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ABSTRACT

Hydraulic design and operation of liquid injection systems and retrofitted vertical

extraction wells were analyzed in tfus study. A two- dimensional unsaturated fluid flow

model was used to simulate the hydraulic interactions that occur during liquid injection

and drainage from a liquid injection system into refuse. Results from the numerical model

analysis suggested that the rate ofpressure increase and subsequent decrease in flo',v rate

within a perforated injection pipe is inversely proportional to the refuse hydraulic

conductivity. An injection trench positioned within refuse with a low hydraulic

conductivity ¡esulted in rapid saturation and decrease in the injected volume when

compared to a high hydraulic conductivity. A set of empirical equations were present to

predict the pressrüe development within a trench and injection volume for a range of

refuse hydraulic properties and pipe hydraulic configurations were presented.

Field scale pump and recovery tests and slug injection tests were conducted at the Brady

Road Landfill located in Winnipeg Manitoba to provide insight into the movement of

liquid and pressure responses in a landfill and to asses refuse hydraulic properties. The

well extraction rate and well specific capacity were measured and pressure responses

during pumping and recovery were monitored in an array of piezometers. pressure

responses from the pump tests suggest that low permeability layers within a landfìll may

limit vertical liquid movement. Drawdown pressure responses were simulated using

analytical methods for an unconfined aquifer and a double aquifer analytical model,

recovery response data and slug test data were analyzed with analytical methods for an

unconfined aquifer. Deduced refuse transmissivity from all the selected analytical

methods rangedfrom 0.16 to 9.65 m2/day and the storativity ranged from 10-r to 10-3, an



unconfined aquifer analytical model deduced a specific yield that ranged from 0.13 to

0. i4.
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CHAPTERI: INTRODUCTION

1.1 PROBLEM DEFINITION

Modem landfills are designed with a sigrificant amount engineered infrastructure to

safeguard the environment. Effective disposal and control of leachate generated at a landfill

is an operational issue that requires consideration at the design stage of the facility. Leachate

is primarily rainwater that comes into contact with refuse as it percolates through solid waste.

A relatively recent method of leachate management that has been employed involves

collection and injection back into the refuse. Among other things, the design of collection

and liquid injection systems requires consideration given to the refuse hydraulic propefies,

as well as, the operation characteristics ofthe system. Bioreactors landfills are an

emerging management strategy aimed to enhance microbial processes within the landfill and

thereby accelerate waste degradation and reduce the contaminating lifespan of a landfill

(Reinhart and Townsend 1997). Generall¡ compared to conventional landfilling practices,

bioreactor landfills include the addition of liquid (e.g., water or leachate) in order to increase

the refuse moisture content to conditions that enhance waste degradation (Reinhart and

Townsend 1997). Compared to the other methods of liquid injection, horizontal liquid

irrjection systems (HLIS) provide the advantage of being able to inject large volumes of

liquid, a relatively low material cost, easy integration into landfill operations, and reduced

odor and aesthetic problems (Reinhari and Townsend 1997, Warzinski et al. 2000). HLIS

normally convey liquid through a trench, embedded within the refuse, which contains

perforated plastic pipe surrounded by a high permeability material (e.g., gavel or tire chips).



HLIS are installed during landfill operation by digging a trench into the refuse at

select vertical waste li{ì heights and horizontal spacings to uniformly wet the refuse within

the refuse cell. A change in the hydraulic performance of the HLIS during liquid injection

can potentially affect the uniform infilhation of liquid into the refuse and therefore, the

desired, uniform waste degradation. A HLIS field study by Townsend and Miller (1998)

repofied a change in HLIS performance (decrease in the injection flow rate and increase in

delivery pressure) during liquid injectìon, The observed changes in hydraulic performance of

the injection pipe during liquid injection is currently unknown but is likely a function of the

design of the perforated pipe, trench, refuse hydraulic properties, system operation, and the

hydraulic interactions between the pipe, trench, and refuse.

Leachate collection systems have been incorporated in the design modem landfills to

collect and remove leachate from the landfill. Collection system design varies depending on

specifrc design requirements, but generally are comprise of a perforated collector pipe

surrounded by a high permeability material that is located below the refuse and above any

1ow permeability liners. In older dumps and landfills with no, or clogged, leachate collection

systems, a leachate mound will develop with time at the base of the iandfill. A high leachate

mound creates several environmental dangers, such as increased potential for surface water

and groundwater contamination. I¡ situations where the¡e is no or ineffective leachate

collection systems, extraction wells have been installed within the refuse to remove leachate

and control the height of the leachate mound (Rowe and Nadarajah 1996).

Extraction wells typically consist of a plastic pipe casing that is screened over a

specified depth interval and surrounded by a filter pack material. The performance of an

extraction well to a reduce leachate mound is dependent on the bulk hydraulic conductivity



of the refuse and cover materials, as well as, the physical and operating characteristics of the

well. The in situ bulk hydraulic conductivity of refuse and cover material in a landfill can be

highly variable and depend on spatial location, cover material applied, and age of the refuse.

Presently extraction well designs have utilized analfical and numerical studies that are

subjected to certain assumptions and limitations. As such, optimum performance of these

systems to effectively reduce leachate levels in the landfill may not be achieved.

I,2 ScoPE OF TEESIS

The first component involves a numerical analysis of fluid flow fiom a HLIS into

surrounding refuse. The second component consists of deducing the in situ saturated

hydraulic conductivity from a well controlled pump test on a leachate exhaction well

conducted within a municipal solid waste landfill.

The specific objectives of the research undertaken are to:

o Develop a transient unsaturated-saturated fluid flow model to characterize the influence

of spatial and temporal hydraulic properties of refuse, pipe hydraulic characteristics,

and the liquid injection boundary condition applied at pipe perforation on the fluid flow

fiom a HLIS and the increase in pressure within a HLIS with time.

o Investigate the movement of liquid and pressure drawdown responses with time in

refuse through a large scale field pump test conducted at the Brady Road Landfìll in

Winnipeg, Canada.

o Assess the ability of conventional aquifer ground water analytical formulas to capture

the measured spatial decrease in water pressure within the refuse during a pump test

and to quantiff refi-rse hydraulic conductivity.



1,3 TEESIS OUTLNE

Chaplet 2 reviews field and laboratory methodologies that have been used to obtain

refuse hydraulic properties. Chapter 3 describes the results of numerical simulations that

characterize the effects of various hydraulic conditions on HLIS performance. Chapler 4

describes results and analysis large scale {ìeld pump test conducted at a municipal solid waste

landfill. Lastly, Chapter 5 presents conclusions and recommendations for future work.
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CHAPTER2: LITERATURE REVIEW

2.I INTRoDUCTIoN

Landfilling continues to be used as a coÍtmon method around the world to

dispose municipal and industrial wastes. Modem landfills are normally constructed with a

low permeability liner(s) in combination with a leachate collection system in order to

reduce the contaminant migration into subsurface aquifers (Rowe 2004). A cover system

normally comprised of soil or a geosynthetic is applied aÍter landfill cell closure in order

to control liquid infilhation into the refuse and gas release into the atmosphere. When

water percolates through refuse it picks up the constituents of the reaste and is called

leachate.

Recently liquid management methodologies in landfills have incorporated large

amount of engineered infiastructure to safeguard the environment fi'om harmful leachate

contaminant concentrations. Bioreactor landfills are an example of relatively new liquid

management strategy. Bioreactors normally employ leachate injection to increase waste

moisture and biological activity within the refuse in attempts to enhance gas production,

accelerate waste stabilization rates, store and treat leachate within the landfill, and reduce

the contaminating lifespan of the landfill (Reinhart and Townsend 1997). Another liquid

management strategy in landfills are to utilize leachate extraction wells to decrease and

control leachate mound that can develop in dumps and landfill with no or clogged

leachate collection systems (Rowe and Nadarajah 1996).

The successful design and operation of bioreactor landfills that employ leachate

recirculation and leachate extraction can be greatly influenced by the refuse hydraulic

properties; specifically, the saturated refuse hydraulic conductivity, and the refuse field



capacity and specific yield. The refuse hydraulic conductivity is critical lo characlenze

the potential rate of moisture movement within refuse from a liquid injection system or to

an extraction well. The refuse field capacity and the specific yield help evaluate the liquid

storage capabilities of refuse as they quantify the expected liquid volumes that can be

absorbed and released by refuse, respectively. Correct assessment of refuse hydraulic

properties has generally proven to be difficult (Pohland 1975, Oweis and Khera 1986,

Reinhart and Townsend 1997, Qian et al. 2002) as there are many factors that can

influence the hydraulic properties of refuse, as follows (adapted from Rowe and

VanGulck 2004):

o Composition of waste - The relative grain size and porosity of the refuse and

cover material will effect the hydraulic conductivity

. Degree of Compâction - More heavily compacted refuse will displays lower

hydraulic conductivity due to a reduction in porosity of the refuse (e.g. Landva and

Clark 1990, Zeiss and Major 1993)

¡ Overburden pressure - Increasing the overburden pressure decreases the

hydraulic conductivity due to reduction in refuse porosity (e.g. Bleiker et al. 1993,

Powrie and Beaven 1999)

. Waste Age - The degradation process tends to increase the refuse density and

decrease the porosity (Powrie and Beaven 1999)

Testing of the refuse hydraulic propefiies in the laboratory has an advantage of
controlling these listed influencing factors; however, laboratory testing can not

effectively account for large-scale waste heterogeneity. Field testing for refuse hydraulic

properties can employ a much larger sample size compared to laboratory testing and

therefore may provide more representative results of a bulk refuse matdx. However a

disadvantage of field test is that one cannot control the listed influencing factors, theleby

making analysis of field testing results difficult to analSrze and compar.e to laboratory

studies.



The objective of this chapter is to summarize the field and laboratory studies that
have been conducted to assess refuse hydraulic properties.

2.2 REFUSE HYDRAULTC pRopERTrEs

The following section presents current fired and raboratory techniques that have

been conducted to assess refuse hydraulic properties; specifically, the saturated hydraulic

conductivity, field capacity, and specific yield. Additionally, this section will also present

laboratory studies and field measurement that have anaryzed the unsaturated refuse

characteristics and changes in the refuse hydrauric conductivity, density, porosity and

moisture content due to increases in vertical st¡ess and compaction.

2.2.1 Saturated Hydraulic ConductivÍty

There has been some debate on whether the conventional Darcian flow model is

valid for refuse, and several studies have discussed the possible effects of a non chan¡er

flow within refuse due to preferential flow paths (Bendz and Fryhammar 1999, Bendz et

al' 1997, Zeiss and Major 1993, Zeiss and uguccioni 1995) but it has been generally

accepted that Darcy's Law is a valid in analysing the flow of liquid within saturated

refuse (Rowe and VanGulck 2004).

2.2.7.1 Methods of Determination

In order to obtain representative results for the saturated refirse hydraulic

conductivity of a heterogeneous waste matrix, the creation of new testing apparatus has

often been required. For exampre, Beaven and powrie (1995) and powrie and Beaven

(1999) constructed a large scale (2 m in diameter and 3 m high) pitsea compression cell

that can measure vefiical and hodzontal hydraulic conductivities at various applied



vertical stresses. A¡other common method to assess refuse hydraulic conductivity is to

measure the transient rate of liquid infilhation through large diameter colurruts containing

refuse. Zeiss and Major (1993) and Zeiss and Uguccioni (1995) constructed large

columns (0.57 m diameter and 1.8 m high), packed with refuse, to quantifli the effects of

refuse compaction and channeled flow on the refuse hydraulic conductivity.

Conventional laboratory testing equipment with modifications for a larger sample size

has also been employed to assess the hydraulic conductivity. For example, Landva et al.

(1998) used a consolidometer of 447 mm diameter by 540 mm deep to evaluate vertical

hydraulic conductivity and a 760 mm diameter by 450 mm deep consolidometer to

evaluate the horizontal hydraulic conductivity.

Conducting pump tests, slug injection, and falling head tests on geological

formations in the field and the using conventional ground water analytical solutions

(Theis 1935, Boulton 1963, Cooper and Jacob 1946, Neuman 1972, Driscoll 1986) to

asses the in siturefuse hydraulic properties has been an effective and commonly

employed method (Kruseman and de Ridder, 1994). Several such pump studies have

been attempted on municipal refuse, most notably by Burrows et al. (1997) who

conducted a total of fifty four pump tests on twenty full penetrating and fully screened

wells with four landfill locations in Southem England. Recently, Jain et al. (2006)

estimated the saturated hydraulic conductivity of initially unsaturated refuse at twenty

th¡ee locations at a solid waste landfill in Florìda using the boreliole permeameter testing

method. A borehole permeameter test is conducted such that a constant head of water is

maintained in an excavated borehole until a steady infiltration rate is reached. Assessing

the applicability of using conventional ground watel analytical formulae to analyze the



removal or injection of liquid into refuse has been challenging due to the inconsistent and

heterogeneous composition of refuse which can vary in its hydraulic properties with time

and location within the landfìll (Fasset et al. 1994). Measurement of the rate of liquid

infiltration through large scale test pits has also been used (Oweis el al. 1990, Landva et

al., 1998) to evaluate the insitu refuse hydraulic conductivity.

2.2.1.2 Reported Values

The reported values of refuse hydraulic conductivity measured in the laboratory,

field, and back calcuiated with numerical models or altemative methods are provided in

Tables Table 2.1, Table 2.2, and Table 2.3, respectively. Based on the literature reported

values, the saturated refuse hydraulic conductivity ranges from about 104 m/s to 10-ll

m/s. Limited data has been collected on the anisotropy ratio between horizontal (K¡1) and

vertìcal (Ky) saturated hydraulic conductivity. Landva et al. (1998) measured an

anisotropic ratio of KH = 8 Kv using a large scale verlical (0.44 m diameter) and

horizontal (0.76 m diameter) consolidometer. Hudson e/ al. (1999) documented an

anisotropic ratio with a range K¡1=2 Ky to Ks= 5 Kv.

2,2,2 Fíekl CøpacÍty ønd SpeciJic Yield

The volumetric moisture content definition (0uor) of refuse is defined as a ratio of

volume of water (V,u) to the total volurne (V1) of a sample. Fresh in place refuse will

initially contain some moisture in the range of 0.15 - 0.35 (Straub and Lynch 1982).

Depending on landfill practices, it is possible that the water content of the in-place refuse

will increase with time as a result of rain water infiltration and liquid injection. As

volumetric water content increases, it will approach and possibly exceed the total
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absorptive capacity (field capacity, 0¡) of the refuse. When the volumetric water content

exceeds the field capacity, gravity drainage conditions will occur. The saturated refuse

water content, Oru¡ represents a flooded condition where the void spaces of the refuse are

filied with liquid. Ignoring minimal residual air saturation and non-connected pores, the

saturated water content can be assumed to be equal to the porosity of refuse. Refuse

water contents in excess of the fie1d capacity will result in liquid drainage of the pores

until the refuse water content once again reaches its field capacity. The specific yield 0"r,

or the drainable porosity, n", are used to quantify the volume of liquid that would drain

f¡om refuse in a flooded condition to the refuse's field capacity. The refuse field capacity

and the specific yield signiô' the expected liquid volume that can be absorbed and

released by refuse, respectively, and as such they are very important parameters in the

design ofliquid extraction and injection systems.

2.2.2.1 Methods of Determination

The volumetric water content of refuse can be deduced by multiplying the refuse

gravimetric water content by the ratio of refuse dry bulk density to the density of water.

The gravimetric water content is obtained in the laboratory through the conventional

procedure of weighting a refuse sample (solids and water) and then drying the sample in

an oven and weighting it. The dry bulk density is found by dividing the mass of an oven

dried refuse sample by the total sample volume. The refuse field capacity and specific

yield are more difficult parameters to assess due to its dependence on many factors,

including refuse composition and age, degee of compaction, and depth location with a

landfill. The refuse field capacity has been measured in the laboratory through large

scale refuse liquid infiltration columls (e.g, Fungaroli 1971, Qasim and Burchinal 1970,

l1



Walsh and Kinman 1979). The field capacity in refuse column experiments was assumed

to occur when the rate of liquìd collected from the column equaled the rate of liquid

addition. The calculation of field capacity in this marurer inherently assumes that the rate

of liquid flow thlough the colum¡ is uniform. As discussed by Korfitias et al. (1984),

this method does not account for the potential of non-uniform liquid movement and

distribution in pore spaces that are unsaturated and are filled with both air and liquid. A

more accurate procedure for calculating field capacity, and also the satutated water

content, was adopted by Powrie and Beaven (1999) and Zeiss and Major (1993). The

adopted procedure involved completely saturating a large refuse compression cell of a

known volume and an initial refuse wate¡ content below field capacity. After the

compression cell was fully saturated with liquid, the liquid was slowly drain out of the

cell and the specific yield of the refuse was deduced flom the volume of liquid drained

per unit volume and the field capacity was calculated {ìom the total mass of water

retained by the sample when liquid drainage had stopped (Powrie and Beaven 1999).

Measurement of the in siturefuse field capacity and specific yield has generally

been limited to test cells and pump tests. Yuen et al. (1999) constructed a large scale

refuse test cell and equated the amount of water that was drained from a saturated zone at

the base of the test cell as the refuse field capacity. Large scale pumps tests conducted by

Burrows et al. (1997) and oweis et al. (1990) use conventional groundwater analytical

solutions (Theis 1935, Boulton 1963) to deduce the specific yield ofthe refuse. Recently,

Zeiss and Norshom (2005) presented and compared a new instrumentation to measure in

siturefuse water contents with labolatory techniques. The in situinstrumentation generally

had good agreement with the laboratory techniques over the range tested.
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2,2,3 Reported Vølues

Table 2'4 sumrnarizes the reported varues for the initial water content, field

capacity, saturated water content, porosity and specific yield as measured in field and

laboratory studies and rable 2.5 summarizes the reported values for initial water content,

field capacity and porosity using altemative methods. The data indicates that there is a

wide range of values, but generally, the range fo¡ initial water content is about 0.10 to

0'15' field capacity is about 0.30 to 0.35, saturated water content is about 0.40 to 0.55

and specific yield is about 0.15 to 0.20.

2,2.4 Unsøtut øted Cltøractefistics of MSllt

It is to be expected that movement of liquid within a landfill for liquid injection

and extraction systems could occur in regions where the refuse is not completely

saturated, and as such, unsaturated flow theory may have to be applied. Richard,s

equation (1931) has been commonly used to assess the movement of liquid movement

th.ough unsaturated refuse (Reinhardt and rownsend 1997). Richard,s equation describes

one phase transport of an incompressibre fluid tlu'ough a homogenous, non-defonnabre

unsaturated porous medium and can be written in one-dimension as follows:

#.%P-*þr'rgl=' 12.11

where 0 is the volumetric water content, t is tine, k is the hydraulic conductivity, z is the

coordinate direction, and D(0) is the hyd.aulic diffusivity due to cap lar.y force.

The D(0) term in Richard's equation was defined by Klute (1952) as follows:

D(e) = K(e)#
12.21



where Y is the refuse suction

In order to solve Richard's equation, the relationship between the change in water content

with refuse suction, as well as, refuse hydraulic conductivity with change in refuse water

content are required. For refuse, the following power law equations of Clapp and

Homberger (i 978) have often been used.

têl
v=v"l ^ |

LU.l

K=K l9'l'
'10" I

12.31

1.2.4)

where 0. is fluid saturated volumetric water content, y" is the suction at the saturated

water content, K, is the saturated hydraulic conductivity, and b and B are empirical

fitting parameters

Straub and Lynch (1982) conducted numerical simulations to fit the power law empirical

coefficients to laboratory infiltration tests. Korifitias et al. (1984) also conducted

numerical simulations with the power law equations on a large-scale column (0.56 m

diameter) and small cylindrical cells (0.12 m diameter) to back-calculate the best fit

empirical coefficients. The reported range ofvalues for the empirical coefficients b and B

in the power law equations ìs 4 to 7 and 8 to 11, respectively. Table 2.6 provides a

complete surnmary of the literature reported values for the power law empirical

parameters. Generally, laboratory techniques to measure the unsaturated hydraulic

conductivity of soils has been consideted a costly and time consuming procedure and the

unsaturated hydraulic conductivity is often estimated fi'om soil parameters obtained from

a water content versus suction relationship cule. Recently, Kazimoglu et al. (2006)

conducted a comparative analysis of refuse unsaturated hydraulic conductivity using an
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outflow laboratory testing method and the van Genutchen (1980) expression for

unsaturated hydraulic conductivity. Outflow laboratory experiments consist of obtaining

the change in water content with suction relationship and the deduction of the hydraulic

diffusivity with suction behavior, the corresponding unsaturated hydraulic conductivity

can be calculated fiom Klute's (1952) diffusivity equation. The van Genuchten (1980)

equation for change in water content with suction is given as follows:

s"(,l,)=ffi=G,-fu l2.sl

where S" is the effective saturation, 0. is the residual water content, "., n, and m are

parameters that are fitted to a soil water content versus suction cule.

The unsaturated hydraulic conductivity in terms of effective saturation is calculated as

follows:

K(o) = K"s",/'z [1 - (1 - su{rr'l r- ¡ 12.61

The outflow laboratory testing methodology of Kazimo glu et al. (2006) consisted of

measuring the volume of expelled from a refuse sample (0.25 m diameter and 0.14 m

height) at different refuse suctions that were induced by a pressure plate apparatus. The

collected water content versus suction relationship in the laboratory outflow experiments

was used to deduce the following van Genutchen parameters: satul'ated water content

equal to 0.58, the residual water content 0.14, and the cule fitting paramete¡5 "<, n, and

m equal to 1.5 cm-r, 1.60, and 0.38, respectively The unsaturated hydraulic conductivity

with water content relationship was predicted with equation [2.6] using the obtained van

Genucthen parameters and an estimated range for the refuse saturated hydraulic

conductivity. The authors found good agreement with the measured unsaturated hydraulic
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values at low water content, which correspond to high suction values; however, at higher

moisture contents, the agleement between measured and predicted values diverged. The

authors hypothesized that the discrepancy between prediction and measured results at the

higher water contents could be athibuted to the presence ofvery large pores in the refuse,

and as such, the suction values may be very small and not measurable with conventional

testing equipment.

2,2.5 Role of Overburden Pressure ønd Conpactíon Efforts

During landfill operation, the void spaces in refuse are expected to decrease due

to an overall increase in the vertical stress fiom additional waste placement and also from

landfill compaction efforts. A decrease in the void spaces has a direct implication on the

liquid movement within refuse, as the refuse hydraulic conductivity will decrease due to

an overall decrease in the avaìlable flow paths for liquid flow. Additionally, a decrease in

the refuse voids will ¡esult in a decrease the storage capabilities of refuse as the overali

porosity of refuse will descrease. The potential declease in hydraulic conductivity and

porosity due to overburden pressures and compaction are important desìgn considerations

in the long performance of liquid injection and extraction systems.

2.2.5.1 Methods of Determination

Thele has been a limited amount of research conducted on the di¡ect effects of

overburden pressure and compaction on refuse hydraulic conductivity and porosity.

Laboratory testing has mainly consisted of obtaining refuse samples ÍÌom representative

landfills and measuring the hydraulic conductivity, porosity, and density at various

applied effective stresses using modified large scale laboratory testing apparatus. Beaven

16



and Powrie (1995) and Powrie and Beaven (1999) used hydraulic pistons to simulate the

stress levels at different landfill depths in a refuse cell with a sample size of two meters in

diameter and three meters high. Additionally, the authors measured the refuse hydraulic

conductivity, density, porosity, and specific yield at various applied vertical stresses.

Zeiss and Major (1993) used a series of perforated plates of 100 kg to simulate various

compaction ratios in a refuse test cell 0.57 meters in diameter and 1.8 meters high. The

authors measured the corresponding change in porosity, field capacity, and hydraulic

conductivity as a function of the level ofcompaction.

2.2.5.2 Reported Values

A summary of literature reported refuse hydraulic conductivity as a function of

vertical stress, refuse depth, and refuse unit weight are provided in Figures Figure 2.1 to

Figure 2.3, respectively. Based on the summaries provided in Figure 2.1 and Figtre 2.2,

a decrease of hydraulic conductivity of refuse from 104 to 10-8 m/s may be expected from

an increase in approximately of 1000 kPa of vertical stress within a landfill or from the

placement of an additional about 50 m of refuse. Additionally, the refuse hydraulic

conductivity can be expected to decrease from a range of iOa m/s to 10-7 m/s for an

increase of unit weight of 6 kN/m3 to i4 kN/m3.

Powrie and Beaven (1999) and Beaven and Powrie (1999) presented the

following empirical equations to relate vertical hydraulic conductivity to vertical

effective stress, and the density of waste at field capacity and saturation to vertical

effective stress, as follows:

K,r" = 1 7(o'rp" )-3'u

Pr" = 0.448(o'*"" )0 
1u63

12.71

[ 2.8]
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p"", = 0.669(o'rp" )o 
o8se 

l.2.gl

where K is the vertical hydraulic conductivity and o' is the vertical effective stress, p¡ç is

the density at refuse fìeld capacity in tonnes/m3, and prut is the saturated density in

tonnes/m3.

Utilizing the same Pitsea apparatus as Powrie and Beaven (1999), Hudson et al. (1999)

found the anisotropy ratio (K¡1 to Ky) to increase ÍÌom approximately 2 at an applied

vertical stress of 40 kPa to approximately 5 at an applied stress of 600 kpa. Figure 2.4

presents the fìeld capacity, saturated water content and specific yield for a vertical stress

range of 0 to 463 Wa as measured in the Pitsea compression cell by powrie and Beaven

(1999). Generally, the specifìc yield ofrefuse decreased with increase in vertical effective

stress over the range tested. However, the volumetric field capacity did not change

significantly with the applied vertical effective stress. In addition to the refuse porosity,

it was suggested by Geosyntec and Todd (1995) hypothesised that the field capacity can

also decrease with depth in a landfill and proposed the following empirical equations.

f 
"(%o*,)= -9.62=¡54
n (%"d )=-0.0462+55

[2.10]

12.111

where f" is the volumetric refuse field capacity, n is the refuse porosity, and z is the

depth in feet bellow the landfill surface.

Rowe and VanGulck (2004) presented a summary of the influence of the

compaction effort on the refuse unit weight, the results of which are presented in Table

2.7 along with other published values. Generally, a 1ow compaction effort corresponded

to a refuse unit weight of approximately 3 kN/m3 and a high compaction effort of about 9
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kN/m3. One can deduce from the summarised relationship between hydraulic conductivity

and density (Figure 3.3) that a difference in compactive effort could change the hydraulic

conductivity by more than two orders of magnitude. Zeiss and Major (1993) in their large

scale ¡efuse cell reported a decrease of refuse hydraulic conductivity of 1.1 x 104 m/s to

1.2 x 10's m/s from a low compaction ratio of 1.6 to a high compaction ratio of 2.85.

Additionally, the authors measured a decrease in the refuse porosity from 0.58 to 0.47 for

the low and high compactive ratios, respectively.

2.3 CoNcLUsroNs

The expected refuse hydraulic properties are important considerations in the

design and operation ofbioreactors that incorporate leachate recirculation or in ¡etrofitted

leachate extraction wells that ale used to control a leachate mound. The refuse hydraulic

conductivity and the refuse water contents (field capacity and specific yield) are critical

in evaluating the rate of liquid movement and liquid storage capabilities of refuse,

respectively. Compared to field scale studies, laboratory testing of the refuse hydraulic

properties has an advantage in limiting some of the factors that influence the magnitude

of the hydraulic properties; however, laboratory methods are limited in accounting for

large scale waste heterogeneity. Field scale studies generally have an advantage over

laboratory studies as they test a much larger sample size; however, data generated from

field is most often influenced by many factors, which are difficult to characterize

compared to laboratory data.

The saturated refuse hydlaulic conductivity is normally analyzed, in the laboratory

through custom built large scale refuse columns or through the modification of

conventional geotechnical laboratory testing methods. Field studies of the refuse
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saturated hydraulic conductivity have generally consisted of pump tests or injection

liquid into refuse while monitoring the pressure responses within the formation (i.e.

refuse) and using conventional ground water analytical solutions to estimate the refuse

hydraulic conductivity. Based on the literature reported values, the refuse hydraulic

conductivity ranged ffom 10{ m/s to 10-8m/s and the waste anisotropy ratio ranged Íiom

Kto Kn = 8 Ky. Refuse specific refuse water contents, such as the initial water content,

field, saturated water content, fìeld capacity, and specific yìeld are complicated

parameters to assess and studies have ¡elied extensively on large scale infiltration

columns or refuse cells in the laboratory and pump tests in the field, The literature

reported range of the initial water content is about 0.10 to 0.15, field capacity is about

0.30 to 0.35, saturated water content about 0.40 to 0.55, and specific yield about 0.15 to

0.20.

The power law equations of Clapp and Homberger (1978) have been used for

refuse to quantify the unsaturated relationships of the changes in refuse water content

with suction and the refuse hydraulic conductivity with suction. The power law

parameters have often been obtained fi'om the fitting of data obtained from large scale

refuse column experìments. The reported range for the power law empirical coefficients b

and B is 4 to 7 and 8 to 11, respectively.

The refuse hydraulic conductivity and porosity has been reported to decrease as a

result of increased vefiical stresses and fi.om refuse compaction efforts. A summary of

field arrd laboratoly studies indicate that one can expect a decrease of hydraulic

conductivity from 10-a to 10-8 m,/s for an increase 1000 kPa ofvertical stress in a landfill

or fi'om the placement of an additional 50 m of refuse depth, Additionally, refuse
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hydraulic conductivity was reported to decrease from 104 m/s to 10-7 m/s for an increase

of unit weight of 6 kN/m3 to 14 kN/m3. Waste degradation processes have also been

attributed to a decrease in refuse hydraulic conductivity due to an increase in the refuse

density and a decrease in the porosity.
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Table 2'l: Summary of refuse hydraulic conductivity measurements conducted in the laboratory

Hydraulic Conductivity

1.5 x 104
2.0 x l}a
6.7 x IO-7 to 6.1 x l0 -s

2.1 x70a to 1.1 xl0-s
4.5 x lO-s to 4.1 x l0 -e

2.7xI}a to 5.6x10-7

1.0 x 10-s to 1.0 x l0 -7

3.7 x 10 -8

3.5 x 10 -e

Laboratory Testing Method

i'4 x 10-6 to 4'7 x 10 
-e 

Fixed Ring Permeater (0.06 m diameter, 0.02 m deep) Bleiker et al. (1993)1.0 x 10-7 to 6.6 x l0 -t Co.,rtuot fi"J p".-åut". rrith Flexible Membrane
2.0x 10-5 to 3.5x 10-ìl Unsaturated pressure plate Apparatus, K azimoglu et at. e005)(0.25 diamerer 0.140 m height)

1.3 x 104 to 8.0 x 10 -5 
Constant Head permeater

9.9 x 10-7 to 3.5 x r0 -r0 constant Head T"., 
o'"t Korifitias et al'(r984)

r.6 x 10-s to 6.3 x 10 r pemìeater Hentges et al' (7993)

Wehran Engineering ( l9g7)

Pittesea Compression Cell,
(2m diameter, 3m high)

Experimental Column,
(0.56 m diameter, 1.8 m high)
Constant Head Vertical Consoiidometer,
(0.45 m diameter, 0.54 deep)

Consta¡t Head Horizontal Consolidomete¡
(0.76 m diameter, 0.45 deep)

Constant and Falling Head Consoiidometer,
(0.06 m diameter, 0.02 m deep)

Source

Powrie and Beaven (1999)
Beaven and Powrie (1995)

Zeiss and Uguccioni (1995)
Zeiss and Major (1993)

Landva and Clark (1984)

Gabr and Valero ( 1995)
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Table 2.2: Summary of refuse hydraulic conductivity measurements conducted in the field

Hydraulic Conductivity tr'ield Testing Method Source

(m/s)

6.7 x 10-5 to 3.9 x 10'7 Pumping Tests Burrows et at. (1997)
1 .0 x 10-5 Pumping Test Oweis et ø1. (1990)
1 .5 x 10-6 Falling Head
I .1 x 10-s Test Pit

2.2 x 10-s Pumping Test Jang (2000)
3.4 x 10-5 SlugTest

1.0 x 10 a to 5.0 x 10-? Pumping Test Dussek e/ al (1999)
1.0 x 10-5 to 5.0 x 10 r Slug Test

2.6xl}a to 1.5 x 10 
-5 

Pumping Test Manassero (1990)

6.1 x 10-7 to 5.4 x 10-8 Borehole Permeameter Test Jain et al. (2006)
2.5 x10-6 to 2.0x10-7 Slug Test Hentges etat. (1993)
1.0 x 10-7 Slug Test Fiend & Hock (1998)

2.2 x 10-6 Rising Head Slug Test UMA (1996)

3.9x 104 to 1.0x10-s Test Pit Landvaet al. (1998)
3.0 x 10-6 to 3.0 x 10 

-7 Falling Head Test Blengino et al. (1996)

1 .1 x 10-s to 9.5 x 10 
-? 

Tension Infilhometer Lee et al. (1997\
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Table 2.3: Summary of reported refuse hydraulic conductivity using altemative methods

Hydraulic Conductivity

(¡r¡/s)

2.0 x 10-6

1.0 x 10-s

6.0 x 104 to 2.0 x 10'1

1.1 x 10-3 to 9.2xI0-6
1.0 x i0-8

1.0 x lo-e to 1.6 x lo-11

2.0 x 704

i.5 x 104 to 7.1 x 10-6

2.0 x 10'3 to 6.3 x l0-5

1.0x 10-3 to r.7 x10-7

3.5 x 10- 1.8 x 10-

Description

HELP Version I and Version II
HELP Ve¡sion III
Literature Reported Range

Estimated from Field Data

Analytical Wetting Front Equation

Mass Balance Calculation

Unknown Method

Unknown Method (Compacted Waste)

Unknown Method (Light and High Compacted Waste)

Unknown Method

Unknown Method

Scfuoder et al. (98aab)
Schroder et al. Q99aab)
Ylldiz et al. (2004)

Qian (1994)

Townsend ar al (1995)

Bleiker et al. (7993)

Afuned, et al. (7992)

Fang (1983)

Effalaet al.(7987)

1aanet al. (7999)

Rowe and Nadaraiah (1996)



Table 2.42

Initial
Water
Content
0"a

summary of refuse initial water content, fieid capacity, porosity and specific yield using field and laboratory methods

0.34

0.40_0.45 0.46_0.55*

0.08 0.10
0.02-0-05 0.r2-0.74

0.04 0.31

0.21 0.38

0.37

0.20_.30 0.50-0.60

0.58

Field
Capacity
0r"

Saturated
Water
Content Porosity
Os¡t n

Specific
Yield
0sy

0.05

0.09-0.16

0.02-.15

0.52 0.42
0.47-0.58 0.32-0.44

0.0s 0.34

0.32

Testing Method

Full Scale Field Test Cell

Field Scale Pumping Test

Field Scaie Pumping Test

Pittesea Compression Cell,
(2m diameter,3m high)

Experimental Column,
(0.56 m diameter,l.8 m high)

Landfill Lysimeter,
(2.1 m depth)

Refuse Column,
(3.1 m depth)
Refirse Column,
(2.4 m depth)

Cylindrical Refu se Cells,
(0. 12 m diamh,0.30 m high)
Pressure Plate Apparatus,
(0.25 m diamtr 0.140 m height)

Mini - Lysimeter

Percolation Test

Consta¡t Head Test

Source

0.39

0.45

0.49

Yuen et al. (1999)
Oweis et al. (1990)

Bur¡ows et al. (1997)

Powrie & Beaven (1999)

Zeiss and Uguccion (1995)
Zeiss & Major (1993)

Fungaroli (1971)

Qasim and Burchinal (1970)

Walsh and Kinman (1979)

Korìfitias et al.(1984)

Fungaroli and Steiner (1979)

Golder (2004)

Hentges et al. (7993)
Core
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Table 2.5: summary of refuse initial water content, and porosity using alternative meürods

Initial Water Content Field Capacity porosity
0uol 0r" n

0.28

0.29

0.10-0.20

0.04-0.21

0.04-0.19

0.16

0.08

0.t7
0.30

0.29

0.12-0.14

0.20-0.3s

0.28-0.40

0.29-0.39

0.30

0.37

0.22

0.40

0.41 - 0.53

0.52

0.67

Method

0.40-0.50

0.40

HELP Version I and Version II
HELP Version. III
Literature Reported Average
Literature Reported Average

Literature RepofedAverage

Literature ReportedAverage

Estimation

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown (Old Waste)

0.05

0.36
0.71

0.49-0.62

0.43

0.42

Source

Sctroder et al. (198aa,b)

ScLroder et al. (1994a.b)

Bagchi (1993)

Oweis et al. (1990)

McBean et al. (1995)

Canzia¡i and Cossu (1989)

UMA (1996)

Rovers and Farquhar (1973)
wieh (1979)

Sharma and Lewis (1994)

Walsh and Kinman (1981)
Zomberg et et al. (1999)

Aran et al. (1999)

tthmed, et al. (1992)
Blight et al. (1992)

Unknown resh Waste)



Table 2.6: Summary of literature reported values of the power law empirical parameters for refuse.

EmpiricalParameter Methodology

bB
78 Fitting of power law equations by Straub and Lynch (1982) on a Skaub and Lynch (1982)

experimental ¡efuse column (0.31 m depth) tests conducted by Qasim
and Bwhchina.l (1970)

Fitting of power law equations by Straub and Lynch (1982) on a
experimental refuse column (0.21 m depth) tests conducted by
Fungaroli (1971)

Fitting of power law equations by Straub and Lynch (1982) on a
experimental refuse column (0.24 m depth) tests conducted by Walsh
and Kinman (1979)

Direct measurement of refuse water content and refuse suction in Korifitias et al. (1984)
smaller cylindrical cells (0.15 m diameter)

Fitting of power iaw equations on a experimental refuse column (0.56
m diameter and 1.83 m height)

Numerical analysis on the sensitivity of the power law equations. Demetracopulos et al. (1986)
Source of b and B empirical parameters unknor¡m.

Used a two dimensional model to compute the time variation of Ahmed ¿l ¿ l. (1992)
leachate flow in la¡dfills due to infiltration. Source of b and B

1.5

11

38



Table2.1: Summary of influence of compaction effort on the reported refuse unit weight.
(modified from a summary compiled by Oweis and Kiera (1986) and Rowe and
VanGulck (2004).

Unit Weight Level of Compaction
(kN/m3)

Source

2.8 - 4.7
4.7 - 7.1

7.1 - 9.4

5.5 - 10.s

6.4 - 10.s

10.0

3-9
5-8
9 -10.5

1-8

2.4-6.5
3.5-7.7
2.5-1.2

3.6-6.6

3.1

6.3
8.6

2.9
4.6-5.8
8.7

1.2-2.9

2.4-2.7
4.9
5.6
4.1

3.2

Poor
Moderate
Good to Excellent
Balled Waste
Shredded

Densified MSW (heavy tamping)

Poor
Moderate
Good

Zerc
Slisht
Mean
Extreme

Loose (pre-compaction)

Poor
Good
Best

Poorly
Moderate
Well-Constructed

As Delivered

As Delivered
Standard

Maximum
Standard

Minimal

Oweis and Khera (1990)

Van Impe (1994)

Fasset et al... (1994)

Gachet et a|.,. (1998)

Marques et al. (1998)

Bromwell (1978)

Schumaker (1972)

Sowers (i 973)

Merz and Stone (1962)

39



Q'10'

Ë ro"

E l0-

E to'
U
.g 1o-'

E ro*

E ro''
(u

€ lo-'o
ú

J? l0 -

>- l0 -

Ë 10"

E to.'
o

? ton

d tn'
>.^-8
(9
2 t ¡'9
(¡)

É 1o-'

Er
I

Fo'o
i o.o t o

It"q
aa|r-'' 'f+E'
a
a

o
o
T

o
.t.Éa

tr
r lr

0 200 400 600 800 1000 1200
Vertical Stress (kPa)

t Bleiker et al. (1993) o l-andva et al. (1998) Vertical K
o Landva et a/. (1998) Horizontal K r Powrie and Beaven (1999)

o Beaven and Powrie (1995)

Figure 2,1: Hydraulic conductivity as a function ofvertical stress within a landfill.

1 2 3 4 5 678910 20 30 405060
Depth (m)

^ Landvaet al. (1984) ^ Aran et al. (1999)
o La¡dva et aL (1998) Horizontal K r Rowe and Nadarajah (1996)
. Landvaet aL (1998) Vertical K

Figure 2,2: Hydraulic conductivity as a function of refuse depth with a landfill.

,tf,fËHiir;
. tt o Ët

.tf
I

.l^

I
¡
I
I

I

T

Â
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CHAPTER 3: HLIS NUMERICAL SIMULATIONS

3.1 INrRoDUcrroN

Bioreactor landfills are an emerging management strategy to enhance microbial processes

within the landfìll and accelerate waste degradation by increasing the moisture content of the

refuse by injecting water or leachate into the refuse (Pohland 1975, Reinhart and Townsend

1997). Bioreactor landfills that incorporate moisture addition provide an increased benefit to the

environment by reducing the overall contaminant lifespan of the landfill (Reinhart and Townsend

1997). Bioreactors additionally provided several economical advantages to conventional landfill

such as an increase in landfill space due to an increase landfill settlement, reduction in leachate

disposal costs from in situleachate treatment, and energy recovery potential from enhanced

landfill gas production and collection (Reinhart and Townsend, 1997). Methods employed to

increase refuse moisture content include prewetting of waste shortly after placement, surface

irrigation, vertical injection wells, and horizontal injection trenches (Reinhart and Townsend,

199'7). of these methods, horizontal trench injection systems provide the advantage of being

able to inject large volumes of liquid (e.g., leachate or water), a relative low material cost, easy

integration into landfill operations, and reduced odo¡ and aesthetic problems (Reinhart and

Townsend, 199'/, W arzinski et al. 2000). Horizontal injection trenches are installed during

landfill operation by digging a trench into the refuse at select vertical waste lift heights and

horizontal spacings and backfilling the trench with a high permeability material (e.g. gr avel or

tire chips). Within the backfill material a perforated plastic pipe is placed to convey liquid fíom

the landfill surface into the waste body. A uniform waste wetting from the horizontal liquid

injection system (HLIS) is essential for unifom waste \ryetting and therefore degradation.
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The design of HLIS involves the selection of appropriate pipe hydraulic parameters for

designated vertical and horizontal spacing configurations within the landfill. VanGulck and

Lozecznik (2004a) discussed the selection of pipe diameter, perforation size, delivery head, and

inlet flow rate required to achieve uniform discharge along the length ofa HLIS pipe; however,

their study did not consider the liquid movement into the surrounding refuse. The hydraulic

interactions for fluid movement between the perforated pipe, trench backfill material, and the

surrounding refuse can influence the selection of trench spacing, liquid discharge rate from the

perforated pipe, and liquid injection times. A field study consisting of eleven HLIS injection

lines was conducted by Townsend and Miller (199S) at a landfill in North Central Florida. The

¡esults from the field study documented a decrease in system performance (e.g. decrease in

injection rate) during a typical liquid injection run. Due to the heterogeneous nature of refuse,

the effect of a broad range of spatial and temporal hydraulic conductivity and porosity within

refuse requires conside¡ation in the design and operation of HLIS. Maier (i99g) developed an

anallical technique to deduce the rate of liquid infiltration into refuse from a HLIS. The

technique is based on the assumption of a constant r-efuse hydraulic conductivity during

infiltration and an assumed zone of refuse wetting around the trench. McCreanor and Reinhart

(2000) modeled liquid injection into refuse ÍÌom a HLIS and also assumed a constant hydraulic

conductivity with degree of refuse saturation. Additionally, Mccreanor and Reinhar.t (2000)

applied a specified flux of liquid infiltration into the refuse fi.om the trench; thus, hydraulic

interactions between liquid injection rate and lefuse drainage were not co¡sider.ed i¡ their

analysis. Khire and Haydar'(2003) modeled liquid injection into refuse with a varying hydraulic

conductivity based on the degree of refuse saturation and specified a constant pressure of liquid
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infiltration into the ¡efuse Íìom the trench. The constant pressure boundary condition does not

consider the interaction between the liquid injection and movement in the refuse.

The objectives of this chapter are to demonstrate that the performance level, system

operation, and design of HLIS are influenced by: the spatially and temporally variable hydraulic

properties of the refuse, pipe hydraulic characteristics, and the liquid injection boundary

condition applied at pipe perforation. The HLIS performance and operation will be assessed

tkough modeling transient unsaturated-saturated fluid flow of liquid leaving the perforated pipe

and transported through the sunounding refuse.

3.2 FIELD CASE STUDY

Townsend and Miller (1998) reported on the hydraulic performance of a horizontal

injection trench at a landfill in North Central Florida. A series of eleven injection lines consisted

of a 0.08 m extemal diameter PVC pipe, and various perforation size and perforation spacing

configurations. Nine of the eleven injection lines were placed in a trench that was about 0.9 m

wide and 0.9 m high and backfilled with tire shreds. Two of the injection lines were not placed

in a trench and therefore were directly in contact with sumounding refuse. The influent flow rate

and pressure head for each injection line were deduced by rneasuring the flow rate and pressure

within the main header line using a using a paddle-wheel flow meter and an analog output

pressure transducer, respectively. An example ofa typical liquid influent flow rate a¡d pressure

head recorded durìng a single injection cycle are provided in Figure 3.1. Generally, all injection

lines showed a decrease in flow rate and increase in pipe inlet pressure during liquid injection,

until a near steady value were achieved (Townsend and Miller. 199g).
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Townsend and Miller (1998) reported that the observed changes in flow rate and pressure

during injection were a function of the refuse water content and storage volume of the trench.

The observed response could also be a result of clogging within the pipe and pipe perforations

(VanGulck and I-nzeczntk 2004b), non-ideal pipe hydraulic characteristics, and development of

back pressure (discussed below) at the pipe perforation. If the rate at which liquid enters the

t¡ench is greater than the infiltration into refuse, the trench will saturate with liquid. A schematic

reptesentation of fluid discharge from a perforated pipe and pressure head increase in the trench

during injection is provided in Figure 3.2. when the liquid level in the trench is below the

elevation of the perforation, the perforation discharge at a specific pipe location will be constant

for a constant pipe inlet flow rate and pressure head. A uniform perforation discharge along the

length of the pipe can be designed and is a function of the influent flow rate and pressure head;

pipe material, diameter, and length; and perforation size, spacing, and shape (see vanGulck and

Lozecz¡ik 2004a for details). During this stage of liquid injection, if the refuse is unsaturated,

gas pressure acts at the perforation on the outlet side of the perforation. Once the liquid level in

the trench reaches the perforation level, a liquid back pressure will act against the perforation.

As the back pressure increases the perforation discharge will decrease and will induce a

reduction in the flow late and increase in pressure head at the influent end of the pipe.

A common operation strategy for HLIS is to inject liquid into the trench to elevate the

pressure of liquid in the trench. Generally, the higher the pressure developed in the trench, the

greater zone of refuse wetting around the trench (Al-yousfi and pohland 199g). However., as the

pressure in the trench approaches the pressure within the perforated pipe, the perforation

discharge approaches zero. This occurs when the injection purnp approaches its operational

45



limits for flow rate and delivery head. The above explanation may be one of the reasons for the

temporal changes in HLIS flow rate and pressure observed by Townsend and Miller (1998) and

highlights the importance of considering the hydraulic interactions between the perforated pipe

and the refuse hydraulic properties in HLIS design and operation.

3,2.1 Metltodology

A cross section consisting ofan injection pipe placed inside in granular backfilled hench

buried in surrounding refuse was selected to represent a HLIS in a numerical domain. Transient

unsaturated-saturated modeling ofliquid movement from an injection pipe into the refuse via the

trench was conducted using SEEPÆV to investigate the influence of ¡efuse hydraulic properties

and pipe hydraulic characteristics on liquid injection system performance. SEEP/IV is a two-

dimensional finite element groundwater model based on Richard's equation which does not

consider the influence ofgas pressure changes on liquid migration. The modei trench dimensions

and a baseline case of the pipe hydraulic parameters (discussed below), were selected to

resemble the physical study conducted by Townsend and Miller (1998). Two additional pipe

hydraulic scenarios were selected as a comparative analysis to the baseline hydraulic case, one

with a higher perforation flux and one with a higher perforation pressure. Three different

boundary conditions (constant pressure, constant flux and head dependent flux) were applied to

the pipe perforation to assess the influence on the perfonnance ofthe HLIS.
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3,2.2 Model Donnin anil Bouttdøty Cortdìtíons

A 2-D cross'section of the HLIS and surrounding refuse was modeled. The pipe

characteristics (described in pipe hydraulics section) were selected to obtain a uniform

perforation discharge along the length of the line (<9% difference in perforation discharged

between the inlet and end of the line). Thus, the increase in fluid pressure head acting at the base

of the trench during injection and liquid infiltration into the refuse will be fairly uniform along

the length of the line and 3-D effects can be considered negliable.

The problem domain and boundary conditions are depicted in Figure 3.3a. A¡ artificial

no flow ground water divide occurs along the center of the pipe and the gravel hench, and

therefore a no flow boundary is implemented at the middle of the trench and the refuse. In order

to isolate the leachate movement through the refuse due to liquid injection only from the pipe, a

no flow boundary condition at the top of the refuse was assumed, thus neglecting water

infiltration due to precipitation. The bottom of the problem domain was simulated to be a

leachate collection system (LCS) at a position about 10 m below the bottom of the trench with a

constant hydraulic head value of 0.3 m acting on the base of the landfill. A no flow boundary

condition exists at a 10 m distance from the centre line of the trench. The 10 m distance was

sufficient large that liquid infìltration flom the trench was impacted by this boundary condition.

A burial depth of8 m from the trench bottom to the upper no flow boundary, and a 10 m spacing

ÍÌom the landfill base to the trench bottom was chosen to be representative of the full scale study

conducted by Townsend arrd Miller (1998) and a numedcal study conducted by Mccreanor and

Reinhart (2000). Additional details with regards to the trench configuration and boundary

conditions are depicted in Figure 3.3b. The modeled trench has dimensions 0.9 m x 0.9 m and
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contains a 38 mm coarse gravel backfill material with the base of the perforated pipe located

0.29 m f¡om the bottom ofthe trench.

The standard numerical model setup used in all numerical simulations consisted of an

unstructu¡ed automatic generated mesh with 1698 total elements, ,adaptive time stepping

features of a maximum percentage change in head of 0.1% and minimum increment size of 0.1

seconds, and simulated data was saved at a constant time step interval of 360 seconds.

3.2,3 Pipe Hydraulic ConJigurations

In order to analyse the effect pipe hydraulic characteristics on HLIS performance and

operation, three different pipe configurations were analyzed, see Table 3.1 for details. A baseline

case was chosen to represent a perforated pipe design and operation that corresponded closely

with the field study of Townsend and Miller (1998). The baseline case consisted ofa specific

injection line with a pipe intemal diameter of 0.08 m which corresponds to an SDR 11 with outer

pipe diameter of0.10 m, and a and 0.0048 m perforation diameter (circular perforation) spaced

at 1.5 m length for a pipe length of 75 m. using Bernoulli equation fo¡ a clean HDpE pipe with

no backpressure at the pipe perforation, the baseline case requires an inlet pipe pressure head of

3'75 m fot a specified inlet flow rate of 0.295 m3lmin. For the baseline configuration scenario,

the difference in perforation discharge between the first and last perforation would be 9% with

an average value of 6.01x10-3 m3/min. The normalised magnitude of perforation flux used in the

numerical model for the baseline case was deduced to be equal to 2.00x10-3 m/min per meter

length of trench. The magnitude of the normalised perforation flux represents the average

perforation discharge per meter length of trench divided by a factor of two to account for

discharge into only halfofthe trench.
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To compare the influence of pipe hydraulic configuration on HLIS performance and

operation, two additional confìgurations were analyzed.(see Table 3.1 for details). For each pipe

configuration, the difference in discharge between the first and last perforation was less than

i0% variation along the length of the line. The selected pipe in configuration two ¡esulted in an

inlet pressure head of 18.5 m, which is about 4.9 times larger than configuration one (3.75 m);

however the inlet flow rate and normalised perforation flux were similar for each configuration.

Pipe configurations one and three had a similar inlet flow rate and pressure head, but

confìguration three had a normalised flux 5.g7 x 10-3 m3/min/m which was aboú 2.9 times larger

than configuration one (2.00 x 10r m3/minh¡.

3.2.4 Pipe Hydt"øulic Boundary Condìtìons

Three different boundary conditions were applied to the pipe perforation to simulate

liquid injection and assess the impact of the boundary condition on HLIS performance. The

th'ee boundary conditions used in the numerical model were a constant perforation pressure of

3.75 m, constant perforation flux of 2.00xi0-3 m3 lminJm, and a pressure head dependent

perforation flux' The use of constant perforation pressure and constant flux boundary conditions

to simulate HLIS has been reported by McReanor and Reinhart (2000) and Khire and Haydar

(2003), respectively; however both ofthese boundary conditions do not account for the reduction

in perforation flux that occurs when a back pressure develops at the perforation. The reduction

in perforation flux tll'ough a circular orifice in response to bacþressure can be deduced through

the application of Rawn's equation for discharge along a pipe manifold. The perforation

discharge can be deduced thr.ough
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q = kalrsNl [ 3.1]

where q is the perforation discharge, k is a flow coeffrcient, a is the cross-sectional area of the

orifice, g is the gravitational constant and Âh the change in hydraulic head on each side of the

orifice (i.e., hydraulic head inside the pipe minus the hydraulic head in the fluid in the trench

adjacent to the orifice).

The flow coefficient k for a circular orifice, is calculated from the following relationship

(Subramanya and Awasthy 1970)

k= 0.67 s
Í.3.21

where v is the mean velocity inside the pipe

Figure 3.4 displays the calculated decrease in the normalised perforation flux (q"..0) with an

increase in backpressure development at the pipe perforation for the described three hydraulic

pipe configurations. When the perforation backpressure approaches the inlet pressure head, the

perforation discharge approaches a value ofzero.

Liquid injection from the perforated pipe into refuse for each case and perforation

boundary condition was simulated over 24 hour duration to assess HLIS performance.

Additionally, drainage of the injected fluid away from the trench after only 4, g, and 12 hours of

liquid injection was analyzed. The selection of 8 hour liquid injection duration was obtained

from HLIS numerical simulations conducted by McCreanor and Reinhart (2000), additionally the

4 and' 12 hour injection dut'ations were chosen to be representative of a single workday at an

operational landfill (Maier and Vasuki 1996)

T- ,,
2gÃh
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3.2.5 Refuse anil BackJill Hydraulic properties

The satu¡ated hydraulic conductivity of refuse has been reported to range 10a to 10-E m/s

(Rowe ef al. 2004) and may be influenced by, but not limited to, overburden load, refuse type

and age, and landfilling operations. powrie and Beaven (1999) experimentally showed that the

refuse hydraulic conductivity can decrease by approximately two orders of magnitude due to

increases in effective stress. Numerical simulations were conducted with a saturated refuse

hydraulic conductivity of 104, 10-6' and 10'8 m/s to investigate the potential range reported in

literature. Landva et al. (199s) and Hudson et al. (1999) reported refuse to be anisotropic with

horizontal to vertical saturated hydraulic conductivity ratios of g and 2 to 5, respectively. Model

simulations were completed with an anisotropic ratio of 4 horizontal to 1 vertical with respect to

saturated hydraulic conductivity. To model liquid injection into and drainage through

unsaturated refuse, a relationship between change in water content and hydraulic conductivity

with change in suction was represented tkough the following empirical power law equations of

Clapp and Homberger (1978).

let
'=*"Lql

K=K l9'1"
"Le,l

where y is waste suction, K is hydraulic conductivity, 0 is volumetric water content, 0" is fluid

saturated volumehic water content, y, is the suction of at the saturated water content, K. is the

saturated hydraulic conductivity, and b and B are empirical fitting parametels

t 3.31

[3.4J
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A se¡ies of laboratory column infiltration tests conducted by easim and Burchinal

(1970), Fungaroli (1971), warsh and Kinman (1979) Korifitia s et ar. (1984) on refuse deduced

values of 7 and 9 for the empirical fitting parameters b and B, respectively The saturated

volumetric water content was chosen to be 0.54, which is representative of the range 0.45 -0.60

measured by Powrie and Beaven (1999), zeiss and uguccion (1995), Zeiss and Major (1993),

Hentges et al' (1993), and Korifitias et at. (1984). The suction value at the saturated volumetric

water content was deduced from the power raw equation equations to be equar to 2.1 cm (of

water). All liquid injection simulations were conducted such that the initial minimum water

content of was equal to a representative value for the refuse field capacity. The field capacity

was chosen as the minim initial water content because it is anticipated that the field capacity in

the surrounding refuse wilr be reached fairly quickry after operation of HLIS. The chosen

volumetric refuse field capacity of 0.35 is within the literature reported range of 0.20 - 0.40 as

reported by (Powrie and Beaven (1999), yuen et at. (1995), oweis et al. (1990), Konñtias et al.

(1984), Fungaroli and Steiner (1979), Walsh and Kinman (1g7g)).

The trench backfill material was simulated to be representative of a 38 mm nominal size

coarse gravel with a saturated hydraulic conductivity of 0.zg m,/s and porosity of 0.46 (Rowe and

Mclsaac 2005). Due to the unifotmity and large pore size of the coarse gravel the relationship

between the changes in hydraulic conductivity with changes in suction was assumed to be

constant and equal to the saturated hydfaulic conductivity. The variation in water content with

suction for the backfill material was simulated using literature reported van Genutchen values

(Morris and stormont 1998, stormont 1995, Fayer et at. 1992) for a unifonn coarse grained
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g'avel material, the residual volumetric water content (0,) equal to 0.005, with the empiricar

fittings parameters .. : 4.93 cm-I, and N= 2.19.

3.3 HLIS NUMERICAL SIMwATIoNs

The role ofunsaturated refuse hydraulic properties, pipe hydrauric configurations, and pipe

perforation hydraulic boundary condition were analysed through a series of six HLIS numerical

simulations (see Table 3.2 for summary). Each series consisted of three model runs that

simulated injection into refuse with a saturated hydraulic conductivity of 104, 10-6, and 10-8 m/s

for a total injection time of 24 hours. In order to investigate the transient behaviour a¡rd

performance of a HLIS, simulated pressure head at the bottom of the trench, liquid injection flux,

and the total volume of liquid injected was analyzed for all the numerical simulations. Table 3.3

summarizes the duration time to fill the injection trench, the pressure head at the bottom of the

trench, the volume of liquid injected, and the (x) horizontal (zuo) vertical upward, and (z¿o,uo)

vertical downward distances of95% liquid saturation after 4, 8 and 24 hours of liquid injection,

respectively

3.3.1 Efftct Of Refuse Properties on Lìquid Injectíon

The role of refuse hydraulic properties was investigated by simulating liquid injection

into two specific refuse hydraulic conditions. The first case assumed. a constant hydraulic

conductivity with suction relationship and the second case employed a variable hydraulic

conductivity with suction relationship, herein thereafter referred to as variable refuse hydraulic

conductivity.



The pressure head acting on the base of the trench, for injection into constant and variable

refuse hydraulic conductivities of 104, 10'6 and 10-8 m/s are displayed in Figure 3.5 for the

baseline configuration. For both cases examined, the lower the magnitude of refuse hydraulic

conductivity, the slower rate of liquid infiltration into the refuse, and the larger inc¡ease in

pressure head acting on the base of the trench (see Figure 3.5 and Figure 3.6). For liquid

injection into a variable and constant refuse hydraulic conductivity of 10-E m,/s, the pressure head

within the trench reached 0.9 m after about 99 minutes signifuing that the trench was completely

filled with liquid' once the trench completely filled with liquid the pressure increased very

rapidly and approached a steady state pressure of 4.04 m which was maintained for the

remainder of the injection time. A steady state pressure value near 4.04 ar thebase of the hench

indicates that the maximum pump delivery head of 3.75 m (since pipe perforation is located 0.29

m above the trench) for the baseline configuration

The representative liquid injection flux from the pipe perforation and the volume of

liquid injected with time for a full size trench per meter length for constant and unsaturated

refuse hydraulic conductivities of are presented in Figure 3.6, respectively. A large increase in

backpressure at the perforation (due to low magnitude refuse hydraulic conductivity) at the pipe

perforation will result in a dec¡eased perforation flux and the volume of liquid that can be

injected. For liquid injection into a saturated refuse hydraulic conductivity of 10-8 m/s, once the

trench fìlled with liquid a rapid increase in bacþressure resulted in the perforation flux to

decrease very rapidly and once the pump rimit was reached the volume of riquid injected to

approach a value ofzero.
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A very high liquid infiltration rate for a saturated refuse hydraulic conductivity of 10a

m/s caused the pressure within the trench neve¡ exceeded a value of 0.29 m, therefore the trench

never completely filled with liquid and no bacþressure occurred at the pipe perforation. The

occulÏence of no backpressure resulted in no decrease in the perforation flux and the total

volume liquid injected after 24 hours represents the theoretical maximum value that could be

injected for the baseline configuration (see Table 3.3 for additional details).

A difference in trench filling and pressure head development for a variabre hydrauric

conductivity with suction relationship in comparison to a constant hydraulic conductivity was

most evident for a waste hydrauric conductivity of 10a m,/s. Liquid injection into a constant

hydraulic conductivity of 104 m/s resulted in the hench pressure head to decrease with time and

eventually become negative indicating refuse suction. The difference in pressure head responses

between the variable and constant hydraulic conductivity cases is a due to the greater resistance

to fluid flow through the refuse for the variable case. For example in the variable hydraulic

conductivity case of i0a m/s, the unsaturated hydraulic conductivity prior to liquid injection was

10-E m/s' The occurrence of ¡efuse suction in the constant hydraulic conductivity case is most

likely due to the high value of refuse hydraulic conductivity enabling a quick redistribution of
the refuse fìeld capacity throughout the problem domain.

3.3.2 InJhtence of Pìpe Hydraulic ConJîgarøtiorts

The influence of pipe hydrauric configurations was analysed by comparing the high

perforation pressure and high perforation flux configurations to the baserine configuration,

respectively. The pressure head increases at the base of the trench, and the perforation flux and
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cumulative volume of liquid injected for the high perforation pressure and flux configurations

are provided in Figure 3.7 and Figure 3.8, respectively.

For a refuse hydraulic conductivity of 104 m/s, the high flux configuration induced

higher pressures within the trench but also resulted in a larger volume of liquid injected when

compared to the baseline configuration. Conversely, due to the similar values ofperforation flux

injection into a hydraulic conductivity of 104 rrì./s using the high pressure configuration resulted

in the similar pressure development and volume of liquid injected as the baseline configuration.

Injection into a refuse hydraulic conductivity of 10-6 m,/s and a high pressure

configuration resulted in larger pressure head development within the trench, and unlike the

baseline configuration, the pump limit (equal to 1 8.5 m) was not reached after 24 hours of liquid

injection. The higher pressure configuration enabled a much slower decrease in perforation flux

compared to the baseline case, which corresponded to an overall larger volume of liquid that

could be injected (see Table 3.3 and Figure 3.8 for more information). Injection into a refuse

hydraulic conductivity of 10-6 m,/s and the high perforation flux configuration resulted in the

hench filling more quickly then the baseline case. Since the pump limit values were both equal

to 3.75 m for the high perforation flux and baseline configurations, the pressure head

development at the base of the t¡ench and amount of liquid injected was very similar for both

configurations.

3,3,3 Validíry of Pipe Petfotøtìon Boundaty Cortdítiotts

The pressure head increase acting on the base of the trench for a constant perforation

pressure (3.75 m), a constant perforation flux (2.00 x 10-3 m3/rnin/m), and a head dependent flux

perforation boundary for variable satutated refuse hydraulic conductivities of i04, 10-6 and 10'8



m/s are displayed in Table 3.3 and Figure 3.9. A constant perforation pressure boundary

condition resulted in a constant pressure of 4.04 m at the base of the trench for all three refuse

hydraulic conductivities. Injection into a refuse hydraulic conductivity of 10-8 m/s using a

constant perforation flux caused the development ofvery large pressures (magnitude of 103 m) at

the base of the trench. The high pressures developed at the base of the trench significantly

exceeded the maximum pump capabilities ofboth the baseline and high pressure configurations.

The influence of the described pipe perforation boundary conditions on the cumulative

injected volume was simulated for refuse hydraulic conductivities of 104, 10'6, and 10-8 m/s and

displayed Figure 3.10. Due to the nature of the constant flux boundary condition, the injected

volumes were equal to 5.77 m3 lm after 24 hours for all three refuse hydraulic conductivities. The

constant perforation pressure boundary condition simulated a significant increase in the volume

of liquid that could be injected when compared to head dependent flux. The large volume

injected for the constant pressure boundary condition is most evident fo¡ the 104 m/s ¡efuse

hydraulic, where the volume injected (see Table 3.3) compared to the baseline hydraulic

configuration was exceeded by a facto¡ of 9.

3.3.4 HLIS Zones of Liquid Satu,,øliot

It has been reported that waste degradation in fuI1 scale HLIS has been limited by an

inability to uniformly apply liquid throughout the refuse (McCteanor and Reinhart 2000).

Quantiffing the zones of saturation that developed around a HLIS during liquid injection can

provide guidance on reasonable veltical and horizontal trench spacing intervals for uniform

waste wetting throughout the landfill.



Figure 3.12 displays the developed zones ofsaturation aÍÌer 8 hours of injection using the

baseline pipe configuration for variable saturated refuse hydraulic conductivities of 10a, 10-6 and

10-8 m/s. The zones of saturation of that developed around a HLIS is greatly influenced by the

refuse hydraulic conductivity and for all other conditions being equal, the higher the hydraulic

conductivity the more volume that can be injected and a larger zone of saturation around the

trench. Table 3.3 summarizes the deduced 95% liquid saturation maximum distances

horizontally ÍÌom the edge of the injection hench (x), vertically upward (zuo) and downward

(z¿o,un) from the injection trench. Table 3.3 summarises the cumulative injected volume the

deduced 95 % liquid saturation maximum distances horizontally from the edge of the injection

trench (x), vertically upward from the top of the injection trench (zu/ and vertically downward

from the bottom of the trench (z¿o*n)/ after 4, 8 and 24 hours respectively of injection for all six

series of HLIS simulations. A liquid saturation criterion of 95Yo watq was chosen to be as a

suffrcient amount of water saturation fo¡ which to asses the saturated zones of influence around

the trench. The zones of saturation of that developed around a HLIS is greatly influenced by the

refuse hydraulic conductivity and for all other conditions being equal, the higher the hydraulic

conductivity the more volume that can be injected and a larger zone of saturation around the

trench.

A non pressurised HLIS at a refuse hydraulic conductivity of 10-a m/s HLIS will

conespond to a large volume of that can injected (as discussed) and as a result a large zoue of

saturation below the trench will develop (see Table 3.3 for additional information). A pressutised

hench in a refuse hydraulic conductivity of 10-6 and 10-8 m/s creates zones of saturation above

the injection trench unlike the 104 m/s case, however due to the backpressure development at the
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perforation, lower volumes can be expected volume of liquid will be injected, and as such, lower

zones of saturation can be expected (see Table 3.3 for additional information). As discussed

earlier, the constant perforation flux and perforation boundary conditions can overestimate the

pressure head and injected volumes within a HLIS for various refuse hydraulic conductivities

resulting in alarge zone ofsaturation around an injection trench (Table 3.3).

3.3.5 Liquíd lrtjection Schedule Analysis

The time to completely drain an injection trench is an important parameter that can

provide guidance on the selection of an appropriate liquid injection schedule. The role of ¡efuse

hydraulic conductivity and its impact on the time to completely drain a liquid injection trench

was analysed and the simulated pressute head decrease at the base of an injection trench after an

8 hour liquid injection schedule (base line pipe configuration) into varjable refuse hydraulic

conductivities of i0-6 and 10-8 Í1./s are displayed in Figure 3.11. Fo¡ both cases the trench

depressurised fairly rapidly after drainage to a value of near 0.9 m at the base of the trench,

which is equal to the height of the trench. subsequently, a long duration of time was required to

drain the trench (i.e., pressure head of 0 m on the base of the trench). The time to completely

drain a trench was greatly influenced by the magnitude of refuse hydraulic conductivity and

equaled about 20 and 507 days for refuse hydraulic conductivities of 10'6 and 10-E m,/s,

respectively. Additional drainage simulations using the baseline pipe configuration were

conducted to investigate the sensitivity of liquid injection duration (4, g, and 12 hours) on the

trench drainage time. A summary of the drainage time durations and reference values for the

pressure head at the base ofthe hench and volume of liquid injected at the end of liquid injection

are provided in Table 3.4 due to the similar pressure conditions within the fi.ench at the end of
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injection for each injection duration, the time to drain the trench only increased marginally with

longer injection duration for the same hydraulic conductivity refuse. However, for a given

injection duration, the time to drain a trench increased significantly with lower refuse hydraulic

conductivity.

3,4 DESIGNIMPLICATIoNS

A pressure head at the base of the trench equal to 0.29 m signifies that the liquid level in

the trench has reached the pipe elevation and a perforation backpressure will occur until the

pump is tumed offand liquid drains into the surrounding refuse. The head dependent perforation

flux boundary condition should be imposed to accurately simulate the rate of pressure head

increase acting on the base of the trench and decrease in perforation flux and injected volumes,

The injection time to pressurize a trench is a function of the refuse hydraulic conductivity

and the physical capabilities of the pump. For optimal overall performance, the operation and

design of the injection system needs to carefully consider the decrease in the refuse hydraulic

conductivity with depth in a landfìIl (powrie and Beaven, 1999). For example, liquid injection

into a deep landfill location that is representative of low refuse hydraulic conductivity and

therefore low liquid infiltration rate may require short injection times and longer trench drainage

durations. Additionally, injection in a deep landfill could result in low injected volumes due to

the physical limits of the injection pump being reached quickly after filling. Low injected

volumes also result in small zone of wettings and may requirement small vertical and hodzontal

trench spacing intervals ifuniform liquid application is desired. Low injected volumes with short

injection duration along with long drainage durations could also compromise planned leachate

management strategies. Additionally liquid injection into refuse which has experienced a large
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decrease in the refuse hydraulic conductivity from increased over burden pressures and waste

degradation processes could become impractical due to a need for very short liquid injection

schedules and spacing intervals. The volume of liquid injected could be increased in the design

phase by the choosing a pipe configuration with a higher delivery hydraulic head, or by

increasing the trench size which would increase the liquitl storage capabilities of the trench.

Compared to a low refuse hydraulic conductivity, liquid injection into a high refuse hydraulic

conductivity, representative of a shallow landfill depth, may require long injection times and a

large volume of liquid, due to a high rate of liquid infiltration into the refuse. Long injection

times will require injection pumps to operate for extended periods of time which may increase

operating costs. Consideration is also required to ensure liquid availability if large volumes

require injection. If there is a high infiltration rate into the waste compared to the rate ofliquid

injection, this may result in ineffective wetting of the ¡efuse above the injection trench since the

injection trench will not reach a pressurized state. Assuming there is a sufficient liquid supply, a

possible design solution is to choose a pipe configuration that generates a higher pipe flow rate to

pressurize the trench in a short duration of time.

3.4.1 Enpir.icøl Coteløtions

A set of empirical equations were created to simulate the pressure rate development and

the volume of liquid injected for a pressurized trench with a range of possible pipe hydraulic

conditions and refuse hydraulic properties. The empirìcal correlations provide landfill

engineering desigrrers with a quick and efficient tool to evaluate the potential performance level

of various design scenarios for a range of refuse hydr.aulic conductivity before full
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implementation. Additionally the correlations can offer guidance on the planning of an efficient

leachate management strategies and liquid injection schedule.

The empirical correlations were generated ÍÌom numerical simulations into refuse with a

constant saturated hydraulic conductivity value of 10-6 and l0'8 rnls. All numerical simulations

were conducted for a pipe with an intemal pipe diameter of 0.0g m (external diameter 0.1 m,

SDR 11). The selected inlet hydraulic head ranged from 2 to 50 m and the deduced normalized

perforation flux range was equal to 1 x 10-s to 5 x 10-5 m3ls/m. The selected pipe configurations

ranges were obtained from summary of literature reported injection system design parameters

conducted by Lo zecznik (2006) Results from the numerous numerical simulations that examine a

range of injection conditions were normalized to produce empirical relationships to predict

pressure head development within a trench and the cumulative volume of liquid injected with

time' The empirical relationships and fitting paramete¡s can be used by a designer to establish a

first approximation of injection system performance to aid in directing efforts for more detailed

design.

From each injection simulation, the injected volume after trench pressurization was fitted

to a power law equation and the volume of liquid injected can be calculated as foflows:

V = o,(t)a
[ 3.5]

whele v is the cumulative volume injected after pressurization in m3lm, to is the time after

pressurization in hours, au and bu are derìved empirical coefficients.

The simulated pressure head at the bottom of the trench was normalized to the trench

pressurization time to produce an approximately-linear relationship with time. Reanangement of
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the approximately linear relationship provides a means to deduce the pressure head at the bottom

of the trench with time as follows:

t-LP
"o -(toxar¡+Ç t 3.61

where ho is the pressure head at the bottom of the trench after pressurization in meters, ahp and

b¡,0 are derived empirical coefficients.

Figure 3.13 and Figure 3.14 display the empirical coeffìcient values for the pressure head

development (a¡o and b¡o) and liquid injected volume (au and bu), respectively, for liquid

injection using a range of inlet hydraulic head and normalised perforation flux for a saturated

refuse hydraulic conductivity of 104 and 10-6 m,/s.

3.4.1.1 Empirical Design Methodology

The application of the empirical equations to estimate the expected pressure development

and injected volume in an injection trench is best illustrated in the following two design

examples. Example 1 consists of injection into a saturated refuse hydraulic conductivity of 10-8

m/s, a normalized perforation flux of 0.0027 -'/*ir,.l-in, and an inlet hydraulic head of 50 m.

Example 2 considers liquid injection into a saturated refuse hydraulic conductivity of 10-6 m/s, a

normalized before flux value of 0.0018 m3/toin/min, and an inlet hydraulic of 8 m. From Figure

3.13 it is seen that the pressure development empirical coefficients equal 0.020 and 0.14i (a¡o)

and 0.000 and 0.101 (b¡o) for Example i and Example 2 respectively. The injected volume

coefficients (Figure 3.14) were found to equal 0.080 and 0.163 (a") and 0.531 and 0.817 for

Example 1 and Example 2 respectively. Once the empirical coeffrcients for pressure and volume

are deduced Equation 5 and Equation 6 can be used to estimate the trench bottom pressure and
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injected volume that could occur at any time after trench pressurization. For example after 12

hours of trench pressurization the trench bottom pressure was estimated (Equation 5) to be at the

maximum pump delivery head of 50 m for Example 1, however in Example 2 a slower rate of

pressure increase resulted in a bottom pressure estimate (6.0 m) that had not approached its

maximum delivery head value of 8.0 m. with a quicker rate of pressure development in

Example 1 than Example 2 one would expected as discussed earlier a lower overall injected

volume for Example 1. The empirical estimation for injected volume (Equation 6) reflected the

above stated assumption as the estimated injected volume equaled 0.3 m3lm and 1.2 m3.m for a

Example 1 and Example 2 respectively,

3.5 CoNcLUsroNs

Field observations of decrease in injection flow rate and increase in the pipe pressure

head can be partially explained by the development ofa back pressure within the injection hench

acting against the pipe perforations. The hydraulic interactions during liquid injection from a

HLIS and subsequent drainage into refi¡se were numerically simulated using a two-dimensional

unsaturated-saturated fluid flow model. The numerical simulations suggest that the rate of

pressure increase at the inlet of the perforated pipe and subsequent decrease in flow rate is

inversely proportional to refuse hydtaulic conductivity. HLIS positioned within a refuse with a

relatively low hydraulic conductivity (based on literature reported values) resulted in rapid filling

and pressurizing ofthe injection trench and a decrease in the injection flux and injected volume

compared to a high hydraulic conductivity.

A relatively high refuse hydraulic conductivity (based on literature reported values)

resulted in a large rate of liquid infiltration into the sunounding refuse compared to a low
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hydraulic conductivity refuse. A high liquid infiltration rate can result in long injection time to

fill and pressurize the trench, large volumes of liquid injected, and short durations to d¡ain the

liquid in the trench. Thus, the design, operation, and performance of a HLIS should take into

consideration the surrounding in situ refuse hydraulic properties and the potential for a dec¡ease

in refuse hydraulic properties with depth and time in the landfill. A set of empirical equations on

the transient pressure development and injected volume were deveroped ÍÌom numerous

numerical simulations. The empirical conelations can be used a design tool to predict the

pressure development within a trench and the injected volume for a range of pipe hydrauric

configurations and refuse hydraulic properties.
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Table 3.1: Summary of the three selected pipe hydraulic configurations.

Pipe Perforation
Configuration Internal Length Flow Rate Head Size Spacing Difference Normalised

Discharge Discharge 
-

Q L a hp 
^q 

Qseep

(m) (m) (m3/min) (m) (m) (m) % (mlmin/,m)

i-Baseline 0.08 75 0.295 3.75 0.0048 1.5 9 2'00x 10-'

2-High Pressure 0.08 15 0.301 18.50 0.0032 1.5 2 2.01x l0-3

3-HighFlux 0.08 35 0.411 3.75 0.0048 0.5 8 5.87x 10-3

* Normalised discharge is for % of the numerical problem domain.

Table 3.2: Summary of designated, satuated reî:se hydraulic conductivities, pipe hyclraulic configurations, and pipe pedoration

boundary conditions fo¡ a series of six HLIS numerical simulations.

l-Baseline Consiant Flux: 2.00 x 10-3 m3lmin/m

-2 104,10-6, 10{ (Variable Suction) l-Baseline Constant Pressure = 3.75 m
-3 104,10{, 10{ (Variable Suction) l-Baseline Head Dependent Flux
-4 104,10-6, 10-8 (ConstaÍt Suction) 1-Baseline Head Dependent Flux
-5 104,10-6, 10{ (Variable Suction) 2-High Pressure Head Dependent Flux

-6 104,10-6, 10-8 (Variable.Suction) 3-High Flux Head Dspendent Flux
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Table 3.3: Summary of the time required to fill a HLIS, the pressure head at the bottom of the trench (ho) volume of liquid injected
(V), and the deduced maximum horizontal (x), upward vertical (2.), and downward vertical (z¿o*o) distances for 4, g and 24 hours of
liquid injection simulation respectively.

Refuse Time hp V x, zt p, zòow\ hp V x) zt p, zùo\'r\ hp V \, ztp, zdowî
(m/s) (hr) (mì_ (q1m) (mì (mì (m3/m) (mì (m) (m3/m) (m)-r 104 no fill 0.19 0.95 1.4,0.0, lJ õ.rs 191 1.6,0J, Z.S O.tS sn L5,O.0,6.410-6 r.75 14.r 0.9s 1.4,0.5,0.5 22.4 1.91 2.1,0.9,r.0 36.4 5.77 4.3,7.s,r.g10-8 1.65 914 0.9s 1.2,0.s,0.3 7774 1.gr 1.9,0.8,0.7 2870 5.77 3.7,r.7,7.6

Ko,

-2 104
10-6

10-8

-3 104
10-6

10-8

-4 104
10-6

10-8

-5 104
10-6

10-8

-6 104

10-6

i0-8

4 hours

N/A 4.04
N/A 4.04
N/A 4.04

no ñll 0.19 0.95 1.3,0.0, 1.5 0.19 1.91 t.6,0.0,2.g 0.19 5.77 1.8,0.0,8.1
I.t7 3.60 0.67 1.0, 0.2, 0.3 3.82 0.96 1.3, 0.4, 0.5 3.91 t.72 2.0, 0.6, 0.8
1.65 4.05 0.42 0.6,0.1,0.1 4.05 0.44 0.6,0.r,0.2 4.06 0.48 0.7,0.2,0.2

no fill 0.26 0.95 0,0,0.0,0.0 o.o2 1.91 0,0,0.0,0.0 _5.31 5.17 0,0,0.0,0.0
1.87 3.56 0.69 1.0,0.3,0.3 3.80 0.98 1.4,0.4,0.5 3.89 1.78 2.0,0.7,0.8
1.65 4.02 0.45 0.6,0.2,0.2 4.03 0.49 0.6,0.3,0.2 4.04 0.59 0.7,0.4,0.s
no filI 0.19 0.95 1.4,0.0, 1.5 0.19 1.91 1.6,0.0,2.9 0.19 5.78 1.8,0.0, 8.1
r.75 9.2t 0.85 r.2,0.4,0.4 12.13 1.48 1.8,0.7,0.7 14..76 3.54 3.2,1.4,1.s
1.6s 19.01 0.46 0.6,0.2,0.1 19.04 0.50 0.7,0.2,0.1 19.08 0.62 1.0,0.3,0.3

11.4t s.7,1.6,3.6 4.04 19.83 7.2,t.8,5.6 4.04 51.35 8.1,2.0, 10.0
0.86 t.2,0.3,0.4 4.04 1.10 1.5,0.5,0.6 4.04 1.85 2.t,0.7,0.8
0-43 0.6,0.1,0.1 4.04 0.44 0.6,0.1,0.2 4.04 0.48 0.7,0.t,0.2

I hours

5.75 0.86 2.63 2.3,0.0,2.0 0.91

0.56 3.93 0.80 1.1, 0.3, 0.4 3.96

24 hours

5.79

1.05

0.44

3.2,0.1,3.6 0.92

1.5, 0.5, 0.s 3.97

15.43

1.80

0.48

3.9,0.2, 1,0.0

2.0,0.7,0.9



Table 3'4: summary of the serected variabre saturated refuse hydraulic conductivity, theinitial drainage trench bottom pressure (ho) and volume injected (v), and t¡e'íime
duration to drain a trench for each ser.ies olliquid drainage simulation.

Series # K.u1 Refuse hp V Drainage Time
(m/s) (m) (m3/m) (days)

-1 4hr Injection 10-6 3.61 0.68

1o-8 4.04 0.42

18

491

20

507

r)
8hr Injection 10-6

i 0-8

l2 hr Injection 10-6

10-8

3.82 0.96

4.05 0.44

3.86

4.06

i.18

0.45

21

519
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CHAPTER 4: BRADY ROAD LANDFILL WELL ExTRAcTIoN TEsTs

4.I INTRoDUCTIoN

In older dumps and landfills with no or clogged leachate collection systems a

leachate mound will develop with time over any liners underlying the refuse.

Additionally, soils with high silt or clay content that may be used as daily and

intermediate cove¡ for ¡efuse can create low permeability horizontal layers upon which

leachate can become perched and mound within the landfill cell. A high leachate mound

posses several environmental dangers that include contamination of any underlying

ground and surface water due to seepage through the landfill liner system and seep

breakouts through landfìIl cover, respectively (Rowe and Nadarajah 1996). A high

leachate mound can also compromise planed landfill gas extraction strategies and the

overall slope stability of the landfill (eian el a t. 2002).

In order to safeguard the environment and maintain efücient and safe landfill

operation, retro{itted leachate extraction wells may be installed to decrease and control

the leachate mound height within a landfìll cell (Rowe and Nadarajah 1996). Leachate

exhaction wells are constructed and operated similar to groundwater-extraction wells that

aim to draw water out ofan aquifer for drinking wate¡ or industrial purposes. critical for

effective well layout, design and operation is the selection of the well depth, screen

length, extraction rate of leachate, and specifìc capacity (ratio of extraction rate to

drawdown in the well). The hydraulic properties of the refuse, specifically, the refuse

transmissivity, storativity and specific yield, are critical inputs to assess the performance

(i.e., the ability to reduce leachate mound) ofa specific extraction well design.
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Laboratory test measurements to obtain refuse transmissivity and storage

characteristics (i.e., storativity and specific yield) which rely on small sample sizes and

idealized test conditions may yield results that are not representative ofconditions within

a landfill (Rowe and vanGulck,2004). In situmeasurements of refuse transmissivity and

storage properties have been achieved by completing pump, slug, and falling head tests

and applying analytical well hydraulic equations (e.g. Theis 1935, Boulton 1963, cooper

and Jacob 1946, Neuman 1972, Driscoll 1986). The use of pump and injection tests to

measure hydraulic properties of a porous media and is an effective and commonly

employed method for geological formations (Kruseman and de Ridder, 1994); however,

the applicability of these methods to obtain refuse hydraulic properties may be limited

due to the spatial and temporal heterogeneous composition ofrefuse (Fasset e t al. 1994).

The first objective of this chapter is to investigate the movement of liquid and

pressure drawdown responses with time in refuse through a large scale field pump and

recovery test conducted at the Brady Road Landfill in winnipeg, canada. The second

objective of this chapter is to assess the ability of conventional aquifer ground water

analytical formulas to capture the measured spatial changes in water pressure within

refuse during a pump and recovery test and also a slug test to deduce the bulk hydraulic

properties of the refuse.

4,2 LEACHÄTE ExTR¡.cTIoN WELL I'IELD STUDIES

Field studies that have involved vertical leachate extraction wells have primarily

consisted of measuring the ability of the wells to extract leachate fi.om the saturated zone

and to monitor the pressure responses within an extraction well and at any nearby

piezometer(s). The pressure response data is then applied to conventional well analytical



formulas to deduce transmissivity (or hydraulic conductivity) and storage properties of

the refuse. Summarized below are the test methodologies of four literature reported

leachate extraction field tests.

4.2.1 Iowa Sønílary LandJìlls, (Jníted Støtes, Hentges et øt. (1993)

Hentges et al. (1993) measured the time drawdown measurements due to pumping

within multiple exhaction wells and piezometers at two different landfill sites in Iowa,

USA. Additionally, four slug tests were completed at the second landfill site. The

authors reported well specific capacities in three pump tests where the drawdown

response had reached an equilibrium value at a constant pumping rate, and they were

equal to 2.15,8.94 and 9.48 m3/day/m. The refuse hydraulic conductivity from the slug

tests was analyzed using the Bouwer and Rice (1976) method and ranged in value from

2x 10'6 fo 2x 70'7 n|s. The transmissivity and storativity of the two landfill sites was

analyzed using equations developed for a confìned aquifer as it was hypothesised that

landfill gas would create confining layers with the landfill. The deduced transmissivity

and storativity vaiues for a landfill with ten extraction wells ranged flom 0.05 to 3.50

m2lday and 0.002 to 0.418, respectively. For a differeni landfill \,/ith five extraction wells

the transmissivity and storativity ranged 0.0037 to 1.11 m2/d,ay and 0.005 to 0.22g,

respectively (see Table 4.1).

4.2.2 Buckinghanshire and Cømbridgeshire, Englantl, Burrows et al, (1992)

A total of 54 shoft and long pump and recovery tests were conducted by Burrows

et al.(1997) on twenty full penetrating and fulI screened wells and at four landfill sites

located in England. The long term drawdown /recovery tests we¡e conducted on a
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triangular arrangement of three pumping wells and three piezometers. Termination of all

the pump tests occurred when a quasi steady state drawdown response was obtained in

the peizometers for the applied extraction rate. The pump test analysis completed

included the Theis (1935), Cooper and Jacob (1946), Rorabaugh (1953), Boulton (1963),

and Neuman (1975) methods. The deduced transmissivity and specific yield for three of

the four landfills range from 0.3 to 21.8 m2/day and.0.092 to 0.15, respectively. Well

speci{ic capacity data enabled the prediction of sustainable leachate extraction rates for

the three landfills and ranged from 6.0 to 79.2 m3 lday for wells penetrating on average

14.5 m of saturated waste. The deduced transmissivity values and specific yield values

for Site D were generally higher than the other three sites (see Table 4.2). The authors

attributed the higher value at site D due to the absence of low permeability cover

material, a lower waste thickness reducing the waste loading and density, and a less

advanced rate of waste degradation. Table 4.2 summarizes the saturated depth, deduced

transmissivity hydraulic conductivity, specific yield, and sustainable yield for the

extraction wells from Burows et al. (1997).

4,2,3 Clúanni LøndJill, Písø, Italy, Giardi (1997)

Giardi (1997) conducted pump ad recovery on single wells and on a field test site

of five wells at a landfill located in ltaly. Two step-type pump tests of 24 hour duration

were caried on two separate wells in order to further investigate well specific capacity

and extraction rates. Drawdown data from the pump test was hypothesised to show

features similar to an unconfined aquifer, and as such, the refuse transmissivity values

were calculated using the Cooper and Jacob (1946) method for an unconfined aquifer.

The specific capacity for one extraction well ranged Íiom 0.50 to 0.90 rn3 ldaylm;
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meanwhile the second well displayed slightly higher well specific capacities and ranged

from 1.7i to 4.80 m3 ldaylm.The deduced transmissivity for the single well tests ranged

from 0.10 to 0.24 m2lday for extraction rates of 2.9 to 17 .3 m3 /d,ay. The conducted tests at

the trial station produced slightly higher values than the single well tests for

transmissivity and they ranged from 0.29 to 0.50 m2/day. Table 4.3 summarizes key

characteristics of the pump tests conducted by Giardi (1997).

4.2.4 New fersey, An ed States, Oweis et øL (1990)

A test well penetrating about 30 m of refuse was installed at landfill located in

Northem New Jersey by Owets et al. (1990). Drawdo\ryn measurements were made at the

extraction weli and at three observations wells located at distances of 9,22, and 61 m

away from the extraction well. The refuse transmissivity was analyzed by the non-

equilibrium methods of Theis (1935) and Boulton (1963) and also the straight line

solution of Jacob (1946). One pump test consisted of pump duration of one day at an

extraction of 109 m3/day and the deduced transmissivity was equal to 19.6 m2/day.

Another pump test was conducted for duration of two and a halfdays at an extraction rate

of 65 m3/day and the deduced transmissivity was equal to 7.9 m2lday.

4,3 THEORETICATBACKGROUNDINFORMATION

If the refuse hydraulic properlies are known, analytical and numedcal modeling of

fluid flow to an extraction well can be used to assess the perfonnance of extraction wells.

Rowe and Nadarajah (1996) presented the only analytical technique for estimating

average leachate drawdown between two extraction wells within a landfill. Their method

is useful in design to select required well spacings, but subject to the following
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assumptions and limitations: assumed steady-state flow conditions; the horizontal and

verlical hydraulic conductivity of the waste is spatially and temporally constant; and

neglible influence of daily soil cover between waste lifts. Lack of the latter condition

could provide preferential flow paths and barriers for fluid flow to an extraction well.

Powrie and Beaven (1999) numerically modeled steady-state leachate flow to an

extraction well, but considered spatial changes in waste hydraulic conductivity due to

changes in effective stress using a laboratory-derived empirical correlation from tests

completed on fresh waste with no daily cover. Al-Thani et al. (2004) extended Powrie

and Beaven's (1999) work to numerically model transient leachate flow to an extraction

well. The use of analytical and numerical methods to asses the potential performance of

extraction wells is still highly dependent on the selection of the refuse hydraulic

conductivity and it is advisable to obtain the in situ refuse hydraulic though field

techniques.

4.4 BRÁDY RoA.D FIELD STUDY

The hydraulii properties of ¡efuse at the City of Winnipeg's Brady Road Landfill

were deduced by completing a field pump test. The Brady Road Landfill is a 790- hectare

Class i Solid Waste Disposal facility that opened in 1973 a¡d currently holds 5 million

metric tones of municipal solìd waste (MSW) (City of Winnipeg 2007) Figure 4.1

provides a schematic of the extraction well and piezorreter layout for the field test. Two

leachate-extraction wells wefe installed into the waste two meters apafi - one at a depth

of 8.8 m and the other at a depth of 4.6 m below the ground surface. Polyvinyl chloride

(PVC) well casing and well screen was used. The well bore had a diameter of 203 mm (8

inches) with a well casing diameter of 102 mm (4 inches). The screened portion of each
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well were backfilled with pea gravel and the remainder .of the bore was filled with

bentonite pellets to act as an impermeable seal. The selected well casing and borehole

diameters are within the range of reported values for field extraction wells studies

conducted by Dussek et al. (1994), Oweis ¿¡ al. (1990), and Giardi (i997). The well

screen length was 2 m in length and had a screen size aperfure size equal to 0.254 mm

(0'01 inches). Three nested piezometers made f¡om schedule 40 pvc pipe of diameter

50.8 mm (2 inches) with a screen length of 0.6 m (2 feet), each located one meter apart,

was installed within the refuse to target depths of, 3.0 m, 6.i m, and 9.1 m below ground

surface (see Table 4.4: for a complete summary of the elevations and depths of the wells

and piezometers). Nested piezometers were installed at radial distances of 1, 3, 10, 21,

and 35 m from the extraction well along one transect, and at 1 and 3 m along a different

transect (see Appendix C for the layout of the test site). A total of twenty one

piezometers were installed, each completed within a 102 mm (4 inches) bore diameter.

The well and piezometers bores were drilled using a spiral drill auger. The general

landfill composition observed fiom auger drilling consisted of a 0.6 to 1 m clay cap

material (Figure 4.3a) followed by a mixture of waste þlastic bags, paper, etc.. ) and clay

materials. once a liquid level was obserued in the boreholes the waste composition was

consisted of a grayish to black high moisture sluny material (Figure a.3b). A high

permeability geotextile sock was placed over the screened porlion of all the piezometers

in order to minimize the intrusion of fine sand particles into the well screen. In order to

ensure hydraulic connectivity between the sunounding refuse and only the screened

portion of piezometers, the borehole was backfilled with silica sand up to piezometer

88



screen and the remainde¡ of the borehole was filled with bettonite pellets to act as an

impermeable seal,

Liquid was removed from the extraction wells using a Grundfos Redi-Flo2@ 0.051

m (2 inch) diameter stainless steel submersible pump. The pump intake area location was

designated to be equal to 0,3 m above the bottom well elevation for all pump tests. The

pump was powered by gasoline generator and the flow rate was regulated by a Baldor@

Series 15H variable frequency controller capable of achieving an extraction rate range of

0.1 to 49.1 m3/day. The time-dependent changes in fluid pressure in the refuse during

pumping were deduced by measuring the change in fluid level in each piezometer and

extraction well. Pressure transducers (Diver@ DI 243 by yan Essen lnstruments) \ryere

used to monitor liquid level in the wells and nearby piezometers (depicted in Figure 4.1)

and a water-mater tape at all locations. The pressure transducers automatically measure

(range of +/- 3.0 cm of water) and register liquid levels within a piezometer and

extraction well at a minimum sample rate of 0.5 seconds for up to a total of 24,000 data

readings over the duration ofthe pump test.

4,4,1 Fíeld Study Hydrogeology

Figxe 4.2 displays the averaged static (not influenced by leachate extraction from

pumping) liquid elevations fi'om three piezometers depths in the landfill (3.0 m, 6.i m

and 9.1m) with transect radial distance away from the extraction wells for a monitoring

period of approximately 109 days. The average liquid elevation near the extraction well

indicate that there is a downward vertical gradient with depth within the landfìll. A

possible explanation for a vertical gradient with depth could the presence of low
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permeability horizontal layers that limit the vertical migration of liquid infìltration to

greater depths in the landfill. Liquid recharge through the temporary landfill cover is

likely the cause for the vertical gradient to be maintained at the test site location. The test

site is located at an intemediate flat elevation with a gradual increâse (approximately 10

m) in the landfill cell elevation at an approximate distance of 100 meters North of the

field site (see Figure 4.4). Thus, liquid could be moving laterally from the higher

elevation in the landfill cell to the well location through horizontal waste layers.

4.4,2 Leaclnte ExtrøctÍon Puntp ønd Slag Tests

Two pump tests were completed on well Wl. Test 1 was conducted on May

26/06 for duration 135 minutes, and rest 2 was performed on June 21106 for duration of

767 minutes. Full recovery of leachate levels was obtained before start of rest 2. For

both tests the weli extraction rate and well specific capacity (ratio of extraction rate to

drawdown in the well) of the well decreased with time over the duration of the tests (see

Figure 4.5a and b, respectively). A decrease in the well extraction rate with time can be

attributed to an overall decrease in the pump driving hydraulic head. A decrease in the

pump driving hydraulic head with time is a result of drawdown within the extraction

well. The well extraction rate for Test t had an initial value of 4.9 m3/day and decreased

to 3.8 m3lday at the end ofpumping, and the well specific capacity had an initial value of

6.8 m3/day/m and decreased to 4.4 m3/day/m at the e'd of purnping. For Test 2 the well

extraction rate had a higher initial value of 6.7 m3 lday and decreased fo 2.5 m3/day at the

end of pumping, and the well specific capacity had an initial value of 4.4 m3 /day/m and

decreased to 1.1 m3ld,ay/m at the end of pumping.
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A pump test on W2 was attempted however the initial rate of drawdown in the

ext¡action well resulted in the liquid elevation to go below the intake of the submersible

pump within about 9 minutes after pumping. The quick rate of drawdown and the lack of

a large driving head (1.4 m) resulted in an unsustainable extraction rate for the available

pump and variable controller system employed.

In addition to pump tests conducted on the wells, foufteen slug removal tests were

conducted on select piezometers. The submersible pump used for the pump test was also

used to quickly remove liquid flom piezometers located at 6.1 m and 9.1 m depths. Slug

tests were not conducted on the 3.1 m depth piezometers since there was not a sufficient

liquid level rise in the piezometers to conduct a slug test.

4.4.3 Puntp ønd Recovery Test Pressure Behøviour

The drawdown pressure responses during pumping and recovery (Test 1 and Test

2) for 9.1 m deep piezometers at radial distances of i m (plA), 1.4 m (p6A), 3 m (p2A),

and 3.2 m (P7A) are displayed in Figure 4.6 and Figure 4.7, respectively. Table 4.5

summarizes the maximum drawdown response that occurred within the 3.0 m (pC), 6.1 m

(PB), and 9.1 (PA) deep piezometers during pump duration for Test 1 and Test 2. The

9.1 m deep piezometers located at radial distances of 10 to 35 m did not experience any

significant drawdown responses (less than 5 cm of drawdown) during pumping. As such,

the pressure response measured from the 9.1 m deep piezometers located at radial

distances of 1 to 3.2 m provided data that were used for analysis and discussion on the

refuse hydraulic pressure behaviour due to pumping and recovery. provided below is a

summary of observed trends on the drawdown pressure responses within the 9.1 m deep

piezometers e for each pump tests.
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The maximum measured drawdown responses for Test 1 of 0.3 m (in PlA) was

significant lower than Test 2 which had a maximum drawdown ¡esponse of 1.14 m

(in PA). The larger drawdown responses for Test 2 than Test 1 is likely a result of

the higher initial extraction rale (6.7 m3/day to 4.9 m3/day) and longer duration

(767 minutes to 135 minutes) of pumping in Test 2 when compared to Test 1

respectively.

Measured pressure responses located ai a close radial distances (1.0 m (PiA) and

1.4 m (P6A)) from the extraction well experienced an irnmediate (i.e., within 1 to 3

minutes) drawdown response; meanwhile, the piezometers located further away

(3.0 m (P2A) and 3.2 m (P7A)) from the extraction well averaged a lag time of 30

to 60 minutes for Test 1 and Test 2 respectively before a pressure response

occurred.

For Test 2, piezometers near the extraction well (P1A and P6A) experienced a very

quick and large drawdown of approximately 0.30 m in the first 15 minutes of

pumping. For piezometers located further away from the extraction well (P2A and

P7A), a more gradual and constant pressure response was observed through out the

duration ofthe pump.

After the described quick and large drawdown response for Test 2, PlA and P6A

the piezometers experienced minimal drawdown pressure responses for

approximately i0 to 15 minutes. The lack of pressure response is observed as a flat

segrnent on the pressure response with time graph.
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The immediate pressure response and larger rate of initial drawdown in the

piezometers located near the extraction well, and the lag response time and more constant

drawdown increase in piezometers located further away from the well is analogous to the

theoretical short term pressure ofan aquifer response to pumping. Theoretically, a cone

of depression flom the extraction well will develop fairly rapidly after pumping begins

since liquid is initially released from storage; however, as pumping continues the

expansion and enlargement of the cone of depression decreases since a larger volume of

stored liquid becomes available. The intermediate minimal pressure response that

occurred during pumping and the subsequent increase in drawdown is commonly

observed in unconfined aquifer systems. A minimal drawdown response during pumping

in an unconfined aquifer generally occurs when the effects of gravity drainage from

overlying pores becomes dominant, this process is often refer¡ed to as a delayed yield

response. Eventually at later times the effects of gravity drainage will be minimized and

the rate of drawdown will begin to increase. The described delayed yield response of

unconfined aquifer has also been documented (Muldoon and Bradbury 2005, Horgan

1996) to be similar to a dual porosity soil system A dual porosity systems is defined as

where there are overlapping reseloirs which interact hydraulically

Once pumping had stopped, the recovery response in all the piezometers generally

exhibited: a lag time (5 to 24 minutes) of little to no recovery, and then a fairly linear

recovery response that approached its original static elevation. The liquid level recovery

in the piezometers approached its original static levels in approximately 0.3 and 5,070

rninutes for Test 1 and Test 2, respectively.

93



Unlike the piezometers installed at a greater depth of 9.0, the shallow piezometers

of 3.0 and 6.1 m depth at close radial distances of 1 m and 1.2 m measured minimal

drawdown response during pumping (see Table 4.5). The apparent lack of hydraulic

connectivity between the 9,0 m and 6.0 m deep piezometers, as indicated by a minimal

drawdown in the 6.0 m deep piezometers, could be caused by the presence of low

permeability horizontal layers within the landfill created by daily and intermediate clay

cover material commonly used at this landfill or a decrease in refuse hydraulic

conductivity with depth in the landfill. It has been reported by McCreanor and Reinhart

(2002) fhat low permeability layers within a landfili could limit the downward movement

ofliquid and cause perched liquid elevations to move laterally along the low permeability

layers.

4.4.4 Refitse Hydrøulíc Propertìes Method of Analysis

The collected drawdown and recovery pressure responses from the pump and slug

tests were used to deduce the refuse transmissivity and hydraulic conductivity, storativity,

and anisotropy using conventional well hydraulic analytical equations. An analytical

equation for an unconfìned r-efuse aquifer system was selected for the pump tests since

the drawdown pressure responses resembled the theoretical behaviour of an unconfined

aquifer and is consistent with the method employed by Giardi (1997) and Bunows et al.

(1997) to assess refuse hydraulic properties. Additionally, a dual porosity pressure

analytical equation was also selected to analyze the pump test data as it was hypothesised

that a dual pressure response could be possible. Two widely used analytical methods for

recovery analysis and slug test removals were utilized to analyze the recovery and slug

test data. AQTESOLV@, an aquifer test analysis software program, was used to solve the



various selected analytical equations. P¡ovided below is a summary of the methods

utilized to analyze the drawdown/recovery data from the pump and slug tests.

4,4.4.1 Neuman (1974) Unconfined Aquifer Drawdown pumping Response

The average water level readings (see Figure 4.2) and bottom elevation

measurements (see Table 4.4) and a well screen length of 2 m indicate that both

extraction wells can be considered as partial penetrating since each do not extended the

full saturated thickness of the refuse. It is assumed that refuse could occur as a result of

previous laboratory studies (Landva et al. 7998, Hudson el al. 1998, Hudson e¡ al. 1999)

have measured a refuse anisotropy ratio of a larger horizontal (Ks) to vertical (Ky)

saturated hydraulic conductivity. Neuman's (1974) solution for an unconfined anisohopic

aquifer was selected as it can incorporate the added complexity ofpartiat well penetration

and refuse anisotropy. This method of analysis requires an assessment of the ¡efuse-

saturated thickness, which can be a difficult parameter to evaluate when the extraction

wells and piezometers screen lengths do not complete penetrate the aquifer. The chosen

refuse saturated thickness of 2.9 m was deduced as the average of the difference between

the average liquid elevations and the bottom 9.1 deep piezometer elevations at a close

radial distances (1 to 10 m) near the extractìon well. The approach of selecting the 9.1 m

deep piezometer liquid elevation rather than the 6. lm deep piezometer was based the

observed lack of hydraulic connectivity between the two piezometers during the pump

test. Additionally it should b noted that the state approach for selecting the refuse

saturated thickness does not account for the saturated thickness extending bellow the

bottom of the piezometels.
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4.4.4.2 Moench (1984) Dual Porosity Drawdown pumping Response

Pump test analyses using dual porosity models are normally incorporated in

situations where one aquifer is hydraulically connected to another water source or aquifer

or in ÍÌactured rock aquifer systems. Zeiss and Major (1993) and Zeiss and'uguccioni

(1995) suggested that liquid flow through refuse could be analyzed, as a dual porosity

model. They hypothesized that compacted refuse consists of large objects with large pore

spaces that have an outer envelope (plastic bags, etc.), and that within the outer envelope

there are smaller particles with smaller pore sizes. Additionally, Kazimoglu et at. (2006)

stated that the presence of large pores in refuse may make the use of conventional flow

models that were designed for soils with a particular pore structure and pore size

distribution inappropriate. The Moench (1984) dual porosity equation with spherical

shaped blocks was selected as another method to analyse the measured drawdown

response. The Moench (1984) equation provides a solution for storativity and

transmissivity for two geological media that could be representative of large and small

refuse particle sizes. There has been a very limited amount of literature reported values

on the average particle size of refuse (Zeiss and Major 1993, Nakamura et at.2005) and

as such a r epresentative range of 0.1 m to 1 m for the diameter of the spherical blocks

parameter was selected for the analysis. Moench (1984) does not account for anisotropy

and assumes complete extraction well penetration. The saturated thickness was selected

as 2.9 m (see previous section for explanation).

4.4.4.3 Theis (1935) Recovery Analysis

The Theis (1935) method which assumes an exponential recovery response has

been commonly used to analyze recovery tests, and was also employed by Bunows et al.
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(1997) and Giardi (1997) to deduce refuse hydraulic characteristics. The Theis (1935)

recovery method is based on the principle of superposition that creates a solution for the

¡esidual drawdown from the summation of image wells. The Theis (1935) method is

generally used for confined aquifer systems however it can be applied to unconfined

aquifer systems and in partially penetrated exhaction wells if a set of conditions on the

pump and recovery times are satisfied. However, the Theis (1935) recovery method does

not account for anisotropy. Kruseman and de Ridder (1994) stated that the Theis recovery

method can be used for partial penetrating wells only if the pumping is of sufficient

duration so that the following criterion by Uffink (1982) is achieved

te > lOD'zS/T t4.11

where to is the pumping time, D is the saturated aquifer thickness, S is the aquifer

storativity and T is aquifer hansmissivity.

Using the and reported ranges for refuse storativity, transmissivity, and saturated

thickness by Hentges et al. (1993) Burrows et al. (1997), Giardi (1997) and, Oweis et al.

(1990) the suggested criterion for pumping time by Uffìnk (1 982) was significantly

violated for Test 1 and it was decided to analyze the recovery data for Test 2 only.

Additionally, using the deduced values for refuse storativity and transmissivity values

from the Neumann (1974) solution also resulted in a significant violation of uffinik

(1982) criterion for pumping time for Test 1.

4.4.4.4 Bouwer and Rice (i976)

The Bouwer and Rice (1976) solution for a slug test was used to analyze the

pressure response in an unconfined aquifer as a result of an instantaneous withdrawal of

liquid fi'om a piezometer. The Bouwer and Rice (1976) unconfìned aquifer method was
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selected because it could be directly compared to the conventional pump tests analysis

using the unconfined method of Neuman (1974). Additionally, the pump study by

Hentges et al. (1993) also utilized the unconfined method of Bouwer and Rice (1976). In

order to maintain consistency with the other analysis, the saturated aquifer thickness of

2.9 m was selected (see Neuman (1974) section for previous explanation).

4,4,5 Deduced Refuse Hydrøulic Prcpefties

Figure 4.8 displays an example of the solution fit to the collected drawdown data

for the a) Neuman (197 4) and, the b) Moench (1984) analytical equation, respectively.

Both the Neuman (1974) and Moench (1984) methods fit the drawdown data very well

for all the selected piezometers. Additionally, both solutions were able to reasonably

simulate the observed early and long term pump response behaviour for piezometers

located near the extraction well (see Appendix D for model fits for all piezometers).

Figure 4.9 and Figure 4.10 display an example of a solution fit to the collected pump and

slug recovery data for the Theis (1935) and Bouwer and Rice (197 6) analytical equations,

respectively. Due to the inherit nature of the solution of the Theis (1935) recovery

solution which assumes a logarithmic type recovery behaviour it was unable to simulate

the observed initial lag Íecovery time o¡ the recovery approach at or near the static

elevation. The Bouwer and Rice (1976) method successfully reproduced the early and

late time pressure response for all the slug tests; however, in certain circumstances the

magnitude of the initial displacement (lro) was underestimated.

The deduced values for refuse transmissivit¡ specif,rc yield, storativity, and

anisotropy ratio using the Neuman (1974) solution for an unconfined aquifer are
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displayed in Table 4.6. The deduced values for refuse transmissivity and storativity using

the Theis (1935) recovery method are displayed in Table 4.7. Tab|e 4.8 displays the

summary of deduced refuse transmissivity and storativity for two geological mediums

using the Moench (1984) dual porosity solution and two-selected diameter of spherical

blocks. Finally, Table 4.9 provides a summary of the deduced values for refuse

transmissivity using the slug test method of Bouwer and Rice (1976) for an unconfined

aquifer.

4.4.5.1 Transmissivity

P¡ovided bellow is a sum.mary of the deduced values and observations of the refuse

hansmissivity using the analfical methods of Neuman (1974), Moench (1984) Theis

(1935) and Bouwer and Rice (1976):

o Neumann (1974) solution and Test 2 drawdown data deduced a transmissivity that

ranged ffom 0.18 to 0.77 mzlday. The deduced transmissivity values lie within the

range reported by Hentges et al. (1993), Giardi (1997), and in the lower end range

reported by Burrows et al. (1997).

. Moench (1984) solution produced an overall transmissivity range of 0.21 to 0.96

m2lday for both geological media. One geological medium generally produced

higher transmissivity values when compared to the other; the higher transmissivity

medium could be representative ofrefuse with large particles sizes.

. Theis (1935) recovery method resulted in a higher transmissivity range of values

(1.97 Io 9.65 m2/day) than the Neuman and Moench pump test solutions. A

possible explanation for the larger hansmissivity values in the recovery tests could

be due to effects ofliquid recharge. The lateral movement of liquid from the higher
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cell elevation to the extraction well and nearby piezometers could have resulted in a

shorter recovery period than expected (without recharge effects) and also an

overestimation of refuse transmissivity using the Theis (1935) solution.

The Bouwer and Rice (1976) slug test method deduced a wide range of

hansmissivity (0.01 to 6.81 mzlday¡, a large deduced transmissivity range for the

slug tests is most likely due to a combination of the heterogeneity of refuse and

inherit limitation of the slug test method. A slug tests removes a small volume of

liquid instantaneously from a piezometer and therefore the hydraulic properties can

be estimate in only the area immediately surrounding the piezometer.

The hansmissivity from piezometers at a depth of 9.1 m generally had a lower

transmissivity value when directly compared to the 6.1 m depth piezometers (see

Figure 4.11). The phenomena of a decreased transmissivity with depth at a landfill

has been reported (Burrows et al. 1997, Jai¡ et aL.2006) and investigated in the

laboratory by (Zeiss and Major 1993, Beaven and Powrie 1995, Powrie and Beaven

1999). The decrease in transmissivity with depth is mostly likely due to a decrease

in the refuse void spaces and hence available flow paths for liquid flow.

4.4.5.2 Storativity and Specific Yield

From the drawdown methods of Neuman (197 4) aú Moench (1984) and recovery

method of Theis (1935), the majority of the storativity values were in the range of 10-r to

10-3, and the overall median was equal to 2 x 102. The deduced storativity range

encompass the range in values (4 x 10-r to 2 x 10-3) repotted by Hentges et al. (1993).

Freeze and Cheny (19?9) discussed the overall difficulty in accurately estimating the

storativity parameter, and using a range ofvalues for storativity is acceptable plactice.
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Only two piezometers near the extraction well piA and p6A for pump Test 2

produced late drawdown behaviour analogous to an unconfined aquifer response, and the

deduced values ofspecific leld using the Neuman (1974) unconfined aquifer method for

the two piezometers vr'as equal to 0.13 (for PlA) and 0.14 (for p6A), The two values of

specific yield are within the range (0.09 to 0.16) reported by Burrows et at. (1997).

4.4.5.3 Anisotropy

The deduced anisotropy ratio ofhorizontal (K¡1) to vertical (Ky) saturated hydraulic

conductivity from Neuman (197 4) ranged, from Ks : 0.03Kv to Ks : 0.19Ky. A higher

vertical than horizontal hydraulic conductivity ratio differs from laboratory tests on

refuse that have reported horizontal to vertical saturated hydraulic conductivity ratios of8

(Landva et al., 1998) and 2 to 5 (Hudson et al., 1999). A possible explanation for the

differences in refuse anisotropy is the presence of vertical flow components before and

during the pump test. The Neuman (1974) analltical solution assumes that the liquid

levels within the landfill are hydrostatic before pumping, however this is not the case at

field study location where a verlical gradient has been observed. The Neuman (1974)

solution is able to account for vertical flow components during pumping by generating

individual type curves for each set of piezometer datasets; however, there is a possibility

that the summation of vertical flow effects fiom the initial vertical gradient and partial

penetration \ryere so great that it resulted in a large underestimation of the horizontal to

vertical hydraulic conductivity anisotropy ratio.

10i



4.5 DEsrGNIMpLrcATroNs

The ability of a vertical well exhaction system to successfully decrease and

control a leachate mound requires careful selection of the well extraction rate, well depth

location, and well screen length. For example, the selection of a large well extraction rate

in a deep landfill representative of a low refuse transmissivity could result in a low

volume of a leachate extracted and minimal leachate mound decrease due to a quick

dewatering of the well. A large extraction rate is more appropriate at a well depth near

the landfill surface where a larger refuse transmissivity can be expected. The selection of

the well screen length should take into account the type of leachate mound that has

developed, For example, a smali well screen iength may not be appropriate if numerous

perched leachate mounds have developed with depth in a landfill. The selection of a

small screen length may be preferable in situations where concentrated leachate

outbreaks from preferential flow paths have been observed.

The measured d¡awdown pressure response at the Brady Road Landfill site was

best simulated using the analytical unconfined aquifer method of Neuman (1974). The

analytical technique of Neuman (197 4) has potential to be used as a design aid in the

selection of the well extraction rate, well size and screen length, well sizes and spacing

intervals, however one must have an understanding of the expected refuse hydraulic

properties specifically the refuse transmissivity. Additionally if the landfill hydrogeology

consists of noticeable vertical gradients or liquid recharge processes the use of a

numerical extraction flow model as a design tool could be more appropriate than using

the analytical technique of Neuman (1974).
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4,6 CoNcLUsroNs

Large-scale pump tests and slug removal tests were conducted at the Brady Road

Landfill, in Winnipeg, Manitoba. Leachate was extracted ÍÌom two wells, the

pressure responses were monitored in an anay of piezometers. Additionally, the

well extraction rate and well specific capacity were measured. A lack of pressure

responses in piezometers located at shallower depths than the extraction well screen

indicate the possible presence of low permeability layers that limit the vertical

migration of fluid. Measured drawdown responses from pump tests were accurately

simulated using the unconfined method of Neum an (1974) and the double porosity

aquifer model of Moench (1984). The anaiytical methods of Theis (1935) and

Bouwer and Rice (1976) simulated the general recovery behaviourtrends however

they were both unable to accurately simulate the measured pressure recovery

responses that occurred after a pump test and slug test respectively. The deduced

hansmissivity and storativity from all the selected analytical methods ranged Íiom

0.16 to 9.65 m2lday and the storativity ranged ÍÌom 10-r to 10-3. Additionally the

Neuman (1974) solution deduced two values (0.13 and 0.14) for refuse specific

yield and horizontal to vertical hydraulic conductivity anisotropy ratios in the range

of 0.04 to 0.19. The deduced anisotropy ratios differ from literature reported values

possibly due to large vertical flow components.
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T¿ble 4.1: Summary of deduced transmissivity and storativity values for all extraction wells used by H entges et dl. (1993) (modified
from Hentges et al. (1993).

Well #

Des Moines Sanitary Landfill Pump Tests
EV/-10 1.33 0.05 2.93 x t}-l
EW-3 1.31

EW-l 0.45

EW-4 2.26 3.50 2.00 x t0-3
EW-z 2.93 2.74 5.30 x 10-2

EW-g 3.62 1.49 2.06 x 10-'
EW-12 3.s7

EW-7 2.07 0.78 1.46 x t}-l
EW-14 4.38 0.18 4.18 x tO-r
EW-1 I 9.42 0.38 1.52 x 10-t

#1 LMEW-s 1.80 0.024
#2 LMEW-5 1.80 0.0037
#3 LMEW-51.80 0.16
#4 LMEW-51.80 1.11

Thickness sivity
ted Transmis- Storativity Measured/Predicted Extraction Rate Recoverv period

LMEW-3 6.20
LMEW-4 2.94
LMEW-s 5.91

LP -5 s.20

5.45 m3 ¡day dewatered in minihours About two days
5.45 m3_1day dewater in few minlhours About two days
5.45 rn3 ¡day dewater in few min/hours About two days

| .89 to 
-3.79 

m3 /day About two days
0.83 m3 in 19 hours Five day period
5.68 m3/day Two day
2.27 m3 /day About three days

1.89 to 
-3.79 

m3 lday Oneto two days
5.45 m3/day for five to seven days Five days
3.78 to 5.68 m3lday

5 .45 m3 ¡day dewater in few min /hours About two days
5.45 m3_¡day dewater in few min¡ïours About two days
5.45 m3 ¡day dewater in few min/hours About two days
5.45 trrf Ãay dewater in few minÆtours About two days

0.5'1

0.27
0.55

0.48



Table 4,2: Safurated refuse depth, deduced values for refuse transmissivity, hydraulicconductivity, 
- 
specific yield', and. srstainable yield from Burrows ,t',t'rti,iljBuckinghamshire and Cambridgeshire, England lmoainea Aom n unows et al. @òD. 

,

Well # t"ru"u,
Depth sivity Conductivity yiel¿ yield
(m) (m2lday) (x 10.6n/Ð (%) (m3/day)

A1 12.02 2.42 233 x 10-6 9.6A2 10.37 3.89 434
A3 11.75 21.8 21.47
A4 13.32 1.39 1.21
A5 14.01 5.12 4.23
A6 ob 14.00 8.79 7.27 g.2
A7 ob 15.03 1.40 1.08 14.6

B1 20.05 6.10 3.50
B2 20.00 13.68 7.g2

C1 1s.00 19.61 15.13
C2 15.00 8.s8 6.62
C3 20.00 4.37 2.53
C4 i0.00 0.34 03g
C5 12.07 0.56 O.s4

Dl 4.62 8.71 21.87 16.3 2.4D2 4.60 15.83 39.83 14.2 14.4

14.4

19.2

9.6

12.0

6.0
13.7

3.6D3 3.84 22.22 66.91
D4 ob 3.32 4.21 14.68
D5 ob 4.00 4.74 ß.72 9.1

Q{ob 1.46 2.64 20.s3 r3.z



Table 4'3: summary of extraction well depth, ground elevation, piezometric surface, extraction rate, and deduced transmissivity fordrawdown aad recovery from chianni randtll, it¿y (modiñø from Giardi irst?j. 
--' "^

WeII#

Pumping Tests on Single Wells

Well Depth Elevation Surface Rate

PC5 25.0 ß2.4
PC5 25.0 ß2.4
PC8 33.0 ß2.4
PC8 33.0 ß2.4
PC9 26.0 ß2.2
Pumping Tests on Trail Station

WelI Ground WelI piezometric Extraction

PC10 27.5

PC12 33.0

a.s.l)

723.1

123.1

t2t.3
121.3

123.0

2.9

3.6

17.3

5.8

4.5

Drawdown

Transmissivity

0.13

0.14

0.24

0.72
0.16

8.6 0.30
11.5 0.29

Recovery

0.10
0.11

0.13

0.10
0.16

0.s0
0.37



Table 4,4: Summary ofthe top casing elevation, bottom elevation, and depth for installed
ext¡actions wells and piezometers at the Brady Road Landfill.

Location Top Casing Elevation
(m a.s,l)

Bottom Elevation * Depth
(m a.s.l) (m)

Well#1
Well#2

P7A
P7B
P7C

P6A
P6B

P6C

P5A
P5B
P5C

P4A
P48
P4C

P3A
P3B
P3C

P2A
P2B
P2C

P1A
P1B

P1C

238.7

238;7

238.6
238.5

238.3

238.5

238.5

238.3

238.3

238.3

238.2

238.3

238.3

238.4

238.3

238.2
238.1

238.3

238.2
238.1

238.3

238.3

238.3

228.7
233.0

228.7
231.8
234.9

228.5
231.6
234.7

228.4
231.4
234.5

228.4
231.4
234.7

228.4
231.4
234.4

228.4
231.4
234.4

228.4
230.5
234.6

8.8

4.6

8.8

5.7

2.6

9.0
5.9

2.8

9.1

6.2

3.1

9.1

6.1
to

9.1

6.2

3.2

9.1

6.2
?r

9.1
'7.1

3.0

* Depth of the piezometer and wells was deduced from the bottom measurement
elevations and ffom two ground surface elevations.
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Table 4.5: Summary of the maximum measured drawdown with radial distance from the
extraction for the 9.1 m, 6.1 m and 3.0 m deep piezometers during pump Test 1 and Test
2.

Piezometer
Pump Test # Location

Radial Distance from Maximum Measured
Extraction WelI Drarvdowt
(m) (m)

Test #1 9.1 m Deep Well
P1A
P6A
P2A
P7A

6.1 m Deep Well
P1B
P6B
P2B
P'78

3.0 m Deep Well
PlC
P6C
P2C
P7C

9.1 m Deep Well
P1A
P6A
P2A
P7A
P3A
P4A
P5A

6.i m Deep Well
P1B
P6B
P2B
P7B

3.0 m Deep Well
PlC

Test #2

1.0
t.4
3.0
3.2

1.0
1.4
3.0
3.2

1.0
1.4
3.0
)..¿.

1.0
1..4

3.0
J.¿
10.0
21.0
35.0

1.0
1.4
3.0
3.2

1.0

0.30
0.2'7
0.03
0.05

-0.02
-0.04
0.0i
0.00

0.00
-0.08
0.00
-0.07

1.t4
0.90
0.33
0.59
0.06
0.01
0.01

0.05
0.05
0.05
0.05

0.05
0.05
0.05

P6C 1.4
P2C 3.0
P7C 3.2 0.03

Note: Negative drawdown values indicated that the pressure response in the piezometer
was increasing
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Table 4,6: Summary of the deduced refuse transmissivit¡ specific yield and anisohopy fi.om
drawdown and extraction rate date collected from Pump Test 1 and Test 2 using the Neuman
(1974) solution for an unconfined aquifer.

Piezometer Specilic Anisotropy
Pump Test Location Transmissivity Yield Storativity Ratio

T Sy S K¡6¿i Ky¿¡,

(m2lday)

Test 1 PlA 0.16
P6A 2.17

Test 2 PlA 0.36

P6A 0.18

P2A 0.77
P7A 0.38

0.24 2.9 x 10-3 0.03

0.03 1.5 x 10-2 0.09

0.14 4.7 x70'3 0.04
0.13 2.4x10'3 0.06
0.07 1.0 x i0-3 0.07
0.03 7.6x10'3 0.19

Table 4,7: Summary of the deduced refuse transmissivity and storativity using the Theis (1935)
lecovery method.

Pump Test # Piezometer Location Transmissivity Storativity
TS

P6A 1.95 7.6 x l0-2
P2A 9.65 3.0 x 104
P7A 3.50 1.3 x 10'2
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Table 4.8: Summary of seiected spherical block diameter and deduced refise transmissivity and storativity using the dual
porosity spherical block model of Moench (1984).

Piezometer
Pump Test # Loc¿tion

Test#l P1A

P6A

Test#2 PIA

Geological Medium #1
BlockDiameter- Transmissivity Storativify
DTS
(-) (m2lday¡

1.0

0.1

1.0

0.1

1.0

0.1

1.0

0.1

P6A

P2A

P7A

5.93

5.93

2.35

2.35

0.39

0.39

0.29

0.2t

0.93

0.97

0.41

0.41

1.0

0.1

1.0

0.1

6.2x l}a
6.2x10-3

7 .6 xl0-3
7 .6 xl0'3

Geological Medium #2
Transmissivity Storativity
TS
(m2ld¡y)

2.86
2.86

2.04
0.03

1.0 xl0-3 1.58

1.0 x10-3 0.01

6.4 xl0-3 0.01

8.2 xl0-3 0.001

5-7 xloa 0.98

5.8 x10-2 0.001

4.6 xl0-3 0.05

5.0 xl0-3 0.004

5.3 xl0a
5.3 xl0a

3.1 x 10-2

3.1 x10-2

1.3 x10-r

1.3 xl0-r

2.2xI02
2.4 x70-2

1.5 xl0-2
1.5 xl0-2

2.8 xl}a
2.8 xI02
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Table 4.9: Summary of initial displacement after slug injection, and deduced refuse
transmissivity using the slug tests method of Bouwer and Rice (1976).

PiezometerLocation InitialDisplacement Transmissivity
hoT
(m) (m2lday)

1.3

2.4
2.6

0.5

3.0
1.8

2.1

P1A
P2A
P3A
P4A
P5A
P6A
P7A

0.89
0.17
1.15

0.03

0.0i
0.68

0.64

0.12
1.99

2.04
0.22
0.43

6.81

6.O7

P1B

P28
P3B
P4B
P5B

P6B
P78

1.0

1.3

1.2

1.8

1.7

1.7

1.4
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Figure 4,1: Plan view schematic of extraction well and piezometer layout (not to scale)
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Figure 4,2: Measured average liquid elevations with radial distance from three
piezometers located at depths of 3.0 m, 6.1 m and 9.1 m within the Brady Road Landfill.
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Figure 4.3: Observed landfill composition during drilling: (a) clay cap material and (b) grayish to black slurry waste material
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Figure 4.4: Field test location and the surrounding landfill cell at a highe¡ elevation.
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CHAPTER 5: CONCLUSIONS AND RECOMENDATIONS

5.1 INrRoDUcrroN

The performance level of horizontal liquid injections systems and retrofitted

leachate extraction wells that are installed in landfills are dependent on engineering

design and operational management. The movement of liquid through the refuse is highly

influenced by its spatial and temporal hydraulic properties. These characteristics

typically conh'ol the effective design and operation of liquid injection and extraction

systems in landfills. The first half of this thesis considered the implications of ¡efuse

hydraulic properties on the design and operation ofa horizontal injection trench for use in

bioreactor landfills. The second halfofthis thesis involved investigating the movement of

liquid and pressure response through a field-scale pump and recovery test. This chapter

provides a summaly and the conclusions and recommendations of the research

completed.

5,2 SUMMARY AND CoNcLUsIoNs

Chapter 2 presented a review of the field and laboratory studies that have been

conducted to assess refuse hydraulic properlies; specifically, the refuse hydraulic

conductivity and the refuse water contents (field capacity and specific yield).

Additionally, chapter 2 included a summary of field and laboratory studies that have

repofted a decrease in refuse hydraulic conductivity and an increase of refuse unit weight

in response to increased vertical stresses and refuse compaction efforls. A þroad range of

literature values for refuse hydraulic conductivity that range from 104 m,/s to 10-8 Íì,/s

have been reported. specific studies have indicated that a decrease in refuse hydraulic
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conductivity from 104 m/s to 10-8 m/s can occur flom an increase of 1000 kpa ofvertical

stress in a landfill or from the placement of an additional 50 m of refuse depth.

Chapter 3 investigated the influence refuse hydraulic properties and liquid

injection boundary conditions on the performance level, system operation, and design of

horizontal injection systems (HLIS). chapter 3 also presented the results of a two-

dimensional unsaturated fluid flow model that was used to simulate the hydraulic

interactions that occur during liquid injection and drainage from a HLIS. The numerical

simulations indicate that the rate of pressure increase and subsequent decrease in flow

rate within a perforated pipe is inversely proportional to the refuse hydraulic

conductivity. HLIS positioned within refuse with a relatively low hydraulic conductivity

resulted in rapid saturation and pressurizing of the injection trench and a decrease in the

injection flux and injected volume compared to a high hydraulic conductivity.

Additionally, a set of empirical equations to predict the pressure development within a

trench and injection volume for a range of refuse hydraulic properlies and pipe hydraulic

configurations were presented.

Chapter 4 presented the results of a field test conducted at the Brady Road

Landfill, in winnipeg Manitoba to assess refuse hydraulic properties. Leachate was

extracted from two wells and the pressure responses we¡e monitored in an array of

piezometers. The well extraction rate and well specific capacity were measured. pressure

responses from the pump tests indicate that low permeabìlity layers may limit the vertical

migration of fluid in a landfill. Measured drawdown responses from the conducted pump

tests were most acurately simulated using analytical methods for an unconfined aquifer

and with a double aquifer analytical model. Additionally, collected recovery response
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data and slug test data were analyzed with unconfined aquifers analytical methods . The

deduced transmissivity from all the selected analytical methods ranged from 0.16 to 9.65

m2lday and the storativity ranged fiom 10-l to 10-3. A solution for an unconhned aquifer

deduced a refuse specific yield that ranged fiom 0.13 to 0.14.

5.3 PRAcrrcAL FlNDrNcs AND RECoMMENDATIoNS

Findings from Chapter 3 suggest that the refuse hydraulic properlies, specifically,

the refuse hydraulic conductivity can significantly affect the performance and operation

of liquid injection systems which can compromise the potential for uniform waste

degradation and its benefits.

The numerical simulations partially accounted for the presence of gas by

considering unsaturated flow theory however, the numerical liquid injection simulations

completed did not consider the transient creation and collection of landfill gas as a result

of microbiai activity within the refuse pores. ln some bioreactor landfìlls, landfill gas

collection systems are installed to control methane green house gas migrations into the

surrounding environment provide economic gain, and energy Gas generation and

migration coupled with liquid migration vr'as not considered in Chapter 3 to isolate the

impacts of liquid injection on desigrr and operation. For coupled liquid injection and

landfill gas extraction systems investigation into the creation ofgas and gas migration to

extraction wells ìs needed to assess the optimum spacing of gas extraction systems, and

optimum liquid injection and gas extraction operation schedules.

Full scale pump tests were conducted to gain insight into the movement of liquid

and drawdown responses at an operational landfill. The pump tests measured minimal

pressure response due to pumping in the unscreened depths of the partially penetrating



well. The lack ofpressure response in the unscreened portion of the extraction well may

be attributed to the presence of distinct low permeability layers from clay cover material

that limit vertical liquid migration. Previous numerical studies by powrie and Beaven

(1999) and Al-Thani et al. (2004) evaluated the influence ofspatial changes in hydraulic

conductivity on the movement of liquid to an extraction well howeve¡ their research did

not consider the influence of cover. Further in situ fìeld testing research is needed to

independently assess the influence of daily cover material and effective stress on the

movement of liquid to an extraction well.
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APPENDIX A NUMERJCAL STABILITY ANALYSIS
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A..1 NUMERICAL STABILITY ANALYSIS oF IILS MoDEL

In order to ensure numerical model stability the standard model setup with the

baseline configuration was compared to different numerical arrangements: a .finer

unstructured meshes arrangement and a more stringent adaptive time stepping criterion.

Liquid injection into refuse hydraulic conductivity of 10-6 m,/s and 10'8 m/s (see Figure

4.1) using the above described cases produced the same results as the standard model

setup and as such the standard case was deemed to be numerically stable.

Á.,2 NUMERICAL STABILITY ANALYSIS OF VERTICAL EXTR,A,CTIoN WELL MoDEL

In order to verifu numerical stability a case of liquid extraction with an anisohopy

ratio of 1, a refuse compressibility of 5.5 x 10-s kPa-1 and a hydraulic conductivity of 6.3

x 10-7 m/s was compared to the different numerical arrangements: a finer structured mesh

anangement and a more stringent adaptive time stepping critedon. Liquid extraction

using the above described cases produced same pressure behaviour and responses (Figure

4.2) as the original non modified simulations as such the flow model was deemed to be

numerically stable for the intended purpose.
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Table 8.1: Deduced values for the^a, and bu and a¡o and b¡o derived coefficients for a
refuse hydraulic conductivity of 10-" m/s and selected model refuse inlet hydraulic head
(ho), and , normalised perforation flux (q...p)..

Head
hp

NormalisedDischarge Pressure Coefficient Voìume Coeflìcient
Qse"p ahp b¡,p blp bhp

3.0 x l0
1 .8 x 10-3

6.0 x l0a

3.0 x 10-3

1 .8 x 10-3

6.0 x 104

3.0 x 10-3

1 8 x 10-3

6.0 x 10{

3.0 x 10-3

1.8 x 10-3

6.0 x 104

3.0 x 10-3

1.8 x 10-3

6.0 x 104

3.0 x 10-3

1.8 x 10-3

6.0 x 10-a

0.039
0.1 14

0.51 8

0.048

0.121
0.522

0.056
0.125
0.s30

0.061

0.134
0.535

M4
0.44
0.49

0.12

0.10
0.0s

0.67

0;71

0.88

5

5

5

10

10

10

15

15

15

25

25

25

50

50

50

0.19
0.19
0.27

0. r 9 0.70
0.14 0.'79

0.06 0.93

0.25 0.76

0. 18 0.84

0.07 0.96

0.27 0.80

0.19 0.87

0.07 0.97

0.30 0.85

0.19 0.90

0.0'7 0.98

0.37 0.87

0.21 0.95

0.0'7 0.99

0.027
0.083

0.464

0.1 0

0.1 1

0.20

0.07
0.08

0.1 8

0.05

0.07
0.1 6

0.03

0.04
0.1 s
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Table 8.2: Deduced values for the^a" and bu and a¡o and b¡o derived coefficients for a
refuse hydraulic conductivity of 10-o m/s and selected model refuse inlet hydraulic head
(ho), and , normalised perforation flux (q...0)..

Head NormalisedDischarge Pressure Coefficient
hp eseep ahp bnp

Volume Coefficient

^v 
br

1

2

2

5

5

5

1 .8 x 10-3

6.0 x 104

3.0 x 10 0.43

0.43

0.43

0.00s
0.007

0.004

0.014
0.020
0.014

0.041

0.02s
0.019

0.041

0.030
0.026

0.085
0.065

0.048

0.44
0.35

0.42

0.33

0.44
0.52

0.40
0.52

0.55

0.51

0.59

0.69

10

10

10

50

50
50

0.19

0.19
0.19

0. 10

0.10
0.10

0.02

0.02

0.02

3.0 x 10-3

1.8 x 10-3

6.0 x 10-a

3.0 x 10-3

1.8 x 10-3

6.0 x 104

3.0 x 10-3

1.8 x 10-3

6.0 x 10-a

0.002
0.003

0.009

0.001

0.002

0.007

0.001

0.001

0.009
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APPENDIX C BRÄDY ROAD LANDFILL FIELD STUDY SURVEY
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APPENDIX D ANALYTICAL SOLUTIONS FITS
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APPENDIXE EXTRACTION WELL NUMERICAL ANALYSIS



8.1 REFUSE ANISoTRoPY NUMERICAL ANALYSIS

Average liquid elevation measurements have indicated the presence of a vertical

gradient with depth at Brady Road Landfill, additionally it is hypothesized that the

vertical gradient is being maintained due to liquid recharge ÍÌom the higher cell elevation.

A vertical gradient at the test site conflicts with the assumption of initial hydro static

conditions in the Neuman (1974) solution for an unconfined aquifer. Transient saturated

modeling of liquid movement from refuse to a vertical leachate extraction well using

SEEP/W was conducted to investigate the anisotropy ratio outputted by the Neuman

(1974) solution. The model domain and boundary conditions were selected as to match

the Brady Road Field Tests. The refuse hydraulic properties were obtained from the

deduced range of values using the Neuman (1974) solution for an unconfined aquifer

system.

8.1.1 Model Doneøin and Boundøry Corulítions

A 2-D cross section in radial coordinates of the problem domain and also the

model boundary conditions is depicted in Figure E.l. An arlificial no flow ground water

divide occurs at the center of the extraction well and therefore a no flow boundary is

implemented at the middle of the trench and the refuse. In order to isolate the movement

of liquid through the refuse only, a no flow boundary condition was assumed at the top

and bottom of the refuse. A constant head boundary condition with a value of 14 m was

imposed at a 35 meter distance fi'om the center line of the extraction well. The constant

head boundaly condition of 14 m enforced an initial saturated thickness of 14 m across

the 2-dimensional model domain; a value of 14 m was selected such that it would be of
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sufficient large distance away from the imposed no flow boundary condition at the

bottom of the domain. The selection of the 35 m later distance away fiom the extraction

well center line, the 8.8 m extraction well depth, and 2 m screen length were obtained

directly from the Brady Road Field Study. The collected well extraction rate with time

from Test#2 was inputted as time dependent flux boundary condition across series of 9

nodes (2 meters in length) to simulate liquid extraction fiom refuse to a well screen.

8,1.2 Refuse Hydraulíc Propertíes

Two anìsotropy ratios of KH = 0.04Kv and Ku: O.l9Kywere selected from the

deduced range using the Neuman method, additionally an isotropic condition KH: Kv -

and a value of KH:4Kvbased fiom previous studies (Landva et al., 1998 and Hudson

et al., 1999) was selected. The selected model simulations hydraulic conductivity values

of 6.3 x 10-7 and 1.5 x 10-7m/s were calculated were ÍÌom the deduced high (8.9 x 10-6

m2lday) and low (2.0 x 10-6 m2lday) tranmisistvity range and a assumed refuse saturated

thickness of 14 m. The refuse storativity was incorporated into the model through the

mw term which is used to define the compressibility ofan aquifer system due to a change

in pore water pressure. The mw is related to storativity as follows:

St* = y*D tE'lì

where y,",3 the unit weight of water in, S is storativity, and D is the saturated aquifer

thickness
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The refuse compressibility values of 7.3 x 10-6 and 5.5 x 10-5 were calculated Íìom the

deduced storativity range of 1 x 10-3 to 8 x i0-3 and aquifer thickness of 14 m. To model

the movement of gravity drainage from the saturated zone of refuse the relationship

between the change in water content with suction was represented through the empirical

parameters of Clapp and Homberger (1978). The b empirical fitting parameter was

chosen to equal to 7 and the saturated water content equal to 0.54 (See Chapter 3:

Refuse and Hydraulic Properties for a detailed explanation of the selection of the b

empirical parameter and saturated water content).

8.1.3 Verticøl Extrøction ll'ell Numerical Sin¿ulations

The deduced anisotropy values ffom the Neuman (1974) method for an

unconfined aquifer were analyzed through a set of vertical extraction well numerical

simulations (see Table E.1 for summary). The simulated ptessure responses at a 1m radial

distance from the extraction well at a refuse depth of 8.8 m were compared to the

measured drawdown response of pump test #2 at the PlA piezometer location at the

Brady Road Field Study. The simulate pressure response for an anisotropy ratio range of

0.04 to 1 and refuse compressibility of 7.3 x 10-6kPa-r and 5.5 x 10-5 kPa-rare displayed

in Figure 82 and Figure E.3 for refuse hydraulic conductivity values of 1.5 x 10-7 m,/s

and 6.3 x 10-7 m/s respectively. From the numerical simulations the observations on the

influence of refuse anisotropy refuse hydraulic conductivity, and refuse complessibility

on the drawdown behaviourwere as follows:

r An increase in the refuse horizontal to vertical hydraulic conduction anisotropy ratio

resulted in an overall larger drawdown response; however the initial drawdown

response time was not greatly affected

154



. A decrease in the refuse hydraulic conductìvity resulted in an overall larger drawdown

response, and a longer duration for an initial drawdown response.

o A decrease in refuse compressibility resulted in a quicker initial response and rate of

drawdown response however the magnitude of drawdown at late pump time (600- 700

minutes) was not greatly affected.

An anisotropy ratio of 0.04 was unable to simulate the observed field pressure

responses as all simulations resulted in an overall underestimation of the drawdown

magnitude when compared to measured values. Simulations with a anisotropy ratio of

0.19, a refuse compressibility of 7.3 x 10-6 kPa-l and a low refuse hydraulic conductivity

value of 1.5 x 10-7 m/s predicted the measured medium to late time (10 m to 800 min)

responses fairly accurately, however the initial drawdown response occurred at a later

time. The observed pressure responses with literature reported values of anisotropy ratio

of 1 and 4 were best simulated with a refuse compressibility value of 5.5 x 10-5 kPa-l and

a high refuse hydraulic conductivity of 6.3 x i0-? m/s. The above mentioned simulations

resulted in equal initial response time and a similar drawdown value at the end of

pumping when compared to the measured values, however both anisotropy ratios resulted

in an overestimation of the drawdown rate throughout the majority of the simulated

pumping. A larger rate of drawdown than observed in the above mentioned solutions

could be due to the numerical model not accounting for the possible effects of

groundwater recharge. It is hypothesized that the addition of ground water recharge

process in the numerical model could lead to a decrease in rate of drawdown for a high

refuse hydraulic conductivity.
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0.04
0.04
0.04

0.i9
0.19

0. 19

0.1 9

Table 8.1: Surnmary of selected anisotropy ratio, refuse hydraulic conductivity, and
aquifer compressibility for the conducted vertical extraction numerical simulations.

Anisotropy Ratio # Refuse Hydraulic Conductivity Refuse Compressibility
K¡ro.,: K""r. K mw

(rn/s) (XPa-t)
0.04 t.S x

5.5 x 10-s

7.3 x 10-6

5.5 x 10-s

7.3 x 10-6

5.5 x 10-s

7.3 x 10-6

5.5 x 10-5

7 .3 x 10-6

5.5 x 10-s

'7 .3 x 70'6

5.5 x 10-5

7 .3 x 70'6

5.5 x 10-5

7 .3 x 10'6

5.5 x 10-5

1 .5 x 10-?

6.3 x 10-?

6.3 x 10-?

].5 x 10-7

1.5 x i0-7

6.3 x 10-7

6.3 x 1O-7

1.5 x 10-7

1.5 x 10-7

6.3 x 10-7

6.3 x 10-?

i.5 x 10-7

1 .5 x 10-7

6.3 x 10-7

6.3 x 10-7

4

4

4

4
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