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ABSTRACT

Engineered multi-layered cover system (MLCS) are constructed over near surface waste
disposal facilities (NSDF) after the operational closure for minimizing rain water ingress into the
underlying wastes. There are different types of MLCS, which are applicable for a given climatic
condition. The relevant literature advocates clay based hydraulic barrier as the MLCS for high
humid high intensity rainfall regions like Indian subcontinent. There are not many studies that
evaluate the hydraulic performance of MLCS relevant to the tropical climate of India. The main
objective of this study is to investigate the hydraulic performance efficiency of the MLCS for the
tropical Indian climate. This was accomplished by conducting controlled laboratory percolation
study under constant ponding depth for different configurations of MLCS for a duration of 900
days. The role of inclusion of geosynthetic clay liner (GCL) and fly ash in the MLCS was studied
based on the laboratory results. A field MLCS was constructed for studying the percolation
characteristics under realistic soil-atmosphere boundary condition for a period of 800 days. The
laboratory and field MLCS were simulated numerically using HYDRUS 2D finite element code
for identifying the appropriate hydraulic characteristic input and boundary conditions. Based on
this, the climate change impact on MLCS was investigated with and without considering material
performance deterioration for a duration of 87 years.

The numerical simulation of laboratory MLCS column matched well with wetting water
retention characteristics as compared to drying and predicted results. The numerical analysis of
field MLCS indicated the appropriateness of drying water retention characteristic input for
simulating the alternate wetting and drying conditions. The MLCS with GCL resulted in 36 % cost
benefit and performed efficiently despite using relatively permeable fly ash in the surface layer. In
the absence of GCL, MLCS underperformed when fly ash was added to the surface layer. The field
study of MLCS revealed that the input atmospheric boundary condition based on Penman-Monteith
evapotranspiration model gave comparable numerical and measured results. The effect of 800 days
of weather variation was found to be significant for surface layer (SL), and marginal for both
drainage and barrier layers (DL and BL). Vegetation growth and desiccation cracks on the SL
hardly affected the moisture dynamics in the BL for this duration. The numerical simulation of
long-term climate change impact of 87 years exhibited high sensitivity of SL to the atmospheric
variants by undergoing cyclic wetting and drying. The simulation results indicated that the
provision of MLCS without GCL restrict water interaction with the waste by 13 and 18 years with
and without considering material deterioration, respectively. The provision of GCL in the MLCS
delayed the water interaction with the waste by 25 and 42 years with and without considering
material deterioration, respectively.

Keywords: Hazardous waste; landfill cover system; hydraulic performance; percolation; water

content; matric suction; numerical modelling; climate change impact
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NOTATIONS

Volumetric water content (m3.m)
Computed volumetric water content
Measured volumetric water content
Revised volumetric water content
Final volumetric water content at the end of a particular time duration
Initial volumetric water content at the beginning of a particular time duration
Saturated volumetric water content (m3.m)
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Soil water potential/Soil suction (kPa)
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Matric soil water potential (kPa)
Osmotic soil water potential (kPa)
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A, B, C,D Calibration parameters

a, b Calibration parameter

AS Change in soil water storage

Ve Geometric volume of soil

H Pressure head (cm)

t Time (days)

ta Time of deviation from initial condition (days)

ts Time of saturation (days)

TPy Time interval taken form deviation to saturation of volumetric water

content a column depth of x cm (x = 10, 20, 30, 40, 60, and 100 cm) (days)

k Unsaturated hydraulic conductivity (m/s)
Ks Saturated hydraulic conductivity (m/s)

kr Relative hydraulic conductivity (m/s)

a van Genuchten parameters (cm™)

n van Genuchten parameters (-)

G Specific gravity (-)

Pd Dry density (g/cm?)

Pw Density of water (g/cm?®)

C Percentage of cost-benefit (%)

Cs Cost of bentonite (USD)

Ce+c Cost of bentonite and GCL (USD)

d Diameter of test column (m)

h Saturated height of barrier layer (m)

P Percentage of bentonite used for barrier layer (%)
Rs Bentonite price (USD/KkQ)

Ro GCL price (USD/m?)
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Chapter 1

Introduction

1.1 General

The engineering approach of containing excessively large quantity of waste
generated from domestic, industrial and energy sectors are through well-designed near
surface disposal facilities (NSDFs). The disposed wastes should impose minimum risk to
the future generation and ecosystem (Allen and Taylor 2006; Daniel et al. 2002). Therefore,
NSDFs after reaching their full capacity need to be isolated from surrounding environment
for sufficiently long period (> 100 years) to ensure minimal effect of waste on useful
resources (Francisca and Glatstein 2010; Zhang et al. 2017). This can be achieved by
constructing a well-designed cover system over the NSDF to minimize water infiltration
into the underlying wastes. Such an approach is also mandatory to securing non-engineered
surface waste dumps, which pose a high risk to surrounding environment. The provision of
cover system can effectively reduce leachate generation and hence reduce the possibility of
ground water and geoenvironment contamination in the case of both engineered and non-
engineered waste disposal (Rowe 2011; Xue et al. 2013).

There are different types of cover system developed over the past few decades
(Barnswell and Dwyer 2011; Khapre et al. 2017; Rahardjo et al. 2012), which are either
single layered simple covers or a more complex multi-layered. Among them, the cover
system based on evapotranspiration (ET) and capillary barrier (CB) action, are popularly
used. ET and CB cover system are mostly suitable for arid and semi-arid regions where the
average annual rainfall ranges from 100 mm to 600 mm (Sadek et al. 2007; Schneider et
al. 2012). However, these cover systems were found to be inadequate for humid regions
with average annual rainfall more than 1000 mm (Ng et al. 2015; Zhang and Sun 2014).
Previous literature (Abdolahzadeh et al. 2011; Bonaparte et al. 2002) advocates hydraulic
barrier multi-layered cover system (MLCS) for humid sites. It is reviewed that the MLCS
are susceptible to various factors affecting its long-term hydraulic performance. Some of
the primary factors are climatic conditions, plant species, topographic features and
ecological system of the site (Qian et al. 2010). Various design parameters of different
cover have been studied to explore the appropriate cover materials and configurations
(Daniel et al. 2002; Reddy et al. 2010). Several research demonstrated the significance of

the study on unsaturated flow conditions, water balance and hydrological processes within
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the MLCS (Bohnhoff et al. 2009; Ogorzalek et al. 2008). Several water infiltration tests of
MLCS column were previously performed to investigate hydraulic barrier efficiency of
MLCS under controlled conditions (McCartney and Zornberg 2010; Rahardjo et al. 2012).
Field studies on various configurations of the MLCS under different weather conditions
were also conducted in last few decades (Albright et al. 2012; Apiwantragoon et al. 2015;
Ng et al. 2019a). Moreover, experimental results of MLCS were compared with its
numerical simulations to investigate its long-term performance efficiency (Aljaradin and
Persson 2015; Li et al. 2013; Schnabel et al. 2005). The previous studies (Daniel et al. 2002;
Luellen and Brydges 2005; Sinnathamby et al. 2014) also reveal that the cover system must
be capable of surviving extreme conditions as well as accommodating changes in the
properties of component materials due to degradation caused by various climate adversities.

No studies exist for catastrophic scenarios of flood wherein the cover system was
inundated by water for an extended period. This is essential in view of recent cases of
extreme meteorological events occurring due to climate change (Kundzewicz et al. 2013).
Such situations are evidently seen in northeast India where there is the overflow of the
Brahmaputra river, resulting in constant ponding condition in some areas for a few months
(Dhar and Nandargi 2000). Very recently, other western states of India, Kerala, and
Maharashtra, have also experienced constant water ponding due to heavy rainfall for hours
(Francis and Gadgil 2006). Based on the literature reviewed, it is noted that there are not
many studies that deals with the hydraulic performance assessment of MLCS for high
humid high rainfall weather conditions (Ng et al. 2016 and 2019a). This is specifically true
for the tropical weather conditions of Indian subcontinent wherein the average annual
rainfall is found to be around 2500 mm. There are no studies in the literature to advance
the understanding long-term climate change impact on the hydraulic performance of
MLCS. Hence, it is not feasible to prepare site specific design techniques for constructing
an economic MLCS which can endure hostile weather impacts experienced in Indian
subcontinent. In addition to this, investigations are required for exploring the suitability of
utilizing the alternate materials like geosynthetic clay liner, fly ash and asphalt concrete in
cover system for specific applications.

The objective and scopes of the present research work is outlined for investigating
the hydraulic performance of MLCS under high humid, high rainfall conditions, for this
purpose, a controlled laboratory investigation was performed for assessing the percolation
characteristics of different configurations of MLCS under constant water ponding boundary

condition for an extended period of 900 days. This was followed by constructing and
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monitoring a pilot field scale MLCS subjected to high rainfall condition of north-east India
for a period of 800 days. Numerical simulations were performed for both laboratory and
field MLCS to gain confidence on the appropriateness of input water retention
characteristics and boundary conditions. Based on this understanding, the climate change
impact on MLCS was performed for a duration of 87 years with and without considering
material performance deterioration. The main purpose of this study is to aid in the
development of best possible configuration of MLCS using locally available soil, coal
combustion residue (in combination with soils) at less cost. It is believed that the proposed
research can become a reference guideline for constructing MLCS in a high humid, high

rainfall location like Indian subcontinent.

1.2 Motivation for the study

In most developing countries, there is an urgent necessity to develop site-specific
design guidelines for constructing multi-layered cover system (MLCS) over the near
surface disposal facility after its full capacity. This requires clear understanding about
numerous governing factors, which plays very significant role in MLCS design and its
performance. The long-term hydraulic performance assessment of MLCS becomes a
necessity for tropical weather where there is continuous short-term cycles of drying and
wetting. The fatigue stress induced in soils and its effect on overall hydraulic performance
of MLCS need to be understood in detail. Since the expected design life of MLCS is more
than 100 years, it is invariably necessary to understand the climate change impact on the
performance of MLCS. Such needs have motivated this research work to cater to the

requirement of MLCS to be constructed over NSDFs in high humid, high rainfall regions.

1.3 Outline of the thesis
The thesis is organized in eight chapters as follows.

» Chapter 1 gives a general overview of the thesis, motivation behind this research work
and its importance.

» Chapter 2 reviews the literature comprehensively on the background research and
identifies the gap areas. The objective and scope of the study are also listed in this chapter.
» Chapter 3 deals with basic characterization of soil materials, the details of the
methodologies, and the theoretical concepts adopted in this study to meet the research

objectives.
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» Chapter 4 describes the performance evaluation of the water content sensors (profile
probe and 5TM), and summarizes the soil specific calibration parameters which were used
for further measurements.

» Chapter 5 demonstrates the controlled laboratory evaluation of four different
configurations of MLCS columns under constant water ponding. In the chapter, these test
results were also compared with simulated results from the numerical analyses by
considering three different sets of soil hydraulic parameters.

» Chapter 6 discusses the results of the field test of a trial MLCS constructed in the field
and exposed to natural weather condition for 800 days spanning from May 2016 to July
2018. Based on five different sets of time variable boundary conditions and three different
sets of hydraulic properties, numerical simulations were carried out in the chapter for
comparing with the field observations.

» Chapter 7 explains the climate change impact assessment of water percolation
characteristics of MLCS. The futuristic climate parameters of 87 years forecasted by
statistical down scaling model (SDSM) technique, were utilized in the chapter for assigning
time variable boundary condition in numerical analyses.

» Chapter 8 finally, lists conclusions of the study. The limitations and future work of the

study is also presented in the chapter.
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Chapter 2

Literature Review

2.1 General

Multi-layered cover system (MLCS) are provided over waste containment facility
after it reaches its full capacity. This chapter provides a comprehensive review of different
types of cover systems with varying configuration reported in the literature. A review of
laboratory column studies is presented to understand its role in evaluating long-term
hydraulic performance of different MLCS. In continuation, several case studies on the pilot
cover systems under different climatic conditions have been reviewed. Numerical modeling
plays a significant role in studying the long-term performance of MLCS. A detailed review
of various numerical tools (software codes) used for evaluating performance of MLCS is
presented. Finally, a critical appraisal was presented to summarize the research gaps in the

existing literature followed by the objective and scopes of the present research.

2.2 Classification of landfill cover system

The primary design aspect of the cover system is to minimize water infiltration into
underlying waste (USEPA 1989a). The cover system is composed of different individual
layers, which function to fulfill the specific purpose (Hauser et al. 2001). The
environmental protection agency, United States of America (USEPA) (Landreth et al. 1991,
USEPA 1989b) recommended design criteria for a general cover system for near surface
hazardous landfill. Resource conservation and recovery act (RCRA) is a regulatory
document that acts as guideline for design of various covers (Barnswell and Dwyer 2011;
Khire et al. 2000; McGuire et al. 2009). The RCRA initially defined conventional cover
systems for solid waste and hazardous waste landfills. Further, few emerging alternate
cover configurations namely evapotranspiration, anisotropic and capillary barrier covers
have been explored by department of energy, United States of America (USDOE 2000).
Various cover systems are briefly discussed in this section.

Multi-layered covers (RCRA subtitle C) are commonly implemented for hazardous
landfills (Landreth et al. 1991) with its configurations shown in Fig. 2.1A. Design of each
individual layer is done based on site and project specific conditions. Compacted clay layer
(CCL) are generally used as hydraulic barriers in these cover systems (USEPA 1989b).

However, it is vulnerable to environmental influences such as desiccation cracking, freeze
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thaw cycles, rainfall infiltration, etc. Hence, a buffer layer is provided on the surface to
protect the clay layer, as shown in Fig. 2.1B (Landreth and Carson 1991). Basic covers
(RCRA subtitle D) are generally used in non-hazardous landfills (Morris and Stormont
1997). The performance of these cover systems essentially depend on the permeability of
the compacted clay layer (Hauser et al. 2001).

In recent years, the use of capillary barrier covers in arid to semi-arid climatic
regions is gaining popularity due to its improved performance (Harnas et al. 2014; Tami et
al. 2003). These covers consist of a coarser layer underlying a finer layer as shown in Fig.
2.2A. Due to difference in pore size distribution and capillary suction forces, such
configuration creates a capillary tension in upper layer, which results in temporary water
storage in upper fine layer (Stormont and Anderson 1999). This stored water can ultimately
be removed by evaporation, transpiration, and lateral drainage to minimize percolation
(Stormont and Morris 1999). Such barriers are effective when combined effect of
transpiration, evaporation, and lateral drainage are higher than the precipitation (Qian et al.
2010). Evapotranspiration (ET) cover consists of a vegetated soil layer that limits deep
drainage by storing water until it is removed by ET (Jacobson et al. 2005; Mccartney and
Zornberg 2002; Scanlon et al. 2005b; Zornberg et al. 2003), as shown in Fig. 2.2B. Surface
soil in such covers is selected to have high water storage capacity to limit deep percolation
during seasons of high precipitation (Forman and Anderson 2005; Hauser et al. 2005;
Madalinski et al. 2003). ET cover performance also depends on type of vegetation as plant
roots remove water through transpiration (Nyhan 2005; Rock et al. 2012; Schneider et al.
2012; Zhang and Sun 2014; Zhang et al. 2017).

Anisotropic covers are modified form of capillary barrier covers, which are
designed to promote lateral drainage of water while avoiding deep percolation (Parent and
Cabral 2006). In such systems, there is a wide variation of soil properties and compaction
state in each layer. This results in development of different capillary forces in each layer
enhancing lateral drainage (Abdolahzadeh et al. 2011). A typical anisotropic cover is
depicted in Fig. 2.3A. Geosynthetic clay liner (GCL) covers are similar to conventional
multi-layer covers, as shown in Fig. 2.3B. Only difference is the use of GCL in place of
CCL or along with CCL (Park and Fleming 2006; Zornberg et al. 2010). GCL is a factory-
made product that comes in rolls of bentonite sandwiched geotextiles or bentonite
adhesively bonded with geo-membrane (GMB). Use of GCL as the sole barrier or as a
composite with geomembrane (GMB) is rapidly gaining acceptance (Benson et al. 2010;
Bouazza et al. 2002; Christopher 1991; Sun et al. 2010).
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Fig. 2.3 (A) Anisotropic barrier cover and (B) GCL cover (USEPA 1989a)

The conductive barrier cover shown in Fig. 2.4 A, employs the capillary barrier
phenomenon to divert water away from the waste (Khire et al. 1999; Morris and Stormont
1998; Stormont 1996). The conductive layer consists of a highly permeable material, such
as coarse gravel, underlying a fine-grained material. Because of the differences in saturated
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hydraulic conductivity between the two layers (ideally about a factor of 1000), a capillary
break is formed at the interface of the two layers (Kampf and Montenegro 1997). Water is
diverted laterally in the finer textured soil above the layer interface when it is at a negative
capillary tension (Zhan et al. 2014). Under these conditions, the barrier prevents liquid from
crossing the capillary break. The barrier will continue to operate as long as the overlying
low-permeability zone does not saturate (Ogorzalek et al. 2008). Upon saturation,
efficiency of this barrier is reduced (Li et al. 2013).

Vegetated soil cover presented in Fig. 2.4 B, plays a vital role in the management
of water through protection of the surface layer against erosion through removal of soil
moisture by plant transpiration (MacDonald et al. 2008; Salt et al. 2006). If the design is
based on an optimum combination of soil type, soil depth, surface slope and vegetation
species, then storage and removal of soil moisture is maximized by plant transpiration and
evaporation (Song et al. 2017). All NSDFs that use a soil cover, as a part of final closure
system, can be benefitted from use of a well-designed vegetation cover (Khapre et al. 2017,
Lamb et al. 2014). In humid environments, evapotranspiration may remove up to 80% of
water infiltrated into cover soil (Smirnova et al. 2011). In arid and semi-arid environments,
vegetation cover may remove 100% of infiltrated moisture from cap soils (Abichou et al.
2012). Thus, vegetation cover is highly effective means of managing soil moisture in a
repository closure cap, particularly if care is taken in selecting plant species and vegetation
procedure (Ng et al. 2019a; b; Yuen et al. 2010). Table 2.1 summarizes the different types
of cover system and also presents the cover specific climate suitability, working mechanism

and special material utilization.
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I Fine grained conductive layer |
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Fig. 2.4 (A) Conductive barrier cover and (B) vegetated soil cover (IAEA 2001)
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Table 2.1 Different types of cover system for landfill application

Suitable climate

No. of Capillary Vegetation Lateral Use of
Type of cover system layer A ig Semi Humig  High bFr)eaky g?’owth drainage GCL/GMB Reference
arid humid
RCRA subtitle C . . . . USEPA 1989b; Landreth et al.
(Multi-layered) 4 X X v v Optional - Required  Required  Optional ;99,1 2nireth and Carson 1991
RCR'&ZL;%'UE D 1 v N4 X X Optional Optional ~ Optional  Not used M;J;::’r ae?illsgoorglont 1997,
Harnas et al. 2014; Tami et al.
Capillary barrier 2 X v v X Required  Optional  Optional Notused 2003; Stormont and Anderson
1999; Stormont and Morris 1999
Jacobson et al. 2005; Mccartney
Evapotranspiration 1 X v v X Optional  Required Notused Notused and Zornberg 2002; Scanlon et al.
2005b; Zornberg et al. 2003
Forman and Anderson 2005;
Anisotropic barrier 3 X v v v Required  Optional  Optional Notused Hauser etal. 2005;
Madalinski et al. 2003
Benson et al. 2010; Bouazza et al.
. . . . . 2002; Christopher 1991,
GCL barrier 3 X X v v Optional ~ Optional  Optional  Required Sun et al. 2010; Park and Fleming
2006; Zornberg et al. 2010
Khire et al. 1999; Morris and
Conductive barrier 2 X v v X Required  Optional ~ Optional Notused Stormont 1998; Stormont 1996;
Qian et al. 2010
MacDonald et al. 2008; Salt et al.
Vegetated barrier 1 X v v X Optional  Required Notused Notused 2006; Khapre et al. 2017,

Lamb et al. 2014; Yuen et al. 2010

Notes: RCRA = Resource conservation and recovery act, GCL = geosynthetic clay liner, GMB = Geomembranes

TH-2409_146104004



2.3 Configuration and materials for various component layer

Landfill cover system is more often expected to last for hundreds of years or longer
(ITRC 2003; Morris 1990; Richardson and Waugh 1996). It is primarily designed as an
integral component of a larger dynamic ecosystem (USEPA 1989a; b). Inevitable changes
in physical and biological conditions must be understood to ensure long-term performance
efficiency of the cover system (Landreth et al. 1991). There are several factors for setting
an effective configuration of each component layer in cover system. Hence, it is made of
multiple component layers namely (i) surface layer, (ii) protection layer, (iii) drainage
layer, (iv) barrier layer, (v) gas collection layer, and (vi) foundation layer (Koerner and
Daniel 1997). An effort has been made in the following sub-sections to review various
configurations and materials of each cover layer. Table 2.2 summarizes layer specific
configurations and materials of the MLCS.

2.3.1 Surface layer

The minimum thickness of surface layer is established based on consideration of
the rooting depth of any surface vegetation, anticipated erosion rate, and construction
tolerances (@dygarden et al. 1997). For shallow-rooted plants such as certain grasses, a 150
mm thick layer of soil usually provides adequate rooting depth (Zhan et al. 2007). Thus,
the minimum thickness of a vegetated surface layer is generally 150 mm (USEPA 1989b).
If plants with deeper roots are planted, the thickness of the topsoil should be increased to
accommodate the root growth. In some cases (ITRC 2003), the combined layer of the
surface layer and protection layer are referred as cover soil. This has a typical minimum
thickness of 450 to 600 mm for cover systems with hydraulic barriers considering the plant
rooting depth. For cover systems with evapotranspiration or capillary barriers, Landreth et
al. (1991) recommends a minimum cover soil thickness of 900 mm or greater. In United
States of America, most landfill cover system top decks are designed to have an inclination
in the range of 2 to 5%, after accounting for settlement, to promote surface runoff (Landreth
etal. 1991; Magsoud et al. 2011; Nyhan et al. 1997). Based on these literature slopes flatter
than 2% may cause water to inpound on the surface, if localized settlements occur, and are
usually avoided. Excessive erosion or slope instability increases as the cover system
inclination increases (Morris and Stormont 1998). The most common material used to
construct the surface layer is locally available topsoil. It is important that topsoil contain
adequate organic matter and plant nutrients. An increasingly common practice is to amend

topsoil with organic matter. The organic matter in these materials helps to promote growth
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of vegetation. Erosion-resistant materials such as soil-gravel mixtures, gravel, riprap, geo-
synthetic erosion control materials, may be utilized to help in reducing erosion. In addition
to these, the use of asphalt concrete, articulated block systems, construction and demolition
wastes, and lightweight manufactured aggregates can be used.

2.3.2 Protection layer

As previously mentioned the thicknesses of cover soils (surface layer plus
protection layer) are often in the range of 450 to 600 mm, although thicknesses greater than
1 m are sometimes necessary to meet other design requirements. The protection layer may
need to be still thicker if both vegetative support and protection from bio-intrusion are
required (USEPA 1989b). The typical thickness of a bio-intrusion-resistant cobble layer is
about 500 to 1000 mm (Bonaparte et al. 2002). The provision of side slope for protection
layer is avoided as it effects moisture storage layer to support the healthy growth of plant
roots (Sayer et al. 2005; Smirnova et al. 2011). However, for lateral drainage purpose it is
sloped just as much as the overlying surface layer where no plant growth is intended. The
protection layer is usually constructed from locally available soil. According to Bonaparte
et al. (2002), medium-textured soils, such as loams, have the best overall characteristics for
seed germination and the development of plant root systems. Fine-textured soils, such as
silts and clays, have excellent water-holding capability, which provides roots with water
for plant growth but limits the transport of oxygen to plant roots. In addition, fine-textured
soils are vulnerable to cracking when desiccated. If the primary role of the protection layer
is to prevent bio-intrusion, cobbles, asphaltic concrete, recycled concrete pavement, or

similar materials needs to be provided (Koerner and Daniel 1997).

2.3.3 Drainage layer

The recommended minimum thickness of a granular drainage layer is usually 30
cm (Bonaparte et al. 2002; USEPA 1989b). This allows sufficient thickness for ease of
construction and to avoid damage to underlying geosynthetics, such as a geomembrane
(you have not changed the symbol GMB). It is possible to construct thinner granular
drainage layer of thickness of about 15 cm or less, but granular drainage layers thinner
than 30 cm are not very common (Palmeira and Silva 2007). To prevent clogging of internal
drainage layers, it is often necessary to install a filter layer directly over granular materials
(Rowe 2005). It is very essential for a drainage layer to provide an effective side slope to

ease and promote the lateral movement of the infiltrated water toward the outside of cover
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system (Daniel et al. 1993b). As the case, a side slope of more than 2% is supposed to be
appropriate (USEPA 1989b). Based on previous literature (Koerner and Daniel 1997), both
granular materials (typically sand or gravel), Geotextile (GTX), Geonet (GN), and
Geocomposite (GC) are generally used as drainage layer material in cover systems. The
granular material used should have adequate hydraulic conductivity for laterally draining
out the permeated water to minimize the buildup of hydraulic head above the hydraulic
barrier. Moreover, in case of filter layer adequate hydraulic transmissivity is required to
convey the design flow rate.

2.3.4 Hydraulic barrier layer

Materials used for hydraulic barriers include GMBs, GCLs, and CCLs. Choices in
the composite category typically are GMB/GCL, GMB/CCL, or GM/GCL/CCL. A cover
system with a composite barrier allows less percolation than a cover system with only
GMB, GCL, or CCL barrier alone. Each type of barrier has advantages and disadvantages.
No single type is optimal for all cover systems. The thickness of a GMB used in a cover
system is selected based upon several factors, the most important of which is durability
(Brachman and Gudina 2008). The GMBs should be adequately thick to resist construction
damage and puncture. The minimum recommended thickness for this purpose is 0.75 mm
(Brachman and Sabir 2010). The GCLs are manufactured with a nominal clay thickness of
5 mm. Like GMBs, GCLs are thin and may potentially be punctured during installation.
Unlike GMBs, however, GCLs possess significant self-sealing capability due to the
swelling of dry bentonite upon hydration or the plastic flow of hydrated bentonite (Rowe
2012, 2014). Several studies (Daniel et al. 1993a; James et al. 1997) investigated the
advantages and disadvantages of GCLs as the landfill cover material. The CCLs offer the
advantage over GMBs and GCLs. The CCLs are constructed in layers called lifts that
typically have a thickness before compaction (loose lift) of 20 to 25 cm and a thickness
after compaction (compacted lift) of not more than 15 cm (Gross 2003; ITRC 2003).
Typically, three to six lifts are used to produce a CCL hydraulic barrier with a final
thickness of 45 to 90 cm. A minimum of three compacted lifts is recommended. If the CCL
hydraulic barrier is not overlain by a GMB, four of more compacted lifts is preferred
(USEPA 1989a; b). Historically, CCLs have been the most frequently used cover system
barrier material. Previous literature (Bonaparte et al. 2002; Caldwell and Reith 1993;

Daniel and Wu 1993) explored the potentials of CCLs to be used as landfill cover materials.

TH-2409 146104004 12



Table 2.2 Configurations of various layers of landfill cover systems

Cover Thickness  Slope  Required soil Component Main Deterioration Literature
layer (cm) (%) properties materials functions associated reviewed
(1) supports vegetation erosion, corrosion,  USEPA 1989;
Surface native soil, soil-gravel mix, growth, desiccation, Landreth et al. 1991;
laver 15-90 2-10 108<ks<10® gravel, riprap, asphalt (2) maximizes freeze-thaw cycles, Bonaparte et al 2002;
y concrete, debris, etc. evapotranspiration, wet-dry cycles, bio  Zhan et al. 2007,
(3) facilitates surface runoff intrusion, etc. Magsoud et al. 2011
USEPA 1989;
- . (1) prevents desiccation, root  corrosion, ITRC 2003; Koerner
local soil, fine-medium - S : desiceati d o] i
Protection textured soil cobbles penetration, Blo—!ntrusmn, esiccation, and Daniel 1997;
45-100 2-5 108 <ks<10° ! ! (2) stores meteoric water, freeze-thaw cycles, USDOE 2000
layer asphalt concrete, recycled - . )
(3) protects underlying layers  wet-dry cycles, bio  Bonaparte et al. 2002;
concrete s . i
etc. intrusion, etc. Sayer et al. 2005;
Smirnova et al. 2011
Drainage reduces pore water pressure root penetration, E agifdvgtza(;bé?%a and
g 15-30 2-5 ks> 10" sand, gravel, Geo-net, on the underlying barrier layer invasion of fines, o L
layer L .. . Palmeira and Silva
by draining out liquid laterally  clogging 2007
CCL: Local soil/ sand + :
3190; ggﬁm bentonite/lime/cement (20- VE/]é)te?‘r?r:/ti)n:hzeL:(l’:l?jl(::[lloiT] s Caldwell and Reith
Hydraulic 510 mm 30%). wols yihg freeze/thaw, 1993; Gross 2003
barrier 2-5 ks<10° GCL: Adhesively bonded, ' . desiccation, James et al. 1997,
for GCL, . (2) Deter the migration of .
layer Switch bonded, Needle . - wet dry cycle, Brachman and Sabir
0.5-2mm landfill gas into the
for GMB punched il environment 2010
’ GMB: LLDPE, HDPE, etc.
Gas . reduces the potential pressure
. 3 s coarse sand, highly S . . Koerner et al. 1998;
collection 30-45 _ ks> 10 permeable soil Wlthln_the landfill by clogging Daniel and Wu 1993
layer collecting gases.
. . . . . Jesionek and Dunn
Foundation > 30 109<ks< 105 locally available soil provides a firm subg_rade for differential 1995:
layer placement of overlying layers  settlement

Bonaparte et al. 2002

Notes: ks = saturated hydraulic conductivity (m/s), CCL = compacted clay liner, GCL = geosynthetic clay liner, GMB = Geomembranes, LLDPE = linear low-density
polyethylene, HDPE = high density polyethylene
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2.3.5 Gas collection layer

A minimum thickness for a granular gas collection layer is usually recommended
as 30 cm. A geotextile filter layer may be required between the gas collection layer and
CCL to prevent excessive clogging. Like drainage layers, gas collection layers may be
constructed of granular materials or geosynthetics. The material used should have adequate
gas transmissivity to minimize the built up of gas pressures beneath the barrier and to
convey the design gas flow rate. Granular gas collection materials are normally composed
of relatively clean sand or gravel. When a granular material is used, a separation (typically
a GTX) may be needed between the granular material and the overlying barrier (Koerner
1998).

2.3.6 Foundation layer

The thickness of the foundation layer is selected based on site-specific criteria and
proposed end use of the cover system. The minimum thickness of a foundation layer is
usually recommended to be 30 cm. When the foundation layer is designed to attenuate the
waste differential settlements, it may be several meters thick (Koerner and Daniel 1997;
Landreth and Carson 1991). Materials most often used for the foundation layer include
locally available soils. Soil used for foundation layer varied from silt to clay loam, with
reported hydraulic conductivity ranging from 10° to 10° m/s (Landreth et al. 1991). In a
few situations, waste material can be used to construct the foundation layer. If constructed

of granular material, the foundation layer may also serve as a gas collection layer.

2.4 Post-closure issues of cover system

Cover systems designed for long-term performance need to consider ecological and
biological processes that could affect cover system characteristics after installation,
including changes in the physical and hydraulic properties of the cover materials over time.
Internal and external hydrologic control features, and additional design features need to be
incorporated into MLCS to limit infiltration; withstand surface erosion; deter plant root
penetration, animal intrusion (bio-intrusion); minimize clogging of drainage layer due to
invasion of fine-grained materials; and minimize damage due to frost (freeze/thaw) and
desiccation. Table 2.3 summarizes important post closure issues associated with cover
system. The following subsection reviews a few of these issues which are very crucial for

cover design consideration.
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2.4.1 Steep waste slope and cover erosion

Occasionally, in the closure of landfills, it is necessary to address the issue of steep
existing waste slopes. One option is to cut the slope back to a shallower grade by excavation
and then relocate the excavated waste either on-site or off-site at another landfill. The
advantage of this approach is that it increases the stability of the waste mass and results in
a final slope inclination within the conventional range for cover systems. Disadvantages
associated with waste excavation and relocation include construction-related instability,
health and safety concerns associated with exposing the waste, leachate generation,
nuisance (e.g., odor) and cost. Several alternative approaches exist for constructing cover
systems over steep waste slopes without need for waste excavation, or at least with very
limited waste excavation. One of these alternatives include the use of cover system with
steep slope. Long-term surface erosion problems should be anticipated when the steep
cover slopes are used.

Erosion is one of the most important concern with respect to the surface layer.
Excessive erosion can lead to exposure of underlying layers and can cause the cover system
to be ineffective. Erosion can be controlled by managing surface-water runoff, minimizing
seepage forces within the cover system soils, and selecting a surface layer material that can
withstand the anticipated erosive stresses. Swope (1975) studied 24 landfill cover systems
in USA and found that 33% had slight erosion, 40% had moderate erosion, and more than
20% had severe erosion. Gross et al. (2002) described several cases of significant cover
system erosion, including one for a cover system with 60 m long 3H: 1V side slopes. To
prevent ponding of rainwater, the soil surface should be uniformly graded and sloped about
3%. Slopes greater than 5%, likely promote erosion, unless preventive measures are
provided (Koerner and Daniel 1997). According to Sherard et al. (1976), the erosion
potential of soil is primarily a function of the size of the soil particles, inter-particle
cohesive forces, and the velocity of the transporting fluid (air or water). Hence, soil-gravel
mixtures or gravel veneers are often considered as a surface layer for cover systems
constructed at arid and semi-arid sites (Gray and Sotir 1996). The time of completion of

cover system construction can influence the erosion potential (Bonaparte et al. 2002).

2.4.2 Dry-wet cycles and desiccation crack
The potential for dry-wet cycles to affect the integrity of CCLs and GCLs should
be considered whenever these materials are used as hydraulic barriers. Cyclic wetting and

drying can have a significant impact on the hydraulic conductivity of CCLs. As drying
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progresses, shrinkage occurs and reaches a limit at which cracking can occur due to
desiccation. It gradually progresses deeper into the CCL until a pathway of water migration
becomes available. Previous study (Khire et al. 1997, 1999) has shown that severe
desiccation can occur to depths of up to 1 m, and it is recommended that at least 1.2 m of
cover soil to be used for protecting the CCL from cracking. The literature has suggested
that the key process of desiccation crack formation needs to be understood in assessment
of landfill cap performance under anticipated climate change scenario (Sinnathamby et al.
2014). Depending on chemistry of permeating water, GCLs may or may not be vulnerable
to permanent damage from desiccation. When permeated with contaminated solution,
GCLs are less vulnerable than CCLs to permanent damage from desiccation, because of
swelling and self-healing capability of bentonite (Boardman and Daniel 1996; Lin and
Benson 2000). It was suggested that the best approach for protection of a CCL or GCL

from desiccation is to place a GMB over the barrier, and then cover the GMB with soil.

2.4.3 Freeze thaw cycles and frost penetration

The protection layer is generally designed with the intent of preventing underlying
layers from freezing. This is especially a concern in cold climates. The potential for freeze-
thaw of hydraulic barrier should be evaluated. As temperatures drop and soil layers within
the cover system freeze, water drawn towards the freezing front can cause desiccation,
freeze-thaw cracking, and frost heaving (Othman and Benson 1993). Desiccation and frost
cracking may cause CCLs located within the frost zone to have increased permeability to
water and gas. The CCL hydraulic conductivity increases by one to two orders of magnitude
(Othman et al. 1994). The CCLs appear to be vulnerable to damage from freeze-thaw action
according to the previous study (Wong and Haug 1991). To avoid damage to CCLs, the
protection and overlying surface layers should be thick enough to place CCL below the
maximum depth of frost penetration (Benson and Othman 1993). If the barrier is within the
zone of frost penetration, then the impact of frost upon the barrier materials should be
considered. Frost is generally believed to have no effect on GMBs (Comer et al. 1995).
Laboratory data (Hewitt and Daniel 1997) as well as field data (Kraus et al. 1997; Sterpi
2015) suggest that GCLs can withstand multiple cycles of freeze-thaw with little or no

adverse effect on its hydraulic conductivity.
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Table 2.3 Various post closure issues associated with landfill cover system

Various issues Cause Effect Prevention Literature reviewed
Erosion slopes_ greater than 5%, progresgively leads to exposure of using_ a suitable erosion resisting Swope 1975; Sherard et al.
excessive surface runoff underlying layers material for surface layer 1976; Gross et al. 2002
Desiccation cyclic wetting drying gradually : increases  water/gas placing a GMB followed by thick soil K_hire etal. 1997, 1999;
cracks permeability of CCL/GCL mass over the CCL/GCL Lin and Benson 2000
Frost_ cyclic freezing thawing water/gas _permeability of CCL/GCL placing a GMB followed by thick soil Sterpi 2015; Othman et al. 1994;
penetration gradually increases mass over the CCL/GCL Wong and Haug 1991
Bio-intrusion burrc_)wing by_ animals like destroys the integrity of underlying employing GMB made from HDPE Steiniger 1968;
rabbits, rats, mice, fox, etc. components and welded wire mesh Bonaparte et al. 2002
Root healthy growth of vegetation increases the hydraulic conductivity allowing growth of plants with shallow Suter et al. 1993; Lamb et al.

penetration

with deep roots

of various layers

roots

2014; Ng etal. 2019aand b

enhancing lateral drainage and using

Rainwater . forms harmful leachate by interacting T 2 Gross et al. 1997; Othman et al.
percolation heavy and prolonged rainfall with underlying waste Iess_permeable material in hydraulic 2002: Landreth et al. 1991
barrier layer
Cloaain invasion of fine particles from :re;?:cri:asirfo oileo\?vitermféigzlrletzyon tﬁi installing GTX filter above the Jaisi et al. 2005; Reddy et al.
991N9 " the overlying layers Ng pore Waler p drainage layer 2008, 2010; Rowe and Yu 2012
underlying barrier layer
Differential reduction in shear strength due ruins cover integrity by disturbing using el PUId GCLS a}long LaGatta et al. 1997; Daniel et al.
AR 1 o with less permeable soil of higher ,
settlement to change in soil fabric slope stability strength 1993a; Othman et al. 1994
Waste biodegradation of organic Sharma and Lewis 1994; Daniel

compression

component

causes differential settlement

removing organic component

et al. 2002

Gas emission

decomposition  of
matter

organic

increases uplift pressure inside the
cover system

dumping waste with less organic
matter

Bonaparte et al. 2002; Koerner
et al. 2002

Degradation

Adverse impact of climate

Deteriorates properties of cover
materials

Selecting proper cover materials

Mitchell and Jaber 1990; Hsuan
and Koerner 1998
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2.4.4  Accidental human and animal intrusion

Accidental human intrusion has generally not been a design consideration for cover
systems on most landfills or waste remediation sites. Essentially the type of waste for which
accidental human intrusion has been a design consideration is radioactive waste. Human
intrusion into Municipal solid waste (MSW) or Hospital Waste (HW) could also be
dangerous to the intruder. No amount of thickness can prevent intentional intrusion, such
as drilling a boring or digging a deep utility excavation (Bonaparte et al. 2002). For
radioactive waste, the protection layer may need to provide cover system with a high level
of protection from intrusion by burrowing animals like rabbits, rats, mice, fox, and etc. A
GMB may also be viewed as a barrier to burrowing animals. Studies by Steiniger (1968)
indicate that animals will not make their way through GMBs such as those made from
HDPE and welded wire mesh.

2.4.5 Vegetation growth and root penetration

Vegetated cover soils should be thick enough to accommodate a healthy growth of
plant roots and store sufficient water to support plant growth. Plants should generally have
relatively shallow roots so that the roots do not penetrate too deep into the cover system
because deep penetration threatens the integrity of underlying components. However, the
penetration of plant roots below the protection layer is undesirable. The potential
mechanisms by which plant roots can damage a cover system are summarized in previous
study (Suter et al. 1993): (i) Roots may enter the drainage layer or gas collection layer and
cause clogging, (ii) Roots may penetrate the hydraulic barrier, causing an increase in
hydraulic conductivity, (iif) Decomposing roots leave channels for movement of water and
vapors, (iv) Roots may desiccate CCLs, causing shrinking and cracking, (v) Uprooted trees
may lead to soil erosion and leave depressions in the cover system, (vi) Roots may enter

the wastes, take up constituent chemicals, and transport them to surface.

2.4.6 Water storage and percolation

For cover systems with a vegetated surface layer, it is critical that the cover soils be
capable of retaining sufficient moisture to support plant growth. The greater the percentage
of fines in a soil the greater the water retention after gravity drainage. Though plastic clays
have a high field capacity, they are typically not used for the protection layer because they
can desiccate and crack, providing preferential pathways for infiltrating water to bypass the

clay matrix and thereby bypass storage. A soil’s available water storage capacity depends
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on its texture and density (Daniel et al. 1993a). Selection of hydraulic barrier depends on
the allowable rate of water percolation through cover system. It is recommended that the
percolation objective for the cover system be defined, at least qualitatively, prior to design.
For example, if the cover system is for a MSW landfill, the design maximum percolation
might be in the range of 0.1 to 1.0 mm/year (Koerner and Daniel 1997). GMB/GCL or
GMB/CCL composite barriers have a representative efficiency of 99.9%, where efficiency
is defined as the percentage of lateral drainage that flows from drainage layer rather than
percolates through barrier layer (Gross et al. 1997; Othman et al. 2002).

2.4.7 Clogging of drainage layer

Drainage layer is included above hydraulic barrier layer to promote lateral drainage
and prevent the buildup of hydraulic head in the cover system. The main issues with
drainage layer design are related to flow capacity, transitions and outlets, and filtration. The
drainage layer should be designed to have adequate flow capacity and to provide free-flow
of water through proper transitions and outlets. In the absence of this, cover soils can
become saturated, leading to increased erosion, high seepage forces, leading to an increased
potential for slope instability. Previous research (Jaisi et al. 2005; Reddy et al. 2008, 2010;
Yu and Rowe 2012) advocates the need for a goetextile filter above the drainage layer to

minimize clogging of drainage layer due to fine-grained materials.

2.4.8 Prompt placement and intimate contact of geomembrane

Koerner (1998) suggested that the GMB should be placed over the CCL as soon as
possible after the final lift of CCL is constructed to protect it from desiccation, freezing,
and other stressors. Bowders et al. (1997) showed that the exposed GMB component can
heat and cause desiccation of underlying clay soils over a period of a few weeks.
Desiccation occurred more rapidly with black surfaced GMBs than with white-surfaced
GMBs since the latter reflect radiant heat (Koerner and Koerner 1995). Regarding intimate
contact of a GMB with an underlying CCL, surface of the CCL should be smooth rolled
with a steel-drummed roller before the GMB is placed. Wrinkles form in the GMB after
initial placement and subsequent heating during the day. Wrinkles are more pronounced in
the stiffer and thicker GMBs (e.g. HDPE) (Koerner 1998). To reduce wrinkle formation,
white-surfaced GMBs may be considered. On long side slopes, it may be preferable to use
textured GMB rather than smooth GMB to decrease the size of GMB wrinkles. Giroud

(1994) has shown analytically that GMB wrinkles are shorter and spaced closer together
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when the shear strength between the GMB and the underlying material is increased.
Therefore, based on the analysis, use of textured GMB decreases the potential for large

wrinkle formation.

2.4.9 Shear strength and differential settlement

The impact of differential settlement on the hydraulic conductivity of GCLs
overlain by a 0.6-m thick layer of pea gravel was evaluated by (LaGatta et al. 1997). The
results of their evaluation indicate that intact and overlapped samples of needle punched
GCLs can withstand angular distortions of 0.35 to 0.6, equivalent to tensile strains of 5 to
16%, while maintaining a saturated hydraulic conductivity of 1 x 10° m/s or less. Several
factors may affect long-term shear strength properties of the cover system materials and
interfaces. Researchers (Daniel et al. 1993a; Othman et al. 1994) have shown that many
CCLs undergo significant change in soil fabric and reduction in shear strength because of
freeze-thaw cycles. In addition, both heating and cooling result in soil moisture migration,

which can cause changes in shear strength of layer material and interface.

2.4.10 Foul gas emission and radiation

The management to collect or control the landfill gas produced beneath the cover
systems, is very important while designing a cover system. In case of a MSW landfill, it is
required to prevent the emission of foul gas which is of concern to human health and
environment. Subsurface gas migration may also lead to adverse groundwater quality
impacts due to diffusion of volatile constituents from the gas phase to groundwater.
Moreover, uncontrolled gas may produce uplift pressure which causes GMB bubbles
displacing the cover soil. GMBs are generally the best barriers to gas. GCLs and CCLs also
make very good gas barriers when they are at high degrees of saturation The need for a
GTX filter between the gas collection layer and overlying hydraulic barrier should be
evaluated (Bonaparte et al. 2002). Some radioactive wastes emit radon-222 (*?Ry) in the
form of a heavier-than-air gas. Inhalation of radon gas at sufficient concentrations is a
human health hazard. To attenuate the release of radon to the environment, the cover system
may need to incorporate a radon gas barrier. Koerner et al. (2002) described that GMBs can

also be used as barriers to radon gas release.
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2.4.11 Compressibility of waste

The potential for waste settlement is highly dependent on the type of waste. Relative
to most other wastes, MSW is highly compressible, due to its initial compressibility and
the additional compressibility induced by the biodegradation of its organic component
(Sharma and Lewis 1994). Materials such as mine waste, ash and slag, construction and
demolition waste, and soil waste have relatively lower settlement potential (Holtz et al.
1981). The closure of landfill containing compressible waste is a challenging design issue
due to its low bearing capacity. If the undrained shear strength of the near surface waste is
less than 15 to 20 kPa, the waste may not be able to support a conventional cover system
and the bearing capacity of the waste will be an important consideration in the design
process (Daniel et al. 2002). Geosynthetic or GTX or geogrid reinforcement materials can
be used to support cover systems over the waste.

2.4.12 Material degradation

Anticipated lifetime of barrier material should be considered in relation to required
design lifetime of the cover system. For CCLs, the anticipated service life is difficult to
assess due to the complex soil-water interaction. Clearly, the soil particles of a CCL will
last for geologic time. If a CCL is protected from freeze-thaw and other environmental
effects, and not subjected to excessive differential settlements, its anticipated service life is
indefinitely long (Mitchell and Jaber 1990). The lifetime of a CCL is clearly material and
site specific. Little information currently exists on the service life of GCLs. In absence of
external degradation mechanisms, the service life of bentonite is indefinitely long.
However, long-term bentonite degradation is a concern if there is potential for cation
exchange. In addition, both durability and chemical compatibility are issues with respect to
the reinforcing fibers or yarns of GCLs placed on side slopes (Koerner 1998). The service
life of any GMB component of the cover system is dependent on how well the material is
protected. The primary mechanism of degradation of a GMB hydraulic barrier in a cover
system is oxidation of the polymers causing brittleness over a long time. The literature
(Hsuan and Koerner 1998) indicate that the service life of commercially available high-

density polyethylene (HDPE) GMBs is several hundred years.

2.5 Requirements of conceptual design criteria
Gross et al. (2002) present the results of a survey conducted for USEPA on

problems and lessons learned at representative landfill facilities located throughout the
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USA. The survey identified 69 modern landfill facilities that had experienced 80 liner or
cover system problems. Almost 30% of the problems identified in the study involved
landfill cover systems. The primary factor contributing to the cover system problem in most
cases was inadequate design. The critical first steps in designing a landfill cover system
involve: (i) developing the criteria that will be used to guide the design, (ii) preparing a
conceptual design using these criteria, (iii) identifying data gaps based on the conceptual
design and (iv) performing predesign studies to generate the data needed to prepare the

detailed design, construction plans and specifications.

2.5.1 Elements of design

Based on previous literature (Bonaparte et al. 2002) there are few important
questions that typically need to be addressed when considering the design of multi-layered
cover system include: (1) What materials are available to construct each individual layer?
(2) What thickness of each component layer material is needed? (3) What maximum slope
inclination can be used with the surface layer material while providing acceptable erosion
rates? (4) For vegetated cover systems, what plant species should be established? (5) How
should surface-water runoff be managed? (6) What minimum slope inclination is required
to promote runoff after accounting for settlement? (7) What temporary and permanent
erosion control measures should be used? (8) What are the maximum design flow rate and
allowable flow rate in the drainage layer? (9) How should drainage layer transitions and
outlets be designed? (10) What is the expected performance of the hydraulic barrier in terms
of quantity of water percolation through the layer? (11) What is the expected performance
of the hydraulic barrier in terms of prevention of gas release to the atmosphere? (12) How
much differential settlement is expected, what level of tensile strain will this create in the
hydraulic barrier, and how is the barrier expected to perform under this stressor? (13) What
is the likelihood that the hydraulic barrier will be subjected to wet-dry cycles and how is
the barrier expected to perform under this stressor? (14) What is the likelihood that the
hydraulic barrier will be subjected to freeze-thaw cycles and how is the barrier expected to
perform under this stressor? (15) What hydraulic barrier properties are required to provide
the required shear strength? (16) What is the likelihood that the hydraulic barrier will be
subjected to bio-intrusion and how is the barrier expected to perform under this stressor?
(17) What is the anticipated lifetime of the barrier material(s)? (18) How should gas
collection layer transitions and outlets be designed? (19) How should the individual

component layer be constructed? (20) What type and frequency of maintenance should be
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employed for a particular layer if required? And (21) What type and frequency of

monitoring should be employed for a particular layer if required?

2.5.2 Regulatory requirement

It needs to understand the regulatory closure requirements for different types of
landfill to govern the environmental remediation for safe and healthy existence of the
human beings on this earth. Some of the important regulations applicable to cover systems
in United States of America, which has been followed all over the world for past few
decades, are briefly reviewed in this section. The RCRA (Resource Conservation and
Recovery Act) was primarily established to prevent future contamination that could result
from solid waste landfills and to take a more prescriptive approach in its rule. According
to RCRA Subtitle D and Subtitle C, cover system must be designed and constructed to (i)
have a permeability less than or equal to the permeability of any bottom liner system or
natural sub-soils present, or a permeability not greater than 1 x 10~7cm/sec, whichever is
less, (i) minimize infiltration through the closed MSW by the use of an infiltration layer
that contains a minimum 18-inches of earthen material, (iif) minimize erosion of the final
cover by the use of an erosion layer of at least 6-inches thickness of earthen material that
is capable of sustaining native plant growth, (iv) promote drainage and minimize erosion
or abrasion of the cover and (v) accommodate settling and subsidence so that the cover's
integrity is maintained.

The CERCLA (Comprehensive Environmental Response, Compensation and
Liability Act) is of primary importance when considering environmental remediation and
waste isolation. USEPA has managed the Superfund Program for the past 24 years since
CERCLA was enacted in 1980. The USEPA defines institutional or legal controls that
minimize the potential for human exposure to contamination by limiting land or resource
use (Gross 2003). CERCLA establishes several key requirements with regard to the
implementation of institutional controls for managing residual contaminants. CERCLA
stresses the importance of permanent remedies and treatment technologies in cleaning up
hazardous waste sites for removal of contaminants.

2.5.3 Climatic criteria

Climate significantly affects design and performance of cover system. Further,
climatic factors greatly affect the types of vegetation that grows on a cover system. Previous
researchers (Benson and Khire 1995; Bohnhoff et al. 2009; Zhan et al. 2014) studied the

climatic criteria to be considered in the design of a cover system, which include the amount
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and seasonal distribution of precipitation (Sinnathamby et al. 2014), duration of specific
storm events, intensity of specific storm events, seasonal temperature variations and
extremes, depth of frost penetration, quantity of snow melt, wind speed and direction, solar
radiation and humidity.

2.5.4 Aesthetic and land use criteria

Aesthetic and land use criteria are gaining importance in the design of cover
systems. The aesthetic enhancements that have been incorporated into cover systems
include: (i) construction of an undulating side slope to provide a more natural looking
landform (compared to long, planar side slope), (ii) planting of trees in terraces and (iii)
construction of decorative block retaining walls. Increasingly, beneficial post-closure land
uses are being considered in the design of cover systems for landfill closures and CERCLA
remediation (ITRC 2003). The most common types of end uses are parks, hiking trails,
sports fields, and golf courses (Bonaparte et al. 2002). The selected end use can have a
significant impact on cover system design (Daniel et al. 2002). For example, if a site is to
be used for a golf course or other facility with a vegetated surface layer that requires
irrigation, the cover system may require an internal drainage layer and a barrier witha GMB

to control percolation (Hauser et al. 2005).

2.5.5 Physical and engineering criteria

Previous researchers studied the physical criteria that should be considered in
designing a cover system, which include the lateral limits of waste (Bennett 2007), property
setback requirements (if any), height of facility above surrounding ground, side slope
length and inclination (Wells and Crooks 1987), top deck length and inclination, depth of
waste within the facility, type and thickness of interim cover (Nyhan et al. 1997), and
potential for the waste to generate gas (Vangpaisal et al. 2008). Table 2.4 summarize the
engineering criteria that are frequently considered in the design of RCRA or CERCLA

cover systems.
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Table 2.4 Common engineering criteria for different types of cover systems

Surface-Water Runoff Control Erosion Control and Vegetation
v Estimated peak flow rate v Rill and inter-rill erosion

v Surface-water control structure design |  Gy|ly formation (tractive force analysis,
(benches, channels, and retention ponds) critical distance for gully formation,

Slope Stability permissible velocity analysis)
v" Foundation stability v/ Wind erosion
v/ Waste mass stability v' Vegetation requirements (type, planting,
v" Cover system veneer stability fertilizer, amendments)
v" Pseudo-static stability analysis v Temporary and permanent erosion
v’ Other stability conditions control material requirements
Settlement (Total and Differential) Hydraulic Performance

v’ Foundation total settlement v" Cover system water balance
v/ Waste mass total settlement v Percolation through cover system
v/ Foundation differential settlement ¥ Water flow in drainage system
v’ Waste mass differential settlement ¥ Maximum head in drainage layer

Seismic Deformation Analysis Gas Emission Control
v" Foundation liquefaction v’ Gas emission rate analysis
v’ Waste mass deformation v Gas flow and pressure in collection layer
v Cover system deformation v’ Gas collection system (active or passive)

Soil Component Performance v’ Gas treatment requirements

v Erosion resistance of surface layer

e _ _ Geosynthetic Component Performance
v’ Bio-intrusion resistance

v GTX filter layer requirements

v’ Water storage capacity v GTXclogging potential

v" Frost penetration depth v GN/GC flow rate

v Drainage layer flow rate _ v GN/GC clogging potential

v Drainage layer clogging potential v GN/GC compression resistance
v Drainage layer outlet design v GN/GC outlet design

v" Granular filter layer requirements v GTX cushion layer requirements
v' Hydraulic soil barrier design (suitable | , 5vB design

soil availability, thickness, permeability) | ,, gL design

2.5.6 Ecological criteria

A cover system should be designed as an integral component of a larger dynamic
ecosystem for a high design life of around hundreds years, or longer (Koerner and Daniel
1997). Inevitable changes in physical and biological conditions should be taken into
account to help ensure the long-term effectiveness of the cover system (Bonaparte et al.
2002). Only through a holistic ecological approach, the long-term maintenance

requirements for cover systems can be minimized (Caldwell and Reith 1993).
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2.6 Case studies on test plots of field cover systems
Omega Hills, Wisconsin

One of the first detailed field studies on the performance of CCLs in landfill cover
systems was described by Montgomery and Parsons (1989, 1990). Three large test plots
with different cover system shown in Fig. 2.5 were constructed on top of the closed Omega
Hills landfill, Wisconsin and monitored for four years. The purpose of the field study was
to compare the performance of the different cover system. Major observation from the
study was that in a short period of time CCLs overlain by only 0.15 to 0.45 m of topsoil

was subjected to desiccation, cracking, and increase in hydraulic conductivity.
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Fig. 2.5 Cross sections of cover system test plots at a landfill in Omega Hills, Wisconsin
(modified from Montgomery and Parsons 1989).

Kettleman City, California

Corser and Cranston (1991) and Corser et al. (1992) constructed three test plots shown in
Fig. 2.6 at a landfill in Kettleman City, California. Although the test plots were observed
for only six months, significant deterioration of the CCLs was observed in test plots 1 and
3. Only test plot 2, in which the CCL was covered with a GMB and 0.6 m of topsoil,
performed well. The observations from the test plots are consistent with those of Omega
Hills and suggest that perhaps the only practical way to protect a CCL from desiccation is

to cover it with a GMB overlain by a sufficiently thick layer of surface soil.
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Hamburg, Germany
Melchior et al. (1994) and Melchior (1997 a, b) described a test program to date

involving CCLs for cover systems. Test plots with four different cover system cross
sections, shown in Fig. 2.7, were constructed on relatively flat (i.e., 4% slope) top deck of
a MSW landfill in Hamburg, Germany. Climate, lateral drainage, runoff, percolation, soil
moisture content, and soil water potential data were collected. The main finding of the study
was: (i) The clayey sands tend to be less vulnerable to shrinkage cracking than clays
(especially highly plastic clays) that contain relatively few coarse-grained particles. (ii) For
long-term performance of CCL, it should be protected with both a GMB and a sufficiently
thick layer of cover soil above the GMB. Furthermore, if a GCL is used in lieu of a CCL,

the GCL must be chemically compatible with adjacent soils.
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Fig. 2.6 Cross sections of cover system test plots at a Landfill in Kettleman City,
California (modified from Corser and Cranston, 1991)
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Fig. 2.7 Cross sections of cover system test plots at a landfill in Hamburg, Germany
(modified from Melchior et al, 1994; Melchior, 1997a)
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Albuquerque, New Mexico

Dwyer (1997, 1998, 2001) have described the construction and monitoring of six

test plots with different cover system configurations (Fig. 2.8) at the Kirtland Air Force
Base in Albuquerque, New Mexico. To provide good vegetation cover during the growing
season, the plots were seeded with a mixture of warm season and cold season native grasses.
The test plots were constructed in 1995 and 1996. Each test plot was 13 m wide by 100 m
long, crowned in the middle, and sloped at 5%. Continuous water balance and
meteorological data were collected for the test plots. The plots were heavily instrumented
to quantify measurable water balance variables (precipitation, surface runoff, lateral
drainage, percolation, and soil moisture changes). Instrumentation included collection
lysimeters to monitor percolation and time domain reflectometry (TDR) moisture sensors

to monitor the soil water content within the cover system.
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Fig. 2.8 Cross sections of cover system test plots at Kirtland Air Force Base in
Albuquergue, New Mexico (modified from Dwyer, 1997)
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Based on the above experiments, it was reported that the GCL cover did not perform
as well as expected. The bentonite within the geosynthetic clay liner was desiccated, and
could not fully repair itself during rewetting. The capillary barrier covers also showed a
higher than expected percolation rate for the first year, but the rate slowed down as the
surface vegetation thickened with native grasses and shrubs. The anisotropic barrier and
ET cover was found to perform well essentially associated with the transpiration rate. This
test plot revealed that in dry environments, a well-designed simple soil cover was not only
the cheapest alternative but also the most effective at controlling infiltration.

Los Alamos, New Mexico

Nyhan et al. (1997) described the performance of sixteen test plots constructed at
Los Alamos National Laboratory, New Mexico. The plots had four different cover system
configurations, which were constructed with a slope of 5, 10, 15, and 20%. None of the
plots was vegetated. Precipitation, runoff, lateral drainage, percolation, and soil water
content were measured for each test plot. The four cover system cross sections that were
constructed are (i) Test cover 1: conventional Los Alamos design with 0.15 m of loam
topsoil, 0.76 m of silty sand, and 0.3 m of gravel; (ii) Test cover 2: EPA design with 0.15
m of loam topsoil, a GTX filter/separator, 0.3 m of drainage sand, and a 0.6 m thick
bentonite clay-sand CCL; (iii) Test cover 3: loam capillary barrier design with 0.6 m of
loam topsoil overlying 0.76 m of fine sand; (iv) Test cover 4: clay loam capillary barrier
design with 0.6 m of clay loam topsoil overlying 0.76 m of fine sand. Results indicated that
the test cover 2 performed better than the other cover system configurations with no
evidence of percolation even though its CCL was protected by 0.45 m of soil. The highest

amount of percolation was recorded for test cover 1.

Lysimeters at DOE Hanford Site
Fayer et al. (1992) compared field water balance for eight unvegetated lysimeters at
USDOE’s Hanford site with water balances simulated using UNSAT-H code. Soil profile
in the lysimeters and simplified profile used for simulations are shown in Fig. 2.9. The
uppermost soil in the lysimeters is a silt loam material. Soil profile in lysimeters is intended
to simulate a capillary barrier.

The simulation was found to underestimate the amount of soil water storage during

the spring and overestimate the amount of soil water storage during the winter. This was to
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underestimation of evaporation in winter and overestimation of evaporation in summer. By
decreasing evaporation, increasing saturated hydraulic conductivity of silt loam, and adding
a snow cover, simulated soil water storage shows better agreement with measured soil

water storage.

Hill Air Force Base

Paige et al. (1996) described calibrating Version 2 of the HELP model to field
measurements from two cover system test plots constructed at Hill Air Force Base (Hill
AFB), in Layton, Utah and monitored for a four-year period. The calibrated models were
then used to simulate the long-term performance of the cover systems. Cross sections of
the cover systems are shown in Fig. 2.10. After construction, the plots were vegetated with
native grasses. Water balance data measured over the four-year monitoring period include
precipitation, lateral flow in the sand drainage layer, percolation, soil moisture content, and
runoff. Even with the site-specific calibration, significant differences between field and
simulated water balance was noted. In particular, for the ET cover system, correlation

between measured and predicted percolation was not good.
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Fig. 2.9 Lysimeter design and conceptual model used to compare measured and simulated
water balance for DOE Hanford site (from Fayer et al. 1992)
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Fig. 2.10 Hill Air Force Base test plots: (a) ET-type cover system; and (b) hydraulic
barrier-type cover system (from Paige et al. 1996)
2.7 Column study on cover system

A chronological review of the previous studies on cover system (CS) column test is
summarized in Table 1 to highlight the importance of various methodologies. Based on
the literature listed in Table 1, it was noted that different types of CS have evolved over the
last few decades mainly based on two mechanisms known as evapotranspiration (ET) and
capillary barrier (CB) action. The table also focuses on the inclusion of geosynthetic clay
liner (GCL) and different recycled materials in MLCS for landfill application.

Stormont and Anderson (1999) have conducted infiltration tests using soil columns
with different material combinations to study the capillary barrier effect. The soil column
was 203 mm in diameter and 1000 mm high constructed using clear plexiglass cylinders.
The different soil layers placed in the column were compacted using Proctor hammer in the
calculated lift volume to achieve the desired density. Tensiometers and water content
reflectometers (WCR) were employed for the measurement of suction and water content in
the soil column. The study was carried out with three fine soils over coarse soil
combinations. It was concluded that the lower coarser layer is critical for the performance
of the capillary barrier. The coarser and uniform the lower layer, the better the performance
of the capillary barrier. It was further stated that the capillary barrier so formed could be

restored with repeated drying and wetting cycles.
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Table 2.5 Reviewed literature on cover systems used for landfill application

Considerations
for the study

Technique

Type of cover
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References

X VvV /X VXY XX VvV XXX X XX
VXX XX X X XXX X/ XXX VX

Woyshner and Yanful (1995)

Stormont (1996)

vV vV X X Vv XV XX Vv VvV XX v XX
VX XX X X X XX Vv VXV X v vX
vV X X X X vy X X Vv X Vv /vy X v X XX
vV X X X vV X VvV XV XV VX X XX

Khire et al. (1997)
Nyhan et al. (1997)

Stormont and Anderson (1999)
Choo and Yanful (2000)

Khire et al. (2000)

Benson et al. (2001)

Hauser et al. (2001)

Dwyer (2003)

vV X X X Vv XV Vv X XV /XX v XX
VvV X X X VvV XV VXV VYV V VYV XX

vV v X X X X X v X v XX v X v XX
vV v XV VYV XV XXV V VYV XV VLX

vV X X X X Vv X X X X Vv /X X XX
XV Vv XV VvV X VXX L XX XX
vV v X X Vv X VvV X X v Vv X Vv X v X X
vV vV X v X X XV XV XX vy X XV X

Tami et al. (2003)

Yanful et al. (2003)

Zornberg et al. (2003)
Albright et al. (2004)

Yang et al. (2004a)
Yang et al. (2004b)

VX XXXV VX I X VL XXX XX
v X X X v v X X Vv X Vv / X X X XX

vV X X X Vv X vV X X X Vv /X X XX
vV X X X V¥ X /¥ X X X X X X X XV X

Iryo and Rowe (2005)

Luellen and Brydges (2005)

Scanlon et al. (2005b)
Albright et al. (2006a)
Albright et al. (2006b)
Krisdani et al. (2006)

vV vV XX VXV VXV VYV XXV VX
XX v X X v X vy XV vy X XX v XX

X X VvV XX XX v XV /XXX Vv /X
vV XX X VvV XXV XV XX X XX
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vV X X X vV X VX X XV /XX X XX

Parent and Cabral (2006)
Yanful et al. (2006)
Yang et al. (2006)

VXXX X VYV X I X VL XXX XX
XV IIXXIX VXV VXXV VLX

Benson et al. (2007a)
Benson et al. (2007b)

Indrawan et al. (2007)
Sadek et al. (2007)

V VXXXV VIV VIV XX VYV VXX
vV XX X VvV VX VXV XXX XX

XX v X v XV XXXV VX v XX
VXXX VI XV VXXV VLIV XX

Ogorzalek et al. (2008)
McGuire et al. (2009)
Zhang et al. (2009)

XV VXV VvV VXXV JLXX XXX
vV vV XX VvV VvV VXXV VXX Y XX

XX v X v vy XXy XXy XXX XX
vV X X Vv X XV VvV XV V¥ X X X Vv XX

Lewis and Sjostrom (2010)
Melchior et al. (2010)

Sun et al. (2010)

Qian et al. (2010)

XV VI XV VIV VI X VI XXX X
VX X X X /Vy X X X X XV /X X XX

V X X XV X VXXV VLY XX XX
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Abdolahzadeh et al.( 2011)
Mijares et al. (2012)
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Albright et al. (2012) X Vv v XX v X XV XX X ¢ XX
Rahardjo et al. (2012) VXXX XXX XXXV V/VJVYVXXV /X
Li et al. (2013) vV X X X v X V¥ X X XV VX X X XX
Harnas et al. (2014) VXX XXXy XX Vv XV X XXXV
Zhang and Sun (2014) VXXX VY X YX XXV VLV XV XX
Ng et al. (2015) X X X Vv Vv /v XXXV XXX v X
Coo et al. (2016) XXXV Vv /v XYXV VXV L XX
Ng et al. (2016) X X X vV X VXX VXV VXV XXX
Zhang et al. (2016) vV vV XX VvV Vv XV XV X XXX
Rahardjo et al. (2016) VXXXV /S VXXXV VI XXXV
Khapre et al. (2017) X Vv V/ X X V¥ X X X X J X X X X X
Zhang et al. (2017) XX Vv XV X VXXV /L L XXX XX
Ng et al. (2019a) X X X Vv XX XXXV VXXV XV
Ng et al. (2019b) XXX VXY XX VIV VXV XA
Tan et al. (2018) vV X X Vv X Vv X XV XV /¥ X X XX

Choo and Yanful (2000) have studied transient water flow in homogenous soil and
steady state flow in multilayer soil using analytical methods and finite element model. The
results obtained from the simulation were compared with those obtained from laboratory
column study. The laboratory column studies consisted of two separate columns in which
a two layer and a three layered soil cover were packed into a Plexiglas column of internal
diameter 0.108 m and length 1.022 m. A porous ceramic disk (high air entry) was fitted at
the base of the column to allow movement of water and prevent flow of free air. The column
was instrumented with tensiometers and time domain reflectometry (TDR) probes along
the length to measure pressure and water content. The modelling and experimental results
showed different trends for time greater than 3 days, which has been attributed to the
presence of discontinuous water pockets in the columns. The authors also state that vapor
transport by diffusion plays a significant role where evaporation occurs in soil, and hence
should be included in the flow model for the simulation. The results obtained by authors
emphasized the need for accurate knowledge of unsaturated hydraulic conductivity-
pressure functions in flow modelling.

Yanful et al. (2003) have studied the flow of water through multi-layered soil cover
by conducting laboratory column studies. Numerical simulations were also carried out with
the help of a coupled liquid flow, vapor diffusion, and heat transfer finite element model.
The layered soil cover studied was proposed for mine-waste soil cover, which intended to
control oxygen diffusion and infiltration. Studies on column setups consisting of single clay
till layer and three-layer soil cover (consisting of coarse soil, clayey till soil and fine soil)
with thickness ratio of 3:8:5 (from top soil layer to bottom) were performed. The
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evaporation columns measured 115mm in diameter and 255 mm in height and were
instrumented using Time domain reflectometry (TDR) probe and thermocouple for
measuring water content and temperature respectively. Saturation of the soil columns were
performed using a 6.35 mm (internal diameter, ID) plastic tube connected to the bottom
center hole of the column and to a mercury constant water supply system. Depending on
soil type, the saturation pressure was varied from 5 to 40 kPa. The water supply and
drainage system consisted of the same tube connected to a 1- Mariotte bottle for
maintaining a constant water level. Results obtained from the experiments agreed
reasonably well with the predicted values from the modelling. Sand layers placed on top
and bottom of the till layer worked as evaporation and drainage barriers, respectively. This
ensured that the till layer remained saturated and performed effectively as an oxygen
barrier. Modelling results further indicated coarse sand as the most suitable top evaporation
protective layer.

Yang et al. (2004a) have described the construction and performance of a large-
scale soil column for studying laboratory infiltration characteristics. Transparent acrylic
cylinder (5mm thick and 190 mm ID) strengthened by vertical stiffeners and provided with
a top acrylic cap and a bottom stainless steel base plate was used in the setup. Threaded
holes were fabricated in the cylinder for the installation of TDR probes and tensiometers-
transducer system. The mounting was done using specially designed stainless steel
connector (double socket type). The mounting was done by either pre-drilling a hole in soil
column or by inserting the ceramic cup at desired position during compaction. The
positions of the holes were finalized on basis of seepage analysis using SEEP/W. All the
joints were properly sealed using rubber O-rings and fastened using bolts and nuts. The
water flow system employed consisted of constant head water tank, sensitive ball valve for
flow regulation, rainfall distributor (perforated acrylic plate), overflow outlet for regulation
of water head on the soil surface and percolation discharge using a pipe connected to a steel
plate, which was recessed to accommodate a porous stone. The percolated water was
collected and weighed, continuously using an electronic balance. The tensiometers, TDR
and the electronic balance were connected to a data acquisition system for continuous data
logging and storage. The experimental setup was found to be effective in infiltration
studies.

Yang et al. (2004b) have investigated the capillary barrier effect by conducting
infiltration tests on two layered soil columns with various combinations of materials (fine

sand, medium sand, gravelly sand). The effectiveness of the barrier was judged by the
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criteria of pore-water pressure change across the interface and the final water storage. The
use of gravels as the coarser layer was found to be more effective as a capillary barrier as
it had better water storage and the water entry value was lower. The water entry value was
found to be approximately equal to the residual matric suction value of the soil. The
maximum matric suction developed in the soil column was found to be either one or two
times the residual matric suction. It was also reported that the ultimate pore-water pressure
profile in the soil column does not reach hydrostatic equilibrium as predicted theoretically.
Based on this observation the authors have proposed an idealized ultimate pore-water
pressure profile, which can be useful for estimating negative pore-water pressure in the soil
when water table is deep. It has been further pointed out that the SWCC of a soil using the
drying capillary rise open tube can provide consistent and accurate results only up to matric
suction range of two times the residual water matric suction of the soil.

Yang et al. (2006) have conducted laboratory investigations on the vertical
infiltration of two soil columns of finer over coarser soils subjected to simulated rainfalls.
The finer material used in the column were two different locally available clay and the
coarser layer consisted of fine or medium sand. SWCCs associated with the drying and
wetting of the soil column were plotted and it was observed that the curves so obtained
were secondary or scanning curves. It was also concluded that these relationships between
matric suction and volumetric water content are not unique and are dependent on the drying
and wetting histories of the soil. Transient processes with delayed response and
instantaneous response of pore water pressure and water content due to rainfall intensity
were observed in separate cases of column study. The delayed response indicated the
redistribution process of soil water during infiltration. The test results further indicated that
the coarser layer restricted the increase of pore water pressure in the upper clay layer during
infiltration. The authors have also reported the spatial variation of saturated permeability
values of the soil layers, which has been attributed to the variation in soil compaction
energy.

Krisdani et al. (2006) have conducted column studies on two different capillary
barrier models. Gravely sand and a geosynthetic material (Polyfelt Megadrain 2040) were
used as the drainage layer in the columns. The SWCC of the soils were determined using
Tempe cell and pressure plate tests while the GWCC (Geotextile water characteristic curve)
was determined using capillary rise principle. The column setup consisted of the coarse-
grained layer sandwiched between two layers of fine sand. Small tip tensiometers and time

domain reflectometry (TDR) were installed along the column for measurement of pore
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water pressure and volumetric water content respectively (Infiltration column setup same
as Yang et al. 2004a). Rapid drawdown tests and simulated rainfall tests were conducted
on the columns. The pore water pressure profiles obtained indicated that higher matric
suction profiles were developed in the fine layer overlying the geotextile layer. This
resulted in lower unsaturated permeability values and more water storage in the fine layer.
The results obtained indicate that the geotextile layer acts as a better capillary barrier than
the gravelly sand.

Lewis and Sjostrom (2010) have reviewed various techniques involved in the
design of soil column and have listed out the best practices for saturated, unsaturated,
monolithic, and packed soil columns. Unnatural preferential flow (sidewall flow,
macropore flow, and fingering) has been identified as the most critical design issue with
unsaturated columns, which occurs due to lack of proper packing or flexing of column
walls. The authors have recommended caution for the use of the experimental approach of
free drainage, in which soil pore water flows from the base of the soil column under zero
tension. Generally, in such cases capillary fringes are formed (up to 90 cm thick) and the
unsaturated column operating under free drainage may actually be saturated resulting in
unreliable flow data. Reporting of the soil water characteristic curve (SWCC) accounting
for hysteresis wasidentified to be crucial for reproducibility of experiments in unsaturated
columns.

Sun et al. (2010) have studied the changes in the water balance resulting from the
use of geotextile in a lysimeter pan experiment performed in a monolithic alternative
landfill cover. The geotextile was used as a plant root barrier for the drainage layer.
Laboratory column studies and numerical modelling (using SEEP/W and VADOSE/W)
were implemented for studying the effects of the geotextile layer on water balance.
Volumetric water sensors were fitted in the columns at specified heights and continuous
measurements were recorded. The authors state that the excess water on the surface may
result in preferential flow (sidewall flow). The laboratory finding and numerical analysis
indicated the formation of a capillary barrier at the geotextile layer. This effect was
responsible for storing additional 70 L of water per cubic meter of soil, which can later be

potentially removed by evapotranspiration by plants.

2.8  Field study on landfill cover system
Numerous research works were carried out all over the world in last few decades

for investigating the performance of different type of cover system. A chronological review
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of water percolation studies of cover system in the field is provided in Table 2.5. From the
table, it can be noted that the ET and CB cover systems are mostly studied by conducting
laboratory column test or numerical simulation. As far as the field studies of landfill cover
system are concerned, the efficacy of ET and CB cover systems have been investigated by
using lysimeter technique (Choo and Yanful 2000; Albright et al. 2004; Scanlon et al.
2005b). It is noticed that the lysimeter based monitoring is expensive, time-consuming and
do not give representative evapotranspiration (Zhang and Sun 2014; Mijares et al. 2012).
The effect of vegetation on evapotranspiration of the cover system has been considered in
numerical studies as shown in Table 2.5

Benson et al. (2001) conducted a study for the evaluation of final cover performance
as part of a five-year study referred to as the alternative cover assessment program (ACAP).
Data were collected from 24 final cover test sections located at eleven sites in seven states.
Climates ranging from arid to humid/subtropical were represented. Tentative
recommendations regarding equivalent percolation rates for conventional covers have been
made based on the data. The recommended equivalent percolation rates for covers with
composite barriers were 1 mm/yr. for semi-arid and arid climates and 5 mm/yr. for humid
climates.

Hauser et al. (2001) discussed innovative vegetative landfill covers that use no
barriers. They consist of a layer of soil covered by native grasses to control infiltration as
follows: (1) the soil stores infiltrating water; and (2) natural evapotranspiration empties the
soil water reservoir. The vegetative cover concept was extensively verified in the field.
They proposed that evapotranspiration cover should be associated with correctly designed
and constructed vegetative covers.

A site-specific unsaturated flow investigation was undertaken by Zornberg et al.
(2003) for the analysis and design of an evapotranspiration (ET) cover system at the
Operating Industries, Inc. (OIl) Superfund landfill in southern California. The site-specific
sensitivity evaluation shows that percolation response to design parameters such as rooting
depth, cover thickness, and saturated hydraulic conductivity is highly nonlinear. This
facilitated selection of the design parameters in the final cover. The analyses also provide
insight into the effect of irrigation, increased natural precipitation, and initial moisture
content of the cover soils.

Henken-Mellies and Gurtung (2004) conducted a long-term observation through
large-scale field tests, which were conducted in Bavaria, Germany in order to test the

effectiveness of landfill cover systems. In their study a simple landfill cover consisting of
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a thick layer of loamy sand was placed in one of the large lysimeters; the other lysimeter
was filled with a more elaborate cover design (1 m of top soil, a drainage geocomposite,
and a GCL). The water balance of the landfill cover system inside each of the lysimeters
was measured during a four-year period. The overall results emphasize the importance of
a properly designed landfill cover system, including a sufficiently thick re-cultivation layer
to regulate the water balance of the surface cover system, an effective drainage layer, and
a sealing layer, which keeps its low permeability. The drainage geocomposite and the Ca-
GCL proved to be effective elements within the landfill cover system. The approach used
in their investigation helped to capture additional uncertainties regarding the effects of
degradation mechanisms on long-term cap performance.

Albright et al. (2006a) evaluated hydraulic properties of the compacted clay barrier
layer in a final landfill cover in southern Georgia, USA. After four years, the clay barrier
was excavated and examined for changes in soil structure and hydraulic conductivity. The
in situ and laboratory tests indicated that the hydraulic conductivity increased
approximately three orders of magnitude (from = 10" to 10~*cm- s™1) during the service
life. The findings also indicate that clay barriers must be protected from desiccation and
root intrusion if they are expected to function as intended.

Benson et al. (2007a) studied the post construction changes in the hydraulic
properties of water-balance cover soils. In the study hydraulic properties of soils used for
water balance covers measured at the time of construction and one to four years after
construction are compared to assess how the hydraulic properties of cover soils change over
time as a result of exposure to field conditions. Data are evaluated from ten field sites in
the United States that represent a broad range of environmental conditions. After two to
four years, many water balance cover soils can be assumed to have Ks between 107° and
1073 cm/ s, 65 between 0.36 and 0.40, van Genuchten o parameter between 0.002 and 0.2
kPa™!, and van Genuchten n between 1.2 and 1.5. The data may be used to estimate changes
in hydraulic properties for applications such as waste containment.

McGuire et al. (2009) conducted a case study of a full-scale evapotranspiration
cover. In the study the design, construction, and performance analyses of a 6.1 ha
evapotranspiration (ET) landfill cover at the semiarid U.S. Army Fort Carson site, near
Colorado Springs, Colo. are presented. Favourable hydrologic performance for a 5-year
period was documented by lysimeter-measured and Richards’-based calculations of annual

drainage that were all < 0.4 mm/ year. Water potential data suggest that ET removed water
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that infiltrated the cover and contributed to a persistent driving force for upward flow and
removal of water from below the base of the cover.

The water balances and the long-term performance of different landfill cover
systems have been measured in situ by Melchoir et al. (2010) in large-scale lysimeters on
the landfill Hamburg-Georgswerder, Germany since 1988. The water balance was used to
test the applicability of hydrological evaluation of landfill performance (HELP) model.
Tensiometers, neutron probes, and time domain reflectometry (TDR) were used to collect
soil suction and water content data. The study quantified the irreversible impact of crack
formation in cohesive soil barriers and geosynthetic clay barriers due to desiccation,
shrinkage, ion exchange, and plant root penetration. The hydraulic conductivity of the
cohesive soil barriers increased from 2x107%° to 9x10® m/s. The composite barriers with
geomembranes above cohesive soil barriers performed well, showing no leakage and only
very little thermally induced water transport.

A comprehensive study was conducted by Henken-Mellies and Schweizer (2011)
to examine the performance and possible changes in the effectiveness of landfill surface
covers. The performance of three different landfill cover systems has been monitored in
large-scale lysimeter test fields at the municipal solid waste landfill of Aurach, Bavaria
(Germany). It was observed that the required long-lasting protection of CCL and GCL
against root penetration and desiccation can be provided by an appropriately thick soil
cover (possibly 2 to 3 m) or by a geomembrane. The hydraulic conductivity of the
compacted clay layer or of the geosynthetic clay liner may increase substantially, if there
is no long-lasting protection against desiccation.

A study was conducted Albright et al. (2012) at seven sites across the United States
to evaluate the field hydrology of final covers with a composite barrier (a geomembrane
over a soil barrier or a geosynthetic clay liner) for final closure of landfills. They found that
the percolation from all test covers generally was coincident with high water storage in the
surface soil layer and lateral flow in the drainage layer on the surface of the geomembrane
barrier. Water balance predictions were made with the hydrologic evaluation of landfill
performance model using site-specific input. Surface runoff was over-predicted and
evapotranspiration under-predicted when as-built soil hydraulic properties were used as
input.

Li et al. (2013) conducted a numerical investigation of the performance of covers
with capillary barrier effects (CCBES) in South China. In their study, several combinations

of lean clay, clayed sand, and silty sand with gravel are examined using
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saturated/unsaturated seepage analysis. Two contrasting conditions, i.e., a drizzle lasting
for a long time and an intense storm lasting for a short time, were applied to the covers.
The covers perform well when subject to prolonged small rainfall at an initial maximum
suction of 150 kPa. When subject to a short-time heavy rainfall, breakthrough occurred in
the cover consisting of clayed sand overlying silty sand with gravel. Of the three covers, a
CCBE consisting of lean clay overlying silty sand with gravel performs well under both
prolonged light rainfall and short time heavy rainfall conditions.

Zhan et al. (2014) investigated the performance of an inclined three-layer cover
with capillary barrier effect (CCBE) comprising silt, sand, and gravel, for usage under
humid climatic conditions. Numerical modeling was simulated for a 60 m long inclined
CCBE system to investigate the effective length of lateral diversion under a prolonged
heavy rainfall. The physical modeling tests demonstrate the effectiveness of the inclined
three-layer CCBE system for heavy rainfall up to about 70 mm/h. The capillary barrier at
the sand-gravel interface of the system failed and allowed deep percolation when the
saturated hydraulic conductivity of the top silt layer was in the order of 5.3 x 107® m/s.
When the saturated hydraulic conductivity of the top silt layer was reduced by one order to
5.3 x107" m/s, the inclined three-layer CCBE system was successful in laterally diverting

all the infiltrated water near the interface.

2.9  Numerical modelling of cover system

Numerical modelling of landfill cover is very essential to understand its complex
unsaturated fluid flow system and long-term performance. A variety of modelling tools
based on water balance methods or theory of fluid dynamics in unsaturated porous media
are available for numerical analysis of the MLCS. They range in complexity from relatively
simple empirical correlations to sophisticated computer-based finite difference and finite
element models. Table 2.6 summarizes the modelling approaches used for simulating
MLCS performance.

Berger et al. (1996) studied the suitability of hydrologic evaluation of landfill
performance (HELP) model of the US EPA for the simulation of the water balance of
landfill cover systems. HELP model considers gravitational forces as driving forces of
water flow only. Therefore, capillary barriers cannot be simulated using HELP. In the
study, model results were compared with field data of the water balance, measured in the
test conducted on the Georgswerder landfill in Hamburg. The measured and simulated data

were found to be in good agreement for lateral drainage, but not for surface runoff.
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Khire et al. (1997) conducted a study on water balance modelling of earthen final
cover. In the study, the hydrologic data measured from two earthen final cover test sections
were compared with predictions made using two water balance models (HELP and
UNSAT-H). Hydrologic and meteorological data including precipitation, air temperature,
solar radiation, relative humidity, wind speed, and wind direction were collected at each
test section for three years. Percolation, overland flow, and soil water content were
monitored continuously. Predictions of the water balance were made using HELP and
UNSAT-H. Percolation was slightly overestimated in HELP and underestimated in
UNSAT-H. However, both models captured the seasonal variations in overland flow,
evapotranspiration, soil water storage, and percolation. UNSATH captured these variations
more accurately than HELP.

Chang et al. (1999) conducted the water balance evaluation of final closure cover
of near surface radioactive waste disposal facility in France under domestic climatic
conditions. In the study, it was found that until 100 years after closure of disposal vault, the
infiltration flux for the most favourable cover design was negligible even under doubling
of the ambient precipitation conditions. When the degradation of asphalt and geomembrane
after 100 years of closure was considered, the infiltration flux significantly increased to the

design criteria of cover system.
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Table 2.6 List of reviewed modelling tools used for the simulation of the landfill cover system

Numerical  Governing Data Simulation of . . . s
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Water balance simulations were conducted by Khire et al. (2000) with the
unsaturated flow model UNSAT-H to assess how layer thicknesses, unsaturated hydraulic
properties, and climate affect the performance of capillary barriers. Simulations were
conducted for four locations in semiarid and arid climates. Hydraulic properties of four fine
grained and two coarser-grained soils were selected to study how saturated and unsaturated
hydraulic properties affect the water balance. Results of the simulations indicate that
thickness and hydraulic properties of the surface layer significantly affect the water balance
of capillary barriers. See what they have reported on climate and compare with our results.

Scanlon et al. (2002) conducted a study to compare water balance simulation results
from seven different codes, HELP, HYDRUS-1D, SHAW, SoilCover, SWIM, UNSAT-H,
and VS2DTI, using 1-3-year water balance monitoring data from non-vegetated engineered
covers (3 m deep) in warm (Texas) and cold (Idaho) desert regions. Simulation results from
most codes were similar and reasonably approximated measured water balance
components. Simulation of excess runoff was a problem for all codes. Annual drainage was
estimated to within £64% by most codes. The code comparison study identified important
factors for simulating the near-surface water balance of engineered covers.

Zornberg et al. (2003) investigated a site-specific unsaturated flow using LEACHM
model for the design of evapotranspirative (ET) cover system at the Operating Industries,
Inc. (Oll) Superfund landfill in southern California. The study indicated that the percolation
control in an ET cover system relies on water storage within the cover soils during the rainy
season and on the subsequent release of the stored moisture by evapotranspiration during
the dry season.

Noel and Rykaart (2003) conducted a comparative evaluation of a cover design
using four different codes (SoilCover, SWIM, HYDRUS-2D and HELP. The data set used
for the comparative study is a well calibrated data set that that has been collected over a
long period in time and according to strict controls. The authors present the pitfalls of
numerical modelling of the surface flux boundary conditions, as well as present guidelines
towards appropriate use of these modelling tools.

Preston and Bridge (2004) conducted field-test of the Simultaneous Heat and Water
(SHAW) model for its ability to reliably estimate poplar transpiration, volumetric soil water
content, and soil temperature of a landfill cover located in southern Ontario, Canada. The
model was then used to estimate deep drainage and to ascertain the influence of a young
poplar tree systems (PTS) on the soil water balance of the landfill cover. The SHAW model
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tended to underestimate poplar transpiration and overestimate volumetric soil water
content. The model estimated soil temperature very well, particularly in the upper 1 m of
the landfill cover. The SHAW model simulations showed that deep drainage decreased
appreciably with the presence of a young PTS largely through increased interception of
rainfall.

Yanful et al. (2006) employed SoilCover model to simulate one-dimensional
evaporation from hypothetical moisture-retaining cover systems. This helped in evaluating
the influence of several cover properties and hydro-geologic parameters on performance.
The simulated water content profile and layer porosity were then used to estimate oxygen
diffusion coefficients of various cover layers. The oxygen flux through the cover systems
was computed by using the oxygen diffusion coefficients.

Brown (2007) investigated evapotranspiration landfill cover to determine the design
parameters by using Simultaneous Heat and Water (SHAW) model. SHAW model was
calibrated to predict transpiration using the Parameter Estimation Software Tool (PEST).
The study indicated the annual deep percolation to be less than 60mm.

Ogorzalek et al. (2008) used LEACHM, HYDRUS, and UNSAT-H to predict
surface runoff (R), evapotranspiration (ET), soil-water storage (S), and percolation for
simulating hydrology of the water-balance covers. Simulated results were compared with
measured water-balance data from a lysimeter employed to monitor a capillary barrier
cover profile in a sub humid climate. LEACHM and HYDRUS computed total R with
reasonable accuracy within 18 mm. In contrast, UNSAT-H consistently overestimated R
by at least 239 mm. All three codes overestimated ET in late winter and early spring and S
was underpredicted.

Bashir et al. (2015) presented the results of numerical modelling to investigate the
role of hysteresis of soil water characteristic curve (SWCC) on the infiltration characteristic
of soil subjected to four different climatic conditions like very dry, dry, neutral, and wet
climates, within the Canadian province of Alberta using HYDRUS 1D computer code. The
consideration of hysteresis in the SWCC of a soil resulted in the prediction of significantly
different infiltration characteristics than those predicted using a non-hysteretic SWCC. It is
important to consider hysteresis of SWCC for all climate types ranging from very dry to
wet. The greater the degree of hysteresis in a soil’s SWCC, the more pronounced the
differences between the predictions from hysteretic and non-hysteretic simulations.

Regardless of the climatic conditions and the type of soil, the use of wetting hydraulic
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parameters results in prediction of increased infiltration and movement of water as
compared to the predictions using the drying hydraulic parameters. For soils that exhibit
greater degree of hysteresis, it is important to measure both the drying and the wetting
branches of the SWCC accurately.

Argunhan-Atalay and Yazicigil (2018) investigated the performance of various
cover configurations for limiting water percolation and oxygen into the northern waste rock
storage area of the Kisladag gold mine, in Usak, Western Turkey. SEEP/W and
VADOSE/W codes were employed to model the flow in unsaturated and saturated zones
for assessing the performance of various cover systems. The accuracy of input data was
checked during calibration for steady-state conditions with SEEP/W. Subsequently,
bedrock, waste rock, and three different cover alternatives were modelled under transient
conditions for 20 years using daily climatic data.

2.10 Critical appraisal on reviewed literature

The reviewed literature reveals that cover system is an essential component of waste
disposal facility (landfill) for minimizing rainwater ingress into the underlying waste.
Review of the existing literature exemplifies the complexities and challenges associated
with the successful design of cover system for its long-term performance. Based on
previous studies it is observed that the suitability of the different cover systems and the
design of their individual components depends on many site-specific factors like climatic
condition, soil type, plant species, topographic features, and the type of waste at that site.
The secondary factors governing the design include aesthetic criteria, ecological criteria,
post closure site use criteria and the regulatory requirements. In several reviewed case
studies on the test plot of few cover systems under different climatic conditions, it has been
observed that the field performance should be monitored to ensure long-term existence of
MLCS under adverse weather conditions.

The reviewed field studies indicate that the overall performance of MLCS is
superior as compared to the other cover systems. Alternative cover systems (ET covers,
capillary barrier covers, and anisotropic barrier) have also shown good performance in dry
(arid to semi-arid) climates. However, existing literature indicates that such covers may not
be suitable for regions with high rainfall. Thus, it can be concluded that MLCS is preferable
in regions with high precipitation over other cover systems for minimizing percolation.

Many laboratory studies have been carried out by previous researchers employing the use
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of soil columns for understanding the performance behaviour of monolithic or multi layered
soil systems under various experimental conditions. Most of these studies have been
attempted for soil-geotextile systems or capillary barrier systems. Thereby more studies on
MLCS including all the soil layers with the thickness similar to that provided in the field
are required for complete understanding percolation characteristics.

Based on reviewed literature on some modelling tools, it is well established that
numerical modelling for performance evaluation of cover system is essential for studying
different scenarios. Several researchers have carried out comparative studies of the
experimental results with numerical modelling results. Water balance models have also
been proposed for predicting the long-term performance, which is extremely difficult to be
evaluated in field or laboratory studies.

It is noted in the literature survey that the hydraulic performance of a MLCS at a
particular site is very specific as there are many site-specific governing criteria. Few well-
advanced countries like USA and UK have developed their own design guidelines for
various cover systems. For example, after carrying out extensive research works on various
issues related to cover system, EPA has developed the design guidelines, which is
particularly suitable for USA climate. From detailed review, it is clear that field monitoring
and laboratory studies are further needed for developing countries like India as many of the
near surface hazardous landfills are reaching its closure stage. Therefore, the hydraulic
performance evaluation of cover system is needed for high humid, high rainfall regions like

Indian subcontinent.

2.11 Ohbjectives and scopes of the proposed research work
The objective of the research work is hydraulic performance assessment of multi-
layered cover system for near surface hazardous waste disposal facility for tropical climatic
condition of India.
The scopes of the study are outlined as follows:
(i) Performance evaluation of water content sensors for each soils used in the MLCS.
(i) Laboratory investigation on MLCS columns under constant water ponding.
(iii) Field investigation on sloped MLCS under natural weather condition.
(iv)Numerical analyses of long-term hydraulic performance efficacy of the MLCS

considering climate change impact.
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Chapter 3
Materials and Methodology

3.1 General

Various materials that finds its application in multi-layered cover system (MLCS)
for landfills were considered for the present study. These materials were subjected to
different laboratory tests for their chemical, physical, and geotechnical characterization.
The results obtained from these tests are summarized in this chapter. Apart from this, details
of the different generic instrument/ sensor used and the methodology adopted are presented.
In addition, few important theoretical concepts relevant to this study has also been
discussed.

3.2 Material selection

The current study was conducted by employing various indigenous soil, bentonite
clay, fly ash and commercially available geosynthetic clay liner (GCL). In the study,
Medium sand (MS) was used as the drainage layer (DL) in laboratory columns and field
cover system. This material was chosen based on hydraulic conductivity (10° m/s) that
satisfies drainage layer criterion (Landreth et al. 1991). 30% bentonite (BN) was mixed
with 70% native soils (red soil: RS or black soil: BS) or fly ash (FA) for constructing the
barrier layer (BL). In one case, 1 cm thick GCL was used over the BL as an additional
hydraulic barrier. The surface layer (SL) comprised of native soil (RS and BS). In two
cases, 50% FA was added in the SL. The source, designation, proportion and combination

for their use as different cover layer materials are detailed in Table 3.1.

3.3 Material characterization

The laboratory characterization of materials used in this study was performed in
accordance with the procedure reported in ASTM international code or Indian standard
code summarized in Table 3.2. The specific gravity was determined using the small density
bottle or pycnometer. The hygroscopic water content of soil was determined by standard
oven drying method. The consistency limits i.e. liquid and plastic limit of the soil sample
were evaluated in the laboratory by Casagrande method. The grain size distribution was
obtained based on dry, wet sieve and hydrometer analyses. The classification of the soil
samples was decided according to unified soil classification system (USCS). Specific
surface area was determined in the laboratory following the EGME method recommended
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by Cerato and Lutenegger (2002). Standard Proctor tests of soil was conducted to determine
its compaction characteristics. The constant head test was performed for obtaining saturated
hydraulic conductivity of sand and fly ash and falling head test was used for low permeable
soils (red soil, BARC soil, bentonite and their mixes). For this test the samples were
compacted at OMC and MDD. Shrinkage and swelling properties were evaluated for plastic
soils. Organic content, pH value and cation exchange capacity were also determined for the
chemical characterizations of each soil. Each tests were repeated at least thrice and the
average results obtained from these tests are shown in table 3.3. Chemical composition of
four original soil materials i.e. red soil, black soil, bentonite and fly ash were determined
in the form of major oxides using X-ray fluorescence (Ayios, PANalytical). The result is

presented in Table 3.4.

Table 3.1 Details of various materials used in the study

Material Designation Source Used for
Medium sand (MS) MS local river sand, Northeast India DL
Fly ash (FA) A thermal power plant, Farakka, Eastern India SL and BL
Red soil (RS) RS local silty clay, Northeast India SL and BL
Black soil (BS) BS Mumbai, Maharashtra, Western India SL and BL
Bentonite BN Barmer, Rajasthan, Western India BL
Red soil-fly ash mix RF mix of 50% red soil and 50% fly ash SL
Black soil-fly ash mix BF mix of 50% black soil and 50% fly ash SL
Fly ash-bentonite mix FB mix of 70% fly ash and 30% bentonite BL
Red soil-bentonite mix RB mix of 70% red soil and 30% bentonite BL
Black soil-bentonite mix BB mix of 70% black soil and 30% bentonite BL
Geosynthetic clay liner GCL Commercially available BL

Notes: SL, DL and BL are surface layer, drainage layer and barrier layer respectively, of the multi-
layered landfill cover system used for this study.

Table 3.2 Various references for basic characterization of materials

Basic characterization Reference (IS/ASTM code/literature)
Specific gravity 1S 2720 Part 3 (1980)/ASTM D854-14 (2014)
Hygroscopic water content IS 2720 Part 2 (1973)/ASTM D4959 (2016)
Saturated hydraulic conductivity IS 2720 Part 17 (1986)/ASTM D2434-68 (2011)
Specific surface area Cerato and Lutenegger (2002)

Linear shrinkage IS 2720 Part 20 (1992)/ASTM D4943 (2013)
Free swell index IS 2720 Part 40 (1977)/ASTM D4546 (2014)
Grain size distribution IS 2720 Part 4 (19854)/ASTM D6913-17 (2009)
Liquid limit and plastic limit IS 2720 Part 5 (1985)/ASTM D4318-17 (2010)
Shrinkage limit IS 2720 Part 6 (1972)/ASTM D427-04 (2008)
USCS classification ASTM D2487-17 (2006)
Compaction characteristics IS 2720 Part 7 (1980)/ASTM D698-07 (2007)
Soil pH value IS 2720 Part 26 (1987)/ASTM D4972-13 (2013)
Percentage of organic matter IS 2720 Part 22 (1972)/ASTM D2974-14 (2014)
Cation exchange capacity IS 2720 Part 24 (1976)/ASTM D7503-18 (2014)
48
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Table 3.3 Properties of soil materials used in the study

Soil Materials

Properties
MS FA°- RS BS BN RF BF FB RB BB
General
Specific gravity (G) 2.69 217 268 261 288 241 238 251 272 2.69
Hygroscopic water content (%) 2.54 263 545 917 116 395 573 6.8 731 9.92
Saturated hydraulic conductivity (m/s) 1‘(")25 1%)_;7 13(’)39 1%39 1%;(12 1%)-23 i’g_og 1%29 1%;10 1‘(1;10
Specific surface area (m?/gm) NA 67 55 89 348 31 48 109 143 167
Linear shrinkage (%) NA NA 183 195 322 05 135 132 225 3.70
Free swell index (%) NA NA 10 12 686 4 5 75 213 214
Grain size distribution (%)
Gravel >4.75 mm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2.00 mm < Coarse sand < 4.75 mm 13.6 0.0 172 143 0.0 8.3 7.2 0.0 12.0 10.2
0.425 mm < Medium sand < 2.00 mm 69.6 0.0 156 155 0.0 7.7 8.2 0.0 10.8 10.7
0.075 mm < Fine sand < 0.425 mm 15.4 240 160 82 4.9 204 173 146 127 9.2
0.002 mm < Silt < 0.075 mm 14 740 187 222 313 465 479 525 225 23.7
Clay < 0.002 mm 0.0 20 325 398 638 171 194 329 420 46.2
Atterberg limits
Liquid limit (%) NA NA 42 60 295 33 37 93 117 130
NA NA

Plastic limit (%) 22 33 42 17 19 20 28 35

Shrinkage limit (%) NA“— NA 5 22 11 16 18 17 18 19
Plasticity Index (%) NAZNA " 59 27 253 16 18 73 8 95
USCS classification SW ML CL CL CH ML ML MH MH MH
Compaction characteristics
NA

Optimum moisture content (%) 19 20 29 33 19 24 22 23 32

Maximum dry density (g/cm?) NA 138 168 140 134 163 136 149 157 1.36
Chemical characteristics NA

Soil pH value (at 28.5° C) NA 823 6.85 6.01 915 731 724 847 754 6.95

Percentage of organic matter (OM) NA NA 048 295 022 021 09 006 0.40 243
NA

Cation exchange capacity (meg./100gm) 1.85 8 10 27 3 6 8.32 137 15.1

NA: not applicable
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Table 3.4 Chemical composition (by % weight) of the material used

Materials used

Oxide (%)
RS BN BS FA MS
SiO, 61.92 49.13 52.23 46.47
Al203 14.98 12.99 19.06 27.49
Fe20s 5.16 9.55 15.6 1.06
MnO 0.101 0.016 0.54 2.93
MgO 0.09 0.17 1.39 0.06
CaO 0.02 3.09 1.32 2.84 NA
Na:O 2.17 2.19 2.82 0.56
K20 1.45 0.39 1.44 0.84
TiO; 0.68 1.6 2.76 6.58
P,0s 0.009 0.025 0.09 5.20
SiOz+ Al,O3+ Fe;03 82.06 71.67 86.89 75.02
Loss on ignition 13.52 20.879 2.75 6.17

3.4 Instrument/ Sensor used in this study

There are two basic parameters that describe the state of water in soil. One is soil
water content and the other is soil water potential. 5TM sensor and profile probe were used
to measure the volumetric soil water content (). A WP4 dew point potentiameter and
TEROS21 sensor was used to measure matric soil suction () or soil water potential in the
MLCS. A microclimate monitoring system was used for recording weather parameters in
the study area. These instrument are discussed in the following section.

3.4.1 Volumetric water content sensors

Mainly two volumetric water content sensors i.e. 5TM and PR2/6 profile probe have
been utilized in this present research study. 5TM sensor is produced by METER Group
USA. (formerly Decagon Devices Inc., USA) and another sensor, PR2 profile probe is
manufactured by Delta-T Devices Ltd, UK. According to the user manual provided by the
manufacturing companies, these sensors indirectly measure volumetric soil water content,
0, via measurement of the dielectric constant of the soil media using capacitance/frequency
domain technology. These sensors use an electromagnetic field by supplying oscillating
wave of 70MHz to 100 MHz frequency to measure the dielectric constant of soil medium
to determine its volumetric water content.
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3.4.1.1 5TM Sensor

The 5TM determines € by measuring the dielectric constant of the soil (or other
porous media) using capacitance/frequency domain technology. Signal filtering minimizes
salinity and textural effects, making the 5TM accurate in most soils and soilless media.
Factory calibrations are included for mineral soils, potting soils, rock wool, and perlite. The
5TMs small size makes it easy to install in the field and the greenhouse. This robust sensor
can be pushed directly into undisturbed soil to ensure good accuracy. The 5TM is installed
and plugged into the Em50 data-logger. Fig. 3.1 shows 5TM with three prongs connected
to a circuitry head and its compatible data logger. The zone of influence of the sensor is 5
cm around the edge of the prongs and 1 cm from the bottom end of the prong. A thermistor
in contact with the prong provides the temperature reading. As 5TM is a digital sensor the
output values are in digital. The value for permittivity is the apparent dielectric permittivity
multiplied by a value of 50. According to the STM operator’s manual 2015, the following
Topp’s equation (Topp et al. 1980) (Eq. 1) is recommended for relating dielectric property
to the @ in mineral soils.

0=43x10"°x&% —55x10* x &2 +2.92x10 7 x &, —5.3x10°~ 3.1)

The range for apparent dielectric constant (ga) that can be measured is from 1 (air)

to 80 (water) and the accuracy for measurements in @ using generic equation is about + 3
%. For higher accuracy in measuring the volumetric water content soil specific calibration
equation need to be developed for different soils. Few technical specifications of 5 TM

sensor are listed in table 3.5.

Connection cable

Thermal sensor \
(Thermistor

P ro n
g (VOIu .
Water cOntentmet”c

Polyurethane Sensor)

Overmolding

Em50 Data logger

Fig. 3.1 Em50 data logger and components of 5TM sensors (5TM manual, 2015)
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Table 3.5 Technical specification of 5TM sensor

Measurement Volumetric water content (6), dielectric constant (¢a) and temperature (T)
Measurement range 0: 010 0.1 m3/m3; &, 1 (air) to 80 (water); T: —40 — 60 °C
@ (Using Topp equation): £ 3% (mineral soils that have solution electrical
Accuracy conductivity < 10 dS/m); £ 2% (using medium specific calibration in any
porous medium), ea: + 1 (1 —40) and £ 15% (40-80); T: +1°C
Resolution ea: 0.1 (1-20), <0.75 (20 — 80); #: 0.08% (from 0 to 50% VWC); T: 0.1°C
Volume of influence 715 ml around the sensor

Operating Environment  Temperature: —40 to 60°C

Measurement time 150 ms (millisecond)

Power requirement 3.6 - 15 VDC, 0.3 mA quiescent, 10 mA during 150ms measurement
Output RS232 or SDI-12

Connection type 3.5mm "stereo" plug, or stripped and tinned lead wires (3)

Cable length 5m

Compatible data logger Emb50 data logger

Construction material Vinyl cover filled with polyurethane resin or macromelt

Dimension 10cmx3.2cmx0.7cm

Working principle of 5TM sensors

The basic principle behind the working of the sensors is that the dielectric constant
(£,), of soil medium changes with its water content. Dielectric permittivity, &, is
dependent on the capacitance property of the soil mass. The sensors give the output in
millivolt (mV) based on the soil capacitance property. The mV output is further converted

to 6, based on the calibration equation. For highly saturated and dry soil mass, the value of
&, would vary between 80 and 4. This broad range of ¢, is used to determine & of a soil
mass. Appropriate calibration equation parameters have been used for soils used in this
study by performing laboratory calibration. The sensor comprises of an oscillator working

at a frequency of 70 MHz, which generates an electromagnetic (EM) field. The EM field

charges the soil around the sensor. This stored charge is measured using copper traces
provided on the prongs and is proportional to ¢, and 6. It must be noted that the EM field

produced by the sensor decreases with distance from prong surface and hence 6

measurement is confined to a zone of 50 mm from edge of the prong.
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3.4.1.2 PR2/6 Profile Probe

The PR2/6 Profile Probe (PR2/6-UM-3.0, Delta-T Devices Ltd., UK) as shown in
Fig. 3.2 measures 6 of the soil medium at 6 different depths up to 100 cm below the ground
surface. The probes are inserted into a specially designed access tube with thin-wall tubes,
which maximize the penetration of the electromagnetic field into the surrounding soil.
Access tubes are manufactured to strict tolerances and are exceptionally strong and durable
in the soil. Correct installation is essential requiring the use of specially designed auger
equipment. The technical specifications of PR2/6 Profile Probe are listed in the Table 3.6.
Working principle
The PR2 Profile Probe measures 6 with minimal influence from either salinity or
temperature. It consists of a sealed polycarbonate rod, ~25mm diameter, with electronic
sensors (seen as pairs of stainless steel rings) arranged at fixed intervals along its length.
The output from each sensor is a simple analogue dc voltage (V). These outputs are easily

converted into soil moisture using a general soil calibration (Eqg. 3.2).
) (1.125-5.53v +67.17V* —234.42V° + 413 56V * —356.68V ° +121.53V ° ) - 3,
B 3

where @, and a, are the calibration coefficients.

(3.2)
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Fig. 3.2 Different components of PR2/6 profile probe and its accessories
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Table 3.6 Technical specifications of PR2/6 Profile Probe

Measurement Volumetric soil moisture content (6)

Measurement range 0to 1.0 m¥m?®

+0.04 m3/m?3, 0 to 40°C (after soil specific calibration)

Accurac
Y +0.06 m3/m?3, 0 to 40°C (with generalized calibration)

Vertically: ~95% sensitivity within £50 mm of upper ring of each pair.

Volume of influence ; P - :
Horizontally: ~95% sensitivity within a cylinder of radius 100 mm.

Environment 0 to 40°C for full accuracy, —20 to 60°C full operating range.

Measurement time Full accuracy achieved within 1s from power-up.

Minimum: 5.5V DC with 2m cable, Maximum: 15V DC.

Power requirement PR2/6 consumption: < 120 mA

For (PR2/6), 6 analogue voltage outputs: ~0 to 1.0V DC corresponding

Output to 0 - 0.6 m*m?® (mineral calibration)

Connection type 8-core screened.

Cable length 2m

Compatible data logger ~ DL6 Data logger, Handheld moisture meter

Construction material 25.4mm polycarbonate tube with pairs of stainless steel rings
Dimension Length: 1350mm and diameter: 25.4 mm

Weight Weight: 0.95 kg

Handheld moisture meter

HH2 handheld moisture meter is a readout unit for recording 6 from the Profile Probe.
Readings are displayed on the LCD and can be stored for later download to a PC.
Alternately, a DL6 logger (Delta-T Devices Ltd., UK) can be used for continuous
monitoring of 6 variation with time which provides a cost-effective solution for logging
Profile Probes is utilized in this study.

3.4.2 Soil suction sensors
This study uses TEROS21 sensor (METER Group, USA) and WP4 dew point
potentiameter (WP4-T, METER Group, USA) for measuring soil suction.

3.4.2.1 TEROS21 sensor

The TEROS21 sensor is a matric water potential sensor that provides long term,
maintenance-free soil water potential and temperature readings at any depth without
sensitivity to salts. The range of the TEROS21 sensor varies from field capacity to air dry.
Its epoxy over-molding can withstand harsh soil environment when buried in the field. The

TEROS21 sensor uses a silica based ceramic material that doesn't degrade and doesn't need
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replacement or recalibration. The sensor is accurate in salty environments, a variety of soils,
and even in locations where the salinity conditions change over time. The TEROS21 sensor
is composed of a moisture content sensor and a porous substrate with a known moisture
release curve. After the porous material has equilibrated with the surrounding soil, the
moisture sensor measures the water content of the porous material, the sensor uses the
moisture release curve to translate moisture content into water potential. The sensor's
measurement range depends on the pore size distribution wherein wider the range of pore
sizes, higher the measurement range. The TEROS21 sensor uses a ceramic interface for
higher measurement range. However, a sensor's accuracy depends on how well the moisture
release curve characterizes the porous substrate in that particular sensor. Fig. 3.3 shows

different components of TEROS21 sensor and the technical specifications are mentioned

in Table 3.7.
Printed circuit board
Grounded stainless
steel screens
Vinyl filled with
Polyurethane resin \ =
Ceramic disks—k/
Fig. 3.3 Different components of TEROS21 sensor
Table 3.7 Technical specifications of TEROS21 sensor
Measurement Soil water potential (i), Soil Temperature (T)
Measurement range w: -9 to -100,000 kPa; T: -40° to 60°C
Accuracy w: £(10% of reading + 2 kPa) from -9 to -100 kPa; T: + 1°C
Resolution w: 0.1 kPa; T: 0.1°C
Operative environment -40-60°C (Water potential measurements may be wrong below 0°C)
Measurement speed 150 ms (millisecond)
Equilibrium time 10 min to 1 hour depending on soil water potential
Sensor type Frequency domain with calibrated ceramic discs, thermistor
Power requirement 3.6 - 15 VVDC, 0.03 mA quiescent, 10 mA during 150 ms measurement
Output RS232 (TTL) with 3.6 volt levels or SDI-12 communication protocol
Connection type 3.5mm "stereo™ plug, or stripped and tinned lead wires (3)
Cable length 5m
Compatible data logger Em50 Data logger
Construction material Stainless steel screen, ceramic discs, vinyl cover filled of polyurethane resin
Dimension 9.6 cm (length) x 3.5 cm (breadth) x 1.5 cm (width)
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Working principle

TEROS21 sensor uses the same principle as the second law of thermodynamics,
which states that connected systems with differing energy levels move towards an
equilibrium energy level. When an object comes into hydraulic contact with the soil, the
water potential of the object comes into equilibrium with the soil water potential. A wide
range of water content measurements can be done by measuring the dielectric permittivity
of the ceramic discs.

Water content and water potential are related by a relationship unique to a given
material, called the moisture characteristic curve. The ceramic used with the TEROS21
sensor has a wide pore size distribution and is consistent between discs, giving each disc
the same moisture characteristic curve. Thus, the water potential can be inferred with the

moisture characteristic curve after measuring the water content of the ceramic. Eq. 3.3

represents the component variables for determining total soil water potential (i, ):

W =W, W W, Y, (3.3)

The subscripts p, g, 0, and m are pressure, gravitational, osmotic, and matric,

respectively. Of these four components, only v, and y,, are significant and often measured

in soil. TEROS21 sensor measures the matric potential of the soil y,,. A Em50 data logger

is used for continuous data logging of suction measured from TEROS21.

3.4.2.2 Dew point potentiameter

A WP4 dew point potentiameter (METER Group; formerly Decagon, USA) shown
in the Fig. 3.4 has been used to measure total suction (v, ) of the samples. This instrument

works on the principle of chilled mirror dew point technique and estimate the relative
humidity of the sample. The device consists of a sealed chamber with a cooling fan, a
mirror, a photoelectric cell and an infrared thermometer. The soil sample is placed in a
plastic or stainless steel container with a diameter of 40 cm. The container is then placed
in the tray and moved into the temperature controlled chamber. There the sample specimen
gets equilibrated with the chamber environment. A Peltier cooling system is used to reduce
the temperature on the surface of the mirror to the dew point temperature. The

photoelectric cell detects the first sign of condensation on the mirror and the temperature
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at which the moisture appears at the mirror corresponds to the dew point. The temperature
of the mirror at that point is measured by a thermocouple. The infrared thermometer
measures the temperature of the chamber which is equal to the temperature of the sample
at equilibrium condition. The vapour pressure above the soil specimen in the chamber and
the saturated vapour pressure at the same temperature are computed using the dew point
temperature and the sample temperature. The total suction of the sample is then calculated
by Kelvin’s equation (Fredlund and Rahardjo 1993). This whole calculation part is
performed by the device and the suction value displayed on LED panel along with the
temperature of the sample. A cooling fan is used to circulate the air and reduce the
equilibration time which is approximately 5-10 min. The only limitation of this instrument
IS inaccurate measurement of total suction in very low suction range (below 1 MPa
depending on the type of soil) and a small change in temperature can affect the suction

value in that range.

Operating switches

LCD display unit

Sample holder

<+ Drawer

(b)

Optical sensor

Mirror

Chamber fan Thermopile

Fig. 3.4 Details of (a) WP4-C potentiameter and (b) block chamber
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Calibration

The WP4 instrument need to be calibrated before using it to measure soil suction
by a standard solution of 0.5M KCI. The solution should yield a total suction value of 2.19
+ 0.1 MPa at 25°C (WP4-T user manual). This standard solution of 0.5M KCl is provided
by the manufacturer. If the measured suction of the solution is more or less than the given

value, then the calibration was readjusted.

Sample preparation

Air dried sample was mixed with sufficiently high amount of deionized water and
then sealed in disposable plastic packet for 24 hours for maturation. After 24 hours, the
sample was filled in a plastic container by a spatula and placed it in the block chamber for
suction measurement. The weight of sample was also measured using a high precision
balance having accuracy of 0.0001g after each suction measurement. The sample cup was
then left for air drying till the next measurement was taken. This whole process was done
till high suction value was attained or increase in suction value was very low. At the end
of the test, the specimen was placed in a drying oven for 24 hours to get the dry weight of
the sample. With the help of dry weight and the wet weight the water content at each

suction value was calculated and plotted in graphical form.

3.4.3 Microclimate monitoring system
In the study, a microclimate monitoring system (Meter group, USA) shown in the
Fig. 3.5has been installed in the field for measuring the precipitation, temperature, relative

humidity and wind speed.

Wind direction

Temperature sensor

N

Winv(hpeed sensor

Radiation sensor

'L
'
. lms_v\

Fig. 3.5 Microclimate monitoring system for measuring climatic data

Prd

Rainfall sensor

Em50 Data logger
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3.5 Theoretical concepts used in this study

This section represents the brief theoretical background of the current study with an
attempt to understand the hydraulic performance of multi-layered cover system. For
instance, concept of water flow in unsaturated soil media, hydraulic conductivity function,
soil water characteristic curve and water balance have been discussed. Technical
description of numerical modelling in HYDRUS 2D has also been presented in the section.
3.5.1 Water flow in unsaturated soil

Darcy’s law can be extended to unsaturated flow with modification that
conductivity becomes a function of the matric suction head (!,//) . The modified equation for

unsaturated media is presented as follows.
q=—K(y)xVH (3.4)

where g is rate of water flow, K (y)is hydraulic conductivity function, VH is the hydraulic

head gradient, which may include both the suction and gravitational components. This
equation along with its alternative formulation is known as the Richards’ equation. The
above equation does not account for the hysteretic behaviour of the SWCC. To account for

transient flow processes, continuity equation is used as follows:

00

& —-aq (3.5)
Thus,

& —-AK(y)aH] (356)

The hydraulic head H in general, is the sum of suction head y and the gravity head z. The

above equation can thus be written as:

zt—ez—A.[K(t//)A(z—y/)] (3.7)

Considering only flow along the vertical direction z the above equation transforms into:

00\ o o(z—y)

e @9

00\ ol op]. oK(y)

(Ej_ 6Z[K(W) az} oz (3.9)
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This partial differential equation forms the basis of unsaturated flow through a soil system
in one direction. This equation is highly non-linear and requires numerical method for
solution. This study uses Hydrus 2D for solving this partial differential equation for MLCS.
3.5.2 Soil water characteristic curve (SWCC)

The SWCC is a graphical relationship between water content and suction of a soil.
Hydraulically and physically, it means how much equilibrium water a soil can take at a
given suction originally. It is also referred to as soil moisture retention curve or water
retention curve. The various characteristic features associated with SWCC are shown in
Fig. 3.6. Saturated water content (6s) is the maximum moisture content which a soil can

have. It is moisture content corresponding to very low suction stress ( = 0). Initial linear
portion of the curve represents saturated water content. Air entry value (y aev) corresponds

to the value of negative pore-water pressure when air enters the largest pore present in the
soil sample. It is a function of the maximum pore size in a soil and is also influenced by the
pore-size distribution within a soil. Soils with large, uniformly shaped pores have relatively

low y aev. The slope of SWCC represents the rate at which the volume of water stored

within the soil decreases as the suction increases and vice versa, over a range of values
from the air entry value to the pressure at the residual water content. The slope of SWCC
determines water storage function. The rate of de-saturation decreases with increasing in
slope. Residual suction (wr) corresponds to the suction which corresponds to the residual
water content in soils. Residual water content (6r) is the water content of a soil at which a
further increase in negative pore-water pressure does not produce significant changes in
water content. This point can also be expressed in terms of the degree of saturation by

dividing the residual water content by the porosity of the soil.

S 60 - I

= Air entry value

& a0lh— 44 | Residual air content

s |% |\

; 30 \\

b= e . .

£ 20 |adsorption S Drying/Desorption curve
2 Wetting/curve |

g 10| - Residual water <\ \/Gr

E o content— ¥

S 101 100 101 102  10®° 10* 10° 10°

Soil suction, y (kPa)

Fig. 3.6 Soil-water characteristic curve showing the regions of de-saturation
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3.5.2.1 Equations for SWCC

Several equations have been proposed by the previous researchers for defining soil-
water characteristic curves. The most common equations are proposed by Brooks and
Corey (1966), van Genuchten (1980), Fredlund and Xing (1994). These equations are
presented in terms of gravimetric rather than volumetric water content. Representation of
the soil-water characteristic curve in terms of gravimetric water content (w) avoids
experimental errors associated with volume change of the soil during drying. However,
they can also be represented in terms of volumetric water content (¢). Equation for SWCC
proposed by van Genuchten (1980) which can be presented in terms of w (Eq. 3.10) as well
as 0 (Eq. 3.11) is utilized for the current study.

wly) =g +(w, v 12y 310

where a, is function of the air entry value of the soil (kPa), ng is function of the rate of
water extraction from the soil, once the air entry value has been exceeded, W is saturated

gravimetric water content, W, is residual gravimetric water content, and y is soil suction
(kPa).
6.-0.

[2+(lal)'

where 9(:,//) is volumetric water content corresponding to suction, v, 6,is saturated

0(v)=06, + (3.11)

volumetric water content, 6, is residual volumetric water content; « (related to air entry

suction of the soil), n (related to pore size distribution of the soil) and m (related to overall
symmetry of the SWCC) are van Genuchten parameters.
3.5.2.2 Hydraulic conductivity function (HCF)

Hydraulic conductivity is measured on the basis of availability of voids which are
filled with water and it depends upon the properties of the fluid and the porous medium. In
a saturated soil, the hydraulic conductivity is a function of the void ratio (Lambe and
Whitman, 1979). In an unsaturated soil, it is significantly affected by combined changes in
the void ratio and the degree of saturation (or water content) of the soil. As water flows
through the pore space filled with water, the percentage of the voids filled with water
become an important factor. As the suction increases or soil become drier air content

increases and the hydraulic conductivity decreases. There are various methods by which

61
TH-2409 146104004



we can calculate the hydraulic conductivity of unsaturated soil but in each case the soil pore
size distribution forms the basis for predicting the hydraulic conductivity. Previous
researchers have proposed models for determining hydraulic conductivity function
knowing the SWCC as listed in table 3.8. The present study utilizes the hydraulic
conductivity function proposed by Mualem (1976).

Table 3.8 Various models for hydraulic conductivity function

Fitting

Model Equation Parameters Model type
Richards _ B
(1931) k(w)=ay+b a,b Empirical
Gardner K, B
5 a,n
(1958) k(v) 1+ay" Empirical
Brooks and C < v
rooks and Corey |, _ 4 _
(1966) k3 k. (ﬂj n Macroscopic
v ) V>V,
Campbell @ ' ;
(1974) k(€)=K (gj n Macroscopic
Mt k() =k (S.) | 1-11=(s,)m 2 m Statistical
(1976) (¥)=Kk(S.) |1-1=(S.)m atistica

6 B
Notes: S, = & , where S, is the effective water saturation (0 < Se < 1), | is pore connectivity
s Yr
parameter which was estimated (Mualem, 1976) to be about 0.5 for many soils. 0((//) is volumetric
water content (&) corresponding to w suction,. K is saturated hydraulic conductivity, &, is the

saturated volumetric water content, 6, is the residual volumetric water content, and ¢, n and m are
empirical parameters that depend on the soil type

3.5.3 Water balance model

Water balance is framework for simplifying, describing and quantifying the
hydrological budget of water, which is specific to an area and time interval. It is driven by
climate based on variations in precipitation, temperature and other local factors (vegetation,
soils, land use, seasonality). Inputs, storages, and outputs are all distributed variables and
vary with time. Rates of inputs and outputs and many other hydrological relevant properties
vary spatially over geographic region. There are various methodologies to measure and
calculate the different parameters like infiltration, evaporation, evapotranspiration, but

water balance method is easy and applicable among all those measurement methods. In a
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water balance analysis, the concept of conservation of water mass is applied to measure the
storage, inflow, or outflow of it. For example, the water balance of a landfill cover system

shown in Fig. 3.7 can be understood by Eq. 3.12.

(Awsurface) L. )
Storage as snow \ Precipitation (P)
Storage as foliage \ 4 ‘ ‘
(Awfoliage) Y :

Surface layer

Protection layer

Inflltratlon s
B EE o Evapotransplratlon ;
Drainage layer | | r;"“ A SRS e |
°0% R "é»m'f~ B@?ﬁ}» SRS ,«@?&B&p
I SR i

Lateral dralnage :
Hydraulic layer: :

Foundation layer

= Percolation (Perc) = —_
— Waste or contaminated materials —_—

Fig. 3.7 Graphical Representation of water balance concept (Koerner and Daniel, 1997)
P=R+ET +AW, + AW +AW,, + L+ PERC (3.12)

surface foliage soil

where P is precipitation (mm/day), R is runoff (mm/day), ET is evapotranspiration
(mm/day), AW, rqce IS Change in water storage at surface (mm/day), AWy ;44 IS Change
in water storage on plant foliage (mm/day), AW,;; IS change in water storage in cover
system soil (mm/day), L is lateral drainage (mm/day), and PERC is percolation through the
cover system (mm/day).

Water is input to the cover system as precipitation in the form of rain or snow and
lost from the cover system by runoff, ET, lateral drainage, and percolation. Water is present
on the top of cover system as ponded water or snow, on plant foliage, and in cover system
soils by capillary action. Infiltrated water which stored in the soil and percolate through its
layer get escaped by evaporation and evapotranspiration if plants are there. For most cover
systems, infiltration is primarily removed from the cover system by ET. Flow from lateral
drainage layers is typically a much smaller component of the water balance than ET. For a
cover system after the infiltration, percolation, and erosion are main aspects to worry about
after its stability. Even if a relatively small amount of potential lateral flow is left un-drained
in a cover system, hydraulic heads can build up over the hydraulic barrier, leading to

destabilizing seepage forces on cover system slopes.
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3.5.4 Modelling water flow in HYDRUS 2D

HYDRUS 2D is a two-dimensional unsaturated flow model developed by Simunek
et al. (Simtnek et al. 1999). The HYDRUS 2D program numerically solves the Richards’s
equation for saturated and unsaturated water flow and convection-dispersion type equations
for heat and solute transport in horizontal as well as vertical section. Flow equation
incorporates a sink term to account for water uptake by plant roots. Lateral flow and
anisotropy also can be included. Precipitation and potential evaporation are the soil-
atmosphere boundary condition input (climatic inputs) required for modelling.

The input soil properties required are saturated hydraulic conductivity and fitting
parameters of soil water retention function. In addition, van Genuchten parameters can be
predicted by inputting the percentage of sand, silt and clay, density, field capacity, and/or
wilting point water content by neural prediction. Vegetation parameters required include
the heads between which transpiration occurs and also the heads between which
transpiration is optimal. The water flow part of the model considers prescribed head and
flux boundaries, boundaries controlled by atmospheric conditions, free drainage boundary

conditions.
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Chapter 4

Performance Enhancement of Volumetric Water Content Sensors

4.1 General

An accurate measurement of the volumetric water content (&) is essential for
several geotechnical, geoenvironmental and hydrological projects. There are different
electro-magnetic sensors for measuring @ with its inherent advantages and limitations. It
is well established that a particular volumetric water content sensor should be specifically
calibrated for individual soils for its better accuracy and reliability in measurement. This
chapter discusses performance evaluation and improvement of PR2/6 profile probe and
5TM sensor for ten different soils/ geomaterials that has its application in waste

containment projects.

4.2 Performance enhancement of profile probe

Profile probe (PP) (Model PR2/6 from Delta-T Devices, UK) is a handy instrument
for simultaneously measuring @ at shallow multiple depths in the field. In this study, the
accuracy of € measurement is important for determining moisture migration and water
balance associated with multi-layered cover system (MLCS) provided over non-operational
landfills. There are no guidelines or controlled procedure for evaluating accuracy of PP for
varying layers of MLCS. A simple laboratory setup is developed in this study to evaluate
all six sensors of PP simultaneously for a particular soil type and compaction state. The
results were used to improve accuracy of PP measurements for the type of soils generally
used in MLCS.

4.2.1 Background study on profile probe

Soil water content measurement is necessary for carrying out researches in various
geoenvironmental projects such as monitoring the performance of waste containment liners
and covers, rainfall induced slope stability and pavements (Bonaparte et al. 2002; Scanlon
et al. 2005b; Albright et al. 2006b; Roseen et al. 2012). The gravimetric water content (w)
determination is the most precise and reliable method, but needs destructive soil sampling
and 24-hours oven drying, making it unsuitable for continuous real-time monitoring.
Instantaneous, non-destructive and continuous measurement of & using probes/ sensors is
advantageous for research related to the field of agriculture, forestry, hydrology, soil
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science, soil physics, geotechnical and geoenvironmental engineering and waste
management (Eller and Denoth 1996; Gardner et al. 1998; Hillel 1998; Bradford et al. 2002;
Li et al. 2005; Thompson et al. 2007). Several researchers have correlated € with physical
properties of the porous media such as soil suction, flow, infiltration, volume change and
strength (van Genuchten 1980; Bell et al. 1987; Dean et al. 1987; Robinson et al. 1999;
Robinson and Friedman 2001; Bradford et al. 2002; Kelleners et al. 2004a and b; Li et al.
2005; Cosh et al. 2005).

Methods were developed in the past for indirect non-destructive measurement of ¢
based on its correlation with properties such as electromagnetism, electrical resistivity,
impedance, dielectric permittivity and capacitance of the porous media (Dean et al. 1987;
Cambell 1990; Evett and Steiner 1995; Gaskin and Miller 1996; Paltineanu and Starr 1997,
Friedman 1998; Kelleners et al. 2004b). Accordingly, different sensors/ probes emerged
based on the concept of neutron scattering, the gamma ray attenuation, time domain
reflectometry, frequency domain reflectometry, time domain transmission, capacitance and
impedance (Bell et al. 1966; Topp et al. 1980; Ledieu et al. 1986; Bell et al. 1987; Evett
and Steiner 1995; Noborio 2001; Friedman 2005; Wraith et al. 2005). Among all the sensors
and probes, profile probe (PP) developed by Delta — T Devices Limited is found to be quite
handy for measuring 6 at multiple shallow depths up to 1 m, simultaneously. It essentially

has 6 sensors attached over its length of 1.0 m. PP measures € as a function of dielectric
constant (¢&,) of soil or more specifically to its square root of dielectric constant (\E).

These parameters are sensitive to particle size distribution, mineralogy, plasticity
characteristics, organic content, density of soil (Friedman 2005; Lukanu and Savage 2006;
Saito et al. 2009; Kodesova et al. 2011), salinity and temperature change (Baumhardt et al.
2000; Evett et al. 2006; Merlin et al. 2007; Loiskandl et al. 2010). Hence it is obvious that
@ determination based on £ would also get influenced by the aforementioned factors.
Therefore, it is important to ascertain whether measured 6 by embedded sensors in PP
would represent actual water content status present in a particular soil type. It is also
expected that all embedded sensors of PP should give identical & in a homogeneous soil
with comparable density.

The apprehensions stated above are mainly related to the appropriateness of
calibration equation that converts the measured electrical parameter of the sensor to € of

the soil. This issue becomes more prominent when PP is used for & measurement in MLCS
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where there are different layers of soils within 1m depth. A single general calibration
equation as available for PP may not be appropriate for different soils with widely varying
properties used in MLCS. For reliable and continuous measurements of & in the field
MLCS, a critical evaluation of PP measurements is required for ascertaining the preciseness
of & measurement by individual sensors and parity among all sensors. There are different
studies that deals with calibration of volumetric water content sensors under both laboratory
as well as field conditions (Yoder et al. 1998; Morgan et al. 1999; Baumhardt et al. 2000;
Kelleners et al. 2004a; Polyakov et al. 2005; Evett et al. 2006). The studies on PP by
previous investigators (Huang et al. 2004; Polyakov et al. 2005; Evett et al. 2006) revealed
that laboratory calibration was superior to field calibration for ensuring better precision in
6 measurement. These studies considered average value of & measured by six sensors of
PP with a presumption that there are no sensor related bias. The experimental procedure
reported in past studies was not capable of controlled performance evaluation of each

sensors of PP separately.

4.2.2 Materials and method

The PP measurements were performed for ten soils intended to be used in MLCS.
The medium plastic red soil (RS) and black soil (BS) which are commonly found in India
was used as the surface layer, medium sand (MS) was used as drainage layer and Bentonite
(BN) from Barmer, Rajasthan, India was used to construct hydraulic barrier layer. In
addition, two soil specimens designated as RF and BF were prepared by blending 50% of
recycled fly ash (FA) with 50% of RS and BS respectively. Furthermore, three soil samples
were prepared by uniformly mixing red soil, black soil and recycled fly ash (FA) with
bentonite in the ratio 70:30 for hydraulic barrier application and designated as RB, BB and
FB respectively. It was ensured that the proposed mix qualifies the permeability criterion
requirement (<10 m/s) of hydraulic barrier recommended by USEPA guidelines (Landreth
et al. 1991)). The basic physical, geotechnical and chemical properties of all the soils were
investigated using standard laboratory procedures reported in the ASTM or IS codes and
presented in Table 3.2 of chapter 3.

Fig. 4.1shows the in-house developed experimental setup for the performance
evaluation of PP. It consists of a wooden table of height 850 mm with a central hole of 28
mm diameter. A hollow PVC cylinder of 300 mm diameter, 250 mm height and 12 mm

wall thickness was mounted on a Plexiglas plate with a central hole of 28 mm diameter.
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The hole of Plexiglas plate was adjusted to coincide with the hole of the wooden table. A
thin walled access tube (27 mm internal diameter) of PP was inserted through the central
hole of the base plate. Total length of access tube is 1.05 m from the surface of soil sample
to facilitate the scanning of all 6 six sensors through the soil sample. The access tube was
secured at the bottom to maintain vertical position. For measurements, PP was inserted into
the access tube which maximize the penetration of electromagnetic field within the
surrounding soil mass. The measurement of & was recorded with the help of a handheld
moisture meter. The PP sensors can measure € in the range 0% to 100% with an accuracy
of £6% and can operate in the temperature range of -20 °C to +60 °C (Delta-T Devices Ltd.
2008).

PR2/6 Profile probe

300 mm dia. Hollow
PVC cylinder of
250 mm height

Sensor
depth \_,
(mm) :

1 A
00 Plexiglass MH'H2
s1 oisture
square Meter
100 plate -,
S2 | |
100 /‘
S3H Wooden
100 square
S4 %ble
op :
o B ||g
PP Sensor €
200 o
&
S5 l
Sectional elevation o
400
Line of influence
S6
EE
€ E
o o
(e Ne)
< 0

Sectional plan

Fig. 4.1 Schematic diagram of the laboratory setup for calibration of PP sensors
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Profile probe (PP) works on the principle of frequency domain reflectometry (FDR)
and capacitance method (Whalley et al. 1992; Whalley et al. 2004; Czarnomski et al. 2005;
Mwale et al. 2005). PP creates a 100 MHz signal to each of the sensors which in turn
transmits an electromagnetic field into the soil mass. Radius of generated electromagnetic
field is 100 mm from the sensor and each sensor has 50 mm zone of influence on top and
bottom measured from the center of the sensor. The probe consists of sealed polycarbonate
rod of 25.4 mm diameter and 1350 mm length and houses six embedded electronic sensors
(designated as S1 to S6 in Fig. 4.1) along its length for measuring @ at 100 mm, 200 mm,
300 mm, 400 mm, 600 mm and 1000 mm from the top of the probe. PP sensor output is in

terms of voltage V (volts). Eq. 4.1 is a 6™ order polynomial for estimating square root of
dielectric constant (\E) of soil from measured V. It is then used to evaluate & using

linear relationship as shown in Eq. 4.2. (Roth et al. 1992; Kodesova et al. 2011).

Jé. =1.125-553V +67.17V? —234.42V° + 413,56V * —356.68V ° +121.53V ° (4.1)

Je. =a,+ad (4.2)

where, a, and @, are calibration parameters. Generalized values of parameters a,

and a, are suggested as 1.6 and 8.4 for mineral soil and 1.3 and 7.7 for organic soils for PP

measurements.

The soil mixed with required amount of gravimetric water content was compacted
in the cylindrical mould in three layers using 2.6 kg rammer. For a particular soil, different
initial compaction states were used to evaluate the performance of PP. Measurements of
each sensor were performed at the mid location of PVC mould for cross-comparison of six
sensor measurements. For each compacted sample, measurement was performed twice,
once during insertion and again during removal to observe any inconsistency in the
readings. Corresponding density and final water content of the compacted soil was
measured after PP measurements by extruding nine undisturbed core samples from three
different depths within the influence zone of the PP sensors. For every compaction state of
a particular soil, volumetric water content was measured thrice by rotating the PP shaft at

an angle of 120° to ensure repeatability and the measured @ is designated as 6, .
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It was observed that the readings of PP were fairly repeatable. For the same

compaction state, the computed (theoretical) volumetric water content (6, ) was determined

using Eq. 4.3.
6, = WX Py (4.3)
Pu

where, w is average gravimetric water content determined based on oven drying

method (105°C, 24 hours) by taking three samples from influence zone of PP sensor after

measurement, p, is the dry density of soil and p, is the density of water. Performance

evaluation of PP was conducted by comparing €, and 6, If the comparison was poor, re-

calibration was performed.
The existing field calibration methodology for the PP discussed in Qi and Helmers
(2008) is found to be laborious. Their study did not attempt to evaluate individual sensors

and hence the parity in sensor measurements were not ascertained. Computed volumetric
water content @, was determined from soil bulk density and gravimetric water content

obtained from undisturbed soil cores extracted at a location 1 m away from the access tube
which was far beyond the influence zone of PP (0.2 m from access tube). This would have
a significant influence on the performance evaluation of PP making it less representative.
Huang et al. (2004) conducted laboratory calibration of PP by erecting soil column of 1.2
m height and 0.25 m diameter for accommodating all the sensors at a time to obtain PP
measurements. The method is cumbersome, strenuous, material and time intensive for
constructing the soil column and performing calibration. Most importantly, soil compaction
will be non-homogeneous and hence the sensor measurements will be density dependent.
In the current study, the proposed experimental setup was conceived with a view to
circumvent these limitations. About one-fifth of the soil mass used by Huang et al. (2004)
was required for the present setup making the compaction less tedious and less time
intensive. The main advantage of the proposed experimental setup is that all the sensors of
PP measures identical state of the soil (centre of the PVC cylinder), which is not possible
while performing PP measurements in the field or in a long cylinder. This procedure is a
novel modification of all the existing performance evaluation efforts for PP reported in the

literature.
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4.2.3 Observations and discussion

Fig. 4.2 depicts comparison of 8, with 6. for six sensors measured in six soils
considered in this study. From the figure, it can be noted that 6,, marginally deviated from

6. for soils MS, RS and BS and significantly deviated for soils RB, BB and BN (under
prediction for RB and BN and over prediction for BB) necessitating a possible corrective
measure for precise PP measurements. In general, deviation in @, was found to increase

with plasticity and bulk density of soil, which is similar to observations reported in
literature (Huang et al. 2004; Evett et al. 2006).

In this study, a two-way calibration was adopted by correlating 6, to measured raw

sensors’ outputs in terms of voltage (V)and square root of dielectric constant (\/5_ )

a

Figure 4.3 shows the variation of computed 6, as a function of measured voltage (V) for
all the six sensors and six soil types. From the figure, it can be observed that the variation
of 6, follows a non-linear response with V. Hence, polynomial equations of different orders

were fitted to the observed variation. For all sensors and different soil types, there is no
significant improvement beyond third order polynomial calibration equation represented
by Eq. 4.4.

0=AV?—-BV?+CV-D (4.4)

where A, B, C and D are sensor and soil specific calibration parameters summarized in
Table 4.1. Itis interesting to note that for the same type of embedded sensors, the calibration
constants are not same in a particular soil. This aspect is generally not checked and
validated for most of the projects involving PP measurements, with a presumption that there

is no sensor related uncertainty. Figure 4.4 presents the relationship between 6, and «fga

for all sensors and soils considered in this study. The variation is observed to follow a linear

trend presented by Eq. 4.5.

0=ae, -b (4.5)

where, @ and b are the soil specific calibration parameters summarized in Table 4.1.
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Table 4.1 Details of soil and sensor specific calibration for all PP sensors

Based on voltage measurement

Based on dielectric constant

@ .
= g é % Parameters R? RMSE Parameters R? RMSE
wo oo A B C D (%) a b (%)
PPS1  -0.72 -168 -057 -0.07 099 0.35 013 020 099 085
PPS2 070 045 034 004 09 208 012 018 095 218
PPS3 0.14 0.72 037 0.08 0.98 1.48 0.13 0.22 0.97 1.73
MS PPS4 -081 -230 -119 -0.21 0.98 1.50 0.13 0.21 0.97 1.79
PPS5 -059 -191 -095 -0.16 0.99 1.02 0.14 0.24 099 1.15
PPS6 0.45 0.27 014 0.04 0.95 2.09 0.13 022 094 233
PPS1 3.35 6.21 474 111 0.98 0.43 0.14 0.21 0.96 1.01
PPS2 0.78 065 029 0.03 0.97 1.22 0.12 0.23 0.95 1.56
PPS3 1.17 214 172 041 0.98 1.15 0.15 0.20 094 1.12
A PPS4 251 432 254 061 0.97 1.03 0.11 0.21 0.96 1.17
PPS5 2.52 543 3.01 0.71 0.98 121 0.13 0.18 0.97 1.53
PPS6 3.61 752 432 1.02 0.99 0.56 0.14 0.17  0.96 1.23
PPS1 4.44 831 572 122 0.99 0.55 0.13 0.20 0.99 1.06
PPS2 094 055 026 002 099 133 014 025 098 169
PPS3 2.13 310 197 0.37 0.99 1.28 0.13 0.22 0.99 1.13
RS PPS4 3.71 6.23 384 0.71 0.99 1.01 0.12 021  0.99 1.21
PPS5 3.80 6.47 4.01 0.73 0.99 1.37 0.12 0.17  0.99 1.62
PPS6 4.80 8.62 547 1.06 0.99 0.70 0.12 0.18 0.99 1.15
PPS1 2.95 430 242 042 0.99 1.37 0.14 0.27  0.99 1.91
PPS2 2.16 270 138 0.21 0.99 1.08 0.14 0.27  0.99 1.71
PPS3 384 628 377 071 099 153 013 025 099 200
o9 PPS4 2.59 385 229 042 0.99 0.99 0.13 0.24 0.99 1.28
PPS5 350 566 342 063 099 1.13 013 023 099 129
PPS6 5.43 9.79 6.22 123 0.99 0.88 0.12 0.22 0.99 1.36
PPS1 2.37 287 159 035 0.98 2.53 0.17 040 098 291
PPS2 6.12 1231 937 246 0.98 2.68 0.17 0.38 098 296
oN PPS3 535 1004 7.14 173 0.96 2.24 0.16 036 098 252
PPS4  -361 -11.1 -919 -239 099 2.09 016 035 097 347
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PPS5 -191 -6.89 -559 -1.34 098 3.02 0.16 038 095 417
PPS6  -3544 936 -79.7 -222 0.99 148 0.18 047 095 444
PPS1 2.32 531 367 107 099 033 0.16 023 094 121
PPS2 0.81 075 023 056 098 1.33 0.17 025 09 174
PPS3 111 113 161 063 099 121 0.16 024 096 132
RF PPS4 2.42 335 244 071 098 111 0.13 022 094 174
PPS5 2.31 437 323 069 099 132 0.15 023 09 1.82
PPS6 2.23 6.46 343 123 099 0.65 0.17 027 094 191
PPS1 1.77 342 335 035 099 152 0.17 021 098 171
PPS2 3.32 136 222 028 099 1.10 0.16 023 098 181
PPS3 2.35 544 455 0.78 099 142 0.14 022 097 207
°F PPS4 151 252 331 051 099 088 0.15 026 098 1.23
PPS5 2.62 465 253 067 099 121 0.15 024 098 131
PPS6 6.33 782 511 111 099 0.74 0.14 021 097 1.29
PPS1 1.74 359 145 235 098 1.96 0.15 038 098 2.65
PPS2 522 1012 836 136 098 272 0.13 037 098 281
PPS3 4.33 9.05 623 163 09 232 0.17 039 098 236
i PPS4 3.56 512 823 241 099 211 0.17 032 097 341
PPS5 1.72 493 465 145 098 3.13 0.19 035 095 415
PPS6 5.54 565 962 824 099 181 0.16 041 095 432
PPS1 4.45 9.07 670 153 099 0.89 0.11 0.14 098 2.06
PPS2 1.73 3.10 255 060 099 138 0.12 0.17 098 218
PPS3 0.47 063 104 031 098 1.76 0.12 0.18 096 2.80
"B PPS4 2.95 532 381 083 099 1.69 0.13 020 098 1.92
PPS5 2.39 464 372 086 099 127 0.13 0.18 097 239
PPS6 573 1125 793 175 099 115 0.13 021 099 1.73
PPS1 832 1611 1054 219 099 1.20 0.11 023 098 230
PPS2 6.70 1255 8.06 163 098 1.82 0.12 023 098 232
PPS3 6.54 1191 741 145 099 110 0.12 024 097 243
58 PPS4 6.71 1232 773 153 098 222 0.12 025 09 311
PPS5 4.68 816 501 095 099 125 0.12 021 098 194
PPS6 787 1505 976 200 099 147 0.12 023 098 233
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The calibration constants reported in Table 4.1 were used to re-calculate 8, from
the known values of voltage V and \E The re-calculated values of 8,, are designated as
0, - The 6., was compared with corresponding 6, as shown in Fig. 4.5 based on soil and
sensor specific calibration equation in terms of \E . For the sake of brevity, the results of

6, obtained from V is not presented here in. It is quite encouraging to note that there is a

significant improvement in the accuracy of PP measurements when a soil and sensor
specific calibration is performed using the laboratory setup developed in this study.

For unambiguous validation of newly proposed procedure, a new set of

experimental data was generated and compared with 6, as shown in Figs. 4.6 and 4.7
corresponding to measured V and \,’g , respectively. From the two figures, it can be noted

that 6,, matches well with @, for all soils and sensors. It is noteworthy to state that all the

sensors gave consistently the same values after following the procedure stated in this study.
For clarity, Fig. 4.8 presents the comparison of different sensor readings before and after
calibration for the same compaction state for two soils RS and RB. The trends are similar

for other soils as well and not presented here for brevity. It can be noted that for the same
6. (particular compaction state), all the sensors gave different 6, before adopting the

procedure discussed in this study. This aspect is generally overlooked in the literature
presuming that all the sensors would yield similar results. After performing sensor and soil

specific calibration, the 8, matched well with 6, and all the sensors exhibited same values.
The results shown in Figs. 4.6 and 4.7 also indicates that polynomial calibration based on
measured V is marginally better than /e, based linear calibration. This is further

corroborated by marginally improved values of regression coefficient (R?) and root mean
square error (RMSE) for polynomial calibration presented in Table 2. Quantitatively the
PP measurement accuracy improved from +6 % to +1 % and £2 % in case of polynomial
and linear calibration, respectively. The outcome of this study brings out the possibility of
soil and sensor specific calibration errors that can result in improper interpretation of
measured results in the field monitoring of projects such as MLCS. Following section aims
to demonstrate the implication of improper PP measurements on change in soil water

storage determination of different MLCS layers.
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4.2.4 Application of PP measurements

To establish the effectiveness of the proposed procedure, an experimental study was
conducted using a cylindrical column replicating three layers of MLCS. The top layer of
the column is a surface layer (RS) followed by drainage layer (MS) and a barrier layer
(RB). The layered column was subjected to a constant head of 1.5 m of water at the top as
illustrated in Figure 4.9 for exploring the hydraulic performance of each layer by
monitoring volumetric water content (0) with time using PP. If a soil mass of known volume
is under continuous wetting or drying, Eq. 4.6 can be utilized to determine the change in
soil water storage for a specific time duration (Albright et al. 2004). For a certain layer in
MLCS, the positive and negative change in soil water storage implies wetting and drying

of the soil mass, respectively.
AS =V, x(6, -6,) (4.6)

where, AS is the change in soil water storage for a particular time duration, Vg is
the geometric volume of the soil, 0; is the initial volumetric water and 6+ is the final
volumetric water content for a given time duration.

In this study, the trial MLCS column was erected as shown in Fig. 4.9 to determine
the change in soil water storage of the three layers using PP measurements. For the MLCS
column, 6 measurements in surface layer was possible with all the six sensors, in drainage
layer by 5 and 6™ sensor (Fig. 4.1) and in barrier layer by only 6" sensor. The results of
AS presented in Fig. 4.10 were determined from 6m measured using PP by following the
calibration equation before and after the procedure proposed in this study. It can be clearly
noted that all the sensors gave widely varying results for AS in RS (surface layer) before
the corrective procedure was adopted. The error in AS of the surface layer was more
pronounced for 2" sensor as compared to other sensors. Figure 4.10 also details that AS
were overestimated both in MS of drainage layer (5" and 6 sensors) and in RB of the
barrier layer (6™ sensor) before adopting soil and sensor specific calibration procedure. A
maximum error of 18 % in the determination of AS was noticed for drainage layer. After
employing the corrective procedure, AS determination obtained from all the sensors
matched well. The observations clearly demonstrate the efficacy of laboratory procedure
proposed in this study for improving the accuracy of PP measurements. Based on the
observation, this study strongly advocates using the soil-specific and sensor specific

correction of PP before using it for field monitoring programs associated with MLCS.
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4.3 Performance enhancement of 5TM sensor

This section evaluated the performance of electromagnetic 5TM point sensor for
real-time monitoring of ¢ in MLCS. Since 6 governs the hydraulic and mechanical
characteristics of geomaterials, its variation is monitored as a function of space and time
for evaluating the performance of MLCS. A simple experimental setup was developed in
this study for performance assessment of 5TM sensor for ten different soils materials
discussed in the previous section. The study would help (i) to assess the appropriateness of
factory calibration of 5TM in different types of soil (ii) to adopt a corrective procedure for
calibration of 5TM sensors and (iii) to improve its measurement accuracy for monitoring

the hydraulic performance of the MLCS.

4.3.1 Background study on 5TM sensor

The amount of water present in a soil, expressed either by gravimetric water content
(w) or volumetric water content (&), controls mechanical and hydraulic behavior of
landfill liners and covers, earthen structures, landslides and embankments (Albright et al.
2006b; Norris et al. 2008; Orense et al. 2004; Widomski et al. 2015). Non-destructive &
measurement is preferred to w measurement, which is destructive, time and labour
intensive, and restricts real-time monitoring. Several sensors are developed in the recent
past for instantaneous and continuous measurement of & for real-time performance
assessment of landfill liners and covers (Bonaparte et al. 2002; Zhang et al. 2009),
pavements (Ziliate et al. 2016), rainfall-induced slope stability (Orense et al. 2004), and
concrete structures (Norris et al. 2008). Application of these sensors is also popular in
agriculture and irrigation (Sui 2018), water resource and hydrology (Chandler et al. 2017),
forestry (Ataka et al. 2014), waste management (Chen et al. 2012), soil physics (Vaz and
Hopmans 2001), agronomy and soil science (Jabro et al. 2017). The working of these
sensors are based on electromagnetic wave propagation (Bell et al. 1987; Gardner et al.
1998), radiation, neutron scattering, X-ray and the gamma ray attenuation (Evett and
Steiner 1995; Gaskin and Miller 1996), time domain reflectometry (TDR) (Jones et al.
2002; Topp and Davis 1985), time domain transmission (TDT) (Harlow et al. 2003),
frequency domain reflectometry (FDR) (Minet et al. 2010; Xu et al. 2012), and heat
diffusion (Basinger et al. 2003).

The techniques mentioned above measure € indirectly based on its correlation

with properties such as electrical conductivity, electrical resistivity, dielectric constant or
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permittivity, impedance or capacitance of the porous media (Cosh et al. 2005; Robinson et
al. 1999; Roth et al. 1992; Topp et al. 1980). Several researchers have correlated & with
physical properties of the porous media such as soil suction, infiltration, volume change
and strength (Bradford et al. 2002; van Genuchten 1980). From the literature, it is observed
that majority of the sensors are electromagnetic sensors (ES) based on
capacitance/FDR/TDR/TDT. The ES is economical, reliable, and extensively used for
determining the spatio-temporal variation of & (Perkins et al. 2014; Vereecken et al.
2010). The accuracy of ES measurement depends on factors affecting electromagnetic
wave propagation, which includes soil type, salinity, texture, pH, temperature, bulk density,
clay content, organic content, mineralogy, installation procedure, measuring technique and
measurement range (Baumhardt et al. 2000; Evett et al. 2006; Friedman 2005; Gong et al.
2003).

The ES measures the dielectric constant of surrounding soil mass with a repeated
frequency generated by electronic oscillator (Kelleners et al. 2004b; Skierucha and Wilczek
2010) and correlates it to & by using a suitable calibration equation. Such an equation is
developed under controlled laboratory condition mostly using reference minerals.
Reviewed literature indicates both underestimation (Czarnomski et al. 2005) and
overestimation of & (Foley and Harris 2007) attributed to improper calibration. Previous
studies have shown that the best result can be obtained using site and depth-specific
calibration of moisture sensors (Bircher et al. 2016; Huang et al. 2004; McCann et al. 2014;
Morgan et al. 1999; Visconti et al. 2014). Several studies have established the significance
of soil specific calibration of ES for reliable & measurements (Bogena et al. 2017; Béhme
et al. 2013; Chandler et al. 2005; Cobos and Chambers 2010; Kodesova et al. 2011; Matula
et al. 2016; Polyakov et al. 2005; Saito et al. 2009; Vaz et al. 2013; Yoder et al. 1998).
These studies have shown that the soil specific calibration can increase the measurement
accuracy from +4% to +1%. However, there are very few studies (Magsoud et al. 2017,
Parvin and Degré 2016) that investigate the accuracy of 5TM sensors.

This study deals with the performance evaluation of 5TM sensor for real-time
monitoring of @ in different layers of a landfill cover system (CS). The CS is an
engineered structure constructed over the near surface waste disposal facility to minimize
the interaction of rain water with the underlying waste. Based on the previous literature
(Landreth et al. 1991; USEPA 1989a and b), it can be stated that a conventional CS
generally consists of three main layers (hydraulic barrier layer overlain by surface and
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drainage layer). The thickness of these layers is kept at par with site requirements but never
less than 30 cm. Surface layer or the top layer of CS is made of compacted silty sand (or
loamy soil) having adequate strength and water storage capacity. Apart from resisting
rainfall and run-off induced erosion, surface layer also accommodates vegetation growth
without compromising its function. It is constructed at 3-5% slope with permeability in the
range of 107° to 10 m/s. The drainage layer is comprised of granular material (sand) having
a permeability greater than 10 m/s, which drains out the infiltrating water laterally. The
hydraulic barrier layer is compacted clayey soil (or native soil amended with bentonite)

with permeability less than 10 m/s to reduce water percolation.

4.3.2 Materials and method

The 5TM sensor shown in Fig 4.11 is 10cmx3.2cmx0.7cm in dimension with
measuring prongs of 5.5 cm length. The sensor can work in the temperature range of — 40
°C to 60 °C and measure @ in the range of 0% to 100% with the accuracy of + 3% using
generalized calibration proposed by the manufacturer. When electric power is applied to
the 5TM sensor, it creates an oscillating wave of 70 MHz frequency to each sensor prong.
It transmits an electromagnetic field in the surrounding soil mass that charges according to
the dielectric constant of the soil material. This electronic charge is proportional to the soil
dielectric constant and therefore to the soil water content. The 5TM microprocessor

measures the charge and outputs a value of dielectric constant in terms of unprocessed raw

values having units of &, x50 Factory calibration of the 5TM sensor enables to measure

dielectric constant (€,) accurately in the range of 1 (air) to 80 (water). There are different

equations to convert raw dielectric constant data measured by 5TM into @ . The following
Topp’s equation (Eq. 4.7) (Topp et al. 1980) which converts raw dielectric constant into 6

for mineral soil, is the most popular equation.
0=4.3x10"°x&’ ~55x107" x 2 +2.92x107 x &, —5.3x107 (4.7)

In this study, air-dried soil samples sieved through 2 mm sieve were used to prepare
ten different soil-water mixes (mixed with distilled water), from dry to relatively wet. The
mixed soil sample was kept in polythene cover and preserved in a desiccator for uniform

water distribution for at least 24 hours. Soil sample was then packed to a specific bulk
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density (p,) into a cylindrical polyvinyl chloride (PVC) container of 30 cm internal

diameter and 25 cm height (dimensions were so chosen to maintain influence zone criterion

of the sensor) as shown in Fig. 4.11. To ensure uniform p, during packing, the container
volume was divided into three equal parts, and the soil sample in three equal portions was
compacted uniformly with 2.6 kg rammer. Further, the 5TM sensor (along with 1 cm length
of cable connected to the sensor) was inserted vertically at the center of the uniformly
compacted soil column. A dummy guide insertion blade was used to facilitate easy insertion

of 5TM. After insertion, Em50 data logger was connected to the sensor, and # measurement

designated as ¢, along with unprocessed raw data (R,,) was acquired. All measurements
were repeated thrice and average results were considered in this study. Gravimetric water

content (w) of the soil sample collected from the sensor influence zone was determined by
oven drying (105°C, 24 hours) after 5TM measurements and converted into computed

volumetric water content (6, ) using Eq. 4.3.

The measured &, and computed 6. (true value for any soil sample) were then

compared to evaluate the accuracy of the 5TM sensor. If the deviation was unsatisfactory,
then the corrective procedure stated below was performed to evolve a new calibration
equation for 5TM sensor corresponding to the soils used in CS. For this purpose, the 6,
was plotted against measured raw counts (electronic signal of the sensor) or dielectric
constant and the relationship was quantified. This relationship gives appropriate new
calibration equation for different soil materials used in CS. The betterment of corrective
procedure was confirmed by marginally improved values of regression coefficient (R*) and
root mean square error (RMSE) calculated using Eq. 4.8, and reported in Table 4.2.

Independent data was generated for validating the appropriateness of the new calibration

equation.

RMSE = J 2(0n = 0s) (4.8)

n

where, 0. is i"" 6. measured by the 5TM sensor, &, is corresponding i 6, computed

based on oven dry method and n is the number of total measurements.
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Fig. 4.11 Schematic diagram of the laboratory setup for calibration of 5TM sensor

4.3.3 Observations and discussion
Figure 4.12 portrays the comparison of measured 6, with computed 6, for ten

different soil materials used in CS. The figure shows that default calibration of 5TM sensor

underestimates # measurements for all the soil samples used in the study except for a higher
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range of @ for BB. The figure also indicates a significant deviation of &, from 6, in dry

and wet range. Deviation in 6, was noticed to increase with an increase in clay content and

bulk density for BS, RB, BB and BN, which is similar to the observations reported in the
literature (Cobos and Chambers 2010; Ju et al. 2010). The deviation was pronounced due
to the presence of a higher percentage of coarser particles for MS and RF. Such trends were
also reported in previous literature (Vaz et al. 2013). Observations from figure 4.12 strongly
suggest the necessity of a corrective procedure to minimize error in 5TM measurements. In
this study, a soil specific re-calibration was performed using the setup shown in Figure

4.11. Re-calibration was performed in two ways: (i) linear calibration (LC) illustrated in

Figure 3 by correlating 6. to measured raw outputs (R, ) and (ii) polynomial calibration

(PC) presented in Figure 4 by correlating 0, to dielectric constant (&,).

m= 1:1Line A MS O FA A RF ® BF
O RS ¢ BS XBN B FB ¢ RB + BB
0.8 0.8
& X
e 06 | X 0.6 F "
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< 04 f 04 F
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S 02t @m 0.2
& +
0.0 1 1 1 0.0 1 1 1
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Computed 8, 6, (m3m-3)

Fig. 4.12 Comparison between measured and computed volumetric water content

Figure 4.13 presents the relationship between 6, and R, for each soil material considered

in this study. The variation is observed to follow a linear trend represented as Eq. 4.9.
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f=aR, +b (4.9)

where a and b are soil specific calibration parameters summarized in Table 4.2. Figure

4.14 depicts the variation of computed 6, as a function of &, for the soil materials. From
the figure, it can be observed that the variation of 6, follows a non-linear response with
&, . Hence, polynomial equations of different orders were fitted to the observed variation.
For all soil types, there is no significant improvement beyond the third order polynomial
equation represented by Eq. 4.10 which is similar to Topp equation (Topp et al. 1980).

0=As’-Bs:+Ce,-D (4.10)

where A, B, C and D are soil-specific calibration parameters of 5TM sensor listed in Table

4.2.
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Fig. 4.13 Calibration of 5TM sensor based on raw counts by linear fit
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Fig. 4.14 Calibration of 5TM sensor based on dielectric constant by polynomial fit
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Table 4.2 Details of soil specific calibration for 5TM sensor in various soils

Evaluation based on raw count

Evaluation based on dielectric constant

= by linear fit by polynomial fit
S Calibration Statistical . Statistical
C_Ut; parameters parameters el QNG e parameters
7 a b R? R(IE)A/OS)E A B C D R? R(IEQ)S)E
MS 0.0005 -0.0043 0.98 2.15 0.00001 0.0009 0.038 0.049 0.99 0.16
FA 0.0004 0.0271 0.98 2.44 0.00002 0.0013 0.041 0.058 0.99 1.04
RS 0.0003 0.0684 0.95 7.65 0.00001 0.001 0.038 0.045 0.99 0.43
BS 0.0003 0.0876 0.94 3.84 0.000005 0.0006 0.032 0.028 0.99 0.54
BN 0.0002 0.1134 0.98 4.04 0.000006 0.0007 0.032 0.019 0.99 0.89
RF 0.0003 0.0596 0.98 2.57 0.00001 0.0008 0.032 0.018 0.99 0.00
BF 0.0003 0.0632 0.97 2.97 0.000007 0.0006 0.027 0.007 0.99 0.71
FB 0.0003 0.0574 0.98 1.72 0.000009 0.0007 0.029 0.008 0.99 0.89
RB 0.0003 0.0482 0.98 2.52 0.000005 0.0005 0.027 0.003 0.99 0.90
BB 0.0002 0.1232 0.93 7.07 0.000007 0.0008 0.033 0.016 0.99 0.54
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The calibration parameters reported in Table 4.2 were used to re-calculate 0,
designated as &, from known values of R, and &, The 6, calculated based on soil
specific calibration equations in terms of R, and &, were compared with the corresponding

0. as shown in Figs. 4.15 and 4.16, respectively. The data indicates that there was a

significant improvement in the precision of # measurements when the proposed soil-

specific calibrations were followed. For validation, a new set of experimental data was

generated and compared with &, as shown in Fig. 4.17 and 4.18 corresponding to measured

R, and &,, respectively. From the figures, it can be noted that &, matches well with 6,

for all the soils used in this study. It is noteworthy to state that the 5TM sensor consistently
gave accurate # measurement after following the procedure stated in this study. Results as

shown in figures 4.17 and 4.18 also indicates that the polynomial calibration (PC) based on
measured &, is marginally better than R, based linear calibration (LC). Quantitatively the

5TM measurement accuracy improves from +8% to 1% and +2% in the case of PC
and LC, respectively. The following section intends to show the effect of improper 5TM

measurements on soil water storage determination of different CS layers.
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Fig. 4.15 Comparison of re-calculated 5TM measurements using modified linear
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Fig. 4.16 Comparison of re-calculated 5TM measurements using modified polynomial

calibration
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Fig. 4.17 Validation of linear calibration evaluated based on raw counts
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Fig. 4.18 Validation of polynomial calibration evaluated based on dielectric constant

4.3.4 Application of 5TM measurements for soil water storage determination

An experimental study on a cylindrical column replicating three layers of CS was
carried out under constant ponding of water causing progressive saturation of cover layers,
to establish the effectiveness of the proposed procedure. The top layer of the column is a
surface layer composed of red soil (RS) followed by a drainage layer (MS) and a barrier
layer (RB) successively. In the study, the layered column was subjected to a constant
ponding depth of 1.5 m of water at the top as shown in Figure 4.19 for exploring the

hydraulic performance by monitoring 6 with time using the 5TM sensor. The # measured

by 5TM sensor becomes constant at saturated water content (&, ) of the soil mass of known
volume (V ). The 8, of each soil layer can also be determined theoretically by using Eq.
4.11 from the known value of specific gravity (G ) and dry density (0, ) reported in Table
3.2 of chapter 3, and density of water ( 2,,). Further, Eq. 4.12 can be utilized to determine
soil water storage (S,) at saturated state of each layer either by using calculated or

measured 0, .

P
6, =1-Lto .
= Gp, (4.11)
S, =V x0, (4.12)
95

TH-2409 146104004



In this study, 5TM measurements from the trial MLCS column was used to

determine the S,, of individual layers. For each layer, S, determined based on 6, before

and after calibration was compared with theoretical calculation, as shown in Figure 4.20.

An absolute error of 13 %, 15 % and 7 % was noticed in the determination of S, in surface,

drainage and barrier layer, respectively, before calibration. The corresponding error of
respective layers was reduced to 7%, 10% and 2% by following LC and to 0.4%, 0.6% and
0.4% for PC. Observations from the figure reveal the usefulness of the proposed laboratory
procedure for enhancing the accuracy of 6 measurements by the 5TM sensor. This study
strongly recommends conducting soil specific calibration of the 5TM sensor by considering
dielectric constant before employing it for field monitoring programs associated with
important projects such as MLCS.
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Fig. 4.19 Experimental column setup to assess the effectiveness of the corrective
procedure for 5TM measurement
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Fig. 4.20 Significance of corrective procedure for 5TM measurement on soil water
storage determination

4.4 Summary
4.4.1 Profile probe

The study presented in the current chapter deals with the performance evaluation
and improving the accuracy of profile probe (PP) used for measuring depth varying
volumetric water content 6 in the field for a multi-layered cover system (MLCS). A
laboratory setup was developed for evaluating all the sensors of PP simultaneously in a

compacted soil mass, which is not reported in the literature earlier. The performance

evaluation of PP indicated that the measured 6 (6,) was different from theoretically

computed 6 (6.) and each of the embedded sensors gave widely varying results for the

same measurement location in the soil mass. The deviation in observed results was found
to increase with an increase in soil plasticity, which is consistent with the observations in
the literature. Based on the proposed laboratory procedure in this study, a new soil specific
and sensor specific calibration equations were developed for the soils used in different
layers of MLCS. The new calibration parameters improve the accuracy of § measurement
from 6% to +1%. The usefulness of the proposed method was demonstrated by using a
MLCS column. The implication of inaccurate measurements of PP on determining the
change in soil water storage in different layers of MLCS column was studied. It was noted

that there was an error of 18% when PP measurement was performed without correction.
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Also, the sensors measured widely varying results before adopting the corrective procedure
for PP measurements. All the sensor measurements gave identical change in soil storage in
different layers of MLCS after adopting the correction procedure. Based on the encouraging
observations, this study strongly advocates the use of proposed laboratory procedure for
accurate measurements of ¢ using PP before employing it for field monitoring programs

for important projects such as MLCS.

4.4.2 5TM sensor
The study also deals with the improvement in accuracy of 5 TM sensor which is a
low-cost volumetric water content (&) sensor for real-time monitoring of ¢ in MLCS. It

was noted that by adopting a general calibration for different soils would underestimate ¢

measurements. Significant deviation of measured 4 (8,,) from computed 8 (6, ) in the drier

and wetter range was noticed for all soil samples used in the study, except in higher range
of @ for a black soil-bentonite mix (BB). Increase in deviation can be attributed to the
increase in clay content, bulk density and to the higher percentage of coarser particles of
soil samples. A well-structured calibration program was demonstrated in this study for the
type of soils used in MLCS. A significant improvement in the precision of § measurements
was noted when two proposed methods (linear calibration, LC and polynomial calibration,
PC) was adopted for soil-specific calibration. Quantitatively 5TM measurement accuracy
improves from +8 % to +1 % for PC and +2 % for LC. The results indicated that PC is
marginally superior to LC. A study on a cylindrical column replicating three layers of
MLCS was also conducted to establish the effectiveness of the proposed procedure by

evaluating layer specific soil water storage (S, ). The absolute error of 13 %, 15 % and 7

% in the determination of S, was noticed in surface, drainage and barrier layer,

respectively, for 5TM measurements without calibration. This corresponding layer-wise
absolute error minimized to 7%, 10% and 2% by following LC, and to 0.4%, 0.6% and
0.4% by adopting PC. The observations of the study revealed the usefulness of the
corrective laboratory procedure for enhancing the accuracy of # measurements by the 5TM
sensor with a view to improving its performance efficiency, and it also suggested PC to be
used in preference to LC. Thus the study strongly recommends conducting soil specific
calibration of the 5TM sensor before employing it for real-time field monitoring programs

associated with important projects like MLCS.
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Chapter 5

Percolation Assessment of MLCS under Constant Water Ponding

51 General

Multi-layered cover system (MLCS) constructed over a landfill minimizes water
percolation into underlying waste to prevent leachate formation and groundwater
contamination. The main objective of this chapter is to assess the progressive saturation of
four different MLCS configurations under constant water ponding. The four column
configurations varied based on layer specific materials. Volumetric water content was
recorded as a function of time at different depths for 900 days to observe percolation. All
results obtained from the column test were finally compared with numerical simulation
considering three different approaches. The study aims to understand the saturation rate of
different layers of MLCS and hence evaluate the adequacy of different layer material and

configuration.

5.2 Background study

Hazardous waste from industries and nuclear sector (low level) are secured in
engineered landfill having a liner system at the bottom (Aldaeef and Rayhani 2015; Hamdi
and Srasra 2013; Rowe 2011) and a cover system on the top (Apiwantragoon et al. 2015;
Landreth et al. 1991). The cover system is constructed after the landfill reaches its full
capacity for minimizing percolation of rainwater into the underlying waste (Rowe 2005).
Based on the literature listed in Table 2.5, it was noted that different types of cover system
have evolved over the last few decades mainly based on two mechanisms known as
evapotranspiration (ET) and capillary barrier (CB) action. The ET and CB cover system
are suitable for arid and semi-arid regions where the average annual rainfall ranges from
100 mm to 600 mm (Aljaradin and Persson 2015; Bohnhoff et al. 2009). For supporting
vegetation growth, the ET cover system utilizes its water storage capacity to store the
infiltrated rainwater until it is removed by soil evaporation and plant transpiration
(Barnswell and Dwyer 2012; Blight 2009; Schnabel et al. 2012). The CB cover system
comprised of a vegetated fine-grained soil layer overlying a coarse-grained soil layer (Zhan
et al. 2014). In addition to evapotranspiration, the CB cover system relies on the capillary
barrier action between the two layers to minimize water percolation (Subedi et al. 2013).
However, these two type of cover system was found to be inadequate for humid regions
with average annual rainfall more than 1000 mm (Ng et al. 2015; Zhang and Sun 2014).
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Due to low water holding (or removing) capacity, these cover system performs poorly
under the humid climate which may also be attributed to preferential water flow through
the roots (Khapre et al. 2017; Song et al. 2017) and the desiccation cracks (Hoor and Rowe
2013; Sinnathamby et al. 2014; Vallejo 2009).

Previous researchers (Ng et al. 2016, 2019a and b) have advocated MLCS for
regions with humid climate.. The multi-layer cover system is obtained by introducing a low
permeable compacted clay layer (CCL) as the hydraulic barrier beneath a CB layer system
(Rowe 2005). The bottom CCL is advantageous to impede the ingress of water percolated
from the upper CB layer. A chronological review of the previous studies on percolation
through the cover system is summarized in Table 2.5 to highlight the importance of various
methodologies adopted for the investigation. The table also focuses on the inclusion of
geosynthetic clay liner (GCL) and different recycled materials in cover system. Most of the
laboratory investigations employ artificial rainfall simulator or constant head method to
carry out the percolation studies.

Furthermore, one-dimensional column studies have been conducted to understand
the water infiltration in different cover system under varying boundary conditions.
However, no studies exist for catastrophic scenarios of flood wherein the cover system was
inundated by water for an extended period. This is essential in view of recent cases of
extreme floods occurring due to climate change (Kundzewicz et al. 2013). Such situations
are evidently seen in northeast India where there is the overflow of the Brahmaputra river,
resulting in constant ponding condition in some areas for a few months (Dhar and Nandargi
2000). Very recently, other western states of India, Kerala, and Maharashtra, have also
experienced constant water ponding due to heavy rainfall for hours (Francis and Gadgil
2006). In addition to this, investigations are required for exploring the suitability of utilizing
the alternate materials like fly ash, asphalt concrete in cover system for specific

applications.
5.3 Materials and methods

5.3.1 Testing materials

The current study was conducted by employing various indigenous soil, bentonite
clay, fly ash and commercial geosynthetic clay liner (GCL). The source, designation, and
the proportion and combination for their use as different cover layer are detailed in Table

3.1. The soil mix proportions were decided based on layer specific criteria of hydraulic
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conductivity (10°-10® m/s for surface layer (SL) and less than 10° m/s for barrier layer
(BL)) reported in previous literature (Landreth et al. 1991; USEPA 1989a and b). Medium
sand (MS) was used as the drainage layer (DL) in all constructed columns due to its high
hydraulic conductivity (10> m/s). The basic physical, geotechnical and chemical properties
of all the soils were investigated using standard laboratory procedures reported in the
relevant code of Indian standard (IS) or international American society of testing and

materials (ASTM) and are presented in Table 3.3.

5.3.2 Testing equipment

Profile probe (PR2/6-UM-3.0, Delta-T Devices Ltd., UK) housing six embedded
sensors at different depths were utilized in the study for monitoring the variation in
volumetric water content (6) with time and depth. A handheld moisture meter was used for
recording the 6 from each PPS. Each PPS can measure 0 ranging from dry state (0%) to
saturated state (0s) with an accuracy of £6% for an operating temperature range of -20 °C
to +60 °C. However, the accuracy of PPS measurements was further improved up to £1%
based on its soil specific calibration conducted in house which is described in details in the

previous chapter.

5.3.3 Column construction

The four test columns designated as C1, C2, C3, and C4, were fabricated using
polyvinyl chloride (PVC) cylindrical container of 30 cm internal diameter and 120 cm
height. Every container has four separable parts of 30 cm height to facilitate the soil
packing. Each part was combined with the successive part by half-lap joint, and suitable
sealant was applied to prevent water leakage. The top 2.5 cm portion of each column
container was kept empty for applying a constant water ponding on the CS column using
an overhead tank. The bottom 2.5 cm portion was used as a percolation collection chamber.
The remaining 115 cm was utilized for constructing the CS column. Each CS column
comprised of three layers; the hydraulic barrier layer (BL), drainage layer (DL), and surface
layer (SL) of height 40, 30 and 45 cm respectively. Column dimensions were so selected
based on the influence zone criterion (10 cm radius and 105 cm depth) of the profile probe
(Users' guide, Delta-T Devices Ltd.) and layer heights were kept at par with the field
requirements (USEPA 1989a and b). Schematic diagram of the laboratory setup of four

columns is presented in Fig. 5.1 and the details of layer materials are listed in Table 5.1.
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Table 5.1 Details of layer materials used in test columns for the study

Test Cover Layer Soil material
column system (designation) (designation)
Surface layer Red soil

(SL) (RS)

c1 Three-layered Drainage layer Medium sand
cover system (DL) (MS)

Barrier layer Red soil-bentonite mix
(BL) (RB)
Surface layer Red soil-fly ash mix

(SL) (RF)

Drainage layer Medium sand
(DL) (MS)

Four-layered

C2
cover system
y Additional barrier Geosynthetic clay liner
layer (GCL)
Barrier layer Red soil-bentonite mix
(BL) (RB)
Surface layer Black soil
(SL) (BS)
c3 Three-layered Drainage layer Medium sand
cover system (DL) (MS)
Barrier layer Black soil-bentonite mix
(BL) (BB)
Surface layer Black soil-fly ash mix
(SL) (BF))
ca Three-layered Drainage layer Medium sand
cover system (DL) (MS)

Barrier layer
(BL)

Fly ash-bentonite mix
(FB)

The BL, DL, and SL were packed uniformly with their respective soil successively
from bottom to top into each CS column based on the mass-volume method. The dry soil
mass was mixed with required water (distilled) and kept for maturation before compacting

it. The BL of each CS column was placed by compacting the respective soil mix uniformly
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by 2.6 kg rammer to its maximum dry density (MDD) and optimum moisture content
(OMC) as reported in Table 3.3. The DL was constructed on top of BL by compacting air
dried MS at approximately 50% of its maximum relative density by calibrating the height
of fall. This was overlain by the SL compacted uniformly to MDD and OMC similar to BL.
In each CS column, a porous geosynthetic separator was used at each layer interface for
isolating different layer mass. An additional non-woven geotextile was utilized at the
interface between SL and DL to prevent the clogging of porous drainage materials due to
the ingress of fine soil particles from the upper layer. A 1 cm thick GCL was employed as
the additional hydraulic barrier layer in column C2 wherein 50% fly ash (FA) was used in
SL. 50% and 70% of fly ash were also utilized in SL and BL, respectively for column C4
to investigate its potentials as a sustainable alternate material in CS for landfill applications.
A profile probe access tube was embedded in each CS column vertically along the central
axis of the packed mass of CS layers during the erection and compaction process. A thin
layer of sealant was applied at the interface between the access tube and the surrounding
soil mass. Similar care was taken for the inside boundary of the column to minimize the
preferential flow of water. The same constant water ponding of 150 cm depth was applied
at the top of all four CS columns by interconnecting the top reservoirs to an elevated water
supply tank. Figure 5.2 represents the pictorial view of the construction steps, placement of
various materials, and fully erected CS column setup.

The profile probe was inserted into the access tube for scanning 0 at the depths of
10, 20, 30, and 40 cm in SL, 60 cm in DL and 100 cm in BL of each CS column. The 6
measurements were performed thrice in a day, and their average was considered as
measured daily 6. In the study, 6 measured at 10, 20, 30, 40, 60 and 100 cm depths of any
column is designated as 010, 020, 030, 010, 060 and 0100 respectively. For any individual
column depth, the time taken for the 0 to deviate from its initial state (0i) is considered as
the time for deviation (tg) and the total time duration taken from the initial condition to the
saturation is designated as the time for saturation (ts) in this study. The time interval or
difference between ts and tq (ts — tq), is defined as the transition period (TP). The TP of 010,
020, 030, 040, Bs0 and B100 Mmeasured in any CS column are designated as TP1o, TP20, TP30,
TPa4o0, TPeo, and TP100, respectively. The variation of 0 in each column layer subjected to
progressive saturation under constant ponding of water was monitored as the function of

depth and time for 900 days.
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5.3.4 Numerical analyses

The vertical water movements through the experimental CS columns for 900 days
were numerically modelled using HYDRUS 2D software code (Simtnek et al. 1999). The
computer code solves modified Richard’s equation (Richards 1931) (Eq. 5.1) of water flow

through saturated or unsaturated soil media by finite-element (FE) approach (McDougall

et al. 1996).
U I PESCURYS I (5.1)
ot ox b ox

where, @ is the volumetric water content (L3L3), h is the pressure head (L), S is a sink term
(T, X (i =1, 2) are the spatial coordinates (L), t is time (T), kif are components of a

dimensionless anisotropy tensor k*and k is unsaturated hydraulic conductivity function
(LT given by

k(h,x,y,z) =k (x,y,2)k, (h,xy,2) (5.2)

where kr is relative hydraulic conductivity and ks is saturated hydraulic conductivity.

Figure 5.3 presents the geometry, boundary conditions, shape, and size of FE mesh
for the CS column. Figure 5.4 shows mesh convergence study with the variation of 0 at 40
cm depth of Column C1 with time for triangular FE mesh of different sizes from 1.5 cm to
15 cm. The figure indicates that FE mesh size of less than 3 cm has no significant effect on
the results. Therefore, a triangular FE mesh of size 3 cm was considered for subsequent
numerical analyses. Hydraulic parameters of individual soil layer of each CS column were
evaluated to serve as input parameters for numerical analyses. These parameters include
residual volumetric water content (0r), saturated volumetric water content (0s), van
Genuchten parameters a and n, saturated hydraulic conductivity (ks), and pore connectivity
parameters (1). The ks was determined in the laboratory by falling head permeability test
(ASTM D5084). Pore connectivity parameter (I) was assumed to be 0.5 for all soil materials

based on previous literature (Mualem 1976).
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The soil hydraulic parameters 0y, 6s, o, and n were determined by fitting van
Genuchten equation (Eq. 5.3) to soil-water characteristic curves (SWCC) obtained from
three different approaches. The first approach used neural network prediction (Rosetta Lite
V. 1.1 2003) based on soil textural properties (Wosten et al. 1999). The second approach
computed hydraulic parameters from drying SWCC measured by 5TM, TEROS 21 sensors
and dew point potentiameter (WP4-T, Decagon Devices Inc., USA). The last approach
included hydraulic parameters from wetting SWCC obtained from 5TM and TEROS 21
sensors (METER Group, USA) during water infiltration (Malaya 2011). The details of the
three SWCCs (predicted, drying and wetting) of soil materials are presented in Fig. 5.5.
These hydraulic parameters are designated as PHP, DHP and WHP for predicted, drying
and wetting hydraulic properties respectively. The parameters estimated for each layer
material of four CS columns are reported in Table 5.2. Only, the hydraulic parameters of
GCL were adopted based on the data available in the literature (Benson et al. 2007b). Table
5.2 also presents the initial 6 (8;) of each column layer, which was considered as initial
conditions in the numerical simulations. A constant ponding head of 150 cm was applied
at the top of each CS column. No flux boundary condition was chosen for vertical sides of
the column. A free drainage boundary condition was selected at the base of the column
model. The numerical flow simulation estimates 6 variation with depth and time for the
abovementioned initial and boundary conditions, which was compared with the measured
test results obtained from the column study. The accuracy of the test measurements was

improved by performance enhancement of PP based on in-house calibration.

95 _Hr

[+ (jo)' |

O(y)=06.+ (5.3)

where, «9(!//)is volumetric water content corresponding to suction, v, 6, is saturated

volumetric water content, €. is residual volumetric water content; & (related to air entry

suction of the soil), N (related to pore size distribution of the soil) and M (related to overall

symmetry of the SWCC) are van Genuchten parameters.
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Table 5.2 Hydraulic characteristics of all soil materials used in numerical simulation

Soil Layer

column  (Material) Designation Or 0s a n Ks [ 0i

suface layer  WHP 0.061 0406 00010 124 3E-9 05 0308

(RS) DHP 0.062 0419 00005 131 3E-9 05 0308

PHP 0076 0404 00023 130 3E9 05 0.308

Drainage WHP 0.039 0369 00498 178 4E-5 05 0.060

c1 layer DHP 0.040 0381 00408 181 4E-5 05 0.060

(MS) PHP 0.049 0379 00259 206 4E5 05 0.060

Barrier layer WHP 0076 0421 00004 121 2E-10 05 0.330

(RB) DHP 0077 0438 00003 123 2E-10 05 0.330

PHP 0086 0436 00011 128 2E-10 05 0.330

WHP 0.0584 0381 000057 161 3E8 05 0287

S”rfalgeF'ayer DHP 0.0586 0.392 000047 167 3E-8 05 0.287

(RF) PHP 0.0585 0.406 000145 157 3E-8 05 0.287

Drainage WHP 0039 0369 00498 178 4E5 05 0.060

layer DHP 0.040 0381 00408 181 4E5 05 0.060

C2 (MS) PHP 0.049 0379 00259 206 4E5 05 0.060
GCL

el ot a. 200 0.068 0.6 0.001 200 6E-11 05 0.115

o WHP 0076 0421 00004 121 2E-10 05 0.330

a”(';%)ayer DHP 0077 0438 00003 123 2E-10 05 0330

PHP 0.086 0436 00011 128 2E-10 05 0330

WHP 0.0711 0.447 000053 130 6E9 05 0.333

S”rf‘z‘é‘?s;ayer DHP 0.0713 0456 000025 142 6E9 05 0333

PHP 0.0852 0.431 000162 128 6E-9 05 0.333

Drainage WHP 0039 0369 00498 178 4E5 05 0.060

C3 layer DHP 0040 0381 00408 181 4E5 05 0.060

(MS) PHP 0.049 0379 00259 206 4E-5 05 0.060

B | WHP 0.0851 0478 000017 138 4E-10 05 0.358

a"('ég)ayer DHP 0.0853 0491 000011 149 4E-10 05 0.358

PHP 0.0903 0453 0001 127 4E-10 05 0.358

Surface | WHP 0.0606 0418 000118 133 4E8 05 0.286

ur ?é?:)ayer DHP 0.0607 0427 000111 129 4E8 05 0.286

PHP 0.0628 0412 00021 143 4E8 05 0286

Drainage WHP 0039 0369 00498 178 4E5 05 0.060

C4 layer DHP 0040 0381 00408 181 4E5 05 0.060

(MS) PHP 0.049 0379 00259 206 4E-5 05 0.060

Sarrior | WHP 0.0812 0409 000037 129 3E9 05 0322

arr('sé)ayer DHP 0.0813 0413 000031 127 3E9 05 0322

PHP 0.0881 0.417 000065 139 3E9 05 0.322

Note: WHP = wetting hydraulic parameters, DHP = drying hydraulic parameters, PHP = predicted
hydraulic parameters, 8; = residual volumetric water content (m®.m); 6s = saturated volumetric
water content (m®.m=3); o (cm™?) and n = van Genuchten parameters; ks = saturated hydraulic
conductivity (m/s); I = pore connectivity parameter; 8; = initial volumetric water content (m3.m)
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Fig. 5.5 Predicted, drying and wetting SWCCs of various layer materials

5.4 Results and discussion
5.4.1 Surface layer performance

The 0 versus time response measured at 20, 30 and 40 cm depths (variation of 2o,
030 and 040 with time) in the SL of the four CS columns are presented in Fig. 5.6. The figure
shows an increase in 0 from 6; when waterfront reaches the sensor influence zone and
ultimately reaches to saturated 0 indicated by a constant value. Based on the data reported
in Table 5.3, TP2o, TP3g, TP4o of any CS column can be arranged in the order TP2o < TP30
< TP4o. This inferred that the rate of saturation diminished with depth for SL. This may be

due to the progressive difficulty in replacing air pockets by the percolating water (Touma
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et al., 1984). It can also be derived from Fig. 5.6 that for any depth of SL, the TP varies in
the order TP(C2) < TP(C4) < TP(C3) < TP(C1). It can be deduced that the SL of C2, which
used 50% FA and 50% RS mix performed poorly in minimizing water percolation. The SL
of C4 with 50% FA-50% BS performed marginally better than C2. The SL of C1 and C3,
composed of RS and BS, respectively, performed almost four times better in restricting the
percolation. It demonstrates that FA inclusion in the SLs of Column C2 and C4 resulted in
their quick saturation within a short time (3 to 7 days). The SL performance thus
deteriorated rapidly due to FA addition due to an increase in permeability of the surface
layer. However, the SLs of C1 and C3, saturate in 32 to 35 days, which is at a much slower
rate as compared to C2 and C4. In the context of three numerical inputs for water retention
parameters (PHP, DHP, and WHP), the WHP input was found to predict the percolation in
SLs for all the four columns better. This is expected as the water infiltration through a
MLCS column is a gradual wetting phenomenon. Based on Table 5.3, the average
percentage error in TP for different numerical inputs was computed at various depth
considering all four columns and summarized in Table 5.4. It can be noted from the table
that the percentage error decreases with the increase of column depth. The WHP based
simulations result in less average error compared to DHP and PHP based simulations.
However, the difference in percentage error is minimal for WHP and DHP. This indicates
that the error incurred by considering DHP (easy to determine) instead of WHP for a

continuous wetting phenomenon is marginal.
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Fig. 5.6 Variation of volumetric water content at various depths of surface layer
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Table 5.3 Time of deviation and time to saturation of 6 at various depths of 4 columns

Based c1 C2 C3 C4

Layer
Depth

on td ts TP td ts TP td ts TP td ts TP

PPS 04 5 46 021 26 239 05 7 6.5 021 278 27

£ WHP 03 3 27 017 11 08 03 5 47 017 075 0.2
S DHP 02 4 38 004 07 066 01 42 41 001 008 0.1
PHP 06 2 14 008 04 032 05 3 25 001 043 04
PPS 1 10 9 035 337 302 13 12 107 037 41 3.8
£ wHP 1 11 10 013 17 16 13 15 137 021 22 19
S DHP 12 13 118 01 16 15 11 16 149 018 13 11
N PHP 23 11 87 023 08 06 3 145 115 023 22 19
i PPS 3 19 16 065 488 373 7 26 19 184 685 4.9
E WHP 4 24 20 027 24 21 58 29 232 095 46 36
Q DHP 32 26 228 023 22 20 3 20 17 085 53 44
PHP 65 24 175 072 18 108 9 32 23 105 42 32
PPS 8 29 21 114 574 48 11 34 23 226 82 6
£ WHP 9 33 24 053 29 24 93 37 277 177 52 34
Q DHP 7 29 22 047 3 25 53 24 187 179 61 43
PHP 11 35 24 137 33 19 19 51 32 159 56 40
PPS 50 223 173 855 22 134 55 341 286 925 245 153
o E WHP 50 225 175 536 21 156 49 332 283 7.86 265 186
O o DHP 49 234 185 462 195 15 42 312 270 956 30 20.4
PHP 47 226 179 621 213 151 55 272 217 917 293 20.2
PPS L J— B _
o € wWHP _  _ 62 223 161 _ _
O © DHP _  _ 9% 223 127 E _
PHP 87 233 146 _  _ i _
PPS 182 327 145 283 730 447 171 296 125 41 134 93
5 wHp 172 312 140 279 711 432 156 277 121 46 136 90
M S DHP 130 273 143 176 543 367 103 221 139 38 144 106

PHP 160 290 130 238 692 454 172 357 185 24 42 18

Note: 6 = volumetric water content (m3.m=); t = time to saturation (days); ts = time to deviation
from initial condition (days); PPS = profile probe sensor, simulations based on WHP = wetting
hydraulic properties, DHP = drying hydraulic properties, PHP = predicted hydraulic properties

Table 5.4 Average percentage error in TP for different numerical inputs

% error based on numerical inputs

Layer Depth
WHP DHP PHP
10 cm 56 57 76
20cm 34 35 48
Sb 30cm 27 29 34
40 cm 25 32 37
DL 60 cm 10 14 18
BL 100 cm 3 11 35

Notes: The average percentage error was computed by considering the
percentage error of all four columns
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5.4.2 Drainage layer performance

Figure 5.7 presents the 0 vsersus time profile recorded at 60 cm depth (6so Variation
with time) in the middle of DLs (MS in all the columns). In the figure, 6e0 approached
saturation very rapidly in C2 and C4. The saturation of 6eo was gradual in C1. Rate of
saturation of 0eo in C3 followed three different ways; moderate at the initial stage, very slow
at the intermediate stage and then again moderated at the final stage. This might be due to
presence of organic matter (OM; 2.93%) in upper SL consisting of less permeable BS. The
OM may affect pore size distribution by modifying the soil structure to create very tortuous
and thin pathways for water to percolate (Nemes et al., 2005). From Table 5.3, 4 columns
can be ordered as C2 (13 days) < C4 (15 days) < C1 (173 days) < C3 (286 days) based on
the TPeso required for 0eo saturation in DL. It implies that the DLs of C2 and C4, wherein
50% FA was mixed with RS and BS respectively in the above SL, took sufficiently less
time than the DL of C1 and C3. This observation is in line with those reported in the
previous section. The saturation of 6e0 in the DLs of C1 and C3 took relatively longer
duration attributed to low permeable (10° m/s) SL. This might also be due to CB effect at
the interface between SL and BL (Abdolahzadeh et al. 2011; Parent and Cabral 2006),
which works till the saturation of the overlying SL. Furthermore, it might be explained
based on the previous study, which investigated the water flow mechanism for saturating a
vertical sand column erected inside a cylindrical container (Kuang et al., 2011). According
to Kuang et al. (2011), the percolated water which arrived at the middle of the DL,
commenced the saturation (8e0) but before its full saturation some amount of water migrated
downward due to very high permeability (10> m/s) and less water holding capacity of MS.

Since there was no provision for lateral drainage, the water accumulated in the DL
due to highly impermeable hydraulic BL (102° m/s) beneath DL. This results in progressive
saturation of DL from bottom to top. While comparing TPeo of C1 and C3, it can be noted
that the saturation of 0e0 in C3 took 113 days (refer Table 5) additionally, even though
permeability of the upper SLs was of the same order. This might be due to the downward
flow of percolated water through the preferential paths (created by the decomposition of
OM (2.43%)) in BL before the saturation of DL (Boyle et al. 1989). The measurements
from all the CS columns except C3 were commensurable with all three numerical
approaches which were adopted to simulate DL percolation. This might be because of low
hysteresis in the SWCCs of MS (Yang et al. 2004b) presented in Fig.5.5. In C3, only WHP

based numerical simulation matched well with the measured variation of 0o with time.
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Fig. 5.7 Variation of volumetric water content at 60 cm depth in drainage layer
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5.4.3 Barrier layer performance

Figure 5.8 shows the variation of 6100 with time measured in BL of all 4 columns
and TP1o0 (days) required for 0100 Saturation summarized in Table 5.3. Based on the table,
4 columns can be arranged in an ascending order of TPig0as C4 (93) < C3 (125) < C1 (145)
< C2 (447). This implies that the 8100 in C4 saturates faster due to a highly percolating FA
in both SL (50% FA) and BL (70% FA). It demonstrates that the FA addition in SL
drastically deteriorated the hydraulic performance of subsequent layers of a CS. Although
the permeability of SL (10 m/s), DL (10 m/s) and BL (101° m/s) in both C1 and C3 were
of the same order, the intermediate TP1o0 for their BL was not of the same magnitude. TP100
in C3 was found to be 20 days less than the TP100 in C1, plausibly due to water flow increase
in BL through the pores generated by decomposition of OM (Boyle et al. 1989). In case of
C2, even though 50% FA was added in SL, the TP1go for saturation of 6100 in BL was found
as 447 days, which is the longest duration among all 4 CS columns. This is evidently due
to the inclusion of low permeable GCL (10! m/s reported in Table 5.2) as an additional
hydraulic barrier layer on the top of the BL. These observations strongly advocate GCL
inclusion in the landfill cover system for reducing water percolation into the underlying
waste. It also endorses the need for a well-designed SL for the percolation performance of

bottom layers.
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Fig. 5.8 Variation of volumetric water content at 100 cm depth in barrier layer
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5.4.4 Overall performance of MLCS based on column study

It can be noticed from the Figs. 5.6 to 5.8 that the soil specific 6s measured by PPS
in SL, DL and BL of each CS column were slightly lesser than their respective theoretical
values. The theoretical 0s is equal to porosity computed from the measured mass-volume
relationship given by Eq. 4.11. The simulated results of 6s were comparable with measured
s and also marginally lesser than theoretical 6s. This was expected due to the presence of
entrapped air (Wang et al. 1997). Once the PPS measurement reached 6sin a column layer,
it remained the same for the entire duration of the study as each and every column
underwent progressive wetting under constant water ponding. tq and ts at various depths
obtained from PPS measurement and WHP based simulation are portrayed in Fig. 5.9. The
figure depicts the layer-specific hydraulic performance of all CS columns by referring to tq
and ts along with the depth. Figure 5.10 depicted the tq and ts at 100 cm depth in the BLs of
4 columns. The figure also shows the TP1oo (ts — ta at 100 cm depth) for all the columns.
These results were acquired from measurement by PPS and simulation using WHP. The
figure furnished a clear understanding of overall percolation performance of 4 various
MLCS under constant water ponding. The figure clearly identified 4 CS columns to be
organized in the order as C4 < C3 < C1 < C2 based on experimental as well as numerical

analyses of TP1oo.
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5.4.5 Cost analysis

The cost-effectiveness of using GCL in the pilot CS columns was investigated based
on the numerical results obtained from this study. A simple analysis was carried out for
evaluating bentonite cost saved due to the inclusion of GCL in the CS columns to achieve
the same hydraulic performance which was attained in the absence of GCL. The time to
saturation of full height of a particular CS column was predicted based on the most
favourable numerical input (WHP) when GCL was not used. Corresponding to that time,

the wetting depth of BL was determined for the case when the GCL was used. For the same
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hydraulic performance, the remaining depth of bentonite in BL was saved due to GCL
incorporation. The cost saved due to GCL inclusion was estimated by Eq. 5.5 for each case
based on the cost of materials only (bentonite or GCL or both). For instance, Figure 5.11
illustrates the cost estimation adopted for materials used in C2. The cost of the only
bentonite used in the CS column wherein GCL was not included, was computed based on

equation 5.6. For another case, the cost of both bentonite and GCL was evaluated based on

equation 5.7.
C =(ﬂxloo]% (5.5)
CB
T 42
CB :Zd hXDXPXRB (56)
Cs =%d2hx D x P><R8+%d2><RG (5.7)

where C is the percentage of cost-benefit, Cy is cost of bentonite when GCL is not used,
Cg.¢ Is cost of both GCL and bentonite when the GCL is used, m = 3.14, d is inside
diameter of column container wherein BL or GCL was placed, h is saturated height of BL,
D is density of BL material, P is percentage of bentonite used for BL (P = 30% = 0.3),
Ry is bentonite price, R; is GCL price. The results of the cost-benefit analyses of 4 CS
columns were summarized in Table 5.5. GCL inclusion saved approximately 63%, 74%,
69% and 87% bentonite clay in BLs of C1, C2, C3, and C4 respectively. Accordingly, the
cost-benefit of 36% in C1, 47% in C2, 38% in C3 and 59% in C4 were achieved by which
the columns can be arranged in the order C4 < C2 < C3 < C1. Moreover, the installation of
GCL during the construction of CS is quite easy as compared to the conventional approach
of constructing compacted BL, which is laborious, time-consuming and expensive (Simon
and Muller 2004).
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Cost analyses of MLCS columns (for example C2)

When GCL is not used Y " When GCL is used
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Fig. 5.11 Cost analysis of GCL and bentonite used for test columns
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Table 5.5 Material cost analysis of geosynthetic clay liner (GCL) and bentonite used in hydraulic barrier layer

Column  Soil mix Use of g’{esa Density Height Volume Bentonite Bez(t)(;?ite Céé:slt‘ Total cost Bentonite  Cost
/layer used GCL (m?) (kg/md) (m) (md) mass (kg) (USD) (USD) (USD) saving  Benefit
{[41x[6]} {0.3x[5]x[7]} {0.1x[8]} {5x[4]} {[9]+[10]}
[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13]
0% without 000 4570 0400 0.0283 13.32 1.33 0 1.33
red soil GCL . : - . : : -
C1/BL + _
30% WIth 5071 1570 0155  0.0106 5.0 0.50 0.35 0.85 63% 36%
bentonite ~ GCL
70% :
edsoil ot 0071 1570 0400 00283 1332 133 00 133 .
C2/BL + _
30%  With 1671 1570 0105  0.0074 3.50 0.35 0.35 0.70 74%  47%
bentonite ~ GCL
70% without
blacksoil GeL 0071 1360 0400  0.0283 11.54 1.15 0 1.15 ~
C3/BL + _
30% Wit o671 1360 0425 0.009 3.61 0.36 0.35 0.71 69%  38%
bentonite ~ GCL
70%  without
fiyash oL 0071 1490 0400  0.0283 12.64 1.26 0 1.26 ~
C4/BL + _
80%  with 070 1490 0050  0.004 1.58 016 035 051 87%  59%
bentonite  GCL

Notes: Price (rate) of bentonite = 0.1 USD/kg (https://www.statista.com/statistics/248186/average-bentonite-price, accessed on 3™ April,
2019). Price (rate) of GCL =5 USD/m? (https://www.globalsources.com/manufacturers/Geosynthetic-Clay-Liner.html, accessed on 3™ April,
2019). Installation and transportation cost were not considered.
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5.5 Summary

This chapter investigates the hydraulic performance efficiency of different
configurations of the multi-layered cover system (CS) suitable for high humid, heavy
rainfall areas. The four configurations of CS columns (denoted as C1, C2, C3, and C4)
consisted of surface layer (SL), drainage layer (DL) and barrier layer (SL) successively
from top to bottom. Only the column C2 had 1 cm thick geosynthetic clay liner (GCL) over
the BL as an additional hydraulic barrier layer. C2 and C4 used recycled fly ash (FA) along
with the traditional CS soils. Component material was thus different for individual CS layer
whose thickness was decided the same as the field layers. Percolation test of these CS
columns was conducted under constant water ponding condition. Volumetric water content
(6) was measured as a function of depths and time for each CS column for 900 days to
assess the rate of saturation. The numerical assessment of water percolation was carried out
for all the columns based on drying, wetting and predicted water retention characteristics.

It was noticed that the numerical analysis performed with wetting hydraulic
parameter matched well with the test results. However, the comparison of simulated results
between wetting and drying hydraulic characteristics indicated marginal difference
demonstrating the possibility of using the latter for a continuous wetting phenomenon. The
study showed that the saturation rate diminished with the measurement depth of an
individual CS layer. The addition of fly ash (FA) by 50% in SL and 70% in BL of CS
column deteriorated its hydraulic performance efficiency by almost 25%. However, the
inclusion of geosynthetic clay liner (GCL) enhanced the overall performance efficiency of
the CS column by around two times despite the addition of 50% FA in its SL. The study
thus advocated the advantage of GCL and disadvantage of FA as the MLCS materials for
landfill application. Moreover, GCL inclusion was found to attain a cost-benefit of at least
36% for the configuration of MLCS used for high humid regions. Further investigations
are required to understand the adverse effects of local weather conditions and climate on
the MLCS constructed in the field.
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Chapter 6

Hydraulic Performance of MLCS under Natural Weather Condition

6.1 General

Evapotranspiration and capillary barrier cover systems are utilized as an engineered
multi-layered cover system (MLCS) for arid and semi-arid regions. However, previous
studies advocate a three-layer hydraulic barrier cover system for high humid climatic
regions where the average annual precipitation is more than 1000 mm. North-east India is
one of the world's high humid regions receiving average annual precipitation close to 2500
mm. The functioning of the three-layered cover system has been rarely explored for such
high humid sites considering natural weather conditions. This chapter evaluated the
hydraulic performance of a three-layered hydraulic barrier cover system in high humid
regions. A pilot three-layer cover system was constructed close to (5 km) a local landfill
site and exposed to natural weather conditions. The weather parameters (precipitation, solar
radiation, wind, temperature, and humidity) were measured using a microclimate
monitoring system installed adjacent to the constructed cover. The cover system was
instrumented for real-time monitoring of volumetric water content or (¢) and matric

suction () with depth. The monitoring was conducted for 800 days from 10" May 2016

to 18" July 2018. The numerical analysis of water flow through the MLCS setup was
carried out by a finite element package HYDRUS 2D. The simulations were performed
based on the evapotranspiration models from the weather data, measured drying and
wetting soil-water characteristic curves (SWCC) for each soil layer and allied parameters.
Field measurements were ultimately used to identify the appropriate input hydraulic
parameters as well as evapotranspiration models. The natural vegetation development and
desiccation cracks on the surface layer were also measured using non-intrusive image
analysis. The percolation performance of the MLCS was also evaluated for high

precipitation and drought events.

6.2 Background study

The advent of the urban population boom in the 21% century has exacerbated the
generation of municipal and hazardous (industrial and nuclear) waste (Guerrero et al. 2013;
Inglezakis and Moustakas 2015; Laner et al. 2012; Shivam et al. 2017). The hazardous
wastes are disposed into landfills having an engineered bottom hydraulic liner (Aldaeef and
Rayhani 2015; Hamdi and Srasra 2013; Rowe 2011; Yidong et al. 2012). A MLCS needs
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to be constructed over the waste layer after the landfill reaches its full capacity to minimize
the rainwater migration (percolation) into the underlying wastes (Apiwantragoon et al.
2015; Landreth et al. 1991). As presented in Table 2.5, the evapotranspiration (ET) cover
system and capillary barrier (CB) cover system was utilized as MLCS for arid and semi-
arid regions. The ET cover system use vegetated soil layers for storing water in individual
layer until it is either evaporated through the soil surface or transpired through plants
(Barnswell and Dwyer 2012; Schnabel et al. 2012; Zhang et al. 2017). The CB cover system
contains two soil layers: a coarse-grained soil layer underlying a vegetated fine-grained soil
layer; and apart from evapotranspiration, additionally rely on the capillary barrier effect
(Harnas et al. 2014; Li et al. 2013; Rahardjo et al. 2016; Subedi et al. 2013; Zhan et al.
2014) between the two layers to minimize water percolation. Both these cover systems have
found to be suitable for use in arid and semi-arid regions where annual precipitation is
relatively low or moderate (average annual rainfall of 100-600 mm) (Aljaradin and Persson
2015; Bohnhoff et al. 2009; Sadek et al. 2007). For humid regions (with average annual
rainfall more than 1000 mm)(Ng et al. 2015; Zhang and Sun 2014) these two cover systems
were not found to be adequate to stop water percolation due to low water holding capacity,
preferential flow through roots and desiccation cracking (Hoor and Rowe 2013; Khapre et
al. 2017; Sinnathamby et al. 2014; Song et al. 2017) .

A novel three-layered cover system was proposed by Ng et al. (2016) which is
suitable for sites having a humid climate. A three-layer cover system is obtained by adding
a compacted soil-clay barrier layer beneath a CB cover configuration. The additional
advantage of a three-layer cover system is that infiltrated water through the CB layer can
be intercepted and reduced by the bottom soil-clay barrier layer. Furthermore, the bottom
soil-clay barrier layer is protected by the CB layer from any desiccation cracks during dry
seasons by minimizing exposure to atmospheric variants (Ng et al. 2016). In literature, the
effect of vegetation induced transpiration on the moisture dynamics has been accounted for
in the numerical analysis based on assumed leaf area index (LAI) values (Ogorzalek et al.
2008). Several studies have captured the complex moisture dynamics in the cover systems
by instrumenting the cover layers to obtain measured suction and water content profiles. A
historical review on studies done for water percolation in cover system has been done in a
later section to highlight the methodologies used in previous studies.

The field assessment of three-layer cover system has not been done for extremely

humid conditions where average annual rainfall can be more than 1500 mm. The
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subcontinent of India experiences an average annual rainfall ranging from 1500 to 2700
mm (Kothawale and Rajeevan 2017) along the north-eastern states. The neighbouring areas
of Cherapunjee and Mawsynram (25.18°N, 91.35°E) in north-east India are widely known
as the wettest places on earth with an annual average rainfall of 11,430 mm. The Guwahati
city (26.18°N, 91.40°E), which is close (about 70 km) to these places also experience
average annual rainfall of more than 2,000 mm (Jhajharia et al. 2007). The landfill sites
(Goel and Kalamdhad 2017) located in Guwahati city are expected to reach its full capacity
soon. Also, there are shallow disposal facilities located on the western part of India
(especially Mumbai city) for containment of low-level nuclear waste, which receives
equally high rainfall. There is a need to construct a cover system that can mitigate water

percolation into the waste disposal facilities for such high humid regions.

6.3 Critical appraisal of previous research

Table 2.5 presented in chapter 2 provides a chronological review of water
percolation performance in the cover system. From the table, it can be inferred that the
majority of the studies have investigated ET and capillary barrier cover systems. In most
of the field studies, these two cover systems were preferable to resist water flow into waste
layer when they are subjected to annual precipitation less than 700 mm (Khire et al. 2000;
Mccartney and Zornberg 2002). The use of clay barrier layer as the surface layer has also
been investigated based on the permeability criterion (10° m/s, USEPA) with percolation
limit of 30 mm/year with continuous wetting and unit hydraulic gradient (Melchior 1997).
However, unprotected clay barriers have been prone to desiccation cracking (Melchior
1997; Albright et al. 2006a) which increases the permeability by three order (Li et al. 2016).
In a three-layer cover system, the bottom clay layer is protected by the upper two soil layers
from desiccation during dry seasons (Ng et al. 2016).

The field efficacy of the ET and capillary barrier cover systems have been measured
by the evapotranspiration and drainage rate using lysimeters (Choo and Yanful 2000;
Albright et al. 2004; Scanlon et al. 2005b). However, lysimeter based monitoring is
expensive, time-consuming and do not give representative evapotranspiration. This is due
to the geomembrane at the bottom of lysimeter which cut off the moisture and heat flux to
lower layers (Zhang and Sun 2014). Field data using corresponding moisture sensor and
lysimeter installation along the profile depth revealed that soil water storage and
percolation measured by a lysimeter is relatively less than actual field conditions (Mijares

et al. 2012). The numerical studies of Mijares et al. (2012) also support these findings. The
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effect of vegetation on evapotranspiration of the cover system has been considered in
numerical studies as shown in Table 2.5. However, the vegetation cover on surface soil or
LAI (one-sided green leaf area per unit ground area) has been mostly assumed, and the
effect of individual species type is primarily ignored (Ogorzalek et al. 2008); Khire et al.
2000; Dwyer 2003; Scanlon et al. 2005a; Zhang et al. 2016). Thus, an integrated lab-field-
numerical study considering real-time instrumented sections, local weather conditions,
vegetation cover, and desiccation potential needs to be undertaken to understand the
moisture dynamics in hydraulic barrier cover system subjected to high precipitation.

6.4 Materials and Methodology

6.4.1 Testing materials

Medium plastic red soil (RS), non-plastic medium sand (MS), and high plastic
bentonite (BN) were used in the current study to construct a three-layer cover system. RS
was collected locally from the hilly area of Guwahati city. It is a medium plastic silty soil
and qualifies the requirement of surface soil layer in the cover system (Landreth et al. 1991,
USEPA 1989a and b). The MS satisfies the drainage layer criterion specified for the cover
layer. The BN used in the study was procured from Barmer, Rajasthan, India. The hydraulic
barrier layer was designated as RB with its composition of 70% of RS and 30% of BN by
dry weight. RB qualifies the permeability criterion requirement (<10° m/s) of the hydraulic
barrier layer for a three-layer cover system (Landreth et al. 1991; USEPA 1989a and b).
The basic physical, geotechnical and chemical properties of all the soils are presented in
Table 3.3 of chapter 3.

6.4.2 Testing equipment

Profile probe was utilized for measuring ¢ at 10 cm, 20 cm, 30 cm, 40 cm, 60 cm,
and 100 cm depths of soil cover. 5TM and TEROS 21 sensor was used to measure 6 and
v respectively at the depths of 30 cm, 60 cm and 100 cm. sensor was used to measure.
Microclimate monitoring system was employed for measuring daily precipitation,
temperature, relative humidity, solar radiation, and wind speed. Em50 data loggers were
employed for real-time monitoring of the data from 5TM and TEROS 21 sensors and the

microclimate monitoring system.
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6.4.3 Construction and instrumentation of cover setup

A reduced scale MLCS with 5% slope (USEPA 1989a and b) was developed inside
a masonry structure at a site in Guwabhati city of north-east India and was exposed to field
weather conditions. The layer materials and configuration of this field MLCS was same as
that of laboratory column C1. Field monitoring was performed on the constructed MLCS

as proposed by Ng et al. (2016). The MLCS was instrumented to monitor 6 and y as a

function of space and time. Schematic diagram of the entire field setup has been shown in
the Fig. 6.1. The mass-volume method was followed to compact the bottom barrier layer
(BL) with RB, middle drainage layer (DL) with MS and the top surface layer (SL) with RS,
with a thickness of 40, 30 and 45 cm, respectively. These thicknesses are comparable to the
field RCRA subtitle C cover system (USEPA 1989a and b). The dimensions of individual
cover are depicted in plan and elevation indicated in Fig. 6.1. Soils, RB and RS, were
compacted uniformly with a rammer (2.6 kg) at their respective maximum dry density
(MDD) and optimum moisture content (OMC) as reported in Table 3.3 in chapter 3.
Required quantity of water was mixed uniformly with RB and RS in a separate airtight
container to obtain homogeneity. Air dried MS was compacted at approximately 50% of
its maximum relative density by calibrating the height of fall. The actual and achieved soil
mass density was noticed to vary within £2%. Each layer was compacted at a 5% mild
slope to comply the cover system requirements (Landreth et al. 1991).

During packing of the cover material, three thin-walled access tube of 27 mm
internal diameter and 120 cm height was placed vertically with a spacing of 30 cm along
the slope. The sensor placements are shown in the Fig. 6.1 as toe section (Tsec) near the
cover toe, mid-section (Msec) at cover centre and crest section (Csec) at top of cover. A
thin layer of vacuum grease was applied to the outer surface of the access tube to minimize
the occurrence of the preferential path of downward water flow. The access tubes embedded
were then utilized for inserting the PP to measure @ at different depth. A handheld moisture
meter (Delta-T Devices Ltd., UK) was used for measuring and storing the data from the
PPS. The # measurements from PPS were performed thrice in a day, and their average was
considered for daily variation of 8. Along one side of the longitudinal centreline of cover
setup, three 5TM point sensors were embedded in each of the three cover layers at 30, 60
and 100 cm depth outside the influence zone of the PP. Similarly, TEROS 21 sensors were
employed on the opposite side (sectional plan shown in Fig. 6.1) for measuring soil suction.

Both 5TM and TEROS 21 sensor were placed in the central vicinity of each cover layer.
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All the sensors were connected to Em50 data loggers for continuously monitoring ¢ and

y . A personal computer was employed for configuring sensor settings and downloading

their stored data with the help of ECH2O utility software provided by the manufacturer.

The whole experimental cover setup was exposed to natural weather conditions for
800 days from 10 May 2016 to 18" July 2018. Figure 6.2 (A, B, C, D) illustrates the
pictorial view of the construction and instrumentation of the pilot field cover system. A
microclimate monitoring system was installed in the field near the MLCS setup for
measuring daily weather data such as precipitation, temperature, relative humidity, solar
radiation and wind speed. A transparent fiberglass (Fig. 6.2 C) was also kept along each
longitudinal side of the masonry structure for visualizing water front and inspect if any
boundary leakage was taking place. A thin plastic sheet (Fig. 6.2 C) was secured to the
outer edge of the masonry structure to prevent the occurrence of preferential water flow.
Table 6.1 summarizes the details of sensors installed in different cover layer.

The vegetation cover and desiccation cracking were measured after 25 days from
the start of the monitoring period. The vegetation density (top view of vegetation) was
measured by using the threshold colour technique (Bordoloi et al. 2018) to select the green
coloured vegetation pixels. The vegetation density was obtained by dividing the vegetation
pixel area by the total area of the cover (refer Fig. 6.3 A). The shoot length was measured
by a meter scale and averaged to represent the vegetation growth in elevation. The average
shoot length and vegetation density give a 3-D representation of the vegetation cover
growth during the monitoring period (Fig. 6.3 A). The vegetation growth observed in the
monitoring period was entirely natural (by way of wind transport), and hence significant
growth was observed after one year of cover construction. The surface desiccation crack
(Fig. 6.3 A) was analysed using the crack intensity factor (CIF) parameter (Gadi et al.
2017), which is the ratio of the crack area (white portion) to the total area of the soil
considered (black and white). The same threshold technique was used to segregate the
desiccation cracks, and any overlap (i.e., profile probe cap) was selected, and their pixel
was calculated. Thus, the only pixel accounted in the desiccation crack area is selected for
CIF calculation. The desiccation crack was not continued after 350 days from monitoring

as there was growth in grass cover restricting the image analysis of cracks (Fig. 6.3 B).
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Fig. 6.1 Schematic diagram of experimental field cover system

Table 6.1 Details of instrumentation of constructed cover system

Cover Layer
(thickness)

Layer material
(designation)

Sensor device employed
(depth in cm)

PPS1(10), PPS2(20), PPS3(30), PPS4(40),

SL (45 cm) Red soil (RS) 5TM(30) and TEROS21(30)
DL (30 cm) Medium sand (MS) PPS5(60), 5TM(60) and TEROS21(60)
BL (40 cm)  Red soil-bentonite mix (RB) PPS6(100), 5TM(100) and TEROS21(100)

TH-2409_146104004
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Fig. 6.2 Pictorial view of construction and instrumentation of field cover system
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6.4.4 Numerical analysis
Variation of € and ¥ in all three layers of field cover due to environmental

conditions for 800 days was simulated using HYDRUS 2D computer code (Simtinek et al.
1999). The code performed the analysis by solving the modified Richard’s equation (Eq.
5.1) (Richards 1931) of water flow through saturated or unsaturated soil media by the finite-
element approach.

Figure 6.4 presents the geometry, boundary conditions, shape, and size of finite
element (FE) mesh of the MLCS. Figure 6.5 shows mesh convergence study with the
variation of & at 400 mm cover depth with time for triangular FE mesh of different sizes
from 5 cm to 25 cm. The figure demonstrates that FE mesh size of less than 10 cm has no
significant effect on the results. Hence, triangular FE mesh of size 10 cm was considered
for subsequent numerical analyses. Hydraulic parameters of individual soil layer of the field
MLCS were same as that of laboratory MLCS column C discussed in section 5.3 of the
previous chapter to serve as input parameters for numerical analyses of this chapter. For
better understanding, the SWCCs (predicted, drying and wetting) of RS, MS and RB are
specially portrayed in Fig. 6.6 and hydraulic parameters estimated from these SWCCs were
presented in Table 6.2.

Measured daily weather data are shown in Fig. 6.7 A. Figure 6.7 B presents the
values of daily evapotranspiration which were computed based on the daily weather data
by using 5 well-known evapotranspiration models as listed in Table 6.3. Thus, 5 different
sets of atmospheric or time variable boundary condition were considered on the top of the
surface layer in the numerical modelling. No flux boundary conditions were considered for
the vertical sides of the cover domain except for drainage face at the toe end. This drainage
face was set as free drainage boundary condition to simulate draining out of water
percolated from upper surface layer. Bottom face of the cover system was also considered
as free drainage boundary condition, which simulates the downward movement of

percolated water as anticipated in the field. Initial boundary condition presented in Table
6.2 was assigned in terms of initial & (&, ) measured by water content sensors separately

in each layer of the test cover. The numerical code thus estimates € and ¥ with depth and

time for the abovementioned initial and boundary conditions, which was compared with

field measurements from respective sensors installed in the test cover.
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Table 6.2 Hydraulic parameters of materials assigned in numerical analyses

Layer

Hydraulic parameters

(Material) Designation 0 0. 3 " . : o,
WHP 0.061 0.406 0.0010 1.24 3E-9 0.5 0.308
(glé) DHP 0.062 0.419 0.0005 131 3E-9 0.5 0.308
PHP 0.076 0.404 0.0023 1.30 3E-9 0.5 0.308
WHP 0.039 0.369 0.0498 1.78 4E-5 0.5 0.060
(Bllé) DHP 0.040 0.381 0.0408 181 4E-5 0.5 0.060
PHP 0.049 0.379 0.0259 2.06 4E-5 0.5 0.060
WHP 0.076 0.421 0.0004 121 2E-10 0.5 0.330
(Elé) DHP 0.077 0.438 0.0003 1.23 2E-10 0.5 0.330
PHP 0.086 0.436 0.0011 1.28 2E-10 0.5 0.330
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(B) evapotranspiration computed by Penman-Monteith (PM), Jensen-Haise (JH),
Hargreaves-Samani (HS), Blaney-Criddle (BC) and Preistley-Taylor (PT) models

TH-2409 146104004

137




Table 6.3 Various Models for computing evapotranspiration (ET) as a part of time variable boundary condition for numerical analyses

Equation computing evapotranspiration (ET) Required weather data Reference Designation
A(R,-G)+p,c,(5e)g,
ET = Daily mean temperature, wind speed, Penman, 1948; Monteith, 1981, PM
{A + 7/{1+ ga]} L, relative humidity and solar radiation ~ Allen et al., 1998
ET - C(T,-T,)R, Daily mean temperature and solar Jensen and Haise, 1963; IH
- L radiation Grace and Quick, 1988
0.0023(T, +17.8) \/(Trnax — Tin ) R Solar radiation, maximum, minimum Hargreaves and Samani, 1985;
T= . HS
y and mean daily temperature Subburayan et al., 2011
_ . Blaney and Criddle, 1950;
ET = p(0.45T, +8.128) Daily mean temperature Fooladmand. 2011 BC
_ LS(Rn —G)a Solar radiation and daily mean Priestley and Taylor, 1972;
ET=——+ PT
7 temperature Fernandes et al., 2012

Different terminologies: A = rate of change of saturation specific humidity with air temperature (MIJm™), R = net solar radiation (Wm),
G = ground heat flux (Wm™), p, = dry air density (kgm™), ¢, = specific heat capacity of air (Jkg'K™), o€ = specific humidity (Pa),

g, = atmospheric conductance (ms™), g = surface conductance (ms™?), / = psychrometric constant (PaK™), / = volumetric latent heat of
vaporization (MIm?), C, = temperature coefficient (K*), R, = daily solar radiation (Wm2), T, = daily mean temperature (°C), T, = daily
maximum temperature(°C), T,... = daily minimum temperature (°C), T, = constant for a given area, L = latent heat of vaporization (cal/g),

p = mean daily percentage of annual daytime hours (%),5 = slope of the saturation vapour pressure-temperature relationship (kPa.°C™),
a = Priestley-Taylor coefficient

138
TH-2409 146104004



6.5 Results and Discussion

6.5.1 Calibration of water content sensors

Figure 6.8 shows ¢ variation measured by PPS with time at depths of 10, 20 and 40
cm in SL at three different vertical sections (Csec, Msec, and Tsec) as shown in the
sectional plan of Fig. 6.1. Measurements of § before (BC) and after calibration (AC) of the
PPS showcase that there is relatively a low variation (1-3%) in readings based on specific
drying and wetting stages.

After calibration (AC): —— PPS-Tsec —— PPS-Msec —— PPS-Csec
Before calibration (BC): ------- PPS-Tsec ------- PPS-Msec ~ ------- PPS-Csec
—— 0s-Theoretical - 0i-Initial

0.45

[32)

£ 030 |V

0.15
0.45

0.33

0.20

0.45

Volumetric water content, 0 (m?3.

0.35

0.25

0 200 400 600 800
Time (days)

Fig. 6.8 Profile probe measurements at various depths of surface layer

Figure 6.9 juxtaposes § measured by 5TM and PPS at Msec at three depths (30 cm
in SL, 60 cm in DL and 100 cm in BL). From the figure, it can be inferred that non-
calibrated § measured by 5TM underestimates the actual f by around 5-7% during the
monitoring period. Thus, the reading of PPS was found to be more reliable than 5TM if no
calibration is done. The absence of calibration procedure can lead to error in data
interpretation and deriving conclusions. Hence, the corrected measurements of 5TM and

PPS readings were considered for further comparative analysis with simulated results.
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Fig. 6.9 Comparison of PPS and 5TM measurements in SL, DL and BL

6.5.2 Numerical analysis of field cover system

The § and ¥ at 30 cm depth along mid-section of the cover system was simulated
by considering 15 different input scenarios based on various evapotranspiration models and
hydraulic parameters. Results of these 15 simulations for § and ¥ are depicted in Fig. 6.10

(a, b, ¢) and 6.11 (a, b, c), respectively. The results indicate the influence of five sets of
time variable boundary conditions (corresponding to PM, JH, HS, BC, and PT) for each of
the three sets of hydraulic parameters (PHP, WHP and DHP). Figure 6.10 (a, b, ¢) compares
all the simulated f with 5TM and PPS measurements for 800 days captured at 30 cm depth
along mid-section of the cover setup. The figure revealed the PM model (which considers
all data from microclimate system) to be most appropriate in replicating the observed field
behaviour when drying SWCC (DHP) hydraulic parameter was used. Use of other
evapotranspiration models highly underestimated the field measurements of water contents
and can be attributed to the non-consideration of wind speed, relative humidity for ET
computation. On the other hand, it can be noted that the numerical results obtained using
PHP have a significant deviation from field observations in comparison to those obtained
using measured WHP and DHP. It is worth mentioning here that, even though field
measurements included both wetting and drying spells, the numerical simulation results

obtained using DHP exhibited a better match with the measured results.
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Fig. 6.10 Comparison of volumetric water content (measured at 30 cm depth of mid-
section) with simulations obtained based on various approaches

Similarly, Fig. 6.11 (a, b, ¢) compares simulated ¥ with TEROS21 measurements
which were recorded at 30 cm depth along mid-section of the test cover. This advocated
the accuracy of HS model in simulating ¥ with TEROS21 measurements when DHP was
considered in the analyses. Other evapotranspiration models poorly computed ¥ for
capturing its field observations. Besides, PHP based numerical results were not in good
agreement with the measured results compared to WHP or DHP based simulations (Fig.
6.11 (c)). The numerical investigation bring out the appropriateness of DHP for simulating
the hydraulic performance of the MLCS by considering either PM for capturing
measurements or HS model for replicating the ¥/ measurements. On the other hand, most
of the measurements of this study are in terms of . Hence, DHP and PM based numerical
analysis was considered as the most favourable numerical approach for investigating the

hydraulic performance of the MLCS. The ¥ based measurements were not further

considered in the study due to measurement limitation of TEROS 21 for ¥ < 10 kPa.
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Fig. 6.11 Comparison of measured and simulated suction (measured at 30 cm depth of
mid-section) based on different input parameters

6.5.3 Hydraulic performance of cover system

Figure 6.12 demonstrates the comparisons of field measurements of f at 10, 20, 30
and 40 cm depths in SL at three vertical sections (Csec, Msec, and Tsec) with simulated
results. It also shows the moisture status of the drainage (60 cm) and barrier (100 cm) layers.

The figure shows that 6 in SL varies between maximum (6,,, ) and minimum (6,,,) values

of § (refer Table 6.4) for considered depths within the monitoring period. It can be noted
that the numerical simulation satisfactorily captured the periodic variation in § caused due
to wetting-drying phenomena under seasonal weather changes. The figure demonstrates
that the upper portion (first 10 cm) of SL exhibited high moisture dynamics due to the

evapotranspiration compared to the lower sections.
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Fig. 6.12 Comparison of measured and simulated volumetric water content obtained
based on Penman-Monteith model and drying hydraulic parameters
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Table 6.4 Comparison of measured 6., and ... with numerical simulations

Maximum volumetric water content, Minimum volumetric water content,
- Hmax (m.m™) emin (m.m?)
% E,/ Csec Msec Tsec Csec Msec Tsec
(- e
<5 = o o] © o] o o] © o] © ho} © ho]
3 & 2 3 o 2 o 3 o 3 o 3 o 3
O QO P k] > K] 3 - > S 2 K 3 S
s 2 & 2 § 2 § 2 § 2 § ¢@
> i > i > ' > i > i > i
S 0.399 0418 0.404 0418 0411 0417 0.171 0.172 0.195 0.167 0.197 0.198
8 0.391 0.406 0.396 0.405 0.401 0.403 0.262 0.271 0.267 0.269 0.270 0.276
-
wn
8 0.380 0.395 0.384 0.394 0.389 0.392 0.293 0.297 0.296 0.296 0.299 0.299
8 0.371 0.388 0.375 0.385 0.379 0.383 0.299 0.307 0.303 0.30 0.306 0.308
5' 8 0.060 0.060 0.060 0.060 0.060 0.060 0.059 0.058 0.059 0.058 0.059 0.059
E' § 0.330 0.332 0.330 0.332 0.330 0.332 0.329 0.330 0.329 0.330 0.329 0.330

Note: Simulated 6, or ... were obtained based on numerical simulation performed using
drying hydraulic parameters (DHP) and Penman-Monteith (PM) evapotranspiration model

From Fig.6.12, the 0, and 6, observed during the entire monitoring period (or

at the end of the period) was plotted along the SL depth in Fig. 6.13 A. Numerically

simulated data for the corresponding measured data is presented in Fig. 6.13 B. It indicates
that the range of f variation became gradually narrower as the depth increases. The 0.,
was noted to reduce as the depth increases, which demonstrates slow downward movement
of infiltrated water and diminishing effects of rainfall at lower depths. 6., was found to

increase with depth, which indicates the gradual accumulation of infiltrated rainwater with
decreasing effects of evaporation as the depth from the surface increases. This may also

due to a gradual reduction of the influence of soil-atmosphere boundary (evapotranspiration
variations) with depth. From the figure, it can also be observed that ., never reaches its

saturated theoretical value even though it was subjected to sufficiently high rainfall (1873
mm/year). This shows the efficacy of the three-layered cover system as a hydraulic barrier

for hazardous wastes.
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Fig. 6.13 Spatial variation of maximum and minimum volumetric water content in surface
layer based on (A) field measurements and (B) numerical analyses at the end

Figure 6.14 illustrates the f profile along mid-section of the MLCS during extreme
drought and heavy rainfall events. Referring to Fig.6.7, f profile at 210" and 560" day was
considered to represent the extreme drought condition, while the 400" and 500" day
represents the extreme rainfall condition. Based on the measured and simulated f profiles
shown in Fig. 6.14, it can be noted that even during the days of prolonged heavy rainfall,
no percolation was observed in barrier as well as a drainage layer. Vegetation (grass) cover
in the 500" day was almost triple than the 400" day. The effect of vegetation was seen in
the near saturated water content observed at 10 to 20 cm for extreme rainfall events. The §
was seen to approach saturation (higher water content) for the 500" day with respect to

400" day due to the possible water percolation along the preferential pathway along
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grassroots (Liu et al. 1994). The effect of desiccation (CIF is 2% on the 210" day) on the
water percolation was not found to be significant (refer Fig 6.14) when compared with the
560" day (covered with 70% vegetation). CIF, which is expected to be in the same range
(1.4-2%) for grass species (at around 70% vegetation cover) for compacted conditions
(Bordoloi et al. 2018), makes no difference in the moisture profile of the surface layer.
Furthermore, the local grass species (Axonopus compressus and Cynodon dactylon)
observed in the current study have a meagre transpiration rate as compared to plant species
based on their measured stomatal conductance values (Bordoloi et al. 2018). Thus low
transpiration would have resulted in comparable moisture profiles for vegetated phase and

no vegetation condition at the beginning of monitoring period.
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Fig. 6.14 Measured and simulated water content profile for extreme dry period (210" day
and 560" day) and extreme rainfall period (400" day and 500" day)
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6.6 Summary

In this chapter, the hydraulic performance of a multi-layered cover system (MLCS)
for hazardous waste containment was studied based on an instrumented cover system
constructed in the field. The site in consideration (North-east India) falls among the highest
rainfall zone in the world. The constructed cover was subjected to natural weather
conditions for 800 days from 10th May 2016 to 18th July 2018 considering extreme dry

and wet spell. Instrumentation was installed for volumetric water content (f) and matric

soil suction (¥ ) measurements along the depth of the cover system. Field weather data

was recorded by a microclimate monitoring system deployed in the field adjacent to the
pilot MLCS. The field observations were compared with the results of numerical simulation
performed in HYDRUS 2D code by considering the measured soil-atmospheric boundary
conditions based on field monitoring. The numerical analyses investigate the
appropriateness of different soil atmospheric boundary conditions based on
evapotranspiration models such as Penman-Monteith, Jensen-Haise, Hargreaves-Samani,
Blaney-Criddle, and Priestley-Taylor. Three sets of hydraulic parameters obtained from
drying, wetting and predicted soil water characteristic curve were also evaluated based on
the comparison of numerical results with the field observations.

The observations revealed that numerical simulation performed by considering
drying hydraulic properties and evapotranspiration estimated by the Penman-Monteith
model matched well with observed results. Based on the observed variation in suction
measurements, it was also noted that evapotranspiration computed by Hargreaves-Samani
model also gave simulation results comparable with the field observations. The cyclic

variation of f and ¥ attributed to precipitation and drying was found to be excessive for
the surface layer indicating significantly high soil-atmosphere interaction. There was
marginal and no impact of soil-atmosphere changes on drainage and the hydraulic barrier
layer, respectively, for the time duration considered in this study. Fluctuation range of f

and ¥ in the layer gradually became narrower as observed depth increases. This

demonstrates the efficacy of a well-designed surface layer for prolonging the design life of
the barrier layer of MLCS for a very humid site. Effect of grass growth and desiccation did
not significantly affect the temporal variation of moisture profiles in near surface depth.
However, this would impact the results of soil erosion, which has not been incorporated in

this study and need to be investigated further.

147
TH-2409 146104004



148

TH-2409_146104004



Chapter 7

Climate Change Impact on Hydraulic Performance of MLCS

7.1 General

The complex moisture dynamics in unsaturated MLCS and its long-term hydraulic
efficiency were rarely studied for extremely humid conditions. The main objective of this
chapter is to explore the impact of long-term climate change on the hydraulic performance
of a MLCS for humid Indian conditions. The previous chapter identified drying hydraulic
parameters (DHP) and Penman-Montieth evapotranspiration (PM) for numerically
simulating the hydraulic performance of a pilot field MLCS. This information is used in
this chapter to study the long-term hydraulic performance of the MLCS by considering
climate data of 87 years for two different humid regions (north-east and western coast) of
India. The numerical simulations are conducted with and without consideration of material

performance deterioration.

7.2 Background study

The functioning of MLCS is dependent on the contrasting unsaturated hydraulic
properties of fine-grained and coarse-grained soil (Divya et al. 2012; Khire et al. 2000;
Leoni et al. 2004; Li et al. 2013; Ogorzalek et al. 2008; Rahardjo et al. 2012; Yang et al.
2004a, 2006, Zornberg et al. 2003, 2010). Among the various MLCS, a three-layered
barrier cover system has been proposed for humid climatic regions (Albright et al. 2006b;
Ng et al. 2015, 2016; Zhang et al. 2016; Zhang and Sun 2014). The expected design life of
these MLCS is more than 100 years. This necessitate understanding the hydraulic
performance of MLCS for an extended period under soil-atmosphere climatic boundary
condition. The studies reported in the literature deals with the hydraulic performance
assessment of MLCS conducted in laboratory with column experiments (lbrahim et al.
2014; Indrawan et al. 2007; Ng et al. 2016; Yang et al. 2006) and sloped flume tests (Iryo
and Rowe 2005; Melchior et al. 2010; Ng et al. 2015; Nyhan et al. 1997; Parent and Cabral
2006). All the laboratory studies have limitations pertaining to conditions of having either
a flat surface (Krisdani et al. 2006; Yang et al. 2006), instrumentation limitations (Bussiere
et al. 2003; Ibrahim et al. 2014) or controlled ponding conditions (Indrawan et al. 2007).
Based on the literature of field studies of the MLCS (discussed in section 6.2 of the previous
chapter) it can be noted that there is a dearth of real time field data for an extended period

149
TH-2409 146104004



of time, which incorporates the effect of natural climatic changes, surface desiccation and
vegetation for high humid regions.

Increasing greenhouse gases due to rapid urbanization have substantial implications
for climate at global and regional scales (Wilby and Dawson 2007). The effect of climate
change on the functioning of MLCS has been rarely investigated from the purview of
geotechnical engineering. This is essential as the changing climate will directly affect the
evapotranspiration from the surface cover layer and the rainfall extremes. Owing to the
high design life of MLCS (100 years), it is essential to evaluate its performance under
climate change scenarios. There are no studies that deals with the deterioration of material
properties with time for the materials used in MLCS. For an extended period of 100 years’
design period, it is expected that the material performance would not remain the same. To
take this into account, numerical simulations were performed by considering long-term
climatic data (87 years) as soil-atmosphere boundary condition and with and without

deterioration in hydraulic characteristics.

7.3 Materials and methodology
7.3.1 Cover configuration and numerical approach

The geomaterials used in the field study of MLCS described in the previous chapter,
were considered for performing numerical analyses of climate change impact on MLCS.
Their basic physical, geotechnical and chemical properties are detailed in in Table 3.3 of
chapter 3. The layer configuration of MLCS model considered in numerical analyses was
also same as the field MLCS setup discussed in section 6.4. Figure 7.1 presents a
conceptual diagram of the MLCS model when GCL (also used in C2 for MLCS column
study discussed in chapter 5) was included. The details of this figure in context of the field
study was discussed in section 6.4.

This chapter also employed the commercial package HYDRUS 2D. This was
previously used in chapter 5 and 6 for validation of the experimental observations.
Numerical simulation of hydraulic performance of the MLCS setup under natural weather
condition for 800 days was conducted in the chapter 6 to check the adequacy and suitability
of various input parameters. The numerical approach which gave most comparable results
with the test measurements was considered to be most favourable for the study of this
chapter. Hence, it was further adopted in the study for the assessment of climate change

impacts on hydraulic performance efficiency of landfill cover system. However, all these
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specific details are briefly discussed for better understanding of the study in this chapter.
Figure 7.2 A presents the geometry, boundary conditions, shape and size of the finite
element (FE) mesh of the MLCS model with the GCL. Figure 7.2 B illustrate the
convergence study of FE mesh size corresponding to this MLCS model. Table 7.1
summarizes the drying hydraulic parameters obtained from the Fig. 7.3 assigned in
numerical analyses. The atmospheric boundary condition was assigned in the simulations
based on daily evapotranspiration which were evaluated by Penman-Monteith model using
forecasted climate. The details of the climate forecasting are demonstrated in the following

section. Initial and other boundary conditions were considered same as to the field MLCS.
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Fig. 7.1 Conceptual diagram of field MLCS when GCL was included
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Fig. 7.3 Measured drying soil water characteristic curves used for simulation

Table 7.1 Hydraulic parameters of various materials assigned in numerical analyses

Layer Material hydraulic parameters
p 0i
(Material) 0r 0s o n Ks |
S“ff?ées;ayer 0.062 0419 00005 131 3E-9 05 0.308
Dfa"(‘ﬁ/glg)'ayer 0.040 0381 00408 181 3E-5 05 0.060
Geosynthetic clay liner
(GCL) 0.068 0.600 0.001 200 6E-11 05 0.115
Ba”(';rB')ayer 0.077 0438 00003 123 2E-10 05 0.330

Notes: These hydraulic parameters were used for the same MLCS configuration
either with or without GCL for simulating climate change impact.

7.3.2 Forecasting of futuristic climate

To obtain the forecasted climate data for the selected regions (Guwahati in north-
east India and Mumbai in west coast of India) shown in Fig. 7.4, Statistical Down Scaling
Model (SDSM) technique was adopted. The SDSM determines multiple or single-site
scenarios of daily weather variables under current and future regional climate forecasting
(Wilby and Dawson 2007). The theoretical considerations, limitations and detailed
downscaling methodology have been discussed in literature (Giorgi and Mearns 1991;
Wilby and Wigley 1997). The SDSM minimizes the task of statistically downscaling daily
weather series through four discrete stages (Wilby et al. 2002). They are (1) screening of
predictor variables; (2) calibration of model to be used; (3) synthesis of observed data; and

(4) generation of climate change scenarios to provide futuristic data. These are presented
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by a flow chart in Fig. 7.5. In the current study, the predictors considered based on previous
literature (Dorji et al. 2017; Shivam et al. 2017; Bajracharya et al. 2018) for assessment of
futuristic climate data of Guwahati and Mumbai are listed in Table 7.2. It is to be noted that
SDSM methodology has been previously used in literature to forecast the climate data for
the two selected cities (Rana et al. 2014; Shivam et al. 2017; Vinnarasi and Sarma 2011).
The futuristic climate parameters of 87 years forecasted by SDSM technique are presented
in Fig. 7.6 (a—e) and used for estimating evapotranspiration (refer Fig. 7.6 f). These were
considered as time variable soil-atmosphere boundary condition in numerical analyses for
studying the impact of climate change on MLCS. These analyses were performed by
considering drying hydraulic parameters (DHP) and Penman-Monteith evapotranspiration
model identified based on the comparison of numerical analysis with measured results of
field MLCS setup (section 6.5).
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Fig. 7.4 Two different regions in India for the study
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Table 7.2 List of selected predictors for forecasting various climate parameters
(based on Dorji et al. 2017; Shivam et al. 2017; Bajracharya et al. 2018)

Guwahati Mumbai

Description of Code (26.18°N, 91.40°E) (19.08°N, 72.88°E)

Predictor variables
Tx Tn Pp Ws Rh Sr Tx Tn Pp Ws Rh Sr

mean sea level pressure mslp v v v v Y
surface air flow strength p_f v Y v v v
e A ‘v
ig:;%cgn?nindlonal velocity DV v v J

surface vorticity pz v Y v v
surface wind direction p_th v v v

surface divergence p_zh v v

500 hPa air flow strength ps f v v
O sy 4 ‘ ‘
A Y ‘ ‘
500 hPa vorticity p5_z v v Y v

500 hPa wind direction p5_th v v v
500 hPa divergence p5_zh v v v

850 hPa air flow strength p8 f v v v

ggr(T)1 EoPﬁezn(?[nal velocity 08_u v v v

850 hPa vorticity p8 z v v
surface precipitation prcp v v v v
;p;)zc;]fé(i:gmmldlty at 500 $500 v

surface specific humidity shum v v

surface mean temperature temp v V v v v Y v v Y
500 hPa geopotential height p500 v v v v

Notes: Tx = Maximum temperature, Tn = Minimum temperature, Pp = Precipitation, Ws =
Wind speed, Rh = Relative humidity, Sr = Solar radiation,
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7.3.3 Climate change impact

Climate is expected to significantly affects the cover system design and
performance. Heavy rainfall for a prolonged period leads to increase in rainwater
infiltration and erosion of MLCS. Drier climate results in shrinkage and desiccation cracks
in the surface layers of MLCS. Cracks may also develop due to the effects of freeze-thaw
cycles in cold regions. Repeated cycles of wetting and drying can induce fatigue stress in
the geomaterials thereby deteriorating its performance. As a result, hydraulic conductivity
may increases in SL because of cracks and root growth (Sinnathamby et al. 2014), hydraulic
conductivity of DL may reduce due to clogging of porous drainage materials by the ingress
of fine particles from upper layer (Reddy et al. 2010). The BL and GCL may also lose its
impermeability over a period of time (Rowe 2012).

The climatic factors affect the types of vegetation that grows on the surface layer of
MLCS. Climatic criteria for the design consideration of a cover system may include the
quantity and seasonal distribution of precipitation, intensity and duration of specific storm
events, seasonal temperature variations, depth of frost penetration, quantity of snow melt,
wind speed and direction, solar radiation and humidity (Bonaparte et al. 2002; Jarvis et al.
2013). Unlike laboratory model (chapter 5), field MLCS setup (chapter 6) were subjected
to changes in natural weather condition and can undergo erosion, cracking, plant growth as
shown in Figure 7.7. Due to a lot of factors contributing to uncertainties, it is difficult to
take into account the deterioration of material properties in the long-term numerical
modelling. However, this was considered by assigning, one order of change in hydraulic
conductivity for the soils considered in this study. As an approximation, hydraulic
conductivity was increased to 10 m/s from 10° m/s in SL, from 10! m/s to 101° m/s in
GCL, from 107*° m/s to 10° m/s in BL and decreased to 10 m/s from 10° m/s in DL. All

other input parameters were kept same as the case where deterioration was not considered.

Desiccation cracks Vegetation growth

Fig. 7.7 Formation of desiccation cracks, erosion gullies and vegetation on surface layer
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7.4 Results and Discussion

The numerical analyses were performed for long-term hydraulic performance of the
field MLCS with and without considering GCL between DL and BL. The numerical
simulation was performed with and without considering deterioration of material
performance. The layer specific results of the analyses are described in the following

subsections.

7.4.1 Surface layer efficiency

Figure 7.8 summarises the yearly variations of average, minimum and maximum
values of 0 (designated as Oavg, Omin and Omax respectively) simulated at 10 cm in SL of field
MLCS influenced by climatic variations of Guwahati and Mumbai city in India. Simulated
results with and without deterioration of layer material for 87 years are presented in the
figure. In both the cases, the cyclic variation in Oayg was found to be within Omin and Omax.
The Omin in the SL was found to be below its initial 6 (6;) for most of the duration, which is
mainly due to the higher evaporation from SL during the dry season. In both cases (with
and without the consideration of material deterioration), the Omax approached theoretical 0s.
It is clearly noted that the depth of SL considered attains saturation several times for both
the climatic conditions of Guwahati and Mumbai region. The inclusion of GCL showcased

almost identical profiles with the presented figures for both Guwahati and Mumbai region.

7.4.2 Drainage layer efficiency

Figure 7.9 presents the annual 8 profiles of Bavg, Omin, Omax fOr drainage layer at a
depth of 60 cm (i.e. middle) considering two selected locations with and without GCL. In
DL, the Oavg, Omin and Omax followed a cyclic variation and noted to be always above its 0i.
It might be due to less influence of evaporation due to the protective SL above the DL. The
Bmax was well below its theoretical 6sin both the cases with and without deterioration. The
figure clearly indicates that the DL never reaches saturation in the forecasted period
regardless of the use of GCL. It may be due to the lateral outflow of infiltrated rain water
through the high permeable sloped drainage pathway before attaining saturation. The

inclusion or exclusion of GCL doesn’t majorly change the water content profile of DL.
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Fig. 7.8 Simulated volumetric water content at 10 cm in surface layer (SL) of MLCS by
considering climate change
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Fig. 7.9 Simulated volumetric water content at 60 cm in drainage layer (DL) of MLCS by
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7.4.3 Barrier layer efficiency

Figure 7.10 illustrates the annual variations of Oavg predicted at 100 cm depth (i.e.
15 cm above waste layer) in BL. The results are presented in the figure from simulations
with and without the effect of material deterioration for both climatic inputs. Both in
Guwabhati and Mumbai region, the 0avg in BL increases gradually to its saturation and were
observed to be always below its theoretical 05, attributed to the entrapment of micro air
pockets (Touma et al. 1984). Even though barrier layer (10"° m/s) and GCL layer (1071
m/s) have very low permeability, the built up of head at the drainage-barrier layer interface
will gradually increase water percolation.

For better understanding, time to saturation in BL was obtained from Fig. 7.10 for
all the cases and presented in Fig. 7.11. The 6ayg at 100 cm approached saturation in 25 and
28 years for Guwahati and Mumbai city, respectively when GCL was provided and material
deterioration was considered in the simulations. Correspondingly, these were 42 and 44
years without considering material deterioration. Similarly, it can be seen from the figure
that annual 8avg Will ultimately reach saturation by 18 and 20 years in MLCS without GCL
for Guwahati and Mumbai regions, respectively without material deterioration. However,
the consideration of material deterioration reduces the time of saturation to 13 and 14 years
for Guwahati and Mumbai regions, respectively. With reference to climate change for two
different geographical settings of Indian subcontinent, the inclusion of GCL will forbid
water percolation into the waste layer by at least 25 and 42 years, with and without material

deterioration effect, respectively.
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Fig. 7.10 Simulated volumetric water content at 100 cm in barrier layer (BL) of MLCS by
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Fig. 7.11 Time to saturation up to the depth of 2000 mm in barrier layer of MLCS

7.5 Summary

The long-term climate change impact on field MLCS was performed by considering
the climatic data of north-east and western India for 87 years as input. The simultaneous
effect of deterioration of material performance and climate change on the hydraulic
performance of MLCS was studied. It was noted that the SL undergoes cyclic wetting and
drying for the entire duration denoting a high sensitivity to climatic changes. Under the
regional climate of northeast or western India, the SL undergoes saturation for several times
in forecasted period of 87 years. The DL never reach saturation in the forecasted period
regardless of GCL use. GCL inclusion or exclusion slightly changes the water content
profile of DL. Thus, based on global climate change for these two locations, the entire
MLCS reaches saturation by 13 and 18 years from the time of cover completion with and
without material deterioration, respectively. However, the GCL inclusion in MLCS can
resist water interaction with the underlying waste layer by at least 25 and 42 years with and
without deterioration, respectively.
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Chapter 8

Conclusions and Future Scope of Work

8.1 General

This study deals with the hydraulic performance assessment of the multi-layered
landfill cover system (MLCS) for a near surface hazardous waste disposal facility. The
study is divided into three sections: (i) controlled laboratory study for understanding the
percolation characteristics of MLCS under constant water ponding conducted for 900 days
(i) a pilot hydraulic performance assessment of MLCS exposed to field weather conditions
for 800 days (iii) numerical analyses to simulate laboratory and field MLCS followed by
the study of climate change impact on hydraulic performance of the MLCS. The
conclusions derived from this study are summarized in this chapter followed by major
contributions of this study and future scope of work.

8.2  Conclusions from this study

e Measurement accuracy of volumetric water content sensors was enhanced by
conducting soil-specific calibration for the generic soils type used in different layers of
MLCS. The accuracy enhanced from 6% to £1% for profile probe sensors (PPS) and
from +8% to +1% for 5TM sensor.

e The disparity in the measurements of six sensors housed different depths of profile
probe was removed by calibrating it under controlled compaction conditions using an
in-house laboratory fabricated setup.

e Percolation study was conducted for four different configurations of MLCS in the
laboratory under constant water head boundary conditions for 900 days. Among the
four MLCS configurations, the one with geosynthetic clay liner (GCL) performed
efficiently despite fly ash addition to its surface layer.

e The MLCS with the fly ash added to its surface and barrier layer underperforms in the
absence of GCL.

e The GCL inclusion in the MLCS can save at least 36% bentonite cost to achieve the
same performance efficiency where GCLs were not considered.

e Numerical simulation of the laboratory column MLCS (continuous wetting)
considering wetting soil-water characteristic curve (SWCC) matched well with the

measured results as compared to drying and predicted SWCC.
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A pilot MLCS was constructed in the field and exposed to natural weather conditions
for 800 days. At the end of observation period, surface layer (SL) was subjected to high
weather impacts. The effects of natural weather on the drainage and barrier layer was
observed to be minimal, for the given configuration of surface layer.

For the entire field observation, barrier layer (BL) was unaffected by percolating water.
The vegetation growth and desiccation cracks on the SL hardly affected the moisture
dynamics in the BL for the entire duration of field observation.

The numerical simulation of field MLCS matched well with the observations when
Penman-Montieth evapotranspiration (ET) boundary condition and drying SWCC was
used as input.

The long-term climate change impact on field MLCS was performed by considering
the climatic data of north-east and western India for 87 years as input. It was noted that
the SL undergoes cyclic wetting and drying for the entire duration denoting a high
sensitivity to climatic changes.

If the material performance deterioration was considered in the numerical analysis, the
MLCS restricts water percolation into the waste by at least 13 years without GCL and
25 years with GCL.

If material performance deterioration was ignored in the numerical simulation, the
MLCS would forbid water percolation into the underlying waste by at least 18 years
without using GCL and 42 years with using GCL.

8.3 Major contributions from this study

Demonstrated the utility of soil-specific calibration in improving the accuracy of
volumetric water content sensors used in this study.

Developed a simple novel calibration setup for simultaneously calibrating the six
sensors housed in a profile probe.

Laboratory evaluation of four different configurations of MLCS suited for high
humid, high rainfall regions for a duration of 900 days.

Field evaluation of a pilot field MLCS instrumented with volumetric water content
sensors and soil suction sensors for a period of 800 days.

Numerical modeling of both laboratory and field MLCS to identify the
appropriateness of input functions and boundary conditions used for simulating
MLCS.
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e Explored the impact of climate change on the hydraulic performance of MLCS by
considering 87 years of simulated climate data for two different geographical regions
of Indian subcontinent.

e The simultaneous effect of deterioration of material performance and climate change

on the hydraulic performance of MLCS was studied.

8.4 Limitations

o Effect of erosion of the surface layer of the pilot field MLCS was not incorporated in
the numerical simulation.

e The deterioration in material performance was considered to be constant throughout the
time duration of numerical simulation, which may not be representative.

e Hysteresis in SWCC was not considered in the numerical simulations.

8.5 Future scope

e Further studies need to be conducted to investigate the effects of erosion on the
hydraulic performance of the MLCS.

e The effect of considering hysteresis models for SWCC for numerical simulation of
MLCS need to be studied further.

e Develop and use a reasonable material deterioration model for simulating long-term
hydraulic evaluation of MLCS under climate change.

e The MLCS field studies need to be extended for different configurations and varying
climatic scenarios.

e Investigate the role of non-woven geotextile in landfill cover performance.
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