, the water retention curve of the subsoil, and the initial water content of the subsoil.
When the subsoil is at field capacity, certain types of GCL could reach 80% degree of saturation
in as little as 2 weeks, while a drier subsoil could prevent the GCL from ever reaching that level
of hydration under low stress (Rayhani et al. 2011). The initial degree of saturation and suction
were assumed to be constant throughout the thickness of the GCL. The bulk void ratio of a GCL
will vary considerably with suction. The calculated suction and bulk void ratio of the GCL, which
depended on the assumed initial degree of saturation and other conditions, are given in Table 3.2.

The initial pore pressure in the attenuation layer was assumed to vary hydrostatically from
zero at the water table to -37.5 kPa at the interface with the GCL. This corresponds to degrees of

saturation of 100% at the water table and 21% at the surface of the attenuation layer according to
194



the adopted water retention curve (parameters given in Table 3.1). The water retention curve and
state surface relationship for the attenuation layer are provided in Appendix A. The initial void
ratio of the attenuation layer was assumed to be 0.55. The moisture content of the soil below a
GCL has been identified as a major determinant of desiccation (Southen and Rowe 2005b; Azad
et al. 2011; Hoor and Rowe 2012). The effect of changes in the initial water content of the
attenuation layer were not considered in this study.

The initial air pressure was assumed to be atmospheric (100 kPa) for all nodes. Prior to
the application of the temperature increase, the initial temperature of all nodes was assumed to be
10°C, which is a common groundwater temperature in Ontario, Canada (Hoor and Rowe 2012).
Since desiccation is driven by the temperature gradient, the results presented herein are applicable
to other initial groundwater temperatures for the same net increase in geomembrane temperature

relative to the initial groundwater temperature.

3.5 Constitutive equations
The Zhou and Rowe (2003) model incorporates several constitutive equations to represent the
behaviour of the GCL and the attenuation layer. These equations are outlined below and the

adopted parameters are given in Table 3.1.

3.5.1 State surface

The form of the state surface equation is given by (Lloret and Alonso 1985):
e=a+blno"+cln—P. +dlnc*In—F, + (1 + e,)apAT (3.1)
where e (-) is the void ratio or eg for bulk void ratio of a GCL, a, b, ¢, and d are constants, 6* (Pa)

; +0,+
is the net mean stress = 21+227%

+ P, (tension positive), P, (Pa) is the air pressure, P; (Pa) is
the capillary pressure, e, (-) is the initial void ratio, ar (°C™) is the thermal coefficient of volume

change, and AT (°C) is the change in temperature. Equation (3.1) describes a nonlinear elastic

relationship between void ratio and stress, suction, and temperature. As such, it predicts only
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elastic volume change. Tang and Cui (2009) have presented a model that also considers the
plastic component of volume change. An improvement to the Zhou and Rowe (2003) model
could be achieved by incorporating the plastic volume change. At present, there is insufficient
experimental data to warrant such a revision to the model.

Different types of GCLs will have different state surface behaviour, and will be described
by different parameters. The bulk void ratio of thermally treated GCLs is typically lower than that
of non-thermally treated GCLs. Needle-punching has also been found to lower the bulk void ratio
of GCLs. At stresses above 100 kPa, the effect of GCL type is negligible (Lake and Rowe 2000).
However, the differences can be pronounced for the low stresses examined here.

The GCL considered is thermally treated and needle-punched with a woven carrier
geotextile and a nonwoven cover geotextile. The state surface parameters of the GCL were
obtained from experimental data presented by Southen (2005). The parameters a and ¢ were
obtained from bulk void ratio measured as a function of suction under zero applied stress, while b
was based on the void ratio of the GCL at saturation (zero suction) at different applied stresses (0
and 100 kPa). The parameter d was back calculated from the measured bulk void ratios for the
samples subjected to 100 kPa stress based on the data published by Southen (2005). Further
details and data are given in Appendix A. The parameters are given in Table 3.1. A comparison
between the data reported by Southen (2005) and the predictions made using these parameters is
given in Figure 3.1. The parameters developed were used to predict the void ratio under applied
stresses of 0 and 100 kPa as suction is varied. Although data are limited at 0 kPa, the results are
shown to give calculated changes in void ratio in encouraging agreement with the observed

changes in void ratio.

3.5.2 Water retention curve

The Lloret and Alonso (1985) water retention curve is given by:

196



Se=a — (b +c'c*) tanh —d'P,., (3.2
where S; (-) is the degree of saturation, a', b’, ¢', and d’ are model parameters, o* (Pa) is the net
mean stress, and P (Pa) is the temperature-corrected capillary pressure. The Zhou and Rowe
(2003) model neglects the osmotic uptake of water that is observed in bentonite (Arifin and
Schanz 2009) such that hydration ceases when all void space is occupied by water. The
consideration of osmotic water uptake could be added to the model in the future to improve the
accuracy of its results when sufficient experimental data is available.

The water retention parameters (referred to as GCL1-AV) were obtained by fitting
Equation (3.2) to the water retention data presented by Beddoe (2009). This data is presented in
Figure 3.2 along with data presented by Southen (2005) at different applied stresses (0, 3, and 100
kPa) for a similar GCL product. This data is useful for estimating parameters for the stress-
dependent water retention curve adopted herein. Southen and Rowe (2007) fit this data to
Equation (3.2) and these parameters are reported in Table 3.1 as GCL1-JS. Beddoe (2009) tested
the GCL under a single stress level (2 kPa) but over a greater range of suctions. As illustrated by
Figure 3.2, the GCL1-AV retention curve provides a better fit to the Beddoe (2009) data up to a
suction of 1 x 10° Pa, after which it tends to underpredict the degree of saturation. The GCL1-JS
retention curve fits the Southen (2005) data well, but overpredicts the degree of saturation at
lower suctions and underpredicts the degree of saturation at higher suctions. A comparison
between the reported specifications of the GCLs studied by Beddoe (2009) and Southen (2005) is
given in Appendix A.

The Lloret and Alonso (1985) water retention curve given by Equation (3.2) is used in the
model because of its unique consideration of the effect of stress on water retention. When the
GCL is subjected to applied stress, its bulk void ratio will decrease as described by Equation

(3.1). As a result, the degree of saturation at a given capillary pressure will increase due to the
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decrease in void space. However, Equation (3.2) does not provide a good fit to the observed water
retention data of GCLs. Additionally, it produces an artificial minimum degree of saturation that
increases with higher applied stress. For some combinations of parameters, Equation (3.2) can
predict unreasonably high degrees of saturation at high suctions that may erroneously prevent the
prediction of desiccation. Efforts were made to select parameters resulting in reasonably low
minimum degrees of saturation. The artificial minimum degree of saturation for GCL1-AV is 2%
at a stress of 10 kPa and 6% at 50 kPa (the stress levels relevant to this study). For GCL1-JS, the
corresponding minimum degrees of saturation are 9% and 15%. The effect of applied stress on
the water retention curve for the GCL1-AV and GCL1-JS parameters is illustrated in Appendix
A.

Although GCLs have been found to exhibit hysteresis in their water retention behaviour
(Beddoe et al. 2011), the Zhou and Rowe (2003) model does not consider this phenomenon. The
extent of hysteresis observed depends strongly on the structure of the GCL, particularly the
tendency of needle-punched fibres to pullout during hydration-induced swelling. Beddoe et al.
(2011) note that one type of GCL they studied (similar to the GCL studied herein but with the
addition of scrim reinforcement, largely preventing pullout of fibres) demonstrated relatively little
hysteresis, which would minimize the error if it is neglected. Unfortunately, there was insufficient
data regarding the effect of stress on the water retention curve and the bulk void ratio to develop
parameters for a scrim reinforced GCL. Some error can be expected from representing a GCL that
exhibits considerable hysteresis with a single water retention curve. The GCL1-AV water
retention curve was developed using data obtained from both wetting and drying curves reported
by Beddoe (2009). Neglecting hysteresis may be unconservative because after drying, a GCL
rehydrates to a lower moisture content (e.g., see Beddoe et al. 2011). However, the variability of

reported data and poor fit of the Lloret and Alonso (1985) equation likely introduces a greater
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amount of uncertainty than caused by neglecting hysteresis. To improve the modelling of
desiccation of GCLs, there is a need to develop and experimentally validate a more sophisticated
stress-dependent water retention curve than that of Lloret and Alonso (1985); for the time being it

is the best that is available.

3.5.3 Temperature-corrected capillary pressure

The water retention of soils is known to be affected by temperature, with water retention capacity
decreasing at higher temperatures (Villar and Lloret 2004). Despite this fact, most commonly
used water retention functions (Brooks and Corey 1964; van Genuchten 1980; Fredlund and Xing
1994) including the Lloret and Alonso (1985) water retention curve adopted herein, do not
explicitly consider temperature (Leong and Rahardjo 1997). Instead, the effect of temperature on
the water retention curve is considered using capillary pressure correction (Scanlon and Milly

1994):
P.. = P. x e CpcAT (3.3)

where P, (Pa) is the temperature-corrected capillary pressure, P, (Pa) is the original capillary
pressure, C, (°C™) is the temperature coefficient of the water retention curve, and AT (°C) is the

change in temperature from the reference temperature.

If the temperature only affected water retention due to changes in surface tension, it
would be appropriate to take C,. = -0.002°C™ for temperatures ranging from 10 to 30°C (Philip
and de Vries 1957). However, Bachmann et al. (2002) conclude that the water retention
behaviour of soils is affected by changes in contact angle in addition to the change in surface
tension. As such, C,. = -0.002°C™ represents a minimum absolute value. Bachmann et al. (2002)
found the Philip and de Vries (1957) surface tension model to underpredict the temperature-
induced change in capillary pressure by a factor of 6. The effect of temperature on the contact
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angle was also found to vary with soil type (Bachmann et al. 2002). Since no data has been
reported for GCLs or bentonite, the adoption of C, reported for other soil types is likely to
introduce error to the model predictions. Milly (1984a) takes a value of -0.006°C™ as a typical
value for numerical modelling, while Milly (1984b) also found the value predicted by Philip and
de Vries (1957) to underestimate the observed capillary pressures, leading to an adjusted value of
Cpc = -0.0068°C™. There is a great deal of uncertainty in an appropriate value of C,., which can
have a significant effect on results (Scanlon and Milly 1994). Scanlon and Milly (1994) found the
best fit to certain field data was achieved for C,. = -0.015°C™. In this study, Cyis taken as -
0.0068°C™ in accordance with Milly (1984b) and Scanlon and Milly (1994). Most researchers
studying GCL desiccation have adopted this value of C,. (Southen and Rowe 2011; Azad et al.

2012; Hoor and Rowe 2012).

3.5.4 Unsaturated hydraulic conductivity

The hydraulic conductivity at low degrees of saturation can decrease greatly from the value
measured at saturation. The isothermal unsaturated hydraulic conductivity was modelled using

the following function (Alonso et al. 1988):

Ky = Ay [slr—sru

]3 10%ke (3.4)

~°ru

where k; (m/s) is the unsaturated hydraulic conductivity for liquid water, e (-) is the void ratio, S,
(-) is the degree of saturation, Sy, (-) is the residual degree of saturation, and A, and oy are model
constants as given in Table 3.1. Equation (3.4) does not take into consideration any structural
changes that occur in bentonite due to swelling. Any such effects are reflected by the empirical
coefficients A, and a,. Temperature affects hydraulic conductivity due mainly to decreases in
thermal viscosity, resulting in increased hydraulic conductivity as temperature is increased (Villar

and Lloret 2004).
200



3.5.5 Flow of water vapour

The permeability of soil to water vapour, k, (m/s), is described by (Zhou and Rowe 2005):
k, = %(esg)ﬁk (3.5)

where 1, (Ns/m?) is the viscosity of air, e (-) is the void ratio, Sg (-) is the degree of gas saturation
= 1-S;, and By and Py are constants (see Table 3.1). As the temperature is increased, the flow of
water vapour increases due to higher thermal gradients as a result of decreased density (Azad et

al. 2011).

3.5.6 Unsaturated thermal conductivity

The thermal conductivity at any given degree of saturation, A (W/m°C), can be described by

(Zhou 1998):
A= Adry(l —Sp) + AsatSr (3.6)

where A4y (W/mPC) is the thermal conductivity in the dry state, As, (W/m°C) is the thermal
conductivity at saturation, and S; (-) is the degree of saturation. The thermal conductivity of the
GCL was assumed to be 0.1 W/m°C when dry and 0.8 W/m°C when saturated. For the
attenuation layer, it was assumed that Agy = 0.5 W/m°C and Agy = 3.5 W/m°C (Rowe and Hoor

2009; Hoor 2011).

3.5.7 Coefficient of thermal volume change

Thomas et al. (1996) state that the coefficient of thermal volume change depends on the applied
stress and the change in temperature and that it is possible for the volume of some clays to

decrease with increasing temperature (i.e., ot can be either negative or positive). The coefficient
of thermal volume change, ar (°C™), of unsaturated clays as a function of stress and temperature

may be defined as (Thomas et al. 1996):
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ar = oy + AT + (a1 + a3AT) In [ G"] (3.7)

Oref.

where o, (Pa) is the applied stress, s (Pa) is an arbitrary reference stress, AT (°C) is the change
in temperature, and o, o3, 0, and oz are model parameters. Due to a lack of experimental data, o
is usually assumed to be constant and equal to ay.

Due to a lack of reported data for the thermal volume change behaviour of GCLs, results
presented for bentonite and other clays were consulted. Gens et al. (1998) assign ar = 1 x 10®° °C’
! for compacted bentonite. Delage et al. (2000) adopted 1 x 10®° °C™ as the coefficient of thermal
volume change of the solid skeleton for Boom clay. Nguyen et al. (2005) took o= 1.95 x 10™ °C’
! obtained by assuming the coefficient of thermal volume change of the bentonite material is
equal to the coefficient of volumetric thermal expansion of the solid material. Tang and Cui
(2009) consider thermal expansion at the microstructural and macrostructural levels separately
but use a value of -1 x 10™*°C™ for each. Southen (2005) adopted a value of -2 x 10™°C™. Hoor
(2011) took o= 0. The thermal expansion of compacted bentonite has been reported as 2 x 10™
°C™ based on experimental results (Navarro and Alonso 2000; Cui et al. 2011).

Of four major computer models developed to simulate the use of compacted bentonite for
the deposition of nuclear waste, two take ar = 1 X 10°°C™?, one takes a1 = 1 x 10*°C™, and one
takes ar = 0 (Rutqvist et al. 2001). Laloui and Cekerevac (2003) take o between 1.3 x 10“and 3
x 10 °C™ for modelling of Boom and kaolin clay. Alonso et al. (1999) note that microstructural
swelling will be greater for loose bentonite (considered here) than for compacted bentonite.
Expansion of the microstructure can intrude into the macrostructure, reducing the macrostructural
void ratio as the microstructural void ratio increases (Alonso et al. 1999). In this model,
microstructural and macrostructural void ratio are considered together. For this study, ot was

taken as 2 x 10°°C™ as a base case (i.e., similar to the value used by Nguyen et al. 2005);
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however, as discussed later, the effect of varying ot within the range of reported values (ar = -2 x
10”°C*to 2 x 10™°C™) is also examined.

The thermal expansion of the attenuation layer was assumed to be zero based on work
reported by Southen and Rowe (2011), who demonstrated that the effect of thermal expansion of

the attenuation layer was negligible.

3.6 Comparison to experimental data

Experimental research into desiccation of GCLs in single composite liners has been conducted by
Southen (2005), while Azad et al. (2011) studied double composite liners. Southen (2005)
conducted small- and large-scale experiments to allow calibration of the Zhou and Rowe (2003)
model. Southen (2005) reported tests under stresses ranging from 15 to 95 kPa. In a series of
laboratory tests, Azad et al. (2011) found that a GCL placed on foundation soil with
approximately 10% moisture content under an applied stress of 100 kPa cracked when the liner
temperature was 45°C but remained intact at 40°C. The GCL examined by Azad et al. (2011) was
similar to that studied here except for an addition of 800 g/m? of bentonite impregnated in the

cover geotextile.

To verify whether the parameters developed for this study were suitable, the Zhou and
Rowe (2003) model was used to analyze 5 large-scale laboratory tests conducted by Southen and

Rowe (2005b) that used the same GCL type considered herein (details are given in Appendix A).
The initial horizontal stress in the model is calculated based on the at-rest earth pressure
coefficient, K, (-), which is obtained using the assumed Poisson’s ratio, v (-) and the well-known
relationship for one-dimensional elastic conditions where K, = %_V There is little experimental
data in the literature concerning the Poisson’s ratio of GCLs. Southen and Rowe (2011) reported
that the Poisson’s ratio of a GCL is likely to fall in the range of 0 to 0.45, and chose v = 0.25 for
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their analyses. Poisson’s ratio of compacted bentonite has been estimated at 0.35 (Jussila and
Ruokolainen 2007). Of the four major computer models developed to simulate the use of
compacted bentonite for nuclear waste deposition, two take v = 0.3 and two take v = 0.4 (Rutqvist
et al. 2001). Navarro and Alonso (2000) take v = 0.33 to model compacted bentonite. Alonso et
al. (1999) take v = 0.3 for their numerical modelling. Based on the values reported for compacted

bentonite, an appropriate value of v for a GCL is likely between 0.3 and 0.4.

While a value of v = 0.25 correctly predicts whether or not cracking occurred in the
laboratory tests reported by Southen (2005), this value is on the lower end of the typical range for
soils. Lower values of v result in less compressive horizontal stress due to the vertical applied
stress, and therefore are more likely to result in desiccation of the GCL (Southen 2005). To assess
the importance of this parameter, the laboratory tests reported by Southen (2005) were examined
using the GCL1-AV parameters developed for this study using v=0.25, 0.3, 0.35, 0.4, and 0.45.
For all values of v considered, the predicted results qualitatively predict the desiccation observed
by Southen (2005). The results presented in Table 3.3 show the effect of Poisson’s ratio on the
predicted net horizontal stress for one of the laboratory tests reported by Southen and Rowe
(2005Db) that exhibited desiccation cracking. As Poisson’s ratio is increased, the predicted net
horizontal stress becomes less tensile (less negative values, where the convention is compression
positive). When v = 0.25, the net horizontal stress predicted by the model is -25 kPa, where
negative values indicate tensile stress. Assuming that the GCL has no tensile strength, the GCL is
expected to desiccate when it experiences tensile stress. A large decrease in predicted net
horizontal stress is observed between v = 0.4 and 0.45. When v = 0.45 for this simulation, the
predicted stress is -0.8 kPa (still in the tensile region). If the GCL had any tensile strength then
desiccation would not have occurred. Given the extent of desiccation that was observed by

Southen and Rowe (2005b), it is likely that the Poisson’s ratio is less than 0.45. The base case for
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this study assumed that v = 0.35, although the effect of Poisson’s ratio in the range of 0.25 to 0.4

was examined as discussed later.

Table 3.4 gives the numerical modelling results obtained for the large-scale laboratory
tests reported by Southen and Rowe (2005b) for the GCL type studied herein. This table shows
that analyses conducted with the parameters developed for this study (GCL1-AV; Table 3.1) and
a Poisson’s ratio of 0.35 correctly predicted whether desiccation would occur for all 5 tests. The
final degree of saturation for tests where desiccation did not occur (L1, L2, L3) were high (98%)
while the measured values from the laboratory tests were between 81 and 99%. The final degree
of saturation for L4 is the same as measured by Southen (2005) at 10.6%, while the final degree
of saturation for L5 (which also desiccated) was predicted to be 6%, which is slightly lower than
the measured value of 8.4%. The predicted void ratio for L4 (1.89) is close to the measured value
of 1.8. The predicted void ratio for L5 of 1.15 is substantially lower than the measured value of
1.76. A possible explanation for this discrepancy is the difficulty in measuring the bulk void ratio
of highly desiccated GCLs. The correct prediction of desiccation, assuming that desiccation
occurs when the net horizontal stress becomes tensile, and good agreement between measured
and predicted values of water content and void ratio provides some confidence in the model and
the associated parameters.

The ability of the Zhou and Rowe (2003) model to accurately predict the desiccation of
clay liners has been previously verified by Southen and Rowe (2011) and Azad et al. (2012).
Azad et al. (2012) compared the laboratory tests reported by Azad et al. (2011) with the model’s

predictions and found reasonable agreement.

3.7 Base case analysis

The base case considered in this study consists of the GCL1-AV parameters (Table 3.1),

Poisson’s ratio of 0.35, initial GCL degree of saturation of 80%, applied stress of 50 kPa (i.e.,
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about 4.5 to 5 m of brine above the GM), and applied temperature of 40°C (i.e., an increase of
30°C relative to the groundwater temperature of 10°C). For these conditions, the temperature
profile with depth at various times (Figure 3.3) shows that heat quickly migrates to depth and
quasi steady state conditions are established within the first 90 days with only very minor changes
occurring over the remainder of the 15 years modelled due to changes in thermal conductivity due
to changing moisture content (see Equation 3.6).

The degree of saturation (Figure 3.4) increased from its initial value of 80% to near
saturation over the first 90 days as the GCL hydrated from the underlying soil. As a result, the
degree of saturation in the upper portion of the AL decreased during this time, thereby reducing
the hydraulic conductivity of the AL and both limiting the availability of moisture for the GCL
and increasing the potential for loss of water vapour from the GCL as the temperature gradient
causes water vapour to migrate. After 3 years, the degree of saturation in the GCL dropped below
its initial value and continued to decrease with time until a steady state value of 15% was reached
between 5 and 10 years. As the GCL hydrated (Figure 3.4), the suction (Figure 3.5) decreased
according to the water retention curve. When the GCL subsequently lost moisture after 90 days,
the suctions increased beyond the initial value. The steady state suction of 1950 kPa was
established between 5 and 10 years.

The initial net horizontal stress depends on the applied stress and the at-rest earth
pressure coefficient, Ko. The compressive net horizontal stress in the GCL (Figure 3.6) increased
due to hydration and swelling over the first 90 days. During this time, the degree of saturation in
the GCL increases causing a decrease in suction. Due to the dependence of void ratio on suction
(Equation 3.1), the bulk void ratio of the GCL will increase. As the GCL attempts to swell, it is
constrained by the applied pressure vertically and by the condition of zero lateral strain

horizontally (1-dimensional conditions). The horizontal stress in the GCL is calculated according
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to the stress-strain relationship described by Zhou and Rowe (2003), leading to the increased
compressive horizontal stresses illustrated in Figure 3.6. As the GCL loses moisture, horizontal
stress decreases because of the increasing suction, resulting in a decreased bulk void ratio. The
net horizontal stress reaches a steady state value of -7 kPa (where tension is negative) between 5
and 10 years. The net horizontal stress in the GCL entered the tensile region between 3 and 5
years and hence desiccation might be expected within 3 to 5 years for the conditions examined.
Figure 3.7 shows the change in degree of saturation, Sr, with time at the midpoint of the
GCL for the base case with initial degree of saturation of the GCL of 80% and for the case with
initial degree of saturation of 10%. In both cases, the GCL hydrated to near saturation quickly and
then experienced a decrease in degree of saturation with time until steady state was reached after
about 6 to 7 years (around 2500 days). The initial degree of saturation of the GCL had little effect
on the final value observed for degree of saturation and hence suction and bulk void ratio
(Appendix A). This prediction is consistent with laboratory data of Azad et al. (2011) and
findings reported for higher stresses by Hoor and Rowe (2012). The change in void ratio with

time due to changes in stress and suction is given in Appendix A.

Notwithstanding the insensitivity of the final degree of saturation and suction to the initial
degree of saturation, the degree of saturation at which the stress and temperature are applied can
have a significant effect on whether desiccation occurs. For example, Figure 3.8 shows the
change in calculated net horizontal stress with time for initial S; (i.e., at the time of application of
load and temperature) of 10 and 80%. Both cases start at the same initial net horizontal stress
based on the at-rest earth pressure coefficient. Both follow a similar path of increasing from the
initial value as hydration occurs, reaching a maximum, and then decreasing with time and
levelling off to a steady state value around 2500 days. However, the GCL with initial S, = 80%
has a limited ability to increase the net horizontal stress after application of the load due to
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hydration compared to the GCL starting with S, = 10%. Both cases have a similar magnitude of
decrease in net horizontal stress caused by the increasing suctions, but the GCL with initial S, =
80% reaches a steady state value (about -7 kPa) in the tensile region, indicating desiccation, while
the GCL with initial S; = 10% reaches steady state in the compressive region (about 26 kPa),
indicating that it will not desiccate. The point at which the S; = 80% curve crosses the 0 kPa line
is considered to indicate the earliest time for onset of desiccation. In this case, desiccation is

expected to occur about 4 years following the application of the peak temperature.

3.8 Sensitivity study

3.8.1 Effect of temperature coefficient of the water retention curve, Cy

Figure 3.9 shows the effect of C,. on the steady state net horizontal stress predicted at the
midpoint of the GCL for the base case conditions with changing applied temperature. The values
of C,. considered are -0.002°C™ (Philip and de Vries 1957), -0.015°C™ (Scanlon and Milly 1994),
and -0.0068°C™ (Milly 1984b), which is the value adopted by most researchers. At low
temperatures, Cy has little effect on predicted net horizontal stress. All 3 curves follow a similar
shape with net horizontal stress remaining nearly constant up to a critical temperature, followed
by a rapid, near-vertical decrease. The shape of the curve is controlled by the shape of the water
retention curve, with the critical temperature causing the suction in the GCL to exceed the air
entry value of the GCL and start the rapid loss of water content (e.g., see Figure 3.2). Equation
(3.3) indicates that a greater value of C,. will increase the suction predicted at a given
temperature, resulting in a lower degree of saturation predicted from the WRC. Thus at a given
temperature, Cy = -0.015°C ™ results in lower net horizontal stress than C,. = -0.0068°C™, which
is lower in turn than Cy. = -0.002°C™. The GCL reaches the tensile range (i.e., crosses the dashed

line in Figure 3.9) at an applied temperature of about 34.4°C for C, = -0.015°C™, 38.5°C for C,.
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=-0.0068°C™, and 43.5°C for C,. = -0.002°C™ for the base case. While there is a difference in the
precise temperature at which desiccation is predicted, it is evident that for the conditions
examined, there should be concern about potential desiccation when the increase in temperature

above the groundwater temperature exceeds about 25 to 30°C.

3.8.2 Effect of coefficient of thermal volume change, o+

The coefficient of thermal volume change had very little effect (< 4.5 kPa) on the predicted net
horizontal stress (Figure 3.10) for the two temperatures analyzed. At 35°C (i.e., with a 25°C
increase above groundwater temperature), the predicted net horizontal stresses are highly
compressive and the GCL is not expected to desiccate, but only a 4°C increase to 39°C is
sufficient to cause potential desiccation irrespective of the value of ot over the wide range
reported in the literature. Negative values of ot represent a more critical condition in terms of
predicting desiccation. The relationship between ar and net horizontal stress was linear with a
small slope that was independent of temperature. There was practically no effect of ar on

predicted degree of saturation or bulk void ratio (Appendix A).

3.8.3 Effect of water retention curve and Poisson’s ratio on GCL desiccation

Both the water retention curve and, to a lesser extent, Poisson’s ratio affect the temperature at
which desiccation is predicted (Figure 3.11). At any given suction, the GCL1-JS WRC (Figure
3.2) predicted a higher degree of saturation than that predicted by GCL1-AV and this resulted in a
higher resistance to desiccation. For both WRCs, the temperature at which desiccation is first
predicted, assuming that tensile net horizontal stress signifies desiccation, increased as Poisson’s
ratio increased, with the effect being more pronounced for GCL1-JS because of the greater effect
of stress on the GCL1-JS WRC, in particular the 15% artificial minimum degree of saturation at

50 kPa. The effect of Poisson’s ratio can be related to its effect on the initial compressive stress;
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higher Poisson’s ratio implies higher initial compressive stress (other things being equal) and
hence the need for a greater reduction in stress to be induced by suction to initiate cracking.
Additional information on the effect of Poisson’s ratio is given in Appendix A. For higher
Poisson’s ratio, it appears that the suction required to generate tensile forces that exceed the initial
compressive stress is limited by the minimum degree of saturation. Since there is insufficient
experimental data to support the high minimum degree of saturation associated with the GCL1-JS
WRC, it may be predicting higher resistance to desiccation than can be expected. Over the range
of conditions examined in Figure 3.11, desiccation is predicted for liner temperatures of 38 to
51°C (i.e., an increase of 28 to 41°C above groundwater temperature). Since this range is quite
feasible in applications involving solar or brine ponds, careful consideration should be given to

the potential for GCL desiccation in these applications.

3.8.4 Effect of initial degree of saturation of GCL

As discussed earlier, the initial GCL degree of saturation affects the development of horizontal
stress as the GCL hydrates after application of the load and temperature. However, the magnitude
of the effect is highly dependent on the applied stress (10, 30, and 50 kPa; Figure 3.12).
Assuming that tensile net horizontal stress represents the onset of desiccation, the temperature
required to cause desiccation tends to decrease as the degree of saturation in the GCL increases
and as the applied stress decreases. For example, at 50 kPa a decrease in initial degree of
saturation from 80% to 10% increases the temperature at which desiccation is predicted by 2.7°C,
while at 10 kPa the difference is only 0.3°C. While interesting academically, this effect is small
and for the range of parameters examined there is concern regarding potential desiccation for a
liner temperature in excess of about 38°C (i.e., about 28°C above initial groundwater

temperature).

210



3.8.5 Effect of applied stress

Stress affects the potential for desiccation in several ways. First, the applied stress affects the
initial compressive stress that can partly offset the reduction in net horizontal stress as the GCL
experiences a decrease in the degree of saturation (i.e., increased suctions). Stress also affects the
water retention curve (Equation 3.2) and void ratio (Equation 3.1) which in turn affects the
downward flow of water vapour (Equation 3.5). Thus for a given initial degree of saturation,
increasing applied stress (Figure 3.13) increases the temperature at which desiccation is predicted,
although over the range considered, there is relatively little benefit in terms of preventing

desiccation of applying stress to a GCL if it has been allowed to hydrate to S, = 80% or greater.

3.9 Conclusions

This study has explored the potential effect of parameters such as the water retention curve, the
temperature coefficient of the water retention curve, the coefficient of thermal volume change,
and Poisson’s ratio for GCLs in composite liners associated with ponds (e.g., solar ponds or brine
lagoons). While there is uncertainty with respect to all these parameters, the area in most urgent
need of more research is found to be the development of a better stress-dependent water retention
curve for GCLs. For the specific GCL and conditions considered, the following conclusions can

be drawn:

¢  While the Zhou and Rowe (2003) model has been shown to provide encouraging
predictions of GCL desiccation, additional experimental data is needed to refine the
model and enhance the range of conditions over which it can assess the potential for GCL
desiccation. Improvements that could be made include allowing the consideration of
hysteresis and incorporating a water retention curve that better fits the observed water

retention behaviour of GCLs. In particular, the artificial minimum degree of saturation
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associated with the Lloret and Alonso (1985) water retention curve could erroneously

prevent the prediction of desiccation in situations where it may occur.

Poisson’s ratio, v, affects the prediction of desiccation although the effect of Poisson’s

ratio is diminished at lower stresses.

The coefficient of thermal volume change, o, had little effect on the prediction of

potential desiccation.

The degree of saturation of the GCL when temperature and stress are applied affects the
temperature at which desiccation occurs with lower initial degree of saturation (i.e., at the
time the load and temperature are applied) increasing the temperature required to cause
desiccation. The effect is negligible at low stresses (10 kPa) but increases at higher

applied stress (30 to 50 kPa).

If the initial GCL degree of saturation is 80% or greater before the application of stress
and temperature, there is little benefit to higher applied stress over the range examined.
Increases in liner temperature of as little as 28 to 40°C above groundwater temperature
have the potential to cause desiccation of a GCL in a composite liner. Since this range is
quite feasible in applications involving solar or brine ponds, careful consideration should
be given to the potential for GCL desiccation in these applications and the use of a double
composite liner would seem appropriate to minimize the risk of environmental impact in

the event of a hole forming in the primary geomembrane.
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Table 3.1: Soil-specific GCL1-AV, GCL1-JS, and AL modelling parameters

Parameter | GCL1-AV GCL1-JS AL
State surface — Equation (3.1)
a 49131 0.66
b -0.081 -0.013
c -0.107 -1.0 x 10
d -0.00483 1.0x 107
Water retention curve — Equation (3.2)
a’ 1.0 1.0 1.0
b’ 0.99 0.93 0.986
¢’ -1x10° -1.55 x 10° 0
d’ 7x 107 1.7 x 10”7 3.0x10°
Temperature-corrected capillary pressure — Equation (3.3)
Cpc -0.0068°C™*
Unsaturated hydraulic conductivity function — Equation (3.4)
A 5.0x 10" 1.0 x 10°
S 0 0
Flow of water vapour — Equation (3.5)
Na 1.846 x 10 Ns/m?
B 3x10" 1x10™
Bk 4 4
Ol 1x10° 2.5
Unsaturated thermal conductivity — Equation (3.6)
Adry 0.1 W/m°C 0.5 W/m°C
Asat 0.8 W/m°C 3.5 W/m°C
Thermal coefficient of volume change — Equation (3.7)
or 2.0x10”°C"! o°ct

Table 3.2: Calculated initial GCL capillary pressure and bulk void ratio based on degree of

saturation
GCL1-AV GCL1-JS

S, (%) initial stress = 10 kPa initial stress = 6 kPa initial stress = 10 kPa
PcccL (kPa) es () PcccL (kPa) es () PcaccL (kPa) es (-)

80 -296 2.26 -296 2.33 -1310 2.03
70 -452 2.19 -450 2.27 -2000 1.97
60 -619 2.15 -616 2.22 -2760 1.92
50 -805 2.11 -800 2.18 -3610 1.88
40 -1020 2.07 -1010 2.15 -4620 1.84
30 -1280 2.04 -1270 211 -5940 1.80
20 -1630 2.00 -1620 2.08 -7960 1.76
10 -2260 1.95 -2220 2.03 -14300 1.67
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Table 3.3: Effect of Poisson's ratio on model results using GCL1-AV parameters for Southen’s
(2005) L4 laboratory test

v(-) Net horizontal stress (kPa)
0.25 -25

0.3 -22
0.35 -18

0.4 -11
0.45 -0.8

Table 3.4: Model results for Southen’s (2005) laboratory tests using GCL1-AV parameters and v
=0.35

TEST RESULTS Net horizontal €s.6eL final (-) Sr.aeL final (%0) Does it
stress (kPa) crack?
L1 GCL1-AV 97 2.35 98 NO
L2 GCL1-AV 117 2.33 98 NO
L3 GCL1-AV 125 2.33 98 NO
L4 GCL1-AV -18 1.89 10.6 YES
L5 GCL1-AV -89 1.15 6.0 YES
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and C, = -0.015°C™* from Scanlon and Milly (1994)
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Figure 3.10: Effect of ar on predicted net horizontal stress for GCL1-AV with initial GCL S, =
80%, applied stress of 50 kPa, v = 0.35, and applied temperatures of 35°C (where no desiccation
is predicted) and 39°C (where desiccation is first expected)
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Figure 3.12: Effect of initial GCL S, on temperature where desiccation is first predicted assuming
tensile net horizontal stress indicates desiccation for GCL1-AV with various applied stresses (10,
30, and 50 kPa) and v = 0.35

233



42

® S o =80%
0] Sr.GCL =70% o
e v S =60%
A S =90% i
5 B S =40% <
O\(I)/ O Sgo=30%
= ® S =20% &
g 40 1 O S =10% )
Q ¢
& a
3 R
39 F
@
© @
*
38 1 1 1 1 1
0 10 20 30 40 50 60

Applied stress, o, (kPa)

Figure 3.13: Effect of applied stress on temperature where desiccation is first predicted assuming
tensile net horizontal stress indicates desiccation for GCL1-AV with various initial GCL S, (10 to
80%) and v = 0.35

234



Chapter 4

Development of Landfill Advisor

4.1 Introduction

Decision support systems are computer-based systems used to aid decision makers in solving
problems using some combination of expert systems, simulation models, and geographic
information systems. DSS have as their ultimate goal the prediction of what would happen if a
series of decisions were made (Adenso-Diaz et al. 2005). DSS applied to environmental problems
are referred to as environmental decision support systems (EDSS).

An expert system (ES) is a computer-based program that contains specialized knowledge
pertaining to a particular subject. ES can be used to solve environmental problems by providing
expert advice, and they have commonly been applied for hazardous waste management
(Lukasheh et al. 2001). ES are valuable in that they can centralize expertise, making it more
easily available to a wider audience. They are a logical way to handle landfill design for several
reasons, including the importance of experiential knowledge, the multidisciplinary nature of the
projects, and the lack of human experts in this subject area in certain regions. Reports of ES that
failed to be implemented in practice highlight the problems of attempting too wide of a scope,
requiring too many input parameters, and lacking an adequate knowledge base (Basri and
Stentiford 1995).

A simulation model (SM) is a computer program that is used to make predictions of the
behaviour of a system. Several SM exist that are useful in landfill design, including the
Hydrologic Evaluation of Landfill Performance (HELP) model to predict infiltration through
waste, BioClog, which can be used to model the clogging of leachate collection systems,

DESICCATE to predict the desiccation of clay liners, and the contaminant transport model
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POLLUTE. Geographical information systems (GIS) have previously been employed in DSS,
particularly for environmental problems where there is a spatial element involved (Adenso-Diaz
et al. 2005).

EDSS have been previously developed to deal with waste management planning
(Barlishen and Baetz 1996). Several ES have been created to deal with a single component of
landfill design, while Basri and Stentiford (1995) combined nine modules related to landfill

design. The advancements made by the current DSS are described in this chapter.

4.2 LFAdvisor

This chapter describes Landfill Advisor, an EDSS developed to aid in the design of municipal
solid waste (MSW) landfills. LFAdvisor consists of an ES containing information necessary for
landfill design, coupled with several SM, including HELP, BioClog, DESICCATE, and
POLLUTE. A simplified version of the BioClog model is included in LFAdvisor, while results
from DESICCATE are used to provide a preliminary estimate of the risk of desiccation. For
HELP and POLLUTE, the user is aided in the correct use and required inputs. In the case of a
landfill, GIS can be employed for site selection; however, this aspect of the design is not included
in LFAdvisor, although siting considerations are addressed. The choice of a landfill site is rarely
made based on technical suitability alone (e.g., Koerner 2012).

The information available regarding landfill design is constantly increasing. To remain
current, an EDSS should be easily modifiable so that changes can be implemented in the program
to prevent obsolescence (Barlishen and Baetz 1996). This was dealt with in LFAdvisor by using a
database to contain information whenever possible. New information can thus be easily changed

in the database without the need to alter the program code.
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The primary objectives in the development of LFAdvisor were its usefulness and
usability, two factors that have been shown to determine whether a DSS will be implemented by
the intended user (Adenso-Diaz et al. 2005). In fact, a survey of MSW engineers revealed that
most decisions in this field are made without the use of any model whatsoever (Barlishen and
Baetz 1996). This is likely a result of available models being difficult to understand by the
average user. To minimize such problems, every effort was made to ensure LFAdvisor was user-
friendly, accomplished in part by using the familiar Microsoft Windows user interface provided
by Visual Basic (Microsoft Corporation 2010). The usefulness of LFAdvisor was addressed by
including information gathered from a thorough literature review, including the most recent
developments in the area of landfill design.

LFAdvisor is intended to act as a guide to landfill design, attempting to replicate the steps
that a designer would take. It presents available options to the user, perhaps suggesting
possibilities or consequences of which the user would otherwise be unaware. The ultimate goal of
LFAdvisor is to provide the user with practical information required for a preliminary design
quickly, minimizing the need to search through the literature. However, should the designer
desire further detail, references are provided for all information given by LFAdvisor.

LFAdvisor builds on a previously developed EDSS for landfill design (Tarhan and Unlii 2005;
Celik 2008; Celik et al. 2010) by providing greater detail and considering the important issue of
service life. Recommendations from these previous EDSS for landfill design included the
elimination of hand calculations, the inclusion of a database containing literature values, and
consideration of the leachate collection system (Celik 2008). All of these suggested
improvements were incorporated into LFAdvisor, in addition to the consideration of bioreactor

landfills, which no previous EDSS has addressed.
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Throughout the development of LFAdvisor, a systems viewpoint was taken of the landfill
facility to be designed. This was accomplished by considering the interactions between all
selected components and operating conditions. This is necessary because the optimization of a
single component has the potential to adversely affect the operation of the system as a whole. As
an example, the design of a bioreactor landfill seeks to maximize the generation of gas and
accelerate stabilization of the landfill by increasing the moisture and/or oxygen content in the
waste (Pichtel 2005). Microbial activity is the driving force behind this concept, which results in
elevated temperatures in the waste. A conventional MSW landfill liner typically experiences a
temperature in the range of 30 to 40°C, while the primary liner of a bioreactor landfill is more
likely to have a temperature in the range of 50 to 60°C (Rowe 2011). This increased temperature
has several detrimental effects. For example, high temperatures decrease the service life of
geosynthetic components (Rowe and Rimal 2008) and increase hydraulic conductivity and
chemical diffusion rates (Rowe 1999). There is also potential to increase the rate of clogging in
the leachate collection system (Rowe 2011). LFAdvisor raises technical concerns such as these
and, where practical, makes suggestions of ways to mitigate the problem identified so that the

user may make a more informed decision.

4.2.1 Knowledge base

The information incorporated in LFAdvisor was gathered from textbooks on landfill design and
waste management (Tchobanoglous et al. 1993; Qian et al. 2001; Rowe et al. 2004; Pichtel 2005;
Koerner 2012), technical reports on landfill liner performance (Rowe et al. 2001; Bonaparte et al.
2002; Needham et al. 2004; Mitchell et al. 2007), peer-reviewed journal articles, conference
proceedings, and landfill regulations from various jurisdictions. Currently considered regulatory
regimes include those of Ontario, Canada (MoE 1998), the United States (Resource Conservation

and Recovery Act Subtitle D), and the European Union (European Communities’ Council
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Directive 1999). Recognizing that all of the data required to design a landfill will not always be
available, particularly in the initial stage of design, every effort has been made to provide the user
with typical parameter values so that LFAdvisor can still be used as a guide when there is limited
detailed information.

A database was created using the Structured Query Language (SQL) Server (Microsoft
Corporation 2008) integrated within Visual Basic to contain relevant information concerning
landfill contaminants collected from the literature. It includes such data as typical contaminant
concentrations in leachate, diffusion coefficients through compacted clay liners (CCLS),
geosynthetic clay liners (GCLS), and geomembrane barriers (GMs), sorption parameters,
chemical half-lives, and typical mass proportions of potential contaminants in waste. For all of

these parameters, a range of values is provided along with a reference to the original data source.

4.2.2 Program structure

While several general-purpose DSS “shell” software programs have been developed (e.g.,
FRAMES, RAISON), personal communication with the creators revealed that they are not
supported on current operating systems and lack the required flexibility for this project. These
shell programs allow DSS to be created with no prior programming experience. Rather than adopt
a system lacking support, LFAdvisor was programmed in Visual Basic, which has previously
been used by Adenso-Diaz et al. (2005) for the development of a DSS. This permitted the DSS to
be designed specifically for the intended purpose with the trade-off of longer development time.
Figure 4.1 represents the structure of LFAdvisor, covering the complete preliminary
design of a municipal solid waste landfill. The program begins by requesting information relevant
to the landfill being designed (e.g., waste generation rate and available land area). The program
then proceeds to the leachate collection system design. Detailed design of the liner components,

such as geomembranes and clay liners, follows the LCS design. LFAdvisor allows the design of
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double-lined facilities, which may be selected by the user or suggested by LFAdvisor based on
the size of landfill and waste loading. Once the liner design is complete, the characteristics of the
attenuation layer may be entered to take account of this extra protection in contaminant transport
analysis. Based on the user inputs and calculations performed, LFAdvisor can also display the
required inputs into the POLLUTE software program to assess the contaminant transport through
the base liner. A cover system may also be designed if desired. The user may finally request the
generation of a report detailing all of the information that has been entered, results of service life

analyses, as well as any assumptions made by LFAdvisor or conditions of the results.

4.2.3 User interface

LFAdvisor consists of a series of forms, each covering the design of a single component of the
landfill design. Each pentagon shown in Figure 4.1 represents a form that may be displayed in
LFAdvisor, depending on user selections (Figure 4.2 is the legend for all the flow charts
presented in this chapter). Each form consists of several (typically 5 to 10) TabPages, each of
which covers a separate, but often interconnected, aspect of the design. Information is shared
between TabPages and forms by LFAdvisor as appropriate to facilitate the design process. Each
form in LFAdvisor was designed to be used by completing each TabPage in sequence from left to
right. Once the final TabPage on a form is complete, the Next button will close the current form
and open the next form in the design process following the structure illustrated in Figure 4.1.

A screenshot of the LFAdvisor user interface is shown in Figure 4.3. This screenshot
shows the Protection layer TabPage of the Geomembrane Barrier form. This figure illustrates the
use of ToolTips in LFAdvisor, which are messages that are displayed to the user when the cursor
is hovered over a required input. For example, the cursor in Figure 4.3 is placed on a TextBox
requiring input of the protrusion height of the drainage layer material. This TextBox will display

a value based on the material selected on the Drainage layer TabPage of the Leachate Collection
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System form if this information was input by the user. If this information was not previously
entered, it can be input on the current TabPage to enable the calculation of the required mass per
unit area of the protection geotextile. This calculation updates the table containing required
geotextile properties to display only the relevant properties for the required geotextile. This table
is populated by data stored in the database, and may be updated if the recommended
specifications change as a result of ongoing research. Figure 4.3 also demonstrates the use of
LinkLabels to cite references. Clicking on a LinkLabel will open a separate form containing the
references for all the information used in the program so the user can identify the original source
if desired. The Back and Next buttons are located in the same location for all component design
forms, allowing easy navigation between forms. In most cases, inputs can be changed on a

previous form if necessary to update the results further in the design.

4.2 4 Intended use

LFAdvisor is intended primarily for performance-based landfill design, where regulations require
a certain measurable parameter (often maximum allowable contaminant concentration in the
groundwater) to be met rather than prescribing a specific liner configuration. However, to
illustrate the potential benefits of performance-based design, several generic designs are included
in the program. This will allow the user to compare the requirements of a performance-based
design with the typical prescriptive design. The intended users of LFAdvisor are engineers
involved in the design of landfills and other waste disposal facilities. To ensure the widest

exposure, the program will be made available free of charge on the Internet.

4.2.5 Limitations

Landfill Advisor contains many correlations and “typical” parameters. LFAdvisor is meant as a
preliminary design tool. Its suggestions and the values presented from literature sources should

never be used in a final design without independent verification of their suitability for a given
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project. The information contained in LFAdvisor is for guidance only; it is not to be regarded as
complete in itself and should not therefore be used without independent examination and
verification of its suitability for any particular project. Anyone making use of the information or
material contained herein does so at their own risk and assumes any and all liability from such

use.

4.3 LFAdvisor functionality

4.3.1 MSW information

The MSW Information form appears after the user agrees to the limitations outlined in Section
4.2.5. Figure 4.4 is an enlargement of the MSW Information form depicted in Figure 4.1. This
form begins with the Location TabPage requesting the location of the landfill by providing a list
of cities and their corresponding average annual precipitation. The user may select one of the
given locations or enter a different value of precipitation. The user is able to alter nearly all the
data provided in LFAdvisor with their own project-specific values. Siting recommendations are
provided based on Qian et al. (2001). On the Regulations TabPage, LFAdvisor allows the
selection of a regulatory regime to be followed and will remember this choice, making
suggestions consistent with these regulations for the remainder of the program. It is also possible
to design the landfill without adhering to any particular regime.

The Waste composition TabPage allows the estimation of landfill gas generation based
on the composition of the waste (e.g., percentage of food wastes, paper, plastic, etc.)
(Tchobanoglous et al. 1993; Pichtel 2005). The database includes reported waste compositions
from regions worldwide, as well as waste diversion rates, which are the percentage of each waste
component that is removed from the waste stream before deposition in the landfill. The user may
also enter site-specific values if they are known. LFAdvisor calculates a representative chemical

formula in the form C,Hy,O:Ny4 (normalized with respect to nitrogen such that d = 1) for the waste
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based on the typical elemental composition of the waste categories (Tchobanoglous et al. 1993;
Pichtel 2005). The total theoretical gas generation is reported on both total waste mass and dry
mass of organics bases. The expected gas composition (percentage of methane and carbon
dioxide) is also presented. Knowledge of the composition of waste to be deposited in a landfill is
critical to properly design a landfill. For example, the feasibility of gas collection for generating
energy is dependent on the organic matter in the waste. If food waste is diverted from the landfill
for composting, energy generation is not likely to be efficient. The amount of organic matter in a
landfill also greatly effects the temperature of the waste mass, which has several significant
effects on various components of the landfill and will be discussed throughout this chapter.

The Waste volume TabPage uses waste generation rates stored in the database from
European countries from the years 1995 to 2009 (EEA 2011) and from Canada (Statistics Canada
2011) and the United States (EPA 2011). The user may select any of these values or use them to
estimate an appropriate value for their site. The user next may enter parameters such as
population and desired lifetime of the landfill to calculate the required landfill capacity or simply
enter an estimated waste volume. The required landfill volume is estimated based on the waste
mass, a user-specified waste density, and an assumed ratio of cover soil-to-waste volume. Several
possible options are provided for daily cover materials, including the traditional soil cover as well
as newer alternatives such as foam and tire shreds. On the Dimensions TabPage, the user is aided
in deciding on the landfill dimensions, including consideration of a buffer zone. The side slope
may be selected and this information is used later in the design for stability calculations.

The user is able to select any combination of the chemicals included in the internal
database to be considered in the design on the Chemicals TabPage. Information relating to the

selected chemicals is provided to the user and will be transferred to the relevant sections of the
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design process (e.g., diffusion and partitioning coefficients through a GM are given on the
Geomembrane Barrier form).

The amount of waste to be placed in a landfill affects the required design. For large
landfills, contaminant transport modelling may demonstrate that a secondary liner is required to
reduce contamination to an acceptable level. This fact is built into the Ontario MoE regulations
for generic designs, where the use of a single or double liner is dependent on the mass loading
and background chloride concentration (see MoE 1998). G, and G, represent the maximum waste
loading for a single and double liner, respectively, permitted for a generic design under Ontario
regulations (MoE 1998):

Gs = 159.9 = [CI] + 99205 (4.1)
Gq = 356.51 * [CI] + 292167 (4.2)

where G,and Ggare given in units of m*ha and [CI] (mg/L) is the background chloride
concentration in the aquifer. The estimated waste loading should be calculated by dividing the
volume of the landfill (in cubic metres) by the landfill footprint (in hectares). If this value is less
than G;, a single generic design is suitable. If it is greater than G, but less than Gy, a double liner
is required unless it can be demonstrated by modelling that the impacts would be acceptable as
defined in Ontario regulations (MoE 1998). If it is greater than G, neither generic design is
appropriate for the landfill conditions and a performance-based design is called for, unless
adjustments can be made to the landfill volume or footprint to reduce the mass loading. This
information is presented on the Liner type TabPage, where the user selects the components to be

included in the landfill design.

Suggestions are made regarding the combination of liner components selected where
research has demonstrated a likely problem. Composite liners are recommended because of their

superior performance (Bouazza et al. 2010a). For example, an all-geosynthetic double liner
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benefits greatly from a soil foundation layer between the two liners. The foundation layer
provides thermal separation between the high temperatures in the waste and the secondary
geomembrane liner, thereby increasing the service life of the secondary geomembrane due to the
lower temperature. The user will be alerted to this issue if an all-geosynthetic system is chosen,
although it is not mandatory to include this layer. Care has been taken to allow the user
considerable flexibility while preventing certain designs that are known to be inadequate. For
example, a leachate collection system is mandatory in any landfill design. It is also possible to
add certain components later in the program when it becomes clear that there is a need for them.
Finally, if a generic liner design from the Ontario regulations was selected, LFAdvisor
presents the prescribed liner requirements for either a single or double generic design on the
Generic design TabPage. The remainder of the forms concerning the bottom barrier will not be
displayed if this selection is made. Referring to Figure 4.1, this option skips to the Attenuation
Layer form to consider stability of the liner system. A performance-based design will continue to

the LCS design.

4.3.2 Leachate collection system design

The Leachate Collection System form (Figure 4.5) begins with the Infiltration TabPage, which
prompts the user to specify a percentage of the annual precipitation to assume for infiltration into
the waste. The user is alerted to the fact that this is a crude approximation, and that the HELP
model, or another more sophisticated model such as UNSAT-H, should be used in a final design.
The required inputs for HELP are presented to the user after the bottom liner design is complete
to enable a more accurate estimate of infiltration through the waste. The user may also specify
whether a bioreactor landfill is to be designed, and if so, whether it will be operated aerobically or

anaerobically. The consequences of this choice are considered in the remainder of the design. The
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long-term performance of a landfill can be adversely affected if leachate recirculation is
attempted with a liner system that was not designed for this application.

On the Drainage layer TabPage, the user may select the drainage material from a range of
choices including gravel, sand of different sizes, two types of tire shreds, and geocomposite
drainage. The previously selected regulatory regime is taken into account so that, for example,
only gravel will be displayed as an option if Ontario regulations have been selected since it is the
only permitted drainage material. The thickness of the drainage layer is also required, with a
value of 0.3 m being a general minimum. For granular materials, the particle size distribution can
be entered. This enables the evaluation of the coefficient of uniformity of the drainage material,
which is commonly specified in regulations. An appropriate filter to be placed between the waste
and the drainage medium must also be selected on the Filter TabPage. LFAdvisor suggests a
nonwoven needle-punched geotextile, as it has been shown to extend the service life of the
drainage layer (Fleming et al. 1999; Benson 2001; Mclsaac and Rowe 2006; Yu 2012). The
minimum properties for mild leachates are presented for both nonwoven needle-punched and
woven monofilament geotextile filters recommended by Koerner and Koerner (1995).

The Dispersion TabPage is used to calculate the coefficient of hydrodynamic dispersion
through the LCS from equations presented by Rowe (2001) and Rowe et al. (2004).

The Pipe spacing TabPage calculates the required spacing of the perforated collector
pipes using an equation presented in Rowe et al. (2004) to ensure an allowable height of leachate
mounding is expected depending on the slope of the base. Recommendations are made for all
these parameters to meet the selected regulations. The LCS pipes can be designed on the Pipe
design TabPage based on recommended sizes and perforation configuration from the literature.

The dimension ratio calculation (Rowe et al. 2004) is used to ensure pipe stability.
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The deflection of the pipes due to the weight of the waste can be calculated on the Pipe
deflection TabPage based on the method presented by Moore (2001). The required inputs are
vertical stress on the pipes (calculated by LFAdvisor if the height of waste was specified),
Poisson’s ratio of the material surrounding the pipe, mean pipe diameter (calculated from inputs
on the Pipe design TabPage), and Young’s modulus of the pipe material (a representative value is
provided depending on the pipe material selected). The Young’s modulus of the soil is also
required for this calculation. This value is calculated by LFAdvisor internally based on results
presented by Qian et al. (2001) for the modulus of various soil types under varying overburden
pressure. LFAdvisor uses an equation fit to the data at 85% standard density for sand and gravel
(the typical backfill material in a LCS). The Young’s modulus of the soil is calculated based on
the overburden pressure due to the weight of the waste. LFAdvisor calculates the deflection based
on the idealized bonded and smooth interface conditions, where the actual deflection can be
expected to fall between these extremes. The user is also notified that this method should be
multiplied by a factor to account for contact with coarse gravel and that high temperatures can
also increase deflection.

The Service life TabPage uses a simplified model of BioClog presented by Yu (2012) to
predict the service life of the LCS depending on several variables. This calculation is not
performed if a sand or geocomposite drainage system was selected, as the equations are not valid
for these materials. One input required by the user before this calculation can be made is the
average porosity reduction, n¢ g, required to cause clogging of the drainage layer. The user can
click on a LinkLabel to open a new form displaying a chart from Yu (2012) relating nc ayto the
drainage length and dg particle size of the drainage material. These values are displayed on the
form to aid the user in obtaining an appropriate value of n .. The filter-separator coefficient

used by the model is obtained based on the user selection on the Filter TabPage. The user can
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select the different filter types to obtain new service life estimates, which can demonstrate the
additional service life that can be expected when a nonwoven geotextile filter is included. The
idealized COD, TSS, and calcium concentrations in the leachate are also required. The model
permits linearly decreasing concentrations from time t; to t,, which the user must specify. The
rate of infiltration into the landfill can also be assumed to change after time t, due to the
installation of a final cover. An iterative procedure is used by LFAdvisor to compute the LCS
service life. The result is accepted when the calculated and assumed service lives are correct to
within 1 year. In the Ontario regulations, service life estimates are given based on the materials
used. These are displayed if this regulatory regime was selected, allowing a comparison to be
made between the two estimates; the current estimates are based on a more refined model than
was used to get the service lives in the Ontario regulations.

Although geonets are not recommended for base drainage systems, the Geonet TabPage
can calculate the required flow rate if a geonet is selected. The required flow rate of a geonet is
calculated from the leachate inflow rate and the drainage length of the geonet (Koerner 2012).
The flow rate of any geonet used must be evaluated using D4716 (ASTM 2008). If these
laboratory results are available, LFAdvisor calculates the allowable flow rate by taking into
account reduction factors recommended by Koerner (2012) depending on the application
(primary drainage, secondary drainage, or cover drainage) which are stored in the database. A
factor of safety can then be calculated from the ratio of the allowable flow rate to the required
flow rate. If laboratory data is not available, LFAdvisor can calculate the result from ASTM
D4716 that would be necessary to achieve a given factor of safety.

The Leachate management TabPage allows the consideration of leachate management,
with options including in-ground storage tanks, leachate lagoons, and on-site treatment and

discharge. The first step is the calculation of the required storage volume based on the expected
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leachate generation rate. LFAdvisor allows the dimensions of a leachate lagoon to be established

using an equation presented by Koerner (2012).

The user is aided in estimating a likely liner temperature on the Temperature TabPage
based on the chosen configuration and site conditions using temperature ranges reported by
various researchers. The temperature assumed has a large effect on the performance of the landfill
liner and depends greatly on the type of waste being disposed of (e.g., biodegradable content) as
well as the infiltration and moisture content of the waste.

Following completion of the LCS design, LFAdvisor will proceed to the Compacted Clay

Liner form or the Geosynthetic Clay Liner form, depending on the selection made by the user.

4.3.3 Compacted clay liner design
The Compacted Clay Liner form (Figure 4.6) begins on the Clay type TabPage by requesting the

predominant clay mineral type of the proposed liner material. LFAdvisor will indicate whether
the chosen clay is suitable for use as a CCL depending on typical characteristics of various clay
types stored in the database. This is based on the potential for increase in hydraulic conductivity
due to clay/leachate incompatibility, which can occur when clay minerals are exposed to certain
chemicals (Mitchell et al. 2007). The user may also specify the use of bentonite enhanced soil
(BES), particularly if the on-site soil is unsuitable. Using an equation presented by Sivapullaiah et
al. (2000), the resultant hydraulic conductivity can be estimated using standard soil parameters
(void ratio and liquid limit). The user may enter the final desired thickness of the CCL, with
recommendations from the literature on achieving suitably low hydraulic conductivity.

On the Characteristics TabPage, the Atterberg limits obtained from ASTM D4318
(ASTM 2010) can also be entered to calculate the activity and plasticity of the clay. These values

are checked against the recommended range for clay used as a CCL and warnings are given when
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appropriate. The particle size distribution can also be entered and compared to recommendations
from the selected regulatory regime.

The Advection TabPage gives conditions that may lead to increased hydraulic
conductivity of a compacted clay liner. For example, compatibility testing is recommended if any
of the clay types prone to clay/leachate incompatibility are present. Expected effects of
freeze/thaw cycles are also provided.

The diffusion and distribution coefficients of each selected chemical are displayed on the
Diffusion and sorption TabPage. Diffusion coefficients and hydraulic conductivity are both
known to increase as the temperature is increased (e.g., Rowe 1999). The factors that the
diffusion coefficient and hydraulic conductivity should be multiplied by are provided on this
TabPage, based on the estimated liner temperature and assuming that the parameters were
reported at 20°C. While there is less reported data for chemical transport through BES, several
diffusion coefficients are given and the user is notified that in general, BES diffusion coefficients
are similar to those for compacted clay liners (Rowe et al. 2001). If there is known to be organic
material in the clay, a distribution coefficient can be calculated by a correlation with the
octanol/carbon partitioning coefficient (Rowe et al. 2004), which will aid in attenuating the
contaminant concentration.

The Desiccation TabPage is used to provide suggestions to prevent desiccation of the
CCL. If the liner configuration selected or clay specifications are prone to desiccation, the user
will be alerted to this fact and possible mitigation strategies will be given. For example, if the
plasticity index calculated on the Characteristics TabPage was greater than 30%, a warning
appears to alert the user that clods are likely to form in these conditions, which can lead to
shrinkage and drying after compaction (Rowe et al. 2004). The importance of quickly covering

the CCL is also emphasized. Finally, the conditions necessary to assume an unlimited service life
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are given on the Service life TabPage. Provided the advice of LFAdvisor is heeded, these
conditions should all be met.

On the Construction TabPage, proper compaction methods are explained, along with a
calculation of the volume of uncompacted clay required to construct the CCL. Recommended
testing frequencies to ensure good performance of the CCL are also given.

If the user has chosen a double-lined landfill with both primary and secondary CCLs, they
will be asked if they would like to use the same design for both liners. Otherwise, a separate form
for the secondary CCL will be displayed. This option is also available for the LCS, GCL, and

geomembranes in double liners.

4.3.4 Geosynthetic clay liner design

Figure 4.7 illustrates the structure of the Geosynthetic Clay Liner form, which begins with the
Specifications TabPage, presenting recommended GCL specifications given by Bouazza et al.
(2010b), GRI (2010), and Koerner (2012). The GCL thickness and bentonite form (granular or
powdered) can also be selected. The selection of geotextile and reinforcement type can be made
on the Reinforcement TabPage. These choices have a significant effect on the compressibility of
the GCL, which is reflected by the bulk void ratio (Rowe et al. 2004). The user is warned that the
maximum slope considered safe to use a nonreinforced GCL is 10H:1V (Bonaparte et al. 2002).
Based on the geotextile types and reinforcement method selected, reported internal strengths of
similar GCLs are given.

The Advection TabPage allows a calculation to be made of the expected hydraulic
conductivity of the GCL based on its bulk void ratio. Depending on the chosen type of GCL and
the overburden pressure on the liner, which is calculated based on the height of waste expected,
an estimate of GCL bulk void ratio can be made. This estimated value is used to predict the
hydraulic conductivity of the GCL from empirical relationships reported by Rowe et al. (2004). If
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the waste height was previously entered, the calculated overburden stress is displayed on this
form. Otherwise, the user can enter the expected stress on the liner to enable the calculation to be
performed.

As with the Compacted Clay Liner form, the Diffusion and sorption TabPage displays the
diffusion and distribution coefficients relevant to GCLs for the selected chemicals. A correlation
between the bulk void ratio calculated on the Advection TabPage and the diffusion coefficient of
chloride is also presented. The user is notified that while the diffusion coefficients for GCLs are
low, the thinness of GCLs relative to CCLs increases the diffusive flux unless a sufficient
thickness of attenuation layer underlies the GCL.

The Desiccation TabPage assesses the potential for the GCL to form desiccation cracks,
which increases the hydraulic conductivity and the advective flux of contaminants, using results
from the DESICCATE model based on the expected temperature, stress level, and degree of
saturation of the GCL when stress is applied. Measures to decrease the likelihood of desiccation
are discussed.

The Service life TabPage displays the conditions under which geosynthetic clay liners can
be considered to have a service life of hundreds to thousands of years. Situations that will
decrease the service life of a GCL include bentonite loss or thinning, seam separation, internal
erosion, and desiccation (Rowe et al. 2004). The prevention of these issues is addressed
throughout the design, in addition to ion exchange, which can increase the hydraulic conductivity
of a GCL.

Construction practices are described in regards to preventing desiccation and seam
separation on the Construction TabPage, such as the use of supplemental bentonite and heat
tacking of GCL seams. After the GCL or CCL design is complete, LFAdvisor moves on to the

design of the geomembrane, if applicable.
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4.3.5 Geomembrane design

The Characteristics TabPage of the Geomembrane Barrier form (Figure 4.8) allows the selection
of various geomembrane properties such as material, thickness, texture, and colour. High-density
polyethylene (HDPE) is recommended for the base liner of landfills, while linear low-density
polyethylene (LLDPE) is more commonly used for landfill covers (Needham et al. 2004). White
geomembranes may be used to reduce wrinkling (Rowe et al. 2004). Fluorinated geomembranes
are also an option to reduce the diffusion coefficients of VOCs by a factor of 2 to 5 (Sangam and
Rowe 2005). Geomembranes coextruded with ethylene vinyl-alcohol (EVOH) may also be
suggested to reduce the migration of VOCs (McWatters and Rowe 2010). Based on these
selections, the recommended specifications will be displayed on the Specifications TabPage in a
table using data stored in the internal database.

The user is prompted to select a protection layer for the geomembrane on the Protection
layer TabPage. LFAdvisor recommends a soil protection layer instead of the traditional
geotextile, based on recent research indicating that geotextiles are insufficient in limiting tensile
strains in the geomembrane (Brachman and Gudina 2008a, b; Bouazza et al. 2010a). If a
geotextile is selected, LFAdvisor calculates the required mass per unit area, based on an equation
from Bonaparte et al. (2002). The required properties based on the calculated mass per unit area
are displayed from the database. Based on tests reported by Dickinson and Brachman (2008) on a
GM/GCL composite liner, the expected strain and extent of GCL thinning is reported for the
protection layer selected by the user. If the strain exceeds the allowable value for the GM selected
(e.g., 3% as suggested by Seeger and Miller 1996), the user can choose an alternate protection
material that offers better strain resistance.

The Advection TabPage deals with leakage through the geomembrane due to holes,

wrinkles, and contact with the underlying soil. The user is given advice on how to minimize the
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extent of wrinkling in the GM. If a GCL is used, a warning about the potential of bentonite
thinning due to wrinkles is displayed. The user can select whether the construction quality
assurance (CQA) of the site is expected to be good or limited, which affects the extent of leaks,
wrinkles, and contact condition (interface transmissivity). The transmissivity depends on the clay
liner type, with GM/GCL interfaces resulting in less leakage than GM/CCL interfaces (Rowe
2011). Based on the CQA level expected, the parameters required to quantify leakage based on
holes and wrinkles in the GM using the POLLUTE software (given in Table 4.1) for the
composite liner being designed (GM/CCL or GM/GCL) are displayed to the user. The POLLUTE
software was written before the concept of interconnected wrinkle length was established. The
values in Table 4.1 were developed to give results numerically equivalent to the interconnected

wrinkle concept.

The Diffusion TabPage displays the diffusion and partitioning coefficients for the selected
chemicals through the geomembrane. Additionally, LFAdvisor incorporates empirical relations
reported by Sangam and Rowe (2001) using the molecular weight and logK,,, of volatile organic
compounds, where K, is the octanol/water partitioning coefficient, to estimate the diffusion,
partitioning, and permeability coefficients.

The Service life TabPage presents an estimate of the primary geomembrane service life
based on the expected temperature of the liner with predictions given by Rowe (2007). Research
is currently underway to obtain more accurate estimates for service life. The database will be
updated with this information as it becomes available. The service life of the secondary
geomembrane, if included, is also estimated based on results from Rowe and Hoor (2009). This
estimate takes account of the conditions specified by the user, such as thickness of attenuation
layer, liner components, presence of a foundation layer between geomembranes, and the

temperature of the primary geomembrane. If the estimated service life is insufficient, LFAdvisor
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suggests measures that could be taken to increase the service life and what gains could be
expected.

The Installation TabPage allows the required anchor trench runout and depth to be
calculated based on equations presented by Koerner (2012). The calculation requires the
allowable stress in the geomembrane, which must be obtained with laboratory tests; however, the
typical range of values is provided. Based on the selection made on the Protection layer TabPage,
LFAdvisor accesses the database to provide literature values for interface friction with the
geomembrane for the type selected. The user may click on a LinkLabel to view the complete
table along with references to data sources.

Following the completion of the primary Geomembrane Barrier form, the components of
the secondary liner system will be designed if a double-lined facility was selected. Otherwise,

LFAdvisor will proceed to the Attenuation Layer form.

4.3.6 Attenuation layer information

The Attenuation Layer form, illustrated by Figure 4.9, gathers information pertaining to the
natural soil required for landfill design. The attenuation layer thickness above the aquifer is
required to allow the calculation of Darcy flux. Simple borehole data can be entered on the
Stratigraphy TabPage as a preliminary representation of the subgrade at the landfill site. Soil
layer data can be entered, with hydraulic conductivity and thickness being the required input
parameters for each layer. This allows the calculation of a harmonic mean hydraulic conductivity
of the natural attenuation layer present at the site. Other inputs to this form include the elevation
of the water table, the potentiometric surface above the water table, and the aquifer thickness. The
factor of safety against blowout can thus be calculated, which provides an estimate of the amount
of soil that may be excavated before blowout of the aquifer becomes a concern. This information

is used on the Soil balance TabPage to perform a soil balance on requirements for daily cover,
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CCL construction, and the final cover. The excess or deficit soil volume will be calculated to help
the user decide whether to use an alternate daily cover material if there is insufficient soil from
excavation. It should be noted that these parameters are not required for the program to be used,
recalling the caution from Basri and Stentiford (1995) against requiring too many input
parameters. This capability was included in LFAdvisor for cases where preliminary site
investigation has been conducted and may otherwise be ignored.

The internal database stores reported interface friction values for various landfill
component combinations. All of the interfaces are identified from the configuration selected by
the user and the corresponding friction values are presented in a table on the Stability TabPage.
From this, the user can evaluate what is likely to be the weakest interface, which should be
analyzed in detail. This is one area where it is essential that project-specific tests are completed
for final design. Many landfill failures have occurred as a result of relying on literature values for
interface friction (e.g., Bonaparte et al. 2002). This TabPage can perform a calculation of the
factor of safety for slope stability using limit equilibrium analysis.

The Operation TabPage considers operational considerations such as waste placement
procedures and the calculation of the maximum working face using an equation from Pichtel
(2005). The harmonic mean hydraulic conductivity is also calculated to account for all of the soil
liners designed, as well as the attenuation layer specified. This hydraulic conductivity is then used
to estimate the Darcy flux, or leakage, through the landfill.

Prior to final cover construction, the HELP model can be used to estimate the flow rate in
the leachate collection system. On the HELP inputs TabPage, LFAdvisor provides a table
containing the layer types, thickness, hydraulic conductivity, and soil texture number that should
be entered in HELP to model the liner system selected. Recommended values based on

installation quality of the geomembrane are provided based on Schroeder et al. (1994). The

256



hydraulic conductivity of the waste is estimated based on an empirical correlation with the stress

level given in Rowe et al. (2004).

4.3.7 Cover design

The Final Cover form, illustrated by Figure 4.10, begins with the choice of infiltration philosophy
on the Infiltration TabPage, provided this is hot mandated by the selected regulatory regime. For
example, US regulations require a low infiltration cover (Pichtel 2005), while Ontario favours a
high infiltration design (MoE 1998). Various cover options are possible, including capillary
barrier covers, which are best suited to arid climates (Dwyer et al. 2007). If the precipitation
value specified indicates that a capillary barrier cover may be a viable option, this will be
suggested to the user.

If a low infiltration cover is chosen, a GCL is recommended over a CCL due to their
ability to withstand strains induced by differential settlement of the waste (Rowe et al. 2004). On
the GCL TabPage, the prevention of desiccation is addressed by requiring a suitably thick soil
cover (Egloffstein 2001).

It is recommended that a geomembrane be included to prevent against desiccation if a
compacted clay liner is used for a landfill cover. The CCL TabPage presents data (Rowe et al.
2001) on the expected infiltration through intact and desiccated CCLs, as well as GM/CCL
composite covers.

If a geomembrane is used in the cover, the Geomembrane TabPage suggests LLDPE
rather than HDPE due to its greater strain resistance (Bouazza et al. 2010a). The recommended
specifications for LLDPE are presented to the user.

An estimate of the total amount of gas that can be generated by the landfill is given on the

Gas collection TabPage, calculated from the specified waste composition and the volume of
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waste expected. Methods of gas collection are described along with their suitability for site
conditions.

After the final cover is installed, the HELP model can predict the infiltration through the
cover. Based on the design components selected by the user, the HELP inputs TabPage presents

the required inputs to model the cover system selected.

The cover stability is addressed on the Stability TabPage once the design is complete by
comparing the interface friction value of the weakest interface in the cover system to the slope of
the cover. A preliminary estimate of the degree of settlement that is likely to occur is given on the
Settlement TabPage based on the leachate management strategy. Operating a landfill as a
bioreactor is likely to decrease the time for settlement but also increase differential settlement

(Bonaparte et al. 2002).

4.3.8 POLLUTE inputs

After the design of the bottom liner system is complete, the user has the option of viewing
a form containing screenshots of the POLLUTE contaminant transport software (Figure 4.11).
Based on the user inputs throughout the design process, as well as calculations performed by
LFAdvisor, the required inputs are displayed in the locations they should be entered in
POLLUTE. Chemical-specific values can be displayed for any of the selected chemicals. The
leakage through a geomembrane liner can be calculated on the Leakage TabPage. The values
shown in Table 4.1 are used depending on the user’s choices (i.e., liner components, whether a
CCL or GCL is used, and whether CQA is expected to be good or limited). Figure 4.11 shows the
input parameters that appear on this form if limited CQA is expected for a GM/GCL composite

liner.
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4.3.9 Report

The report can be generated by clicking a button after the design of the bottom liner system is
complete (on the Attenuation Layer form) or after the final cover design. The report will contain
all of the information selected and entered by the user. If the user makes any selections that
contradict the chosen regulatory regime, LFAdvisor will suggest how to change the design to
remain in compliance. Any recommendations made by LFAdvisor will also be included. If any
important data was not specified by the user, the report will highlight this omission. This report

can be saved or printed for future reference.

4.4 Conclusion

LFAdvisor is an environmental decision support system that has been developed to aid in the
preliminary design of performance-based waste disposal facilities. This chapter has outlined the
use of LFAdvisor for the design of a municipal solid waste landfill, considering the possible
inclusion of a leachate collection system, leachate lagoon, geomembrane liner, compacted clay
liner, geosynthetic clay liner, and final cover. Relevant literature from numerous sources has been
consolidated in LFAdvisor to facilitate the design process. It provides suggestions on the
necessary liner type and presents the issues that may arise depending on the interactions between
the selected components, operating conditions, and the natural environment of the proposed site.
A systems approach is taken to landfill design with the ultimate goal of maximizing long-term

performance and service life.
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Table 4.1: POLLUTE parameters for leakage through composite liners

Parameter Good CQA Limited CQA
Hole in wrinkle frequency (holes/ha) 25 16
Wrinkle width (m) 0.2 0.3
Wrinkle spacing (m) 40 6
Wrinkle length (m/ha) 100 100
Hole radius (m) 0.001 0.05
GM/CCL transmissivity (m?%/s) 1.6 x10° 1x 107
GM/GCL transmissivity (m?/s) 3x 10 1x10™
Conductivity (m/s) Hydraulic conductivity of drainage layer
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Chapter 5

Conclusions
5.1 Summary and conclusions
This thesis has examined municipal solid waste landfill design from a systems approach. Chapter
2 consolidated critical information needed to design a barrier system from a wide range of
sources. Chapter 3 presented original research into one area (desiccation of geosynthetic clay
liners) where information was lacking. Chapter 4 described the development and functionality of
Landfill Advisor, a decision support system designed for landfill design. Landfill Advisor
incorporates the information presented in Chapter 2 in addition to the original research described

in Chapter 3.

The desiccation of GCLs was found to depend on the water retention curve, temperature
coefficient of the water retention curve, Poisson’s ratio of the GCL, and the degree of saturation
when temperature and stress are applied. The effect of Poisson’s ratio and the initial degree of
saturation of the GCL are less important at lower stresses. This study has confirmed the findings
of previous researchers that the best way to prevent GCL desiccation is timely covering. Using
the available data, increases in liner temperature of only 30 to 40°C above groundwater
temperature were found to have the potential to cause desiccation of a GCL in a composite liner.
The high risk of desiccation of GCLs used in low stress applications such as solar or brine ponds
should be recognized. A double composite liner may be appropriate in these situations.
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The landfill design process is well suited to the decision support system concept. Landfill
Advisor is an environmental decision support system that has been developed to aid in the
preliminary design of municipal solid waste landfills. Landfill Advisor can be used in the initial
stage of design to give designers a good idea of what liner components will likely be required,
while alerting them to any issues that are likely to arise. A systems approach is taken to landfill

design with the ultimate goal of maximizing long-term performance and service life.

5.2 Recommendations for future work

At present, Landfill Advisor considers only municipal solid waste landfills. While time did not
permit their consideration, the extension of the program to cover hazardous waste and
construction and demolition waste landfills is expected to be straightforward. Heap leach pads are
also an ideal candidate for Landfill Advisor consideration. To be truly useful, Landfill Advisor
should be kept up to date with new research that is released concerning landfill design, as well as
any change in regulatory requirements. In addition, relevant parameters for contaminants of
emerging concern, including bisphenol-A (BPA), polybrominated diphenyl ether (PBDE), and
carbon nanoparticles (CNP) will be available in the near future and can be added to the database

in Landfill Advisor.

This thesis has also explored the potential effect of parameters such as the water retention
curve, the temperature coefficient of the water retention curve, the coefficient of thermal volume
change, and Poisson’s ratio for GCLs in composite liners associated with ponds (e.g., solar ponds
or brine lagoons). While there is uncertainty with respect to all these parameters, the area in most
urgent need of more research was found to be the development of a better stress-dependent water

retention curve for GCLs.
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Appendix A

Supplementary material to Chapter 3

A.1 Lloret and Alonso (1985) state surface parameters

The state surface parameters were developed using data reported by Southen (2005) that apply to
a needle-punched, thermally treated GCL with a woven carrier geotextile and nonwoven cover
geotextile. Specifications for this GCL are provided in Table A. 1.

Considering an isothermal case (i.c., AT = 0) eliminates the last term in Equation (3.1),
and setting o* = 1 Pa, the following equation results:
e=a+cln-F, (A1)
Fitting the data at 0 kPa stress in Table A. 2 to Equation (A.1), a=4.9131 and ¢ = -0.107. This
process was repeated for the data at 100 kPa, also shown in Table A. 2.

Again neglecting thermal expansion and setting P, = 1 Pa (to represent full saturation of
the GCL):
e=a+blnoc” (A.2)
Table A. 3 contains the predicted void ratio at saturation for tests at 0 kPa and 100 kPa developed
by the process shown in Equation (A.1). This yields a value of b = -0.081. Southen (2005) also
reported data at 3 kPa which was not considered due to its questionable accuracy. The value of d
was deduced using data from Southen (2005) for a GCL subjected to stress of 100 kPa, which
gave the most consistent data. Substituting the values of a, b, and ¢ obtained as explained above
into Equation (3.1) allows calculation of d that would result in the data measured by Southen
(2005), the results of which are given in Table A. 4. The average value of d was used for this

study, which gives d = -0.00483. There is a considerable amount of uncertainty in d. However,
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Figure 3.1 illustrated the excellent fit provided by these parameters to the data reported by

Southen (2005).

A.2 Lloret and Alonso (1985) water retention curve parameters

The water retention data reported by Beddoe (2009) for a similar GCL to the one studied by
Southen (2005) was used to develop the GCL1-AV parameters (see Table A. 1). The volumetric
water contents reported by Beddoe (2009) were adjusted so that a degree of saturation of 1 was
achieved at very low suctions. The moisture content at each suction was divided by the maximum
reported moisture content to yield a maximum value of 1.0 (essentially the degree of saturation).
This was deemed appropriate because the data points at low suctions were allowed to take as
much water as possible, so they should have degree of saturation of approximately 1. This
adjusted water content and suction data was imported to SigmaPlot (Systat Software 2008) and fit
to the Lloret and Alonso (1985) water retention curve with the restriction that a’ = 1 to represent
complete saturation at zero suction. The fit to the data at stresses of 10 and 50 kPa is given in

Figure A. 1. The effect of stress on the GCL1-JS WRC is given in Figure A. 2.

A.3 Attenuation layer parameters

The state surface equation for the attenuation layer (AL) used by Southen (2005) is given in
Figure A. 3. While the fit is not very good, the parameters were deemed acceptable due to the

relative incompressibility of the attenuation layer compared to the GCL.

The water retention curve (WRC) used by Southen (2005) and Hoor (2011) to represent a
silty sand attenuation layer is given in Figure A. 4. Again, the fit is not ideal. Attempts to obtain a
better representation with the selected WRC were unsuccessful and the parameters used by the

previous researchers (Southen 2005; Hoor 2011) were adopted.
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A.4 Thermal diffusion

The dry density of the AL was taken as 1750 kg/m® to agree with the value used by Hoor (2011)
and Southen (2005). The specific heat, Cy, was taken as 720 J/kg°C for both the GCL and
attenuation layer. Cleall et al. (2006) use 800 J/kg°C for MX-80 bentonite pellets.

A constant aquifer temperature is assumed in the model. To assess whether this
assumption is applicable, a thermal diffusion analysis was conducted using the POLLUTE
software program (Rowe and Booker 2004). The thermal diffusivity, a; (m?/s) was calculated with

(Rowe and Hoor 2009):

N 3.5W )
_ _ m°C _ -6
A = pCp  1750kg 720] — 2.8+10 s (A-3)
h 3%
m kg°’C

where A (W/m°C) is the thermal conductivity, p (kg/m°) is the density, and C,, (J/kg°C) is the
specific heat capacity of the attenuation layer. Due to the much greater thickness of the
attenuation layer, the properties of the GCL were neglected. The results of the POLLUTE
analysis are given in Figure A. 5. The saturated thermal conductivity of the attenuation layer was
used as it provides a more conservative estimate in terms of temperature increase in the aquifer.
The analysis illustrates that for an applied temperature of 35°C, the change in aquifer temperature
will be less than 1°C if the base outflow velocity in the aquifer is at least 50 m/a. Higher applied
temperatures will also have negligible effect on aquifer temperature provided the aquifer velocity
is 80 m/a or greater. This analysis demonstrates that the assumption of a constant temperature in
the aquifer is reasonable as long as the aquifer is not very slow. In that case, a 2-dimensional

model would be required.
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A.5 Comparison of model to experimental results

Using the laboratory data reported by Southen (2005) shown in Table A.5, the input parameters
required for the Zhou and Rowe (2003) model were calculated and are shown in Table A.6. The
volumetric water content of the subsoil was obtained from the reported gravimetric water content
and dry density for the soil used in each test, from which the degree of saturation was calculated
by assuming the void ratio of the subsoil was 0.55 for each test. The suction in the subsoil was
calculated from this calculated degree of saturation for each test using the adopted water retention
curve for the attenuation layer (parameters provided in Table 3.1).

The specific gravity (SG) of the GCL was obtained by relating the reported initial
gravimetric water content and the initial volumetric water content, which were reported for tests
L4 and L5. The average SG from these two tests (SG = 0.656) was used for the remaining tests to
calculate the volumetric water content from the reported gravimetric water contents. The degree
of saturation was then calculated from the volumetric water content using the average of the
reported initial void ratios for L4 and L5 (eg = 2.69). Some error can be expected from this
approach because the void ratios reported pertain to GCLs with higher degrees of saturation than
the remaining tests. The suction in the GCL was obtained using the GCL1-AV water retention
curve. This suction value was then used in Equation 3.1 to estimate the initial void ratio of the
GCL. The final degree of saturation for tests L4 and L5 were obtained using the SG calculated
previously and the final void ratio for each test. The results of the simulations of the Southen

(2005) laboratory tests are given in Chapter 3.

A.6 Base case analysis

Figure A. 6 shows the change in suction with time at the midpoint of the GCL for the base case

conditions, compared to the case when the initial degree of saturation of the GCL is 10%. The
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initial suction depends on the initial degree of saturation of the GCL according to the adopted
WRC. The suction decreases as the GCL hydrates, reaching a minimum at close to full saturation.
The suction increases as the degree of saturation decreases, reaching steady state after 2500 days,
the same time as the steady state degree of saturation is established. The initial degree of

saturation of the GCL has little effect on the suction once the GCL hydrates.

In a similar way, the initial bulk void ratio (Figure A. 8) is much lower for the GCL at S;
= 10% due to the effect of higher suctions on Equation (3.1). The void ratio increases for both
cases as the degree of saturation increases to near saturation. The void ratio then decreases as
suctions develop in the GCL before reaching a steady state value of 1.71 after 2500 days. The
void ratio depends on the suction in the GCL and so it is expected that it will attain steady state at
the same time as steady state suction is established. The initial degree of saturation in the GCL

has little effect on the final void ratio observed.

A.7 Effect of Poisson’s ratio

To further assess the effect of Poisson’s ratio on the model’s predictions, Figure A. 8 gives the
expected temperature where desiccation is expected at different Poisson’s ratios for GCL1-AV
and combinations of applied stress levels (10 and 50 kPa) and initial degree of saturation in the
GCL (10 and 80%), where it is assumed that the onset of tensile net horizontal stress indicates
cracking of the GCL.

The exponential increase in temperature at desiccation as illustrated in Figure 3.11 is seen
for both cases subjected to 50 kPa. The GCL with initial S, = 10% is expected to remain intact at
temperatures 2 to 3°C higher than predicted for a GCL with initial S, = 80%. This effect occurs
because hydration under load (as occurs with a lower initial S;) increases the compressive

horizontal forces, which are able to balance the tensile forces caused by increasing suction as the
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GCL loses moisture. For applied stress of 10 kPa, there is still an increased resistance to
desiccation predicted for initial GCL S, = 10%, but the difference between temperatures expected
to cause desiccation is only 1°C at v = 0.25 and decrease as Poisson’s ratio is increased. The cases
with applied stress of 10 kPa demonstrate this effect to a much smaller extent because the effect
of Poisson’s ratio on the initial lateral stress is proportional to the applied stress (i.e., the initial
horizontal compressive stress that can balance suction-induced tensions increases 5 times as fast
for 50 kPa compared to 10 kPa when Poisson’s ratio is increased).The cases at 10 kPa also appear
to level off after v = 0.35. This effect may be related to the bulk modulus, which increases
exponentially with Poisson’s ratio. At higher v, the bulk modulus begins to affect the results
obtained, counteracting the additional initial compressive stress resulting from a higher Poisson’s
ratio.

The lower importance of initial GCL degree of saturation at lower stresses may be related
to the flow rate of water vapour. Stress will cause a reduction in void ratio that reduces the flow
of water vapour as described by Equation 3.5, with the effect being greater for higher stresses.
Also of importance in that equation is the degree of gas saturation, or the fraction of the void
space not occupied by liquid. When initial S; = 10%, the degree of gas saturation is higher,
allowing more downward movement of water vapour. At low stresses (10 kPa), the higher gas
saturation when S, = 10% appears to have the effect of decreasing the benefit of low initial
saturation. At higher stresses (50 kPa), the decrease in void ratio dominates, producing a greater

benefit to a low initial degree of saturation.

A.8 Data points for figures

The results obtained from the Zhou and Rowe (2003) model that were used to generate Figure 3.9
are given in Table A. 7, illustrating the effect of the parameter C,. on the predicted net horizontal

stress.
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Table A. 8 gives the results of the sensitivity analysis for the coefficient of thermal
volume change used to generate Figure 3.10. The predicted net horizontal stress, degree of
saturation, and bulk void ratio are given for an applied temperature of 35°C. The predicted net
horizontal stress for an applied temperature of 39°C is also given, which is just after desiccation
was predicted using the base case parameters. This table shows that changing the coefficient of
thermal volume change within the range of considered values does not affect the prediction of
cracking, assuming that the GCL will crack when the net horizontal stress becomes tensile
(convention is compression positive).

The data used to create Figure 3.11, illustrating the effect of the water retention curve
parameters on the temperature at which desiccation is first expected, is provided in Table A. 9.
This temperature was calculated by running the Zhou and Rowe (2003) model at various
temperatures until finding the temperature where the steady state net horizontal stress changed
signs from positive (compressive stess) to negative (tensile stress). The temperature was found to
within 0.1°C. Finally, linear interpolation was used to calculate the temperature at a net horizontal
stress of 0 kPa, when cracking is first expected. For each Poisson’s ratio examined, the first row
in Table A. 9 gives the result of the temperature directly before the net horizontal stress becomes
negative and the third row gives the result 0.1°C after this temperature, where the first negative
value of net horizontal stress was predicted. The row in between represents the temperature
required to predict 0 kPa based on the linear interpolation. This data is shown in italic font.

The effect of Poisson’s ratio on the temperature where cracking is expected for different
levels of applied stress and initial degree of GCL saturation is illustrated in Figure A. 8 using data
given in Table A. 10. The same procedure as described for Table A. 9 was used. The numbers
that are underlined represent crashing of the Zhou and Rowe (2003) model. This occurred if the
predicted net horizontal stress exceeded twice the absolute value of the applied stress. For
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example, for the 50 kPa cases, the model would crash if the net horizontal stress exceeded -100
kPa. When the model crashed, it does not provide a reliable output of the net horizontal stress. In
this situation, the steady state net horizontal stress was assumed to be twice the net horizontal
stress (i.e., -100 kPa for 50 kPa applied stress and -20 kPa for 10 kPa applied stress). This
assumption allowed linear interpolation of the temperatures before and after desiccation as
described for Table A. 9.

Table A. 11 gives the data used in Figures 3.12 and 3.13 for the effect on temperature at
desiccation due to changing initial degree of GCL saturation and different applied stresses. The
process described for Table A. 9 was also applied here, as well as the method of dealing with

crashing of the model described for Table A. 10.
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Table A. 1: Comparison of specifications for GCL data used to develop state surface and WRC

parameters
Source | Name | Nominal mass Carrier Cover Needle- | Thermally Scrim
per unit area punched treated reinforced
(g/m?)

Southen Gl 4650 w NW yes yes no
2005 (105 g/m?) (200 g/m?)

Beddoe | GCL1 3965 w NW yes yes no
2009 (123 g/m?) (242 g/m?)

W = woven, NW = nonwoven

Table A. 2: Bulk void ratio vs. suction (adapted from Southen 2005)

oy, =0kPa oy =100 kPa

P. (kPa) e (-) P. (kPa) es (-)
20 3.89 10 25
80 3.7 10 2.45
200 3.45 1500 1.8
200 3.69 1500 1.7
600 3.6 2000 1.6
600 3.45 4500 1.55

- - 9000 1.27

- - 9000 1.29

Stress (kPa) eg (-)
0 49131
100 4.0322
Table A. 4: Deduced value of d
P. (kPa) es (-) d
10 2.5 -0.00467
10 2.45 -0.00514
1500 1.8 -0.00402
1500 1.7 -0.00464
2000 1.6 -0.00496
4500 1.55 -0.00449
9000 1.27 -0.00541
9000 1.29 -0.0053
average -0.00483
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Table A. 5: Laboratory test details reported by Southen (2005)

. initial initial initial initial final final .
Test Time o Wisubsoil pd’SUbS%'" WeeL DgcL €s6ecL WaeL €6l Does It
(days) | (kPa) (%) (g/cm) (%) (%) (’_) (%) ('_) crack?
L1 149 70 12.1 1.96 70 N/R N/R 90 N/R NO
L2 76 95 12.5 1.82 80 N/R N/R 110 N/R NO
L3 22 95 12.7 1.82 72 N/R N/R 92 N/R NO
L4 90 15 4.5 1.76 110 70 2.75 12.1 1.8 YES
L5 232 50 4.2 1.75 105 71 2.62 9.5 1.76 YES
N/R = not reported
Table A. 6: Southen (2005) laboratory test initial and final conditions (calculated)
. initial .
Test ATpottom ATiop | Pesubsoit | initial @ge | initial S p initial final S, gcL
(°C) | (C) | (kPa) (%) el ) | pey | esoe©) (%)
L1 4 34 11.6 46 62.9 -564 2.39 81
L2 9 34 12.8 52 71.9 -418 2.44 99
L3 8 34 12.4 47 64.7 -534 2.40 83
L4 9 34 35.9 72 98.9 -15.9 291 10.6
L5 9 36 36.7 69 94.4 -81.0 2.67 8.4
Table A. 7: Data points for Figure 3.9
Temperature (°C) Net horizontal stress (kPa)
Cpe = -0.015°C™ Cpe = -0.0068°C™ | C, =-0.002°C™
29 58.8 61.8 63.4
30 58.1 61.5 63.3
31 57.2 61.2 63.2
32 55.9 60.9 63.1
33 48.9 60.5 62.9
33.3 20.7 - -
335 12.2 R _
33.7 6.66 - _
34 0.658 60 62.7
35 -10.3 59.4 62.5
36 - 58.4 62.3
37 - 56.4 62
37.3 - 54.8 -

290




375 - 51.6 -
37.7 - 29.9 -
38 - 147 61.6
38.3 - 6.8 -
385 - 3 -
38.6 - 1.35 -
38.7 - -0.2 -
39 - -38 61.2
40 - 7.4 60.6
4 - - 59.6
42 - - 57.6
42.2 - - 56.7
425 - - 49
42.8 - - 21.7
43 - - 143
43.3 - - 7.2
435 - - 3.6
43.7 - - 0.7
44 - - -1.9

Table A. 8: Data points for Figure 3.10

. 35°C 39°C
or €9 Net horizontal stress Final S, gcL (%)* Final 1 Net horizontal stress (kPa)
(kPa) ’ esfinal ()
-2x10* 57.3 97 2.30 -6.3
-1x10* 58.2 97 2.31 -5.1
0 59.2 97 2.31 -4.02
1x10° 59.2 97 2.31 -4
2x10° 59.4 97 2.31 -3.8
2x10* 61.1 97 2.32 -1.8
INot plotted
Table A. 9: Data points for Figure 3.11
GCL1-AV GCL1-JS
v () Temperature Final net horizontal Temperature Final net horizontal stress
(°C) stress (kPa) (°C) (kPa)
38.0 12.4 42.2 0.55
0.25 38.1 0 42.3 0
38.1 -1 42.3 -0.05
38.2 1.7 43.5 0.1
0.3 38.3 0 43.5 0
38.3 -0.8 43.6 -0.4
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38.6 1.3 45.6 0.2
0.35 38.7 0 45.7 0
38.7 -0.2 45.7 -0.03
40.7 0.3 51 0.02
0.4 40.7 0 51.0 0
40.8 -1.8 51.1 -0.2

Table A. 10: Data points for Figure A. 8

50 kPa, S, = 80% 50 kPa, S, = 10% 10 kPa, S; = 80% 10 kPa, S; = 10%
O o] e o] e o] S o] e
38.0 2.5 40.7 3.4 37.3 0.2 38.4 4.8
0.25 38.1 0 40.8 0 374 0 38.4 0
38.1 -1 40.8 -0.45 374 -0.2 38.5 -20
38.2 1.7 40.9 15 37.6 0.15 38.4 5.7
0.3 38.3 0 41.0 0 37.6 0 38.4 0
38.3 -0.8 41 -1.1 37.7 -0.16 38.5 -20
38.6 1.3 41.4 0.2 38.3 11 38.6 6.6
0.35 38.7 0 414 0 38.3 0 38.6 0
38.7 -0.2 41.5 -0.9 38.4 -20 38.7 -20
40.7 0.3 44 2.2 38.3 11 38.7 1.7
0.4 40.7 0 44.0 38.3 0 38.7 0
40.8 -1.8 44.1 -100 38.4 -20 38.8 -20
Table A. 11: Data points for Figure 3.12 and Figure 3.13
S, o, = 50 kPa oy = 30 kPa oy =10 kPa
(%) T (°C) Stress (kPa) T (°C) Stress (kPa) T (°C) Stress (kPa)
38.6 1.3 38.4 0.67 38.3 11
80 38.7 0 38.5 0 38.3 0
38.7 -0.2 38.5 -0.02 38.4 -20
39.9 0.2 39.2 3.2 38.3 2.1
70 39.9 0 39.2 0 38.3 0
40.0 -100 39.3 -60 38.4 -20
40.6 0.3 39.3 5.8 38.3 2.9
60 40.6 0 39.3 0 38.3 0
40.7 -14 394 -60 38.4 -20
40.8 0.6 39.2 8.7 38.3 3.7
50 40.8 0 39.2 0 38.3 0
40.9 -2.4 39.3 -60 38.4 -20
40 40.9 14 39.3 11 38.3 4.3
40.9 0 39.3 0 38.3 0
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41.0 -2.1 39.4 -60 38.4 -20
41.0 0.9 39.5 131 38.3 5
30 41.0 0 39.5 0 38.3 0
411 -1.9 39.6 -60 38.4 -20
411 0.5 39.7 15.2 38.3 5.7
20 41.1 0 39.7 0 38.3 0
41.2 -1.4 39.8 -60 38.4 -20
41.4 0.2 40.1 17.7 38.6 6.6
10 41.4 0 40.1 0 38.6 0
41.5 -0.9 40.2 -60 38.7 -20
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Figure A. 1: Effect of applied stress on GCL1-AV water retention curve
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Appendix B

Zhou and Rowe (2003) model

B.1 Zhou and Rowe (2003) model input file

Table B.1 contains the numerical modelling parameters used for the Zhou and Rowe
(2003) model. Table B.2 contains the basic material parameters used in the model that are not
likely to change, while Table 3.1 gave the variables for the constitutive equations. Included below
is an annotated input file for the base case. The input file must be a text file named “data.in” and
should be placed in a folder containing the “unsat3” application file. Since the results depend
strongly on Poisson’s ratio (specified within the program), the appropriate application file should
be selected for the desired Poisson’s ratio. The input file must contain all the information below
the horizontal line except the italic portions, which are added here to explain what each parameter
in the file refers to. Lists of values should be separated by commas with no space in between. All

values should be entered in scientific notation (e.g., 1.5d+03; 1.5d-01).

KPA

1 Enter 1 to include air pressure effect or 0 to not include air pressure effect

KT

1 Enter 1 to include heat transfer effect or 0 not to include heat transfer effect

KDOLL

0 Enter 1 to use the D6l (1997) model or 0 to use the Zhou and Rowe (2003) model. Note that the Déll
(1997) model assumes a rigid medium and is unsuitable for modelling GCLs.

KDEFORM

1 Enter 1 to include deformation effects or 0 not to include deformation effects
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TREF - reference temperature for WRC

20.0d+00 Reference temperature used for water characteristic curve

LAYER 4 Total number of layers (note this must be 4)

4

M(Layer) - number of elements in each layer

20,100,132,50 The number of elements each layer (see below) is divided into

A(11) - thickness in each layer

8.0D-03,0.05,0.95,2.75The thickness of each layer (m)

MAT(11) - material type of each layer

4,3,3,3 Specifies the material parameters to be used for each layer. In this example, 4 is the GCL and 3 is
the silty sand attenuation layer. The material parameters are specified later in this file.

NC - constrained boundary nodes

2 see boundary conditions near end of file

NWTIME - number of results to be output (time instances)

8 The number of output times that are specified on the last line of the input file. NOTE: even if this number
is changed 8 files are still generated

NWTIMEUNIT = UNIT OF TIMES TO BE OUTPUT (0(SEC),1(HR),2(DAYS),3(M),4(YRS))
2 Units used for output times (see last line)

KGRAV-(Gravity effects,1:Y; 0:N)

1 Enter 1 to include gravity effects or 0 not to include gravity effects

NITER - Maximum number of iteration

20

NEP,CS,CA,RA,DENSO,HH

0,720,1000,287.1,2780,0.02

NEP = 1 to include volume strain in mass and heat equations or 0 to neglect it

CS = specific heat capacity of soil solids (J/kg €)

CA = specific heat capacity of dry air (J/kg°C)
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RA = specific gas constant of dry air (J/kg°C)

DENSO = density of soil (kg/m®)

HH = Henry’s coefficient for solubility of air in water (g/kg)

HW,DLT,SS,DTA,DTS (for deformable unsaturated model)

1,1.0D-09,1.0D+07,0,0

HW = parameter for heat of wetting (J/m?)

DLT = parameter for heat of wetting (m)

SS = parameter for heat of wetting (m™)

DTA = thermal osmosis coefficient associated with the influence of thermal gradient on the water
flux (m?/s°C)

DTS = thermal filtration coefficient (m?/s)

DVG,ATS,AF,CWP (ATS = CONSTANT THERMAL EXPANSION COEF. OF MEDIUM)
1.846D-05,0,0.67,2.2D+9

DVG = dynamic viscosity of gas (Ns/m?)

ATS = thermal expansion coefficient of soil medium (°C™) NOTE: not used in Zhou and Rowe (2003)
model; instead a separate AFAO is specified for each layer

AF = tortuosity factor accounting for complexities in pore geometry and boundary conditions that
influence vapour transport at the microscopic scale (-)

CWP = compressibility of liquid water (Pa)

NTLOOP - Maximum Number of time steps

90000

ALPHA(=1),DELTAT (initial time step), W1,W2,W3,W4 (eqn adjust. factor)
1,1.0D-03,1.0D+08,1.0D+04,1.0D+05,1.0D+08

ALPHA =1 to ensure stable solution

DELTAT = initial time step (s)

W1-W4 = weighted coefficients (-)

MATERIAL PROPERTIES
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NPROP (total number of materials)

0 used only for the D6ll (1997) model

PROP(8,9) np, thetas, alpha, n, I, Ksat, thetar, thetak, FQ

This data is only used for the D6ll (1997) model

np = porosity (-)

thetas = saturated water content (-)

alpha = van Genuchten-Mualem fitting parameter (m™)

n = van Genuchten-Mualem fitting parameter (-)

| = exponent in van Genuchten-Mualem model (-)

Ksat = saturated hydraulic conductivity (m/s)

thetar = residual water content (-)

thetak = minimum water content where liquid continuity exists (-)

FQ = volume of quartz per volume of soil solids (-)

DENWO (water density),RV (gas constant of vapour)

998,461.5

DENWO = density of water at reference temperature TREF (kg/m°)

RV = gas constant of water vapour (J/kg €)

VKAPPA,GAMMA

0.02,-0.0068

VKAPPA = temperature coefficient of hydraulic conductivity function (°C™)
GAMMA = Scanlon and Milly (1994) capillary pressure correction for water retention curve (°C™)
CL,CV (gravimetric heat cont. of water and vapour),CQ,CM,CG (volumetric)
4.19D+03,1.86D+03,2.0D+06,2.0D+06,2.5D+06

CL = gravimetric specific heat of water (J/kg )

CV = gravimetric specific heat of water vapour (J/kg €)

CQ = volumetric heat capacity of quartz (J/m*°C)

CM = volumetric heat capacity of other minerals (J/m* )
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CG = volumetric heat capacity of organic matter (J/m* <)

VLO (heat at TO),VLAML,VLAMQ,VLAMM,VLAMG (thermal conductivity)
2.5016D+06,0.57,8.8,2.0,0.25

VLO = latent heat of evaporation (J/kg)

VLAML = thermal conductivity of liquid water (W/m°C)

VLAMQ = thermal conductivity of quartz (W/m°C)

VLAMM = thermal conductivity of other minerals (W/m°C)

VLAMG = thermal conductivity of organic matter (W/m°C)

G3,G4,G5

0.125,0.125,0.5

G3 = shape factor of quartz (-) see Zhou and Rowe (2003)

G4 = shape factor of other minerals (-)

G5 = shape factor of organic matter (-)

FV,VLAMBDAA used only for the D&l (1997) model

1,0.025

FV = thermal vapour diffusion enhancement factor (-)

VLAMBDAA = temperature gradient ratio accounting for difference between bulk temperature gradient
and higher temperature gradient in air-filled pores (-)

THIS DATA FILE IS FOR DEFORMABLE MEDIUM PROP2(2,23)

NMAT (total number of materials)

4

VOIDO,AFAQ,AFAL,AFA2,AFA3

0.28,0.00025,0,0,0

VOIDO = initial void ratio (-)

AFAOQ, AFAL = Thomas et al. (1996) parameter for coefficient of volume change (™)
AFA2, AFA3 = Thomas et al. (1996) parameter for coefficient of volume change (?)

A,B,C,D Model parameters for Lloret and Alonso (1985) state surface void ratio equation
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5.5,-0.4,-0.25,0.02

KWCC,A1,B1,C1,D1

1,1,0.8,-1.0D-08,1.0D-05

KWCC allows specification of 1 of 3 varying water retention curves. KWCC = 1 was used for all cases in
this study.

Al-DI = A’-D’ in Lloret and Alonso (1985) water retention curve equation
AABB,SLU,AFAK,BETAK

6.0D-14,0.18D-11,0.05,5,4

AA = parameter for conductivity of water (-)

BB = parameter for conductivity of air (-)

SLU = material constant for hydraulic conductivity (-)

AFAK = Alonso et al. (1988) coefficient for unsaturated hydraulic conductivity (-)
BETAK = material constant for air conductivity (-)
VLDRY,VLSAT,G,SIGMAQ

0.3,1.3,0,0

VLDRY = thermal conductivity of dry material (W/m°C)

VLSAT = thermal conductivity of saturated material (W/m €C)

G = shear modulus (kPa) not used in the model

SIGMAQ = initial mean stress (kPa) not used in the model

ETAA viscosity of air (Ns/m?)

1.846D-05

This is repeated for the number of materials selected above (NMAT)
VOIDO,AFAQ,AFAL,AFA2,AFA3

0.28,0.00025,0,0,0

AB,CD

0.28,-1.59D-07,-1.06D-07,1.39D-09

KWCC,A1,B1,C1,D1
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1,1,0.836,-1.001D-07,1.0D-05
AA,BB,SLUAFAK,BETAK
3.0D-09,1.0D-12,0,5,4
VLDRY,VLSAT,G,SIGMAO
0.3,1.3,1.0D+06,-2.0D+05

ETAA

1.846D-05
VOIDO,AFAQ,AFAL,AFA2,AFA3 --- Attenuation layer
0.55,0,0,0,0

AB,CD
0.660,-13.0000D-03,-1.0D-04,1.0D-05
KWCC,A1,B1,C1,D1
1,1,0.986,0,3.0D-05
AA,BB,SLU,AFAK,BETAK
1.0D-06,1.0D-12,0,-2.5,4
VLDRY,VLSAT,G,SIGMAO
0.5,3.5,3.0D+06,-3.0D+03

ETAA

1.846D-05
VOIDO,AFAQ,AFAL,AFA2,AFA3 --- GCL
2.26,0.00002,0,0,0

AB,CD
4.9131,-0.081,-0.107,-0.00483
KWCC,A1,B1,C1,D1
1,1,0.99,-1.0D-06,7.0D-07
AA,BB,SLU,AFAK,BETAK

5.0D-11,3.0D-12,0,1.0D-03,4
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VLDRY,VLSAT,G,SIGMAQ

0.1,0.8,3.0D+06,-3.0D+03

ETAA

1.846D-05
((NBC(1,J),J=1,NDF1)//NODBC(I),BOUND(I,J),J=1,NDF),I=1,NC:(node,u,pc,pa,t)
Boundary conditions:

node:

u: 0 = specified displacement increase; 1 = displacement is unknown; 2 = specified forces
pc: 0 = specified capillary pressure increase; 1 = capillary pressure is unknown; 2 = specified moisture
flux

pa: 0 = specified air pressure increase; 1 = air pressure is unknown; 2 = specified air flux
t: 0 = specified temperature increase; 1 = temperature is unknown; 2 = specified heat flux
1,2,2,0,0

Top boundary condition

node refers to first node

u and Pc should be 2

Pa and t should be 0

1,4.0D+04,0,0,30

Specify the first node (1), then the increase in overburden stress (in Pascals), zero for Pc and Pa, and the
increase in temperature (°C)

303,0,0,0,0

Bottom boundary condition:

node refers to last node

u, Pc, Pa, and t should be 0

303,0,0,0,0

Specify the last node and zero for the other parameters

SM,PC,PAT INTERPOLATION POINTS (initial condition)
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2,4,2,2 Specifies the number of interpolation points for:

SM = overburden stress

PC = capillary pressure

PA = air pressure

T = temperature

A minimum of 2 interpolation points are required for each parameter. More points can be used if the trend
is not linear

SM INTERPOLATION lInitial overburden stress at node 1 (top) and node 303 (bottom), units Pa, tension
positive, cannot be 0 due to In(c*) term in Lloret and Alonso (1985) state surface equation

1,-10000

303,-10000

PC INTERPOLATION Initial capillary pressure at nodes 1 to 21 (GCL) and nodes 22 to 303 (attenuation
layer). Cannot be 0 due to In(-P.) term in Lloret and Alonso(1985) state surface equation

Assumes a 3.75 m attenuation layer with capillary pressure varying from 1 at the bottom (i.e., aquifer) to
37500 Pa at the top with hydrostatic equilibrium; units: Pa

1,-296000

21,-296000

22,-3.75D+04

303,-1

PA INTERPOLATION Initial air pressure at node 1 (top) to node 303 (bottom); units: Pa

1,1.0D+05

303,1.0D+05

T INTERPOLATION Initial temperature at node 1 (top) to node 303 (bottom); units: °C

1,10

303,10

DTIMELIM (1 day) (Maximum time interval)

8.64D+04 Maximum time interval (seconds)
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WTIME(1-8) (output times) Times specified for output files. Units were specified above.

1,10,90,1095,1825,3650,5475,7300

B.2 Data analysis

Table B.3 gives a summary of the output generated by the Zhou and Rowe (2003) model,
which is referred to as DESICCATE. For each specified output time, the model will provide a set
of files giving the values of the output parameters at that time. The output parameters are air
pressure, capillary pressure, horizontal and vertical stress, temperature, displacement, void ratio,
and volumetric water content. Each output parameter is given in a separate output text file
generated by the program with the names given in Table B.3 along with a number that indicates
which time the data pertains to. The first output time specified in the input file is given the suffix
1, and so on up to a maximum of 8. Each parameter is given at either elemental depth (water
content) or nodal depth (all other output parameters). It is recognized that in the initial writing of
the Zhou and Rowe (2003) model, void ratio was specified as a nodal value when in fact it should

be elemental, as defining void ratio at a single point is meaningless.

The data given by the output files was manipulated to produce results in the desired

format. The degree of saturation was calculated using the following equation:

1+VRx
VRx

S, = WCx * (B.1)

where S; (-) is the degree of saturation, WCx (-) is the volumetric moisture content output from

the model, and VRx (-) is the void ratio output provided by the model.

The capillary pressure output is provided in terms of capillary head (m). To express this

value as suction, y (kPa), the following equation was used:
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_ _ pgcx
V= =000 (B.2)

where p (kg/m®) is the density of water, g (9.81 m/s°) is gravitational acceleration, and Cx (m) is
the capillary head output at a specified time provided by the model.
The horizontal stress was calculated using the third column in the SXYx files and

subtracting any air pressure above the atmospheric value to yield net tensile stress:

Ax

= — 100 kPa) (B.3)

kPa

SXYx
(

Oh = — Pa
10005~ 1000

where oy, (kPa) is the net horizontal stress (compression positive), SXYXx (Pa) is the horizontal
stress output provided by the model, Ax (Pa) is the air pressure output provided by the model,
from which the assumed atmospheric pressure of 100 kPa is subtracted. For the purpose of this
study, any negative result from Equation (B.3) was assumed to indicate that desiccation cracking

has occurred due to the negligible GCL tensile strength assumption.
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Table B.1: Parameters for numerical model

Parameter Value
KPA 1
KT 1
KDOLL 0
KDEFORM 1
TREF 20°C
KGRAV 1
ALPHA 1
DELTAT 0.001s
w1 1x 108
W2 1x10*
w3 1x10°
w4 1x 108

Table B.2: Input file parameters that apply to all materials

Parameter Description Value Unit Reference
CS specific heat capacity of soil solids 720 J/kg°C Hoor 2011
CA specific heat capacity of dry air 1000 J/kgeC Hoor 2011
RA specific gas constant of dry air 287.1 Jikg°C Zhou et al. 1998
DENSO density of soil 2780 kg/m® Hoor 2011
HH Henry’s coeff_'lc_lent for solubility of 0.02 a/kg Zhou et al. 1998
air in water
HW parameter for heat of wetting 1 Jm? Zhou et al. 1998
DLT parameter for heat of wetting 1x10° m Zhou et al. 1998
SS parameter for heat of wetting 1x 10’ m? Zhou et al. 1998
DVG dynamic viscosity of gas 1.846 x 10° | Ns/m’ Zhou et al. 1998
tortuosity factor accounting for
complexities in pore geometry and
AF boundary conditions that influence 0.67 - Zhou et al. 1998
vapour transport at the microscopic
scale
CWP bulk modulus of liquid water 2.2 x10° Pa CRC Press 1989
density of water at reference 3
DENWO temperature (TREF) 998 kg/m Zhou et al. 1998
RV gas constant of water vapour 461.5 J/kg°C Zhou et al. 1998
VKAPPA | temperature coefficient of hydraulic 0.02 oct | Villar and Lloret 2004
conductivity function
temperature coefficient of water o1 Milly 1984a, Zhou and
GAMMA retention curve (Cy) -0.0068 C Rowe 2003
CL gravimetric specific heat of water 4190 J/kgeC Zhou and Rowe 2003
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cV gravimetric specific heat of water 1860 IIkg°C Zhou and Rowe 2003
vapour
CQ volumetric heat capacity of quartz 2x10° Jim*C | Zhou and Rowe 2003
cM volumetric hee_lt capacity of other 2 % 10° Jm*c | Zhou and Rowe 2003
minerals
CG volumetric heat capacity of organic 25 x 10° Jmc Zhou and Rowe 2003
matter
VLO latent heat of evaporation 2.5016 x 10° J/kg Zhou and Rowe 2003
VLAML thermal conductivity of liquid water 0.57 W/meC Farouki 1981
VLAMQ thermal conductivity of quartz 8.8 W/meC | Zhou and Rowe 2003
VLAMM thermal conqluctlwty of other 2.0 W/mPC | Zhou and Rowe 2003
minerals
VLAMG thermal condrl;(;tt;\élrty of organic 0.25 W/m°C | Zhou and Rowe 2003
G3 shape factor of quartz 0.125 - Milly 1984b
G4 shape factor of other minerals 0.125 - Milly 1984b
G5 shape factor of organic matter 0.5 - Milly 1984b
Table B.3: DESICCATE outputs
File name Parameter Column 1 Column 2 Column 3
AX Air pressure Node depth (m) Air pressure (Pa) N/A
Capillary .
Cx pressure Node depth (m) Capillary pressure (m) N/A
Vertical stress (Pa) Horizontal stress (Pa)
SXYx Stress Node depth (m) Tension positive Tension positive
TX Temperature Node depth (m) Temperature (°C) N/A
URX Displacement Node depth (m) Displacement (m) N/A
VX Void ratio Node depth (m) Void ratio (-) N/A
WCx Water content Eleme?r'i?)l depth Water content (-) N/A

N/A = not applicable
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