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ABSTRACT

A MATHEMATICAL MODELING STUDY ON THE FEASIBILITY OF
DISPOSING PARTIALLY TREATED DOMESTIC WASTEWATER USING
SOIL PILE SYSTEMS

Altinoklar, Hatice
M.Sc., Department of Environmental Engineering

Supervisor: Prof. Dr. Kahraman Unlii

December 2006, 124 pages

The soil pile system (SPS) is a wastewater infiltration system used for
secondary and tertiary treatment of wastewater. The purpose of this study is
to perform a feasibility study to assess the applicability of SPS for treatment
and safe disposal of domestic wastewaters, using a simplistic steady-state
flow analytical modeling and a numerical transient unsaturated flow and
transport modeling approaches. It is also aimed to develop guidelines for the

design and operation of field scale SPS using the results of modeling studies.



The analytical modeling approach (AMA) was used to assess total coliform
and chlorine attenuation efficiency in a SPS with clay loam soil. Analytical
modeling results showed that SPS can treat wastewater in terms of total
coliform and chlorine. Thus, in the light of findings of analytical modeling
study, a pilot scale field study was conducted for the identifying the design
and operational characteristics of a field scale system. Numerical modeling
approach was used to evaluate the impact on contaminant removal of
transient nature of wastewater infiltration and redistribution through clay
loam soil pile. The results of numerical and analytical models were compared
to assess the effect of flow regime on contaminant removal efficiencies.
Results show that there is no significant difference between removal
efficiencies achieved by numerical and analytical models. Whereupon,
analytical model was used to assess behavior of SPS with different soil types,

namely silt loam, loam, and sandy loam soils.

Model results indicated that SPS can be effective reducing chlorine and total
coliform concentrations of wastewater below discharge standards. Results
also indicated that SPS is highly sensitive to soil thickness, infiltration rate,
soil bulk density and most importantly decay rate coefficients and the
performance of SPS is dependent on the design, construction, operation

characteristics and soil-environmental conditions of the system.

Keywords: domestic wastewater infiltration, total coliform, chlorine, soil pile

system, analytical and numerical modeling
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KISMEN ARITILMIS EVSEL ATIKSUYUN TOPRAK YIGIN SISTEMiI
KULLANILARAK BERTARAF FizIBILITESI UZERINE MATEMATIKSEL
MODELLEME CALISMASI

Altinoklar, Hatice
Yiiksek Lisans , Cevre Miihendisligi Bolimi

Danisman: Prof. Dr. Kahraman Unlii

Aralik 2006, 124 sayfa

Toprak yigin sistemi, ikincil ve Gglncill atiksu aritiminda kullanilan bir atiksu
infiltrasyon sistemidir. Bu galismanin amaci, basitlestiriimis sabit akis analitik
model ve dedisken doymamis sayisal akis ve tasinnm modeli yaklasimlari
kullanarak toprak yigin sisteminin atiksu aritimi  ve bertarafinda
uygulanabilirliginin degerlendirilmesidir. Ayni zamanda model sonuglarini
kullanarak, saha oOlcekli toprak yigin sisteminin tasarim ve igletilmesi igin
kilavuz gelistirilmesidir.

Vi



Analitik model yaklasimi killi topraktan olusan toprak yigin sisteminde toplam
koliform ve klor giderim hizlarini degerlendirmek igin kullaniimistir. Analitik
model sonuclari, toprak yigin sisteminin toplam koliform ve klor giderimi
acisindan atiksuyun aritiminda uygulanabilir oldugunu gostermistir. Analitik
model calismasinin bulgulari 1siginda, pilot 6lcekli toprak yigin sisteminin
tasarim ve igletim o6zelliklerinin belirlenmesi yoluna gidilmistir. Sayisal model
yaklagimi, atiksu infiltrasyonu ve dagiliminin killi topraktan olusmus toprak
yigini igerisindeki degiskenlik 6zelliginin, kirlilik giderimi Uzerindeki etkisini
degerlendirmek icin kullanilmigtir. Akis rejiminin kirlilik giderim hizlan
Uzerindeki etkisini degerlendirmek igin sayisal ve analitik model sonuglari
karsilastinimistir. Sonuclar, sayisal ve analitik model ile elde edilen giderim
hizlar arasinda ¢ok 6nemli bir fark olmadigini géstermistir. Bunun Uzerine,
siltli tin, tin ve kumlu tin gibi farkl toprak tiplerinden olusan toprak yigin
sistemlerinin davranislarini dederlendirmek icin analitik modelleme yaklasimi

kullanilmustir.

Model sonuclari, toprak yigin sisteminin atiksudaki toplam koliform ve klor
konsantrasyonlarini, desarj standartlarinin altina indirmede etkili olabilecegini
gostermistir. Sonuclar ayni zamanda toprak yigin sisteminin toprak
kalinligina, infiltrasyon hizina, toprak hacim agirhdina ve en dnemlisi giderim
hiz sabitine ¢ok duyarli oldugunu ve toprak yigin sisteminin performansinin;
toprak yigin sistemi tasarimi, insaati, isletim kosullari ve toprak-cevre

kosullarina baglh oldugunu gostermistir.

Anahtar Kelimeler: evsel atiksu infiltrasyonu, koliform, klorin, toprak yigin

sistemi, analitik ve sayisal modelleme
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

Many natural soils and soil materials are well suited to the task of treating
wastewater. Physical, chemical, and biological processes in soils work to
remove nutrients, organic matter, disease-causing organisms, and odors
from wastewater, to deliver clean water to the environment and for human
use. The wastewater is treated as it passes through the soil by filtration,
adsorption, ion exchange, precipitation, microbial action, and plant uptake.
Success in wastewater treatment in turn depends on appropriate properties
of the soil and site, and a good match between the system design and the
opportunities and limitations of the site. A detailed assessment of a proposed
site and soil resources is essential for design of a functioning wastewater
treatment system, and its continued operation in the long term. Where soil
and site conditions are favorable for treating wastewater through soil, a high
degree of pollutant removal can be achieved by allowing partially-treated
sewage effluent to infiltrate into the soil. The soil then acts as a natural filter
and can remove essentially all suspended solids, biodegradable materials,
bacteria, viruses, and other microorganisms. Significant reductions in

nitrogen, phosphorus, and heavy metals concentrations can also be



achieved. In addition to treating wastewater, soil treatment systems provide

an economic return from the reuse of wastewater (UNEP, 1997).

In the past several years, interest in land treatment of domestic wastewaters
has increased. This increase arises from a widespread desire to conserve
water by recycling. Another reason of increase in application of land
treatment for domestic wastewater and different types of wastes from
industrial practices is its remarkable advantages such as less energy
requirement, reduced long term liabilities and low initial and operational
costs compared to other alternatives (U.S. EPA, 1983). Also, it is thought
that land disposal of wastewater would minimize water pollution problems
attributed to the presence of large amounts of chemical constituents that can
cause significant water quality deterioration in water-based disposal system.
It is widely accepted that land application of domestic wastewaters is

potentially an ecologically sound practice.

1.2 OVERVIEW OF SOIL PILE SYSTEM

Soil Pile System (SPS) is a small scale and moderately engineered version of
soil based natural wastewater treatment systems such as soil aquifer
treatment (SAT) and land treatment systems. A SPS can be defined as a
wastewater infiltration system, which is a technology for secondary and
tertiary treatment of wastewater and receives the effluent of partially treated
wastewater and purifies it through biological, physical, and chemical
reactions as it passes through the unsaturated soil. The SPS consists of the
following components: a wastewater infiltration system, a soil treatment
zone, a drainage system coupled with a surrounding lined drainage ditch, an

impermeable bottom layer, and finally a lined treated wastewater collection



pond. In SPS the wastewater is applied to re-packed natural soils uniformly
across the soil surface. The wastewater is treated as it percolates through
the soil matrix. Soil thickness, infiltration rate, soil bulk density and most
importantly decay rate coefficients are very significant parameters for the
design and operation of the SPS. Since first-order decay rates are controlled
by soil environmental conditions such as soil temperature, water content,
and pH, soil environmental conditions are also very important factors for
contaminant attenuation in SPS. Soil type is also important for the removal of
contaminants with SPS. Since wastewater passes too rapidly through the soil
pile, coarse-textured soils are not ideal for SPS. There has not being very
many reported applications on domestic wastewater infiltration through soil
pile system. SPS is widely used in environmental engineering area for

treatment of contaminated soils.

Biopiles are facilities that use the bioremediation process to economically
cleanup of hydrocarbon-contaminated soils containing gasoline, diesel, and
jet fuels. Under optimal soil conditions (non-compacted, sandy loam is ideal),
indigenous microorganisms use dissolved organic compounds as a food
source and convert them to carbon dioxide and water. There are two
different types of systems — temporary and permanent. In the temporary
system, the biopile is built on top of a clean soil layer over a liner and base.
In the permanent system, the clean soil layer is replaced by a concrete pad.
Temporary facility construction costs are less than permanent concrete

facilities.

Physical structure of the biopiles is very similar to SPS. Biopile systems
consist of an aeration system to provide oxygen to the microbes, an
irrigation/nutrient injection system to provide nutrients and moisture after

pile construction, and a leachate collection system for controlling excess



moisture in the pile. A liner, berm, and cover protect the soil piles from storm
events and prevent the spread of contaminants. The principle of the process
is to activate soil microorganisms by supplying nutrients and oxygen to
contaminated soil. The soils are dug up, transported and placed on a
waterproof platform equipped with infrastructures which allow for forced
aeration of the soil, capture and treatment of the leached water, and
filtration of the contaminated air (peat and/or activated charcoal filters).
Membranes cover the soil, thus isolating it from precipitation, reducing the
spread of volatile organic compounds (VOCs) and minimizing heat loss
(NFESC, 1996). Figure 1.1 shows conceptual drawing of the soil pile method

of the bioremediation of the contaminated soil.

Conktainment Bermm

Cover (Optional) Contaminated Soil
. Soil vapar
2:1 Slope Manitoring Probes
Air injection andfor Air Inlet (Exhaust)
Exkraction Piping
Mutrient and Maisture
Addition (Drip Irrigation)
Timbetr Frame For Liner| Leachate Treatment
Cowver Atkachrment and {Cptional) \

4G BTARR ANWAVA A i | \
e R A

> ry - . & T . ¥ g
'W&iﬁﬁ&*ﬂﬂ&hﬁ&%\fﬂiﬁﬁ L
o o o o o o o)\ o o {{\g’/’\%;&{&/_/s

O s
S5l XN\
Liner {optional) Geakextile Fabric
Leachate Runaff Trench Sand Laver for Leachate Collection
(Optional) {Optional)

Leachate Collection
Swskem Piping {Optional)

Figure 1.1 Conceptual drawing of the soil pile method
*Source: U.S. Environmental Protection Agency, Solid Waste and Emergency Response,

2004, How to Evaluate Alternative Cleanup Technologies for Underground Storage Tank
Sites: A Guide for Corrective Action Plan Reviewers. (EPA 510-R-04-002).



Soil environmental parameters play very important role for biopiles as it is
also the case for SPS. Oxygen, water, nutrients, pH, temperature, and
microbial population is essential components of the biopile systems. So soil
characterization prior to remediation is required to maximize bioremediation
efficiency. This characterization provides baseline values for total petroleum
hydrocarbons (TPH), the indigenous population of microbes (including
hydrocarbon degraders), nutrient levels, pH, porosity, and moisture content
(NFESC, 1996).

Soil pile treatment of wastewater has the potential to achieve high
purification efficiency. There are lots of studies on virus, nitrate and organic
removal using wastewater infiltration systems especially Soil Aquifer
Treatment (SAT) systems, which relies on unsaturated soil and the aquifer
media for contaminant removal (Gling6r, 2001; Quanrud et al., 2003; Cha et
al., 2004; NCSWS, 2001; Icekson —Tel et al., 2003).

1.3 SCOPE AND OBJECTIVES

Baku Tiblisi Ceyhan Pipeline Company (BTC Co.) — Turkey Branch has
developed camps at various locations along the pipeline to support the
construction activities and to provide suitable living quarters for the workers.
In the camps, package wastewater treatment plants have been installed to
treat the produced wastewater to meet the discharge standards prescribed
by regulations. Due to non-compliance of the discharge standards at some
camp sites, it was anticipated that infiltration of partially treated wastewater
through soil pile systems, constructed from soils available at the site, can be

applicable to treatment and subsequent disposal of domestic wastewater.



The scope of this study includes performing simplistic analytical and
numerical unsaturated flow and transport modeling study for infiltration of
partially treated wastewater through soil pile systems, such systems are
usually constructed for tertiary treatment of wastewater effluent prior to
discharge. In order to meet the discharge standards in terms of effluent
quality of chlorine and total coliform analytical and numerical model
simulations were performed using available literature and site specific data.
Coliform and Limited amount of measured effluent data were used for model

calibration with respect to total coliform attenuation.

In a preceding study (Unlu, 2004) a simplistic analytical modeling approach
was used to assess chlorine and total coliform attenuation in a SPS with clay
loam soil. Analytical model has been developed based on available site data
and literature information to assess contaminant attenuation efficiencies
achievable by soil pile systems during steady infiltration of partially treated
domestic wastewater produced at BTC Co. construction camp sites.
Considering the lack of relevant information and the analytical nature of the
developed model, the findings of analytical modeling study need to be taken
with some caution. For example, steady-state assumption for water flow
introduce some uncertainty in the model results; and achieving steady-state
water flow conditions through soil pile may take very long time especially for
thicker and finer textured, such as clay loam soil piles, which may pose
operational problems due to low infiltration capability of soil pile, in turn
reduce treatment capacity (infiltration volume) per day. Therefore, the
transient nature of water infiltration and redistribution through soil piles need
to be considered and its effects need to be investigated. For this purpose,
use of numerical unsaturated flow and transport modeling approach was

adopted.



Soil Moisture Characteristic Curves (SMRC) and hydraulic conductivity (Ks) of
site soil were measured to run the numerical model. Results of numerical and
analytical model were compared for clay loam soil pile in which transient flow
conditions expected to be the most effective. A comparison of steady-state
analytical and transient numerical model simulations considered to be
necessary to identify the impact of wastewater flow regime through soil on

total coliform and chlorine removal efficiencies.

In order to calibrate the model, a pilot scale SPS study was conducted for
tertiary treatment of domestic wastewater using site soil and wastewater.
Calibration was performed using data obtained from pilot study to determine
site-specific coliform removal coefficients. Finally, calibrated analytical model
was used to develop guidelines for design and operation of field scale SPS

for different soil types.

The specific objectives of this study are:

1. to assess the performance of soil pile system with respect to chlorine
and total coliform removal using analytical and numerical modeling
approaches;

2. to compare the numerical and simplistic analytical modeling
approaches, for the evaluation of the effect of flow regime on
removal efficiencies of total coliform and chlorine; and

3. to develop guidelines for the design and operation of field scale soil

pile systems having different soil types.



1.4 REMOVAL MECHANISMS OF COLIFORM AND CHLORINE IN
SOIL

Wastewater analysis performed by BTC Company showed that chlorine and
coliform most of the time exceeds project discharge standards. To meet the
project discharge standards in terms of chlorine and total coliform, tertiary
treatment of wastewater effluent using SPS was considered. Total coliform
and chlorine effluent parameters were used as influent data during SPS
application. Chlorine and total coliform were used to assess applicability of
SPS for tertiary treatment of domestic wastewater due to data availability for
calibration purposes. So, possible total coliform and chlorine removal

processes occurred in soil has been discussed in this section.

1.4.1 Coliform Removal

Members of two bacteria groups, coliforms and fecal streptococci, are used
as indicators of possible sewage contamination because they are commonly
found in human and animal feces. Although they are generally not harmful
themselves, they indicate the possible presence of pathogenic (disease-
causing) bacteria, viruses, and protozoans that also live in human and animal
digestive systems. The most commonly tested fecal bacteria indicators,
which is used as an indicator organisms of wastewater treatment efficiency,
are total coliforms, fecal coliforms, Escherichia coli, fecal streptococci, and
enterococci (EPA 841-B-97-003, 1997). In this study, total coliform was used

to assess movement of bacterial pollutants through soil pile system.

Soil wastewater infiltration systems readily remove biological particles (e.g.,

coliform, bacteria, protozoa, viruses). Coliform is removed by straining,



adsorption, and biological processes in soil environment. Basic mechanisms
responsible for pathogen removal are filtration and inactivation (i.e., die-off).
Particle filtration involves both transport and attachment processes (Bales et
al. 1993; Fontes et al. 1991). Straining occurs when the diameter of the
pathogen is large relative to soil pore size. Consequently, straining is
negligible for viruses, but is important for larger bacteria and protozoa
(Lawrence A. Baker and Paul Westerhoff). The reduction in the density of the
coliform bacteria above the restricting soil layers can probably be attributed
to dilution, filtration, and die-off as the bacteria move through the natural

soil systems (Reneau, Pettry, Shanholtz, Graham, and Weston, 1977).

Soil type and composition, pH, moisture content and virus strain all interact
to affect the adsorptive capacity and virus die-off rate in soil (Goyal and
Gerba 1979, Powelson et al. 1993). Clays have a much higher surface area

than sand and adsorb more viruses (Schaub and Sorber 1977; Jin 1997).

Fine sands have been reported to remove pathogens faster, over a shorter
distance, than coarse sand (0.56 mm) (Farooq and Al-Youssef 1993). Virus
removal is also better in saturated soils than in unsaturated soils, possibly
because flow velocities are lower and the liquid film thickness is smaller
under unsaturated conditions (Powelson and Gerba 1994; Lance and Gerba
19844, b). Organic matter readily sorbs to soil surfaces, decreasing pathogen
attachment potential (Jin 1997; Jansons et al. 1989, Pieper et al. 1997;
Johnson and Logan 1996). The presence of microbial biofilms, and the
associated predation of pathogens, generally improves overall pathogen
removal (Schaub et al. 1982; Hurst et al. 1980; Powelson et al. 1993; Weiss
et al. 1995).



1.4.2 Chlorine Removal

Partially treated domestic wastewater produced in the construction camp
sites is disinfected for the inactivation/destruction of pathogenic organisms.
Chlorine, which is the most widely used disinfectant for municipal wastewater
is used in the effluent of the PWWTPs. Chlorine is applied to the wastewater

in the hypochlorite solutions.

Chlorine is removed by chemical reaction between chlorine and organic
matter in soil and wastewater and natural attenuation. Chlorine oxidizes
certain types of organic matter in wastewater, creating more hazardous
compounds. Disinfection by-products (DBPs) can also be formed during
infiltration of chlorine-disinfected wastewater. Although much is known about
disinfection processes and factors that influence by-product formation, less is
known about their fate in the environment. Initial studies on groundwater
recharge by direct injection of reclaimed municipal wastewater found that
although total organic carbon (TOC) and Trihalomethanes (THMs)
decreased, the Total organic halide (TOX) showed no retardation or sorption
in the aquifer (Roberts et al, 1982). Using secondary and tertiary treated
wastewater for aquifer recharge, a decrease of 50 percent of Dissolved
organic carbon (DOC) and 40 percent of TOX was accomplished by shallow
(6 m) soil aquifer treatment, while the THMs volatilized in the recharge
ponds prior to infiltration (Amy et al, 1993). Most removal occurred within
the top meter of the surface. Soil aquifer treatment at the same site using
greater depths (24 m) reduced DOC by 92 percent and TOX by 85 percent
(Wilson et al, 1995). Soil column studies with secondary effluent showed
DOC removal of 56 percent for sandy loam, 48 percent for sand and 44
percent for silty sand (Quanrud et al, 1996a). While 48 percent of the DOC

was removed with most removal near the surface, absorbable organic halide

10



removal, assumed to be sorption, was only 17 percent, (Quanrud et al,
1996b).

In conclusion, SPS with shallower depths compared to SAT seems to be less

efficient to remove DBPs. So, in application of SPS, it should be attend using

chlorine.
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CHAPTER 2

LITERATURE SURVEY

2.1 INTRODUCTION

This chapter presents a literature survey, which was conducted to provide
the available information about wastewater infiltration systems and compile
values of kinetic parameters associated with the rates of pollutant (coliform
and chlorine) decay reactions that may occur during wastewater infiltration
through soil. Literature survey also presents modeling and experimental
studies, which can be helpful to characterize the wastewater infiltration
systems. In the literature, there are theoretical and experimental studies on
soil pile system especially for hazardous waste treatment. Specific studies on
domestic wastewater infiltration through soil pile system are somewhat rare.
In most respects, Land Treatment, SAT, subsurface wastewater infiltration
systems (SWISs) behave very similar to soil pile systems considered here.
Thus, a literature survey on domestic wastewater infiltration through soil pile

system was performed especially on related land treatment, SAT, and SWISs.

2.2 WASTEWATER INFILTRATION INTO SOIL

Wastewater treatment for onsite and small community applications

commonly relies on infiltration and percolation of effluent through soil to
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achieve purification prior to discharge to land or recharge to groundwater.
Application of land treatment for domestic wastewater and different types of
wastes from industrial practices is widespread due to the its remarkable
advantages such as less energy requirement, reduced long-term liabilities
and low initial and operational costs compared to other alternatives (U.S.
EPA, 1983). More than 25% of the U.S. population and 37% of all new
development is served by on-site and small-scale wastewater systems. These
porous media—based systems have high purification performance resulting
from the complex interactions of hydraulic and purification processes
(Siegrist et al., 2001; McCray et al., 2000; Ausland, 1998; Schwagger and
Boller, 1997). Figure 2.1 shows hydraulic and purification processes in a

wastewater soil absorption system.

Flow with advective
and diffusive transport,
and purification by:

Straining and filtration
Somtion

+ Chemical reactions
Biotransformation
Die-off and predation
Plant uptake

Infiltrative Wastewater effluent
surface zone ‘

Figure 2.1 Illustration of hydraulic and purification processes operative in a

wastewater soil absorption system (S. Van Cuyk et al. 2001)
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When domestic wastewater is applied to a wastewater infiltration unit, the
soil in that unit acts as the treatment medium. Multiple applications are
possible, and the same bed may be used for years without requiring soil
replacement. SWISs, SAT, and Land Treatment are different applications of
wastewater infiltration systems used in soil-based wastewater treatment

area.

SWISs are the most commonly used systems for the treatment and disposal
of onsite wastewater. Infiltrative surfaces are located in permeable,
unsaturated natural soil or imported fill material so wastewater can infiltrate
and percolate through the underlying soil to the groundwater. As the
wastewater infiltrates and percolates through the soil, it is treated through a

variety of physical, chemical, and biochemical processes and reactions.

SWISs provide both dispersion and treatment of the applied wastewater.
Wastewater is transported from the infiltration system through three zones.
Two of these zones, the infiltration zone and vadose zone, act as fixed-film
bioreactors. The infiltration zone, which is only a few centimeters thick, is the
most biologically active zone and is often referred to as the "biomat."
Carbonaceous material in the wastewater is quickly degraded in this zone,
and nitrification occurs immediately below this zone if sufficient oxygen is
present. Free or combined forms of oxygen in the soil must satisfy the
oxygen demand generated by the microorganisms degrading the materials. If
sufficient oxygen is not present, the metabolic processes of the
microorganisms can be reduced or halted and both treatment and infiltration
of the wastewater will be adversely affected (Otis, 1985). The vadose
(unsaturated) zone provides a significant pathway for oxygen diffusion to
reaerate the infiltration zone (Otis, 1997, Siegrist et al., 1986). Also, it is the

zone where most sorption reactions occur because the negative moisture
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potential in the unsaturated zone causes percolating water to flow into the
finer pores of the soil, resulting in greater contact with the soil surfaces.
Finally, much of the phosphorus and pathogen removal occurs in this zone
(Robertson and Harman, 1999; Robertson et al., 1998; Rose et al., 1999;
Yates and Yates, 1988).

SWISs are passive, effective, and inexpensive treatment systems because
the assimilative capacity of many soils can transform and recycle most
pollutants found in domestic and commercial wastewaters. SWISs are the
treatment method of choice in rural, unsewered areas. Where point
discharges to surface waters are not permitted, SWISs offer an alternative if
groundwater is not closely interconnected with surface water. Soil
characteristics, lot size, and the proximity of sensitive water resources affect
the use of SWISs. Results from numerous studies have shown that SWISs
achieve high removal efficiencies for most wastewater pollutants of concern.
Biochemical oxygen demand, suspended solids, fecal indicators, and
surfactants are effectively removed within 0.6 to 1.5 m of unsaturated,

aerobic soil.

The fate of viruses and toxic organic compounds has not been well
documented (Tomson et al., 1984). Field and laboratory studies suggest that
the soil is quite effective in removing viruses, but some types of viruses
apparently are able to leach from SWISs to the groundwater. Fine-textured
soils, low hydraulic loadings, aerobic subsoils, and high temperatures favor
destruction of viruses and toxic organics. Chlorides also leach readily to
groundwater because they, too, are highly soluble and are nonreactive in
soil. (EPA, Onsite Wastewater Treatment Systems Manual, EPA/625/R-
00/008, 2002)
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Treatment of wastewater by the high rate land infiltration system is known
as SAT. SAT is a proven technique for the improvement of wastewater
quality. The quality of wastewater produced after SAT is suitable for
unrestricted irrigation. The cost of treatment by SAT is considerably less than
that of conventional methods (Viswanathan et al., 1999). SAT is one
prominent water reuse technology employing the unsaturated and saturated
zones of an aquifer to improve the water quality of a wastewater effluent
(Cha et al., 2004). Where soil and groundwater conditions are favorable for
artificial recharge of groundwater through infiltration basins, a high degree of
upgrading can be achieved by allowing partially-treated sewage effluent to
infiltrate into the soil and move down to the groundwater. The unsaturated
or "vadose" zone then acts as a natural filter and can remove essentially all
suspended solids, biodegradable materials, bacteria, viruses, and other
microorganisms. Significant reductions in nitrogen, phosphorus, and heavy

metals concentrations can also be achieved (Kim et al., 2002).

A SAT system consist of five major components: (1) pipeline that carries the
treated effluent from the wastewater treatment plant; (2) percolation
(infiltration) basins where the treated effluent infiltrates into the ground; (3)
the soil immediately below the infiltration basins (vadose zone); (4) the
aquifer where water is stored for a long duration: and (5) the recovery well
where water is pumped from the aquifer for a potable or non-potable reuse
(Fox et al., 1998).

The major removal mechanisms in SAT systems include the followings:
filtration, biological degradation, physical degradation, physical adsorption,
ion exchange and precipitation (Kopchynski, 1996). Fox et al. (1998) stated
that filtration, chemical precipitation/dissolution, organic biodegradation,

nitrification, denitrification, disinfection, ion exchange, and

16



adsorption/desorption are the major purification processes occurring in the

SAT systems.

SAT consists of a number of processes that collectively improve water quality
during the percolation of treated wastewater through unsaturated soil and
subsequent storage/transport in the underlying aquifer (Quanrud et al.,
2002). Yates and Gerba (1998) reviewed several studies that examined the
fate of viruses during soil passage within the context of SAT. These studies
indicated that significant reduction in numbers of virus particles occurs
during the passage of wastewater through the soil and that removal is
controlled by a number of factors. Most important are the type of soil,
infiltration rate, type of virus, and the degree of soil saturation. Viruses are
generally removed less by sandy soils, and removal rates are inversely

related to percolation rate (Quanrud et al., 2002).

Yates et al. (1998) indicated that important factors affecting viral survival
include temperature, soil moisture content, adsorption to soil particles, pH,
solar radiation, and soil type. Hurst et al. (1980) reported that temperature
and soil moisture levels appeared to be the most important factors affecting

viral inactivation in soil (Choi et al., 2004).

Wang et al., 1981) performed laboratory experiments on four different soils,
using 100 cm long columns, to determine the extent of virus movement
when wastewater percolated through the soils at various hydraulic flow
rates. The effectiveness of virus removal from wastewater varied greatly
among the different soil types but appeared to be largely related to hydraulic
flow rates. The rate of virus removal in the upper 17 cm of the soil column
was found to be significantly greater than in the lower depths of the soil

column. This study suggests that the flow rate of water through the soil may
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be the most important factor in predicting the potential of virus movement
into the groundwater. Furthermore, the length of the soil column is critical in

obtaining useful data to predict virus movement into groundwater.

Van Cuyk et al. (2004) conducted a research to quantify the removal of virus
and bacteria through the use of microbial surrogates and conservative
tracers during controlled experiments with three-dimensional pilot-scale soil
treatment systems in the laboratory and during the testing of full-scale
systems under field conditions. The results of this study suggested that 99-
99.9% removal of virus and near complete removal of fecal coliform bacteria
during unsaturated flow through 60 to 90 cm of sandy medium may be
obtained. Results also suggested that the fate of fecal coliform bacteria may
be indicative of that of viruses in soil media near the infiltrative surface
receiving wastewater effluent. Concentrations of fecal coliform in percolating
soil solution may be conservatively estimated from analysis of extracted soil

solids.

Gerba et al. (1975) concluded in their study on the fate of wastewater
bacteria and viruses in soil that 2 to 3 months was sufficient for reduction of
pathogenic bacteria to negligible numbers once they had been applied to the
soil. Most fecal coliform bacteria and coliphage viruses were removed within
the first 30 cm of travel in unsaturated soils beneath adsorption trenches,

with occasional migration of up to 120 cm, before removal (Addo, 2004).
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2.3 KINETIC PARAMETERS

A literature search was conducted to compile values of kinetic parameters
associated with the rates and orders of chlorine and total coliform decay
reactions that may occur during wastewater infiltration through soil. During
literature search, relevant data were compiled for the decay of virus and

chlorine.

Among several applications of urban wastewater reuse, use of reclaimed
wastewater to sustain flows has become attractive in the urban area. Since
these rivers are used for recreational purposes and for restoring aquatic eco-
system, the adequate control of residual chlorine is essential. The kinetics of
chlorine disappearance in drinking water distribution networks was
commonly modeled by first order kinetics (Lyndon et al., 1998). Funamuzi et
al. (2004) developed a mathematical model for describing reactions between
residual chlorine and organic matter in a reclaimed wastewater and for
examining the temperature effect on decline rate of chlorine. In their
laboratory scale experiments performed to estimate reaction rate constants
and to confirm the model, the estimated first-order self decay rate constant

of chlorine was found to range from 0.024 to 0.12 d™.

Castro and Neves (2003) presented a study on mathematical modeling of
chlorine decay along the water supply system. This work is based on the
study of part of a real distribution system, in the municipality of Lousada and
is supported by the version 2.0 of the EPANET simulator so as to illustrate
the process of calibrating and using the water quality model. They

determined that the value of first-order chlorine kinetic constant is 0.343 d™..
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Table 2.1 lists some first-order chlorine decay constants obtained from
literature and show that the value has been observed to vary between 0.024

and 0.12 d* for reclaimed wastewater.

Table 2.1 First-order chlorine decay constants from literature

Decay rate (d ) Application Refs.
Reclaimed

0.024 - 0.12 wastewater Finumazi et al. (2004)

0.343 Water supply system  Castro et al. (2003)

It was reported in the literature that important factors affecting microbial
survival in soils were temperature, soil moisture content, adsorption to soil
particle, soil pH, solar radiation and soil type (Hurst et al., 1980; Yates et al.,
1988, and Seymour and Appleton, 2001). Microorganism survival and
transport in soils and aquifers are controlled by a humber of factors: climate
(e.g., temperature, rainfall), type of soil or aquifer material (e.g., texture,
pH, water holding capacity, cation exchange capacity), pore fluid properties

(e.g., chemistry, saturation, and type of pathogen) (Gerba and Bitton, 1984).

Bacterial retention in porous media has been attributed to several
mechanisms including straining or filtration at pore constrictions,
sedimentation in the pores, diffusion in pores not contributing actively to the
transport of water, and adsorption (Yates and Yates, 1988; Corapcioglu and
Haridas, 1984). Andelman et al. (1994) indicated that there are many

different processes that can remove pathogens from the recharge water as it
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flows through the vadose zone. Large pathogens such as parasites and some
bacteria can be filtered by narrow soil pores. Viruses can be retained by soil
solid phases and inactivated by reactions occurring in the soil. Bouwer (1984)
stated that while small bacteria are adsorbed onto soil particles, larger

bacteria are rather immobilized in soils by physical straining and filtration.

Choi et al. (2004) conducted field studies to investigate viral contamination
and survival in soil when tertiary wastewater effluent was used with
subsurface drip and furrow irrigation systems in semi arid regions. They
found that virus inactivation rates follow first-order reaction kinetics with
values of decay rate coefficients calculated from experimental data ranging
from 0.03 to 0.85 d™*.

Benjamin K. Addo (2004) conducted a study to quantify the impact of natural
die-off on bacterial removal within the Marshland Upwelling System (MUS).
In this study bacterial retardation rates were determined in laboratory
repacked sandy loam soil columns, and the effectiveness of the MUS were
evaluated in removing fecal pathogens from settled, raw wastewater.
Varying salinities and temperatures were used to investigate the inactivation
rates for fecal coliforms. In studying the impact of natural die-off conditions
on bacterial survival, laboratory experiments performed at two distinct
temperatures (20°C and 25°C) indicated that the higher temperature was
more detrimental to fecal coliform survival. This study indicated that fecal
coliform decay rate constants ranged from 0.57 to 1.03 d* (Addo, B.K.,
2002).

Reddy et al. (1981) conducted a review of bacterial survival in soil systems

and found average die-off rate constants of fecal coliforms to be 1.14 d™.
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Actual field-scale mortality rates of 0.18-0.81 d* and 0.17- 0.44 d* were
determined for fecal and allochthonous bacteria, respectively in natural
aquatic ecosystems with freshwater conditions (Menon et al., 2003). First-
order decay coliform constants in soil compiled from literature are

summarized in Table 2.2.

Table 2.2 First-order coliform decay constants in soil from literature

ky (d7Y) Refs.
0.03 -0.85 Choi et al. (2004)

0.57- 0.65 (20°C) o
0.70 —1.03 (25°C) Benjamin K. Addo (2004)

1.14 Reddy et al. (1981)
0.18-0.81 for fecal bacteria
0.17- 0.44 for allochthonous bacteria Menon et al. (2003)

Other documented die-off rate constants for bacteria in groundwater are

reported in Table 2.3.
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Table 2.3 Fecal coliform and Escherichia coli decay coefficients

groundwater determined from laboratory studies

Microorganism kp (d) Refs.
0.32 ®Keswick et al., 1982

Escherichia Coli 0.92 Reddy et al., 1981
0.36 ®McFeters and Stuart, 1974
0.16 ®Bitton et al., 1983

a
Fecal Coliform 1.53 Reddy et al., 1981
0.50 — 4.57 Auer and Niehaus, 1992

@ adapted from Gerba and Bitton (1984)
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CHAPTER 3

MATERIALS AND METHODS

3.1 WASTEWATER AND SITE SOIL CHARACTERISTICS

The wastewater used in this study is domestic wastewater produced at the
PT1 and PT4 construction camp sites of the BTC Project. In the camp sites,
domestic wastewater produced because of the living activities of the workers
has been treated using package wastewater treatment plants (PWWTPs).
These PWWTPs were designed according to conventional activated sludge
process. Wastewater effluent analysis which has been made on a weekly
basis showed that some quality parameters in the effluent of the PWWTPs
are above the prescribed project discharge standards. Project wastewater
discharge standards and values of some quality parameters (pH, Biological
Oxygen Demand (BODs), Chemical Oxygen Demand (COD), Total suspended
solid (TSS), Chlorine, Oil&Grease, Total Coliform and Fecal Coliform) for
treated wastewaters produced at PT1 and PT4 construction camp sites are
provided by BTC Co. (Table 3.1 & 3.2). Table 3.1 and 3.2 also give statistics
(the mean, median, standard deviation and the range, minimum and

maximum) of the quality parameters for both camp sites.
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Table 3.1 Project wastewater discharge standards and measured water

quality parameters for treated wastewater produced at the PT1 site.

Oil& Total Fecal
BODs CcoD TSS Chlorine coliform | coliform
RIS [ mg/L mg/L mg/L mg/L ez unit/100 |unit/100
mg/L
mL mL
Project
discharge| 6-9 25 125 35 0.2 10 400 20
standards
§ 7.42 220 358 95.58 0 0 0 0
(]
£ 2| 810 | 60 138 4 0 19.4 0 0
2 B0
E g 8.51 40 132 12.4 0 6 4800 0
P
8 E 8.68 100 130 46.42 64.61 15 4800 0
3 [}
= .g 7.77 98 178 44.21 145.55 18 0 0
2 >
g ,f__‘_; 8.27 140 204 61.66 102.95 20 4800
hd
g 8 | 7.93 88 184 108.75 92.30 16 4800 0
1Sy
o
L 8.10 150 226 0 4800 0
Mean 8.10 112 193.75 53.29 50.68 13.49 3000 0
Median 8.10 99 181 46.42 32.31 16 4800 0
Standard
0.4 56.94 75.07 39.08 58.47 7.58 2484.24 0
deviation
Range 78‘(}528 40-220 | 130- 358 |4-108.75| 0-145.55 0-20 0-4800 0
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Table 3.2 Project wastewater discharge standards and measured water

quality parameters for treated wastewater produced at the PT4 site.

Total Fecal
BODs COoD TSS Chlorine | Oil&Grease | coliform | coliform
Parameter) pH | L0/l | mg/L | mg/L | mg/L mg/L  |unit/100 |unit/100
mL mL
Project
discharge| 6-9 25 125 35 0.2 10 400 20
standards
8.68 16.80 | 184.73 | 64.26 0.20 31.63 4.50 0.00
8.18 | 87.10 | 273.08 | 194.61 0.01 52.54 2400.00 | 920.00
8.33 19.50 | 232.77 | 64.20 0.10 12.29 1.80 0.00
8.18 | 46.50 | 225.14 | 24.80 0.01 21.75 240.00 | 49.00
8.32 | 55.00 | 194.40 | 94.80 0.20 22.40 7.80 0.00

8.23 | 22.56 | 254.80 | 92.00 0.20 307.45 27.00 0.00

o g 8.18 | 28.30 | 80.00 | 48.70 0.60 72.10 33.00 0.00
% % 8.23 | 55.40 | 193.80 | 98.40 0.02 12.80 2400.00
§ E 8.53 | 48.80 | 145.44 | 76.00 0.02 39.60 2400.00 | 0.00
_E g 8.27 | 52.70 | 141.80 | 52.00 0.01 21.60 2400.00
% E‘ 8.45 | 44.50 | 138.17 | 79.60 0.05 33.00 2400.00
g .g- 8.15 | 47.50 | 140.00 | 48.00
:§ 8.59 | 17.00 | 384.12 | 97.00 0.08 96.00 2400.00
8.34 | 74.00 | 158.40 | 173.80 0.04 25.07 2400.00
8.42 | 134.00 | 277.20 | 226.20 0.02 31.00 2400.00
8.35 | 80.50 | 245.52 | 157.33 0.00 36.50 2400.00
8.23 | 77.20 | 316.80 | 97.00 0.02 53.00 2400.00
8.16 | 8.50 79.20 | 54.33 30.13 2.20 4.50
8.23 | 33.60 | 110.88 | 87.00 0.02 15.60 4.00
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Table 3.2 Continued

Total Fecal
Parameter H BODs CcobD TSS Chlorine | Oil&Grease | coliform | coliform
P mg/L mg/L mg/L mg/L mg/L unit/100|unit/100
mL mL
8.14 | 18.60 | 47.52 | 51.80 0.05 3.26 540.00
-]
> w 2 _| 835 | 590 | 4356 | 83.60 0.20 18.20 13.00
=L %0
g%‘;‘g 8.15 | 5520 | 95.04 | 53.00 0.00 24.80 6.80
E=0
g EE B 832 | 170 | 3564 | 35.80 0.20 19.40 4.50
£238
. 826 | 1.50 | 43.56 | 42.50 0.10 11.20 2.00
=
812 | 1.90 | 99.00 | 46.80 0.10 25.00 0.00
Mean | 830 | 41.37 | 165.62 | 85.74 1.35 41.18 1037.04 | 121.13
Median | 8.26 | 44.50 | 145.44 | 76.00 0.05 24.90 136.50 | 0.00
Standard |, o | 3 418 | 93377 | 51.153 | 6.132 60.603 | 1182.125 | 323.249
deviation
8.12- 35.64- | 24.8 0.00- 0.00-
Range | gcg |190-134] 38417 | 226,20 |©:00-301312.20-307.45 | 5444 00 | 920.00

As seen from Table 3.1 and 3.2;

e measured values of BODs, COD, TSS, Chlorine, Oil& Grease, and Total
coliform most of the time exceed prescribed project discharge
standards at PT1 site.

e a similar situation is valid for PT4 camp, measured values of BOD,

COD, TSS, OQil& Grease, and Total Coliform values exceed prescribed

project discharge standards.
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To meet the project discharge standards in terms of chlorine and total
coliform tertiary treatment of wastewater effluent using SPS was considered.
Total coliform and chlorine effluent parameters were used as influent data

during SPS application.

It was reported by BTC Company that soils of both camps (PT1 and PT4)
have a clay loam texture and low salinity. The PT1 camp site soils have low
pH measured in saturation extract and high organic matter content, whereas
at PT4 camp site soil pH is slightly alkaline and organic matter content is low.

Table 3.3 gives qualitative information of site soil characteristics.

Table 3.3 Site Soil Characteristics

Soil parameter PT1 PT4
Soil Texture Clay loam Clay loam
Soil salinity Low Low
Organic matter content of soil High Low
pH Low High

3.2 LABORATORY MEASUREMENTS OF SOIL HYDRAULIC
PARAMETERS

Soil hydraulic properties are needed as input data to describe and simulate
flow of water and transport solutes in the soil profile. For unsaturated soils,
the most important hydraulic characteristics are the soil moisture retention

curve (SMRC) and hydraulic conductivity (Ks). This chapter presents
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laboratory measurements, which was performed to determine the hydraulic

parameters of the site soil taken from site PT4.

3.2.1 Soil Moisture Retention Curve (SMRC)

The knowledge of soil hydraulic properties is indispensable to solve many soil
and water management problems related to agriculture, ecology, and
environmental issues. These properties are needed to describe and predict
water and solute transport. One of the main soil hydraulic properties is the
SMRC, which expresses the relationship between the pressure head and the
water content of the soil. It can be considered as a soil's fingerprint, since
the shape of the curve is related to various physical and chemical soil

properties, which are unique for each soil.

As a part of modeling study of water movement through soil pile, SMRC was
measured in the Contaminant Hydrology Lab of Environmental Engineering
Department of Middle East Technical University (METU). In order to
determine the water retention parameters, the experimental soil moisture
retention data were fitted to the empirical model of van Genuchten (van
Genuchten, M. Th.,1980) using a non-linear least square program RETC (van
Genuchten et al, 1991).

A set of pressure cell apparatus was used to observe SMRC, which
represents the amount of water remaining in the soil under equilibrium
pressure conditions. The set up of pressure cell apparatus is shown in Figure
3.1.

29



Figure 3.1 SMRC test set-up

The soil samples were packed in the cylinders having a diameter of 10 cm
and height of 3 cm at densities of 1.150, 1.341, 1.374 gr/cm® and was
allowed to saturate with water from the bottom. After the soil samples were
saturated, air pressures of 50, 100, 150, 200, 250, 300, 350, and 400 cm-
water was consecutively applied to the saturated soil samples. Volume of
water drained soil sample at each pressure step was recorded and soil

moisture contents were calculated. Table 3.4 shows test results.
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Table 3.4 SMRC test results

g Ll Bul_k el c\:rl:)TlL;Zti(‘)’i? Soil moisture
2 used f9r soil Pressure wa_ter water content
EO saturation vquTe cm drained drained 0
oz mL cm mL mL
0 0.000 0.000 0.420
50 7.500 7.500 0.378
100 3.000 10.500 0.362
150 7.500 18.000 0.320
Al 75413 179.439 200 3.500 21.500 0.300
250 2.900 24.400 0.284
300 2.000 26.400 0.273
350 1.250 27.650 0.266
400 1.750 29.400 0.256
0 0.000 0.000 0.415
50 6.500 6.500 0.377
100 3.000 9.500 0.360
150 3.000 12.500 0.343
A2 71.764 172.903 200 3.500 16.000 0.323
250 2.900 18.900 0.306
300 2.100 21.000 0.294
350 1.000 22.000 0.288
400 1.750 23.750 0.278
0 0.000 0.000 0.402
50 6.000 6.000 0.368
100 3.500 9.500 0.347
150 2.500 12.000 0.333
A3 69.693  173.307 200 3.500 15.500 0.313
250 2.500 18.000 0.298
300 2.750 20.750 0.282
350 2.750 23.500 0.267
400 1.500 25.000 0.258
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3.2.2 Saturated Hydraulic Conductivity

A constant head permeameter was used to measure saturated hydraulic
conductivities of soil samples taken from PT4 site. Hydraulic conductivity was
measured in the Soil Mechanics Lab of Civil Engineering Department of
METU. The apparatus used to measure saturated hydraulic conductivity is
shown in Figure 3.2. The soil samples were packed in the cylinders having a
diameter of 3.56 cm and height of 7.1 cm at two different soil packing

densities.

Figure 3.2 Saturated hydraulic conductivity test set up
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The saturated hydraulic conductivities can be found using following equation.

oy [2)
A Al

3.1)

N

where,

Q: volumetric flow rate

A: cross-sectional area
Ah/ Al = hydraulic gradient
Ks: hydraulic conductivity

Hydraulic conductivities of soils were found as 4.6x10™ and 3.7x10° cm/s for

1.279 and 1.325 g/cm? soil bulk densities, respectively.

3.2.3 Unsaturated Flow Parameters

Nonlinear least-squares parameter optimization method was used for
estimating the unknown coefficients in the 8(h), soil moisture retention, and
K(h), hydraulic conductivity, functions. For this purpose RETC program was
used. These hydraulic properties are key parameters in any quantitative
description of water flow into and through the unsaturated soils. The
program uses the parametric models of van Genuchten (van Genuchten, M.
Th., 1980) to represent the soil water retention curve, and the theoretical

pore-size distribution models of Mualem (1976) and Burdine (1953) to
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predict the unsaturated hydraulic conductivity function from observed soil

water retention data.

The functional forms of the hydraulic properties used in the RETC are as

follows:
6.-6
=0+ —2>—
o+ ey G2
1 (3.3)
—(1-=
m=(1-")
K(S.) =K, yS,i-a-s¥™)"f (3.4)
5, =24 (3.5)
95 _gr
Where;

B: Volumetric water content

e 0. Residual water content

e 0O Saturated water content

e «, n, m: empirical constants determining the shape of the hydraulic
functions

e h: soil water pressure head

e S.: reduced water content (effective fluid saturation)

e K,: saturated hydraulic conductivity
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The series of water contents and water pressures of Table 3.4 are used to
estimate the coefficients in the van Genuchten model equations; i.e.,
equations (3.2) and (3.4). For each soil sample, the water content and water
pressure values are input to the RETC program, which then determines the
coefficients. In order to run the RETC program, initial values of the
coefficients based on the texture of the soil sample are needed. The initial
value of saturated water content, 8, is fixed at the measured saturated
water content of the sample, and is not allowed to vary during the iterations
of RETC run. The saturated water content is determined by calculating the
porosity of the sample, based on the bulk density and assuming a particle
density of 2.65 g/cm®, and assuming the entire pore space to be full of
water. With 6s fixed, only the values of residual water content, 6;, «, and n
are determined by the program. Initial values for these three coefficients for

each soil textural class are provided by Rawils et al. (1982).

3.3 FIELD STUDIES

In the light of findings and recommendations of previous Analytical Modeling
Study (AMS) (Unlu, 2004), a pilot scale soil pile system was constructed at
the PT1 construction camp site for feasibility study of tertiary treatment of
wastewater effluent prior to discharge to the land. The results obtained from
operation of a pilot scale soil pile system were used to determine site specific
kinetic data. The results of both numerical and analytical modeling studies
were used together with the results of pilot scale soil pile system to calibrate
these models and provide guidelines for improved design and operation of

site specific field scale soil pile system.
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3.3.1 Construction of Pilot Scale Soil Pile System

To verify findings of modeling study of SPS, designh and operation of a pilot
scale SPS is necessary. One of the major objectives of pilot scale SPS is to
collect data to accurately estimate contaminant attenuation rate coefficients
and to verify the proposed design and operation characteristics of soil pile
and thus improve the site specific design and operation of field scale SPS.
Proposed pilot SPS was defined in Section 5.4.3.1. BTC Co. constructed pilot
plants at the PT1 camp site. Figure 3.3 shows construction stages of pilot
plant. The soil pile area was excavated to a height of 80 cm. The plastic
sheet was covered on the area of the bottom side of the SPS (15 x 15 m).
The trench was excavated width of 1 m and height of approximately 2.2 m.
Firstly pipe with a diameter of 10 cm was placed in the trench to a slope 1%
through 30 cm x 100 cm gravel. The one end of the pipe left exposed. The
remaining depth of the trench was backfilled with topsoil. After the leveling
of the area by backfilling of trench with topsoil, the geotextile material (10 m
x 10 m) was placed on area. And gravel to nearly height of 30 cm was laid
on geotextile material to prevent the pipes clogged. The surface of this
gravel was covered with plastic sheets to prevent system from rainfall again.
As the last stage the remaining depth was backfilled with topsoil. The each
drainage pipe has 2 mm size of holes which are circular shape. The holes are
perforated uniformly along the pipe to meet infiltration rate. Nearly 40
Network of Perforated Pipes has been laid from end to end of area to
distribute wastewater uniformly across the soil surface. Due to the low
temperature conditions experienced at PT1 station, the perforated pipe was

placed to a depth 80cm below surface level.
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Figure 3.3 Construction stages of pilot plant of SPS
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3.3.2 Effluent Sampling

Due to the operational problem related to the sample collection system of
soil pile pilot plant, effluent samples could not be taken effectively from pilot
plant by BTC Co.. So, soil water sampler was used for taking sample from
the pilot plant. The model 1900 soil water sampler of Soil Moisture
Equipment Corp. was used to collect wastewater sample from the soil pile
pilot plants. This soil moisture sampler is a large-volume sampler designed
for near-surface installation at depths ranging from 0.15 to 1.8 m. The unit
consist of a 4.8 cm outside diameter PVC tube, a porous ceramic cup with a
2 bar (200 kPa) air-entry value, and a santoprene stopper. Neoprene tubing
that is attached to a 0.0064 cm diameter access tube is used as an access
port for sample extraction evacuation. Clamping rings slip over the folded
Neoprene tubing to seal the sampler. An extraction kit is used for sample
retrieval and a vacuum pump is used to evacuate the sampler. The 1900 K3

1,000 ml extraction kit was used for routine operation.

The model 0230 series soil augers were used for coring a hole to accept the
samplers. The soil was then sifted through mesh screen to free it of pebbles
and rocks. This provides a reasonably uniform backfill soil for filling in around
the soil water sampler. The primary concern in installation of Soil water
sampler is that the porous ceramic cup of the sampler be in tight, intimate
contact with the soil so that soil water can move readily from the pores of
the soil through the pores in the ceramic cup and into the soil water sampler.
After the hole was cored, sifted soil was mixed with water to make a slurry
which has a consistency of cement mortar. The slurry was made using silica
flour, which was then used to establish good contact between the ceramic
cup and the soil. The silica was mixed with water to produce slurry. This

slurry was then poured down to the bottom of the cored hole to insure good
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soil contact with the porous ceramic cup. Immediately after the slurry had
been poured, the soil water sampler was inserted down in to the hole so that
the porous ceramic cup is completely embedded in the soil slurry (Figure
3.4). The remaining area around the sampler was backfilled with sifted soil
which is free of pebbles and rocks. The soil was tamped firmly to prevent

surface water from running down the cored hole.

Tamp soil
*

Y ) [
Depth ~ Screened
as Backfill
required I
| ~Slurry

Figure 3.4 Installation of porous ceramic cup.

After the soil water sampler has been installed in the field, extraction kit and
vacuum test hand pump were used for collecting a soil water sample (Figure
3.5).

39



Plastic Tube

Collected Soil
Water Sample

Figure 3.5 Collecting a soil water sample.

The vacuum provided by vacuum hand pump in the sampler causes the
moisture to move from the soil, through the porous ceramic cup and into the

sampler.

Three samples were collected from the depths of 50, 100, and 150 cm of
SPS. Total coliform was measured in the samples taken from the SPS pilot
plant using Membrane Filtration method. Total coliform concentrations were
found 1700/100 mL, 0/100 mL and 0/100 mL at the depths of 50, 100, and

150 cm, respectively.
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CHAPTER 4

MODELING APPROACHES

4.1 CONCEPTUAL MODEL DESCRIPTION

Soil pile was physically conceptualized as an engineered system constructed
over a suitable area by packing surface soils so as to have a uniform
thickness, density and porosity throughout the pile. Wastewater is applied
across the surface of the pile uniformly using surface or below surface
irrigation systems to achieve steady-state infiltration and uniform
unsaturated moisture content distribution. In the soil pile, wastewater was
assumed to infiltrate into soil predominantly in the vertical direction by
gravity flow with negligible horizontal pressure gradient and collected at the
bottom by an underlying blanket drainage system. During infiltration, it was
assumed that coliform and chlorine are subject to usually assumed first-order
decay reaction. Basically, removal process and thus treatment was regarded
as a race between migration and degradation. If degradation rate exceeds
the migration rate, contaminants will be removed in the soil before they can
reach the drainage system. Conceptually, the system consists of following

components:
e a wastewater infiltration system;

e a soil treatment zone ; and

e adrainage and effluent collection system;
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Figure 4.1 shows a conceptualized schematic profile of a soil pile system.

WASTEWATER INFILTRATION

SYSTEM Wgsiewaier
Infiltration
fone

Mdjor processes
bindegrdation Soil Treatment
evaporation

SOIL PILE e Zone

aclsorption

straining and filtration
cherical reactions
precipitation

il Drainage Layer
and Effluent
Collection

Figure 4.1 Conceptualized schematic profile of a soil pile system

4.2 ANALYTICAL SOIL PILE MODEL

A simplistic analytical modeling approach has been developed based on
available site and literature data to assess contaminant attenuation
efficiencies achievable during steady infiltration of treated wastewater
through soil pile (Unlu, 2004). The governing equations and associated
boundary conditions of the developed model were built based on the
described conceptual model. The following sections describe the analytical

model and the solutions of model equations.
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4.2.1 Unsaturated Water Flow

For the analyses of unsaturated water flow through soil pile, the approach of
Unlu et al. (1992) was adopted. The actual flow behavior in the soil pile can
be quite complicated when one considers the effects of three-dimensional
nature of water flow and transient boundary conditions associated with the
soil pile. Such conditions require a three-dimensional numerical unsaturated
flow modeling approach. However, in the present analyses flow calculations
can be simplified, because simulation of average flow conditions is of
concern. As wastewater distributed uniformly across the surface of soil pile,
the flow through the pile can be assumed to be predominantly in the vertical
direction. Horizontal flow, resulting from boundary effects and possible
packing heterogeneities of soil pile, accounts for a small portion of the total
flow and can be neglected. Hence, under these circumstances a unit gradient
approach can be implemented to simplify the flow calculations. This
approach has been proven to work reasonably well even for moderately
heterogeneous soils under steady flow conditions (Yeh, 1989). The major
simplification of this approach is that the pressure head in the soil pile is

constant and so is the moisture content.
Darcy'’s equation for unit gradient case may be written as

q, =k, K (4.1)

where,
g, : net infiltration rate through the soil pile [LT™?]

k, : the relative permeability as a function of volumetric water content
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K, : the saturated hydraulic conductivity of soil [LT™]

The relative permeability as a function of volumetric water content, 4,, can

be described by the Brooks-Corey model (Brooks and Corey, 1964) as

- {%} 4.2)

where,

¢ : soil porosity
0, : residual water content

¢ . pore size distribution parameter

k, : the relative permeability as a function of volumetric water content

Due to the availability of a large data base on the statistical properties of van
Genuchten model parameters (Carsel and Parrish, 1988) the Brooks-Corey
exponent, ¢, can be related to the van Genuchten parameter, n, following
Lenhard et al. (1989) as

2
+
(n-1)(1-0.5""")

(4.3)

Using equations (4.1) and (4.2) the volumetric water content can be

obtained from

0, = (¢—@)R—W} +0, (4.4)

S
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And pore water velocity, v, can be calculated as

v=u (4.5)

In the foregoing analysis, it is assumed thatq, < K,. Data required for soil
pile unsaturated flow model for soil pile are q,, the net infiltration rate
through the soil pile [LT']; K., the saturated hydraulic conductivity of soil
[LT]; ¢, soil porosity; 6., residual water content; and the van Genuchten

soil parameter, n.

4.2.2 Chemical Transport

The governing partial differential equation describing one-dimensional
transport of a chemical subject to first-order decay reaction in the

unsaturated soil pile under steady-state water flow conditions is taken as

oC 0%C oC
S _plx & 4.6
ot 0z° 0z He (4.6)

where,

C: chemical concentration [ML?]
D: dispersion Coefficient [L°T]
v: pore-water velocity [LT]

M: first-order decay coefficient
z: vertical distance [L]

t: time [T]
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The relevant initial and boundary conditions for Equation (4.6) to obtain

concentrations for chemical transport are:
C(z,00=0

c(,t)=C,
(4.7)

oC
—(L,t)=0
82( )

where,

Co: chemical concentration in the influent wastewater infiltrating soil pile
[M/L°]

L: thickness of the soil pile

The solution of Equation (4.6) subject to Equation (4.7) is given by van
Genuchten and Alves (1882) as:

C,B,(z,1)

C(z,t) :B—(z)

(4.8)
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where,

B,(z,t) = %exp[ (v 2—;)2 }erf{ ;JDij + %exp{%}erfc{ ;\J/rDij
L u-v) exp{(v +u)z— ZUL}erfc{(ZL —7)- ut}

2(u+v) 2D > /Dt
u+v) | (v-u)z+2uL (2L—2)+ut (4.92)
" 2(u—v) exp{ ZD}erfc{W}
—ﬁex [E— t}erfc{w}
(D P D H 2\/&
B,(2) =1+(“ ‘V]exp{(—uL)} (4.9b)
u+v D

Data requirement for the chemical transport model for soil pile are Cy, the
chemical concentration in the influent wastewater entering soil pile [M/L*]; L,
the thickness of the soil pile; D, dispersion coefficient [L°T™']; v, pore water
velocity [LT!] calculated by Equation (4.5); and p, first-order decay

coefficient.

4.3 NUMERICAL SOIL PILE MODEL

Transient unsaturated flow is modeled using a finite-element numerical
computer code (WORM) developed by van Genuchten (1987). The following
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sections describe the flow and transport equations and associated initial and

boundary conditions of the numerical model.

4.3.1 Unsaturated Water Flow

The differential equation describing water flow in unsaturated soils is used in
the model. For one-dimensional flow in a rigid medium, and neglecting air

flow dynamics, this equation is as follows,

oh, o, oh
C()=—(K—=-K)£S 4.10
) =5 (K5 ~K) (4.10)

where,

h: soil water pressure head (with dimension L)
K: Hydraulic conductivity as a function of h (LT™)
C: Specific soil water capacity (L)

x: soil depth taken positive downwards (L)

t: Time (T)

S: Space and time dependent volumetric source/sink term (T™)
4.3.2 Chemical Transport

The governing equation for chemical transport during transient unsaturated

flow is taken as:
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a(ac+ps): 0 © D@

— —-gc)-6 uc 4.11
o P aXQ) J7; (4.11)

Where,

: solution concentration (ML™)
: soil bulk density (LT™)
: adsorbed concentration (M° )

: volumetric water content (M° )

0 O »ww T 0O

: volumetric flux density (LT?)
u: first order decay coefficient (T?)
D: dispersion coefficient (L°T!) which represents the effects of both

molecular diffusion and mechanical dispersion.

D is defined by;

D = D,7+ )| (4.12)
Do= molecular diffusion coefficient (L°T™?)

7 = tortuosity factor (L)

7 = dispersivity (L)

v = q/6, average pore water velocity (LT)

Equation (4.11) neglects chemical precipitation/dissolution reactions.

49



The adsorbed concentration s is related to the solution concentration means

linear equilibrium isotherm:

s=kc (4.13)

where, k is an empirical constant. Substituting (4.13) into (4.11) gives:

00Rs
ot

=£(9 D@—qc)—e,uc (4.14)
OX OX

In which the retardation factor R is defined by;
ok
R=1+ o (4.15)

Water content, 0 is taken to be unique function of the pressure head h and
can thus be obtained from solutions of Eq (4.10). Te volumetric flux also

follows immediately from (4.10) by making use of Darcy’s Law, i.e.,
oh
=-K—+K 4.16
q p» (4.16)
4.3.3 Initial and Boundary Conditions of the Flow Equation
The following boundary conditions can be imposed at the soil surface (x=0)

(—KZ—'XH ) =60 (4.17)

x=0
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where q,(t) is the net fluid flux, respectively.

Similar conditions can be applied to the lower boundary of the soil profile

(x=1), i.e.,

(‘KZ_:+ K =g, (4.18)

x=I

where g, (t) is the imposed net drainage flux. For a free draining profile as

in the SPS the following condition can be applied.
NLy=o (4.19)
OX

which is equivalent to the condition that g, equals the hydraulic conductivity

at x=1.

Finally, any arbitrary initial condition in terms of the pressure head of the
water can be invoked.

4.3.4 Initial and Boundary Conditions of the Transport Equation

The solute transport equation (Eq. 4.11) is solved subject to the following

mixed or third type boundary condition at the soil surface.

éc
0= +qc
( = qc)

_ do(t) o (t) if dy(t)>0

4.20
O it g,(1)<0 (4.20)

51



Where q,(t)is the fluid flux density at the soil surface, and c,(t)is the

concentration of the infiltrating water. Note that the solute flux is zero during

periods of evaporation (qo < 0).

A zero gradient boundary condition at x=1 may be used when a free

draining profile is considered:

oc
(&) ) =0 (4.21)

Again, any arbitrary depth-dependent concentration distribution initial

condition can be applied as initial condition.

4.3.5 Model Input Data Requirement

The soil water characteristics and hydraulic conductivity functions are
essential to the application of soil water flow theory and solute transport.
Experimental methods for determining hydraulic properties of soil often are
time consuming and tedious (Carsel and Parrish, 1998). Thus Carsel and
Parrish (1998) used simplified approaches for estimating the hydraulic
properties of soils. In their study, a method, which has been demonstrated
by Rawls and Brakensiek (1985), was used for computing saturated hydraulic
conductivity from soil-saturated water content, sand content and clay

content.
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For modeling water movement through soil pile, some soil physical and
hydraulic properties, such as porosity, pore size distribution parameter,
residual water content and saturated hydraulic conductivity, are need.
Laboratory measured value of saturated hydraulic conductivity is almost the
same as the literature data compiled by Carsel and Parrish (1988). All
measured values of soil hydraulic properties were used in both analytical and
numerical models for simulations. Typical (base case) values of input

parameters are presented in Table 4.1.

Table 4.1 Base case values of input parameters used in the analytical and

numerical soil pile models

Parameters Symbol Unit Value
Infiltration rate Qw m/day 0.05
Saturated hydraulic
conductivity Ks m/day 0.1
Soil porosity 1) m’/ m3 0.4
Residual water content 8., m¥ m? 01
(Bw)

a
van Genuchten psd n unitless 1.31
parameter
Dispersion coefficient D m?/ day 0.01
Soil thickness m m 1.0

First-order decay rate (0.069 - 0.85)°
coefficient (0.024 - 0.12)°

Influent concentration G Unit/100 mL — mg/L | (4800 — 150)d
? Pore size distribution

H d?

b Lower and upper range decay rate values, respectively for total coliform
¢ Lower and upper range decay rate values, respectively for chlorine

? Influent concentration values and units for total coliform and chlorine, respectively.
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Carsel and Parrish (1998) provide a large statistical data base for soil
moisture parameters required for the assessment of water flow and chemical
transport in unsaturated porous media. Statistics of soil parameter values for
clay loam, silt loam, loam and sandy loam obtained from Carsel and Parrish
(1998) are presented in the Table 4.2, 4.3, 4.4, 4.5 and 4.6.

Table 4.2 Descriptive statistics for hydraulic conductivity, K (Carsel and
Parrish, 1988)

Hydraulic conductivity K, cm
Soil Type
Mean Standard deviation Cogfﬁ_c lent of Sample size
variation (%)

Clay loam 0.26 0.70 267.2 114
Loam 1.04 1.82 174.6 735

Silt loam 0.45 1.23 275.1 1093
sandy 4.42 5.63 208.6 1183
oam
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Table 4.3 Descriptive statistics for van Genuchten [1976] water retention

parameter, a (Carsel and Parrish, 1988)

a, cm?
Soil type
Mean Standard deviation Cogfﬁ_c ient of Sample size
variation (%)

Clay loam 0.019 0.015 77.9 363
Loam 0.036 0.021 57.1 735
Silt loam 0.020 0.012 64.7 1093
Sandy loam 0.075 0.037 49.4 1183

Table 4.4 Descriptive statistics for van Genuchten [1976] water retention

model parameter, n (Carsel and Parrish, 1988)

n
Soil type

. Coefficient of .

Mean  Standard deviation variation (%) Sample size

Clay loam 1.31 0.09 7.2 364
Loam 1.56 0.11 7.3 735
Silt loam 1.41 0.12 8.5 1093
Sandy 1.89 0.17 9.2 1183
loam
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Table 4.5 Descriptive statistics for saturated water content, 6 (Carsel and
Parrish, 1988)

Saturated water content, 0,

Soil type
Mean Standard deviation Cogfﬁ_c ient of Sample size
variation (%)
Clay loam 0.41 0.09 22.4 364
Loam 0.43 0.10 22.1 735
Silt loam 0.45 0.08 18.7 1093
Sandy loam 0.41 0.09 21.0 1183

Table 4.6 Descriptive statistics for residual water content, 8, (Carsel and
Parrish, 1988)

Residual water content, 0,

Soil Type
Mean Standard deviation Coe_ffu_c ient of Sample size
variation (%)

Clay loam 0.095 0.010 10.1 363
Loam 0.078 0.013 16.5 735
Silt loam 0.067 0.015 21.6 1093
I‘C’a”dy 0.065 0.017 26.6 1183
oam
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CHAPTER 5

RESULTS AND DISSCUSIONS

5.1 SOIL HYDRAULIC PARAMETERS

The soil-moisture characteristic 6(h) and hydraulic conductivity K(h)
functions are two basic hydraulic properties of unsaturated soils. Saturated
hydraulic conductivity and soil moisture retention characteristics for clay
loam soil coming from PT4 camp site were measured in the laboratory as a
part of modeling study. Soil moisture retention data were obtained through
pressure plate apparatus and saturated hydraulic conductivity were
measured through constant head permeameter. These laboratory
measurements were described in detail in section 3.2. The experimental soil
moisture retention data and saturated hydraulic conductivity were fitted to
the empirical 8(h) and K; models of van Genuchten to determine the

empirical parameters of water retention and hydraulic conductivity functions.

Van Genuchten parameters, « and n, obtained through non-linear regression
analysis using measured 6(h) and Ks data are presented in Table 5.1, 5.2
and 5.3. The functional forms of the hydraulic properties used in the RETC

were presented in section 3.3.

a, n, and m values obtained through non-linear regression analysis are

same for soil samples of 1.150 and 1.341 g/cm? bulk densities. As seen from
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the Tables 5.1, 5.2, and 5.3 when soil bulk density was set as 1.374 g/cm’,

« value increased, n and m values decreased.

Figure 5.1, 5.2 and 5.3 show the corresponding soil moisture retention
curves for the soil samples having the bulk densities of 1.150, 1.341, 1.374
gr/cm’, respectively. The retention models fit the measured data very well.
The non-linear regression analysis performed between the predicted and
measured soil moisture content has a very high R? value of 0.99 for both soil
samples having the bulk densities of 1.150 and 1.341 g/cm® and 0.981 for
the soil sample having the bulk density of 1.374 g/cm®. These curves also
show that SMRCs are sensitive to the changes in bulk densities, and in turn

changes in soil porosity.

Table 5.1 Results of nonlinear least squares analysis for soil sample of 1.150
g/cm? bulk density

OBSERVED AND FITTED DATA

NO H WC-OBS WC-FIT WC-DIF

1 1 0.420 0.420 0

2 50 0.378 0.393 -0.015

3 100 0.362 0.357 0.005

4 150 0.320 0.327 -0.007

5 200 0.300 0.304 -0.004

6 250 0.284 0.285 -0.001

7 300 0.273 0.270 0.003

8 350 0.266 0.258 0.008

9 400 0.256 0.248 0.008

10 15300 0.095 0.116 -0.021
95% CONFIDENCE LIMITS

VARIABLE VALUE | S.E.COEFF. | T-VALUE |LOWER | UPPER
a 0.0063 0.0008 7.9 0.0045 0.0081
n 1.6167 0.08723 18.53 1.4156 1.8179
m 0.3815 - - 0.2936 0.4499
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Figure 5.1 Measured and fitted Soil Moisture Retention Curve for soil sample
of 1.150 gr/cm? bulk density

Table 5.2 Results of nonlinear least squares analysis for soil sample of 1.341
g/cm? bulk density

OBSERVED AND FITTED DATA
NO H WC-OBS | WC-FIT WC-DIF
1 1 0.402 0.4 0.002
2 50 0.368 0.384 -0.016
3 100 0.347 0.358 -0.011
4 150 0.333 0.333 -0.000
5 200 0.313 0.312 0.001
6 250 0.298 0.294 0.005
7 300 0.282 0.278 0.004
8 350 0.267 0.266 0.001
9 400 0.258 0.255 0.003
10 15300 0.095 0.113 -0.018
95% CONFIDENCE LIMITS
VARIABLE VALUE | SZ.E.COEFF.| T-VALUE |LOWER | UPPER
a 0.0063 0.0008 7.9 0.0045 0.0081
n 1.6167 0.0872 18.53 1.4156 1.8179
m 0.3815 - - 0.2936 0.4499
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Figure 5.2 Measured and fitted Soil Moisture Retention Curve for soil sample
of 1.341 gr/cm? bulk density

Table 5.3 Results of nonlinear least squares analysis for soil sample of 1.374

g/cm? bulk density

OBSERVED AND FITTED DATA

NO H WC-OBS WC-FIT WC-DIF

1 1 0.420 0.420 0

2 50 0.377 0.399 -0.022

3 100 0.360 0.371 -0.011

4 150 0.343 0.345 -0.002

5 200 0.323 0.324 -0.001

6 250 0.306 0.306 0.0003

7 300 0.294 0.291 0.003

8 350 0.288 0.279 0.010

9 400 0.278 0.268 0.010

10 15300 0.095 0.121 -0.026
95% CONFIDENCE LIMITS

VARIABLE VALUE | SZ.E.COEFF. | T-VALUE |LOWER | UPPER
a 0.0072 0.0013 5.5 0.0042 0.0102
n 1.5375 0.0955 16.11 1.3174 1.7576
m 0.3496 - - 0.2409 0.4310
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Figure 5.3 Measured and fitted Soil Moisture Retention Curve for soil sample
of 1.374 gr/cm? bulk density

5.2 MODEL APPLICATION

A simplistic analytical and a numerical unsaturated flow and transport
modeling approaches were used to assess total coliform and chlorine
attenuation during steady-state infiltration of partially treated wastewater
and transport of total coliform and chlorine through soil pile systems.
Simulations of clay loam (actual site soil texture) soil pile were performed to
assess contaminant attenuation efficiencies for SPS during steady infiltration
of partially treated domestic wastewater produced at the BTC Co.
construction site. Steady-state assumption for wastewater flow through soil

pile may introduce some uncertainty in the model predictions. Time to reach
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steady-state in the soil pile may take long time especially for fine-textured
soils with large pile thickness. Therefore, transient nature of wastewater
infiltration and redistribution through soil pile must be investigated. A
coupled numerical transient unsaturated flow and transport modeling
approach can well serve for this purpose. Numerical model simulations of the
same clay loam soil were performed to assess the transient nature of water
infiltration and redistribution through soil piles. Results of numerical and
analytical model were compared for SPS with clay loam soil which is the most

conservative case for comparing numerical and analytical model results.

Following to comparison of analytical and numerical modeling results,
analytical modeling approach was used to develop guidelines for the design
and operation of SPS consisting of different soil textures. Soil texture is
important factor affecting wastewater infiltration and contaminant removal in
soil. Table 5.4 presents land treatment applications and corresponding soil
textures (USEPA, 1992). Fine-textured soils which have a lot of clay and/or
silt often have slow water infiltration, because the space that the soil
occupies is relatively dense. Low infiltration rate provides low concentration
at the bottom of the system, reflecting long detention time in the soil pile.
Coarse-textured soils (such as sands or sandy loams) have rapid infiltration
rates. This causes short detention time of pollutant in the soil environment.
In this study, silt loam, loam and sandy loam soils were selected to see
impact of soil texture on total coliform and chlorine removal efficiencies in
SPS.
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Table 5.4 Land treatment applications versus soil textures

Land treatment application Soil textures

Slow rate Sandy loam to clay loam
Rapid infiltration Sand and sandy loam
Subsurface infiltration Sand to clayey loam
Overland flow Silty loam and clayey loam

*Source: USEPA, Wastewater Treatment/Disposal for Small Communities. Cincinnati, Ohio,
1992, (EPA Report No: EPA-625/R-92-005)

Using the analytical and numerical models, a total of 260 runs were
performed to simulate effluent concentrations for total coliform and chlorine
at the bottom of the clay loam soil pile as a function of time. These
simulations represent different soil types (clay loam, loam, sandy loam and
silt loam), soil pile configuration, packing and infiltration conditions, reflecting
the sensitivity of soil pile system to various parameters. Results of model
simulations were used to calculate the contaminant attenuation efficiencies
from the simulated concentrations of effluent collected at the bottom of the
soil pile by the drainage system. Removal (attenuation) efficiency, R, was

calculated by using following equation:

R=1-° (5.1)
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where, R is removal efficiency (%), C is the simulated effluent concentration

and G is the influent concentration.

5.2.1 Sensitivity Analysis

Sensitivity analysis was done to evaluate the sensitivity of soil pile system
response to the variation of input parameter. Sensitivity analysis was
performed by changing soil thickness, infiltration rate, saturated hydraulic
conductivity and soil porosity data one by one while keeping the base case
values for the others. Mean value of saturated hydraulic conductivity given in
Table 4.2 was taken as a base case value and sensitivity analysis value was
taken by increasing (or decreasing) base case value of hydraulic conductivity
by %50. Half value of mean saturated hydraulic conductivity was taken as a
base case value of infiltration rate and values for sensitivity analysis was
calculated by increasing (or decreasing) base case parameter of infiltration
rate by %50. 100, 150, and 200 m soil thicknesses were used to analyze the
soil pile system in terms of soil thickness. Mean value of soil porosity given in
Table 4.5 was taken as a base case value and values for sensitivity analysis
of soil porosity was calculated by increasing (or decreasing) base case value
by standard deviation. Values of sensitivity analysis for clay loam were given
in Table 5.8.

5.2.2 Analytical Model Application for Clay Loam Soil
A simplistic analytical modeling approach was used to assess contamination

attenuation efficiencies achievable by soil pile systems during steady

infiltration of partially treated domestic wastewater produced at BTC Co.
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construction camp sites. In total 52 simulation runs for clay loam soil were
carried out to simulate fate and transport of total coliform and chlorine using
analytical modeling. Textural proportions of clay loam soil are given in the
Appendix A. Simulation runs are performed to demonstrate the model
sensitivity to input parameters. Both contaminant data and soil hydraulic
parameters are compiled from the literature (Finamuzi et al., 2004; Choi et
al., 2004; Carsel and Parrish, 1988). Values of input parameters for base
case and sensitivity simulation runs used in the analytical model for clay loam

soil are presented in Table 4.1 and 5.5, respectively.

Table 5.5 Simulation runs of sensitivity analysis for clay loam soil

Cases for model runs Unit Values

Soil thickness, L cm 100 150 200
Infiltration rate, qu m/day 0.025 0.05 0.075
Saturated hydraulic

conductivity, K. m/day 0.05 0.10 0.15
Soil porosity, @ m’/ m3 0.30 0.40 0.50

Optimization run (L, qu, @) | (m, m/day, m¥/ m?) | L=200 qw=0.025 | @=0.50
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5.2.2.1 Breakthrough Curves and Attenuation Efficiencies for Total

Coliform

Table 5.6 gives the simulated steady-state total coliform concentration and
mass removal efficiencies in the effluent at the bottom of the soil pile for
lower and upper range of first-order decay rate constants for clay loam soil.
Simulations were performed under different soil thickness, infiltration rate,
saturated hydraulic conductivity and porosity conditions. Table 5.6 shows
that steady-state total coliform concentration decreases, in turn, removal
efficiency increases with increasing soil thickness and porosity and with
decreasing infiltration rate. Increasing soil thickness and porosity imply low
packing density of soil pile while decreasing infiltration rate implies increasing
detention time of pollutants in the soil pile. Porosity values 0.3, 0.4, and 0.5
used in the simulations correspond to soil bulk (packing) densities of 1855,
1590, and 1325 kg/m?®, respectively. Steady-state concentration and removal
efficiencies of total coliform seem to be insensitive to saturated hydraulic
conductivity of soil pile. However being the upper limit of infiltration rate, K
affects the operational parameter of soil pile, such as g, and 6, (see
equations 4.4 and 4.5). In soil with very low hydraulic conductivity,
wastewater effluent is unable to move through the soil profile. In soil with
very high hydraulic conductivity, the effluent will move through too quickly,
and will not be treated properly. So, soil hydraulic conductivity must be
considered when designing a soil pile system. It turns out that optimizing the

soil pile with respect to L, qw, and ¢ significantly improves the total

coliform attenuation efficiencies (see the last optimal parameter case in
Table 5.6).
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Table 5.6 Simulated steady-state mass removal efficiencies of the total
coliform and chlorine in the effluent at the bottom of the soil pile for clay

loam soil

TOTAL COLIFORM CHLORINE
Co=48000 unit/L Co=150 mg/L
Cases for model
runs p= 0.069 d* pu=0.85d* p= 0.024 d* p=0.12d"
C (o C C
(unit/L) | R(%) [ (unit/L) | R(%) | (mg/L) | R(%) | (mg/L) | R(%)
L=100 cm 30050 37 53 98.9 127 15 67.7 55
L=150 cm 23350 51 5 99.9 116.1 23 44.1 71
L=200 cm 18150 62 0 100 106.1 29 28.8 81
 qw=0.025 m/d 22100 54 12 99.7 112.7 25 41.9 72
 qw=0.05 m/d 30050 37 53 98.9 127 15 67.7 55
 qw=0.075 m/d 34320 28 136 97.2 133.3 11 84.3 44
K.=0.05 m/d 29410 39 46 99 126 16 65.3 56
K.=0.10 m/d 30050 37 53 98.9 127 15 67.7 55
K.=0.15 m/d 30420 37 57 98.8 127 15 69 54
©=0.30 m3/m? 33320 31 108 97.7 131.9 12 80.2 47
©=0.40 m3/m?3 30050 37 53 98.9 127 15 67.7 55
©9=0.50 m3/m? 27340 43 31 99.4 122.6 18 58.1 61
L=200 cm
©=0.50 m3/m?3 6930 86 0 100 71.8 52 6.7 9
qw=0.025 m/d

Finally, simulation results reveal that the most important parameter for
coliform attenuation efficiency is the first-order decay coefficient. With a p
value at the lower end of the range, total coliform attenuation efficiency
ranged between 28 and 62% depending on the simulation cases considered.

Optimization of soil pile with respect to L, quw, and ¢ increased the

attenuation efficiency up to 86%. With a p value at the upper end of the

range, total coliform attenuation was almost complete regardless of soil pile
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parameters. It is well known that the uncertainty in the value of p is very
high and affected very much by soil-environmental conditions, such as
temperature, soil moisture content adsorption to soil particle, soil pH, solar

radiation and soil type.

Figure 5.4 shows effluent total coliform concentration (breakthrough curves)
at the bottom of the soil pile as a function of time for the lower and upper
range of p values, different soil thickness and infiltration rate conditions.
These figures also show that soil system is highly sensitive L and q, with
respect to total coliform attenuation, especially when p values are close to
the lower end of the range. This means that soil-environmental conditions
with in the soil pile will have a great impact on the overall total coliform

attenuation performance of the system.
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Figure 5.4 Simulated total coliform effluent concentrations (breakthrough
curves) at the bottom of the soil pile different soil thicknesses and infiltration
rates for clay loam

Simulation results are also consistent with the findings of literature reported
for attenuation efficiencies of microorganisms (pathogens) in SAT systems
based pilot scale laboratory column SAT simulations, AWWA (1998) reported
that pathogen removal efficiency is inversely correlated with infiltration rate
and directly correlated with retention time (soil thickness). Removal
efficiencies in this SAT study ranged from 45 to 90% during water flow
through 1 m of soil. FAO (1992) reported that soil is an effective filter to

remove microorganisms from wastewater effluents (except coarse soils such
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as sand and gravels or fractured rocks). Bacteria are physically strained from
water, whereas small viruses are usually adsorbed. This adsorption is favored
by a low pH and a high salt concentration in wastewater. Most bacteria and
viruses die in a few weeks to a few months, but much longer survival times
have also been reported. Many studies indicate essentially complete fecal
coliform removal after percolation of 1 to a few meters through the soil of

medium texture.

5.2.2.2 Breakthrough Curves and Attenuation Efficiencies for
Chlorine

The results of simulation runs for chlorine concentrations in the effluent are
shown in Table 5.6 and Figure 5.5. Simulations were performed under
different soil thickness, infiltration rate, saturated hydraulic conductivity and
porosity conditions. Chlorine breakthrough and attenuation behavior in the

soil pile is very much similar to total coliform attenuation behavior.
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Figure 5.5 Simulated total chlorine effluent concentrations (breakthrough
curves) at the bottom of the soil pile for different soil thicknesses and
infiltration rates for clay loam

As seen from the Table 5.6, chlorine attenuation efficiencies ranged between
11-29% and 44 - 81% with a y value at the lower and upper end of the

range, respectively.

Removal efficiencies of chlorine were obtained 15, 23, and 29% for soil
thicknesses of 100, 150, and 200 cm at the lower end of the p value,
respectively. Removal efficiencies changed with 0.025, 0.05 and 0.075 m/day
infiltration rate conditions within a range of 25, 15, and 11%, respectively.

Infiltration rate of 0.025 m/day provides less concentration at the bottom of
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the system because of reflecting long detention time in the soil pile. Removal
efficiencies of chlorine were found 12, 15, and 18% for 0.3, 0.4, and 0.5

porosities, respectively.

Optimizing the soil pile with respect to soil thickness, infiltration rate, and
porosity significantly improved the chlorine attenuation efficiency from 29 to
52% for low p and 81 to 96% for high p value (see the last optimal

parameter case in Table 5.6).

5.2.3 Numerical Model Application for Clay Loam Soil

Considering the lack of relevant information and the analytical nature of the
developed model, the findings of analytical modeling study need to be taken
some caution. For example, steady-state assumption for water flow introduce
some uncertainty in the model results; and achieving steady-state water flow
conditions through soil pile may take very long time especially for fine
textured such as clay loam soils, which may pose operational problems due
to low infiltration capability of soil pile, in turn reduce treatment capacity
(infiltration volume) per day. Therefore, it was decided that transient nature
of water infiltration and redistribution through soil pile need to be considered
and its effects need to be investigated. For this purpose, use of numerical

unsaturated flow and transport modeling approach was planned.

A total of 52 runs were performed to simulate fate and transport of total
coliform and chlorine in SPS. The same input data used for analytical model
(Table 4.1 and 5.5) were also used in the numerical model, together with the
additional hydraulic parameters of 8(h) and K(h) functions («, n, and m)

presented in Table 5.7.
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Table 5.7 Hydraulic parameters of 6(h) and K(h) functions

Hydraulic functions Value
@ 0.0066
n 1.5903
m 0.3709
Saturated hydraulic

conductivity, Ks, m/day 0.0216

* o, nand m are empirical constants affecting the shape of the retention curve

5.2.3.1 Breakthrough Curves and Attenuation Efficiencies for Total

Coliform

The simulated transient total coliform concentrations and mass removal
efficiencies in the effluent at the bottom of the SPS for the first-order decay
rate constants of 0.069 d! and 0.85 d* under different soil thickness,
infiltration rate, saturated hydraulic conductivity and soil porosity conditions

were presented in the Table 5.8.
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Table 5.8 Simulated transient mass removal efficiencies of the total coliform

and chlorine in the effluent at the bottom of the soil pile for clay loam soil

TOTAL COLIFORM CHLORINE
Co = 48000 unit/L Co = 150 mg/L
;a:cf:,fr‘:lrns = 0.069 d! u=0.85 d™ u=0.024d! | p=0.12d?
C C C C
(unit/L) | R(%) | (unit/L) | R(%) |(mg/L) | R(%) | (mg/L) | R(%)

L=100 cm 28320 41 384 99.2 | 124.5 17 61 59
L=150 cm 21840 | 54.5 48 99.9 | 112.95 | 24.7 | 39.45 74
L=200 cm 16944 | 64.7 0 100 103.2 | 312 | 24.75 84

| qy=0.025m/d | 17760 63 0 100 | 104.25 | 30.5 27.6 82

| q,=0.05 m/d 28320 41 384 99.2 | 124.5 17 61 59

| qw=0.075m/d | 33792 | 29.6 1392 97.1 131.7 | 12.2 82.2 45
K.=0.05 m/d 28320 41 384 99.2 1242 | 17.2 60.9 59
K.=0.10 m/d 28320 41 384 99.2 | 124.5 17 61 59
K.=0.15 m/d 28560 | 40.5 384 99.2 | 124.5 17 61 59
©=0.30 m3>/m3 | 32352 | 32.6 1008 97.9 | 1302 | 132 | 75.75 50
9=0.40 m*/m3 | 28320 41 384 99.2 124.5 17 61 59
©=0.50 m*/m3 | 24960 48 144 99.7 | 119.1 | 20.6 | 50.25 67
L=200 cm

©=0.50 m*/m* | 4128 91.4 0 100 60 60 2.25 99
qw=0.025 m/d

Numerical model showed similar results with the analytical model for total
coliform attenuation. Based on Table 5.8 results of numerical modeling can
be interpreted as follows. Coliform concentrations decrease and mass
removal efficiencies increase at the bottom of the soil pile with increasing soil
thickness and soil porosity. At the lower end of the p value, total coliform
attenuation efficiencies were found 41, 54.5 and 64.7% for soil thickness of
100, 150, and 200 cm, respectively. For soil porosities of 0.3, 0.4, and 0.5
m3/m3, total coliform attenuation efficiencies ranged between 32.6-48%.

With a p value of 0.85 d, total coliform attenuation efficiencies reach almost
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100% for both different soil thickness and porosity conditions. Coliform
removal efficiencies decrease with increasing infiltration rates. Total coliform
attenuation efficiency changed with infiltration rate with in a range of 30 to
63% when decay rate is at the lower end while it ranged between 97 and
100% when decay rate is at the upper end of the range. Hydraulic

Conductivity does not have significant effect on the effluent concentrations.

Numerical model showed that in order to improve the total coliform
attenuation efficiencies the soil pile should be optimized with respect to soil
thickness, infiltration rate, and soil porosity like analytical model. As seen
from Table 5.8, the total coliform attenuation efficiency ranges between 30%
- 65% with a p value of 0.069 d* depending on the simulation cases.
Attenuation efficiency increased up to 91.4% for p value of 0.069 d with
the optimization of SPS with respect to soil thickness, infiltration rate, and

soil porosity.

Consequently, the transient simulation results showed that the total coliform
attenuation was independent from soil pile parameters with a p value at the
upper end of the range (0.85 d) and the first order decay coefficient is the
most crucial parameter for total coliform attenuation efficiency as is the case

in steady-state simulation.

Figure 5.6 shows simulated total coliform effluent concentrations
(breakthrough curves) at the bottom of the soil pile for p values of 0.069 d
and 0.85 d! at different soil thickness and infiltration rates conditions,
respectively. As seen from the figures infiltration rate and soil thickness is

very important parameters with respect to coliform attenuation.
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Figure 5.6 Simulated total coliform effluent concentrations (breakthrough
curves) at the bottom of the soil pile for different soil thicknesses and
infiltration rates for clay loam soil
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5.2.3.2 Breakthrough Curves and Attenuation Efficiencies for

Chlorine

The simulated transient total chlorine concentrations and mass removal
efficiencies at the bottom of the soil pile system were presented in the Table
5.8 for p values of 0.024 and 0.12 d™..

Breakthrough curves of chlorine (Figure 5.7) show the similar physical
properties as the breakthrough curves of total coliform. Chlorine
concentrations decrease and mass removal efficiencies increase at the
bottom of the soil pile with increasing soil thickness and soil porosity and
decreasing infiltration rates. As seen from the Table 5.8, the chlorine
attenuation efficiencies range between 12.2 - 31.2 % and 45-84% with a p
value of 0.024 d* and 0.12 d?, respectively. Following the optimization of
soil thickness, infiltration rate, and soil porosity, the attenuation efficiencies
increase up to 60% and %99 for p values of 0.024 d* and 0.12 d*,

respectively.
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Figure 5.7 Simulated total chlorine effluent concentrations (breakthrough
curves) at the bottom of the soil pile for different soil thicknesses and
infiltration rates for clay loam soil
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Numerical modeling results indicated that better chlorine removal efficiencies
were obtained with the upper end of the p value. Chlorine attenuation
efficiencies increased up to 84% with the p value of 0.12 d*. Like analytical
model results, numerical model results also show that soil system is highly

sensitive to L and gqw and ¢ with respect to chlorine attenuation, especially

when p values are close to the lower end of the range.

5.3 COMPARISON OF ANALYTICAL AND NUMERICAL MODEL
RUNS

In this section, unsaturated steady-state and transient flow and transport
model results will be compared in terms of distribution of water content and
chlorine and total coliform removal efficiencies to see the effect of the
transient nature of water infiltration and redistribution through a clay loam

soil pile.

5.3.1 Water Content

Analytical model assumes that water content (WC) is constant with depth
and time during the wastewater infiltration through SPS. Calculation of

steady-state water content was given by Eqn (4.4).

During the steady state flow in the soil pile, water content is calculated as

0.29-0.45 m*/m? depending on the simulation cases.

In transient flow condition, water content changes with depth. As seen from

the Figure 5.8 and 5.9, soil reaches steady-state at different days for
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different infiltration rates and soil thicknesses under the transient flow
condition. At high infiltration rates, water flows faster in the SPS than low
infiltration rate. So, soil reaches steady-state in a shorter period of time. For
a thickness of 1 m and porosity of 0.4 m*/m? soil pile reaches steady-state at
the seventh, forth and third day for the infiltration rates of 0.025, 0.05 and
0.075 m/d, respectively.

As seen from Figure 5.8 and 5.9, for the entire soil pile time to reach steady-
state increases with increasing soil thickness and decreasing infiltration rate.
It is observed that it takes about 17 days for soil pile with a thickness of 2 m
to reach steady-state flow conditions when infiltration rate is 0.025 m/d and
soil porosity is 0.5 m*/m>. At the end of the 17" day water content reached
to value of 0.49 m?/m>. In this simulation case, water content value for
analytical model is 0.45 m?/m>. During the comparison of steady-state and
transient flow model results, it was understood that transient numerical
model results are much more reliable than analytical steady-state model

results, when soil thickness of SPS is high especially for fine textured soils.
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Figure 5.8 Simulated water content (WC) distributions as a function of depth

and time for different infiltration rate values.

81



L=100 cm
WC VS DEPTH PLOT qw=0.05 m/d
0.24 0.34 0.44
0
20 | 1 DAY
2 10 —— 1 DAYRUN
& 5 DAYS ——2 DAYSRUN
60 | R ——4 DAYS RUN
-80
-100
wWC
L=150 cm
WC VS DEPTH PLOT qw=0.05 m/d
0.24 0.34 0.44
-10
30 | 1 DAY
. -50 ——1 DAY RUN
E 70
5 0 3 DAYS ‘/) ——3 DAYS RUN
<~ 00 |
110 | —— 6 DAYS RUN
130 | 6 DAYS
-150
WC
L=200 cm
WC VS DEPTH PLOT qw= 0.05 m/d
0.24 0.34 0.44
48 | 2 DAYS - ——2DAYS RUN
E o ——4 DAYS RUN
S 98 |
< 4DAYS ——5DAYSRUN
148 | - ——7 DAYS RUN
7 DAYS
5 DAYS
-198
WC

Figure 5.9 Simulated water content (WC) distributions as a function of depth

and time for different soil thicknesses values.

82



5.3.2 Contaminant Attenuation

As seen from the Table 5.9, simulated steady-state total coliform mass
removal efficiencies for p value of 0.069 d* are 37, 51, and 62% at the soil
thicknesses of 100, 150 and 200 cm, respectively. Transient simulation
results are 4 to 22% higher than steady-state simulation results depending

on soil thickness, infiltration rate, and soil porosity for the p value of 0.069 d
1

Table 5.9 Simulated steady-state and transient mass removal efficiencies of

the total coliform and chlorine in the effluent at the bottom of the soil pile for

clay loam soil
TOTAL COLIFORM REMOVAL
EFFICIENCIES CHLORINE REMOVAL EFFICIENCIES
Cases for model R(%) R(%)
funs p= 0.069 d* p=0.85d* p=0.024d* p=0.12d*
Steady Steady Steady Steady
state | Transient | state | Transient | state | Transient | state | Transient
L=100 cm 37 41 98.9 99.2 15 17 55 59
L=150 cm 51 54.5 99.9 99.9 23 24.7 71 74
L=200 cm 62 64.7 100 100 29 31.2 81 84
qw=0.025 m/d 54 63 99.7 100 25 30.5 72 82
qw=0.05 m/d 37 41 98.9 99.2 15 17 55 59
qw=0.075 m/d 28 29.6 97.2 97.1 11 12.2 44 45
K.=0.05 m/d 39 41 99 99.2 16 17.2 56 59
K;=0.10 m/d 37 41 98.9 99.2 15 17 55 59
K.=0.15 m/d 37 40.5 98.8 99.2 15 17 54 59
9=0.30 m*/m? 31 32.6 97.7 97.9 12 13.2 47 50
9=0.40 m*/m? 37 41 98.9 99.2 15 17 55 59
©9=0.50 m*/m? 43 48 99.4 99.7 18 20.6 61 67
L=200 cm
©=0.50 m3*/m? 86 91.4 100 100 52 60 96 99
qw=0.025 m/d
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For p value of 0.85 d*, simulated steady-state total coliform mass removal
efficiencies are almost same with transient mass removal efficiencies. At the
upper end of the p value range, total coliform attenuation efficiencies are

above 97% for both analytical and numerical model.

Steady-state and transient chlorine attenuation behavior in the soil pile is
very similar to coliform attenuation behavior. At the lower end of the p value
(0.024 d*) chlorine attenuation efficiencies changes with soil pile parameters
within a range of 11 — 52% and 12.2 — 60% for steady-state and transient
simulations, respectively. Removal efficiencies range between 44 — 96% for
steady-state simulation and 45 — 99% for transient simulation when decay
rate is at the upper end of the range (0.12 d). Thus, it is observed that
when soil environmental conditions are less favorable for the decay process,
then transient model results are much more reliable and may be preferred

over simplistic steady-state models.

Both analytical and numerical modeling results showed that there is not
significant difference between steady-state and transient simulation results in
terms of total coliform and chlorine attenuation efficiencies and SPS is highly
sensitive to soil thickness, infiltration rate, and soil porosity. Steady-state and
transient simulation results also revealed that the most important parameter
for total coliform and chlorine attenuation is the first-order decay coefficient,
which is highly dependent on the favorability of soil environmental conditions

with respect to decay process.

Overall results revealed that since the difference between removal
efficiencies of steady-state and transient models differ by of the most 22%
even under the most conservative soil conditions (e.g. clay loam), then

steady-state models can be used for most practical purposes of system
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design and operation, especially when site specific data regarding

unsaturated hydraulic parameters are not available.

5.4 DEVELOPMENT OF GUIDELINES FOR DESIGN AND
OPERATION OF SOIL PILE

5.4.1 Partial Calibration of Analytical Model

A partial calibration analysis for steady-state analytical model was performed
as a part of this modeling study to obtain site-specific kinetic data for total
coliform. Since the pilot plant could not be operated as planed and some
problems were occurred during the operation (cold season conditions), data
could not be obtained from the plant as desired. Therefore, calibration study

was carried out with a very limited data obtained from the pilot plant.

The wastewater was applied to SPS uniformly across the soil surface (60 m?)
with the flowrate of 20 m>/day. Wastewater infiltrated through clay loam SPS
during 11 days. At the end of the 11" day wastewater effluent sample was
taken at the depths of 50, 100, and 150 cm. Total coliform concentration of
17000 unit/L was found at 50 cm depth. Total coliform concentrations in the
samples collected from 100 and 150 cm were measured as <4800 unit/L.
Calibration study was performed to obtain site-specific decay rate constant

for total coliform using data presented Table 5.10.
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Table 5.10 Input data used for calibration of the analytical model

Parameters Symbol | Unit Value
Infiltration rate Qw m/day 0.04
Saturated hydraulic

conductivity Ks m/day 0.04
Soil porosity 9] m’/ m? 0.39
Residual water content B m3/ m* 0.1
van Genuchten psd parameter | n unitless 1.31
Dispersion coefficient D m?/ day 0.01
Soil thickness m m 1.0
Influent concentration Co Unit/100 mL 4800

Table 5.11 The results of calibration study conducted for total coliform first-
order decay rate

Predicted total coliform concentration (unit/L)
ky (day™)
Soil pile depth, 50 cm® | Soil pile depth, 100 cm"®
0.1 33116 21156
0.2 23675 10242
0.3 17390 5304
0.35 15028 3894
0.4 13049 2891
0.5 9965 1642
0.6 7722 964
0.7 6058 582
0.8 4805 360
0.9 3847 225
1.0 3106 146
1.1 2527 96
1.2 2070 64

@ Measured total coliform concentration at 50 cm depth is 17000 unit/L

b Measured total coliform concentration at 100 cm depth is <4800 unit/L
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Firstly, calibration was conducted for 17000 unit/L total coliform
concentration measured at the depth of 50 cm of pilot plant. Calibration
results showed that approximately total coliform concentrations were
obtained 17000 unit/L at the depth of 50 cm and 4981 unit/L at the depth of

100 cm using 0.31 d* first-order decay rate constant.

Calibration results showed that total coliform project discharge standard
(4000 unit/L) was provided with a first-order decay rate constant of 0.35 d™.
For this y value total coliform concentrations were obtained 15028 unit/L at
the depth of 50 cm and 3894 unit/L at the depth of 100 cm. The results also
indicated that total coliform first-order decay rate obtained from calibration
study fall within the range of 0.069-0.85 d™ reported in the literature and the
used in the simulations with both the analytical and numerical models. Since
the calibrated value aggress well with the literature data, the analytical

model can be consider as validated to a limited extent.

5.4.2 Analytical Model Application for different soil types

As a result of comparison of contaminant attenuation efficiencies obtained
from numerical and analytical modeling study conducted for clay loam soil
pile, it was decided that analytical modeling approach can be used to assess
total coliform and chlorine attenuation through SPS with different soil types
(silt loam, loam and sandy loam soils). A total of 52 runs for each of the
three soil types were carried out to simulate fate and transport of total
coliform and chlorine using analytical modeling. Literature information of
contaminant data and soil hydraulic parameters were used in the modeling
study (Finamuzi et al., 2004; Choi et al., 2004; Carsel and Parrish, 1988).

Values of input parameters for base case and sensitivity simulation runs used
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in the analytical model for each soil type are presented in Table 5.12 and
Table 5.13, respectively. Modeling results was used for developing a
guideline for assessing the design and operation conditions of SPS consisting

of silt loam, loam, and sandy loam soils.

Table 5.12 Simulation runs for sensitivity analysis

Cases for .
model runs Silt loam Loam Sandy loam
Soil thickness, }gg }gg }gg
L (m) 200 200 200
Infiltration 0.027 0.0625 0.265
rate, Qu 0.054 0.125 0.53
(m/day) 0.108 0.25 1.06
ﬁaﬁﬂéiﬁ?f 0.054 0.125 0.53
Cc’)’n ductivity, K, | 0-108 0.25 1.06
705 10,216 0.5 2.12
(m/day)
. . 0.37 0.33 0.32
fn%' /p;g‘)’s'tyf 2| 0.45 0.43 0.41
0.53 0.53 0.50
o L=200 L=200 L=200
Optimization q,=0.027 4,=0.0625 q.,=0.025
run (L, aw, 9) | @=0.53 ?=0.53 @=0.5

88



Table 5.13 Analytical model input parameters

Value for Value for Value for

Parameters Symbol | Unit silt loam I . sandy loam
- oam soil .

soil soil
Infiltration rate | qu m/day 0.054 0.125 0.53
Saturated
hydraulic Ks m/day 0.108 0.25 1.06
conductivity
Soil porosity ) m’/ m? 0.45 0.43 0.41
Residual water 3, 3
content (8,,) Ow m’/ m 0.067 0.078 0.065
vanaGenuchten n unitless 1.41 1.56 1.89
psd® parameter
Dispersion 3
coefficient D m’/ day 0.01
Soil thickness L m 1.0
First-order (0.069 - 0.85)°
decay rate u d?
coefficient (0.024 - 0.12)°
Influent Unit/100 ml _ d
concentration G - mg/L)d (4800 — 150)

Pore Size Distribution
51 ower and upper range decay rate values, respectively for total coliform.
‘Lower and upper range decay rate values, respectively for chlorine.

9Influent concentration values and units for total coliform and chlorine, respectively. Maximum
measured influent concentration values are selected both for total coliform and chlorine to respect

the worse cases.
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5.4.2.1 Silt Loam Soil

Total coliform and chlorine attenuation process were presented in Figure
5.10 and 5.11 for silt loam soil pile. Attenuation graphs were plotted for the
W values of 0.069 d and 0.85 d* at different soil thickness and infiltration
rate conditions, respectively. As seen from the figures, total coliform and
chlorine attenuation behavior of silt loam soil is very much similar to
attenuation behavior of clay loam soil. Textural proportions of silt loam soil

are given in the Appendix A.
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Figure 5.10 Simulated total coliform effluent concentrations (breakthrough
curves) at the bottom of the soil pile for different soil thicknesses and
infiltration rates for silt loam soil
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Figure 5.11 Simulated total chlorine effluent concentrations (breakthrough
curves) at the bottom of the soil pile for different soil thicknesses and
infiltration rates for silt loam soil

Table 5.14 shows concentrations at the bottom of the silt loam soil pile and
removal efficiencies of total coliform and chlorine that were obtained from
analytical model. Model results show that silt loam soil has effective
treatment capacity in terms of total coliform and chlorine as is the case in
clay loam soil. At the soil thickness of 200 cm total coliform attenuation
efficiencies were increased up to 63% and 100% with a p value of 0.069 and
0.85 d, respectively and 30% and 81% of chlorine removal efficiencies

were provided with a p value of 0.024 and 0.12 d}, respectively.
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Table 5.14 Simulated steady-state mass removal efficiencies of the chlorine
and total coliform in the effluent at the bottom of the soil pile for silt loam

soil

TOTAL COLIFORM CHLORINE
Co=48000 unit/L Co=150 mg/L
Cases for model
runs p= 0.069 d* p=0.85d* p= 0.024d? p=0.12d*
C C C C
(unit/L) [ R(%) | (unit/L) | R(%) | (mg/L) | R(%) | (mg/L) | R(%)
L=100 cm 29770 | 38.0 498 99.0 127 15.3 67 55.3
L=150 cm 23006 | 52.1 45 99.9 116 22.7 43 71.3
L=200 cm 17779 | 63.0 4 100.0 105 30.0 28 81.3

| 9,=0.027 m/d 22031 54.1 119 99.8 113 24.7 42 72.0
| qw=0.054 m/d 29770 38.0 498 99.0 127 15.3 67 55.3

| w=0.108 m/d 36551 | 23.9 2334 95.1 136 9.3 94 37.3
K;=0.054 m/d 28912 | 39.8 419 99.1 125 16.7 64 57.3
K.,=0.108 m/d 29770 | 38.0 498 99.0 127 15.3 67 55.3
K.=0.216 m/d 30604 | 36.2 593 98.8 128 14.7 70 53.3
©9=0.37 m*/m? 32057 | 33.2 812 98.3 130 13.3 75 50.0
©=0.45 m*/m? 29770 | 38.0 498 99.0 127 15.3 67 55.3
©=0.53 m*/m? 27773 | 42.1 334 99.3 123 18.0 60 60.0
L=200 cm
©=0.53 m*/m?

| q,=0.027 m/d 7388 84.6 0.1 100.0 73 51.3 7.20 95.2

Total coliform removal efficiencies of 54 and 99.8% were achieved at
infiltration rate of 0.027 m/d for the lower and upper end of the p values,
respectively. Chlorine removal efficiencies of 25 and 72% were achieved with
the p values of 0.024 and 0.12 d, respectively. At the porosity of 0.53
m?/m> higher removal efficiency was obtained than at the porosities of 0.37

and 0.45 m*/m? for total coliform and chlorine, respectively.
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With optimization of soil pile system in terms of soil thickness, infiltration rate
and soil porosity, total coliform removal efficiencies increased up to 85 %
and 100% at the p values of 0.069 and 0.85 d* and chlorine removal
efficiencies increased up to 51.3 % and 95.2% at the p values of 0.024 and
0.12 d*}, respectively. As a result, at the upper end of the p value (0.85 d)

total coliform removed very effectively by silt loam SPS.

5.4.2.2 Loam Soil

Simulation cases and analytical model results for loam soil were presented in
the Table 5.15. Total coliform and chlorine attenuation efficiencies achieved
by loam soil are less than clay loam and silt loam soils. Textural proportions
of loam soil are given in the Appendix A. But contaminant attenuation
behavior is similar to those of clay loam and silt loam soil. Breakthrough
curves for loam soils are shown in Figures 5.12 and 5.13 at the lower and
upper end of the p ranges. Total coliform and residual chlorine attenuation
efficiencies in soil pile range between 11-35% and 4-14% at the lower end
of the p values, respectively and 91.2-99.3% and 18.3-52% at the upper end

of the p values, respectively.

Removal efficiencies of contaminant increased with decreasing infiltration
rate. Total coliform removal efficiencies are 31.2% and 97.9% at infiltration
rate of 0.0625 m/d for the lower and upper end of the p values, respectively.
12.4 and 47.4% chlorine removal efficiencies were achieved with p values of
0.024 and 0.12 d’, respectively.

For porosity of 0.53 m3/m?, total coliform removal efficiencies are 23 and

94.4% with a p value of 0.069 and 0.85 d, respectively. Chlorine removal
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efficiencies are 8.6 and 35.8% with a p value of 0.024 and 0.12 d?,
respectively.

With optimization of soil pile system in terms of soil thickness, infiltration rate
and soil porosity, total coliform removal efficiencies increased up to 61 %
and 100% at the p values of 0.069 and 0.85 d. For chlorine, removal
efficiencies increased up to 28.1% and 79.4% with the p values of 0.024 and
0.12 d*. It turned out that optimizing the soil pile with respect to L, qu, and

gm’/m> significantly improved total coliform and chlorine removal

efficiencies.

Table 5.15 Simulated steady-state mass removal efficiencies of the chlorine

and total coliform in the effluent at the bottom of the soil pile for loam soil

TOTAL COLIFORM CHLORINE
Co=48000 unit/L Co=150 mg/L
cases::.’.:sm°de' = 0.069 d! p=0.85 d™ p=0.024d* | p=o0.12d?
C C C C

(unit/L) | R(%) | (unit/L) | R(%) | (mg/L) | R(%) | (ma/L) | R(%0)

L=100 cm 38865 | 19.0 | 4213.1 | 912 | 1393 | 71 | 1041 | 306

L=150 cm 34852 | 27.4 | 12046 | 975 | 1341 | 106 | 862 | 425

L=200 cm 31254 | 349 | 3444 | 993 | 1201 | 139 | 714 | 524

Gu=0.0625m/d | 33004 | 31.2 | 10033 | 979 | 1314 | 124 | 789 | 474

| g,=0.125 m/d 38865 | 19.0 | 4213.1 | 912 | 1393 | 71 [ 1041 | 306

| q,=0.25 m/d 42725 | 110 | 11798 | 754 | 144 | 40 | 1206 | 183

K.=0.125 m/d 38235 | 203 | 35779 | 925 | 1385 | 77 | 1012 | 325

K.=0.25 m/d 38865 | 19.0 | 4213.1 | 91.2 | 1393 | 71 | 1041 | 306

K.=0.5 m/d 39451 | 17.8 | 49122 | 898 | 1401 | 66 | 1068 | 288

0=0.33 m*/m? 40718 | 152 | 6872.8 | 857 | 1416 | 56 | 1128 | 2438

0=0.43 m*/m? 38865 | 19.0 | 4213.1 | 91.2 | 1393 | 71 | 1041 | 306

©=0.53 m?/m? 37139 | 226 | 27049 | 944 | 1371 | 86 | 9.3 | 358

L=200 cm

©=0.53 m3/m®

| 9,,=0.0625m/d 18964 | 60.5 | 6.04 | 1000 | 1079 | 281 | 309 | 794
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Figure 5.12 Simulated total coliform effluent concentrations (breakthrough

curves) at the bottom of the soil pile for different soil thicknesses and
infiltration rates for loam soil
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Figure 5.13 Simulated total chlorine effluent concentrations (breakthrough
curves) at the bottom of the soil pile for different soil thicknesses and
infiltration rates for loam soil

5.4.2.3 Sandy Loam Soil

Simulation cases and analytical model results for sandy loam soil were
presented in the Table 5.16. Textural proportions of sandy loam soil are
given in the Appendix A. Simulated total coliform effluent concentrations
(breakthrough curves) at the bottom of the soil pile at different soil thickness
and infiltration rates for sandy loam soil were given in Figures 5.14. For soil
thicknesses of 100, 150, and 200 cm removal efficiencies of total coliform are
4.7, 7.0, and 9.2%, respectively and for infiltration rates of 0.265, 0.53, and
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1.06 m/d, removal efficiencies of total coliform are 8.3, 4.7, and 2.6%,
respectively. Figure 5.23 presents breakthrough curves for sandy loam at the
upper end of the range of p value (0.85 d). As seen from the figures, least

total coliform attenuation efficiencies are achieved by sandy loam soil.

Table 5.16 Simulated steady-state mass removal efficiencies of the chlorine

and total coliform in the effluent at the bottom of the soil pile for sandy loam

soil
TOTAL COLIFORM CHLORINE
Co=48000 unit/L Co=150 mg/L
casesrffl’,:smde' p= 0.069 d p= 0.85 d™ p= 0.024 d* p=0.12 d*
C (o C C
(unit/L) | R(%) | (unit/L) | R(%) | (mg/L) | R(%) | (mg/L) | R(%)

L=100 cm 45748 4.7 26614 44.6 147.5 1.7 138 8.0
L=150 cm 44654 7.0 19776 58.8 146.3 2.5 132.3 11.8
L=200 cm 43587 9.2 14695 69.4 145.1 3.3 126.8 15.5
| qw=0.265 m/d 44010 8.3 16697 65.2 145.5 3.0 129 14.0
| gw=0.53 m/d 45748 4.7 26614 44.6 147.5 1.7 138 8.0
| qw=1.06 m/d 46741 2.6 34609 27.9 148.6 0.9 143.2 4.5
K.=0.53 m/d 45525 5.2 25078 47.8 147.3 1.8 136.8 8.8
K.=1.06 m/d 45748 4.7 26614 44.6 147.5 1.7 138 8.0
K=2.12 m/d 45880 4.4 28065 41.5 147.7 1.5 139 7.3
©9=0.32 m*/m? 46221 3.7 30174 37.1 148 1.3 140.5 6.3
9=0.41 m*/m? 45748 4.7 26614 44.6 147.5 1.7 138 8.0
©=0.50 m3/m?3 44549 7.2 23499 51.0 147 2.0 135.5 9.7
L=200 cm

9=0.50 m3/m°®
| qw=0.265 m/d 38866 19.3 | 3732.1 92.2 139.4 7.1 104 30.7
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Figure 5.14 Simulated total coliform effluent concentrations (breakthrough
curves) at the bottom of the soil pile for different soil thicknesses and
infiltration rates for sandy loam soil

Simulated total chlorine effluent concentrations (breakthrough curves) at the
bottom of the soil pile for p values of 0.024 and 0.12 d* at different soil
thickness and infiltration rates for sandy loam soil were given in Figures 5.15.
For soil thicknesses of 100, 150, and 200 cm removal efficiencies of chlorine
are 1.7, 2.5, and 3.3%, respectively; and for 0.265, 0.53, and 1.06 m/d
infiltration rates, removal efficiencies of chlorine are 3.0, 1.7, and 0.9 %,
respectively. The lowest chlorine attenuation efficiencies were observed in

sandy loam soil compared to other soils.
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Figure 5.15 Simulated total chlorine effluent concentrations (breakthrough
curves) at the bottom of the soil pile for different soil thickness and

infiltration rates for sandy loam soil

As seen from the model results; maximum 92.2% total coliform and 31%

chlorine removal were provided under optimal design construction and

operation conditions. Total coliform discharge standards could be only met

with the optimization of SPS in terms of L, qw, and & when decay rate is

0.85 d*. Consequently, sandy loam soil pile may appropriate as SPS material

for tertiary treatment of domestic wastewater unless soil environmental

conditions are maintained highly favorable during operations.
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5.4.3 General Design Considerations of Soil Pile Systems

In this modeling study, total coliform and chlorine removals through SPS
were assessed for four different types of soils using analytical modeling
approach. Table 5.17 shows total coliform and chlorine attenuation
efficiencies obtained under optimal conditions for clay loam, silt loam, loam
and sandy loam soils. As seen from the Table, same contaminants removal
efficiencies were achieved by using clay loam and silt loam soils. While total
coliform attenuation was almost completed with a high p value, chlorine
attenuation efficiencies of 96, 95 and 80% for clay loam, silt loam, and loam
soils, respectively. This means that, with a high y value, high degree of
contaminant removal can be achieved under favorable soil environmental
conditions. The lowest total coliform and chlorine attenuation efficiencies
were observed in sandy loam soil compared to other soils. Consequently,
clay loam and silt loam soils may appropriate as SPS material while sandy
loam soil pile may appropriate unless soil environmental conditions are

maintained highly favorable during operations.
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Table 5.17 Steady-state mass removal efficiencies of the chlorine and total

coliform under optimal conditions for different type of soils

Total coliform removal
. . efficiencies Chlorine removal efficiencies
Optimal conditions R(%) R(%)
p= 0.069 d* \ p=0.85d* | p=0.024d* | p=0.12d*
Clay loam
L=200 cm
9=0.50 86 100 52 9
qw=0.025 m/d
Silt loam
L=200 cm
0=0.53 85 100 51 95
qw=0.027 m/d
Loam
L=200 cm
©=0.53 61 100 28 80
qw=0.0625 m/d
Sandy loam
L=200 cm
©=0.50 19 92 7 31
qw=0.265 m/d

Based on modeling considerations, it is proposed that an ideal (typical) soil
pile system, from top to bottom, should have a minimum of five principal
components: a wastewater infiltration system, a soil treatment zone, a
drainage system coupled with a surrounding lined drainage ditch, an
impermeable bottom layer, and finally a lined treated wastewater collection

pond. A Schematic diagram of SPS is shown in Figure 5.16.

102



Filter
Geotextile Pipe

WASTEWATER
INFILTREATION SYSTEM

LOFE of compacted soil layer

Gravel drainage + v v
bl—tme' / Soil Pile »
Impermeable layer 1~ — L v — i

(Lope or compact soil) ZZ n
PVC Drainage Pipe l

7

WASTEWATER
COLLECTION FOND

DEAINAGE
DITCH

Figure 5.16 A Schematic diagram of soil pile system

For wastewater infiltration system, a sprinkler or subsurface drip irrigation
system or an irrigation system composed of a network of perforated pipes
can be used at the top of the soil pile. Infiltration system should be able to
distribute wastewater uniformly across the soil surface. For uniform
infiltration, the surface of soil pile should be constructed as flat as possible.
The desired infiltration rate should be selected to maintain the optimum soil
moisture content needed for contaminant attenuation. Surface of soil pile can
be covered with plastic sheets during rainy season to avoid pile damage by

erosion effect of intense rainfall.
Soil treatment zone is the zone of mass attenuation and consists of a soil pile

packed uniformly to meet the desired packing density, porosity and

thickness. The size of pile can be covered with light colored plastic sheets to
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prevent possible development of horizontal moisture gradients and possible
water loss through leakage during high infiltration operations. However for
some instances size of soil pile can be left uncovered to enhanced
evaporation and reduce water volume to be collected. The base and top area
of a soil pile should be consistent with the desired operation capacity the

system.

A drainage system is necessary to collect wastewater percolating through the
soil treatment zone. Drainage layer placed underneath the soil treatment
zone can consist of a course gravel blankets. Gravel layer should be
separated from overlaying soil layer with a filter geotextile to prevent
clogging of gravel pores by soil sedimentation. Perforated PVC piles should
be installed in the gravel blanket at sufficient spacing in order not to cause
mounding of wastewater within the soil pike, which will be imported for the
stability of soil pile. The pipes should be laid across the whole bottom with of
the pile. Each pile should be discharged into the drainage ditch. The whole
pile should be surrounded by a lined drainage ditch to collect and transport

the drained wastewater to the collection pond.

An impermeable layer is necessary to make the drainage layer function
effectively as well as prevent infiltration of wastewater into underlying soil
and nearby groundwater. If soil pile system is to be constructed at the site of
excavated soil, compaction may be necessary to decrease permeability of the
native soil under the soil pile. Ideally, the drainage layer should be underlain
at the bottom with the low permeability compacted clay soil or low density
polyethylene (LDPE) liner, which should be sloped to allow gravity drainage
along the bottom and prevent loss of infiltrated wastewater to the underlying

vadose zone.
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A retention pond or collection sump is usually required to collect and retain
the treated wastewater before discharging into the appropriate receiving
environment. Storage capacity required depends on the site location and

expected amount of wastewater to be treated in the soil pile system.

5.4.3.1 Design Specifics of Pilot Scale Soil Pile System

Technical details of proposed pilot scale soil pile system design are presented
in this section. For infiltration of wastewater, a drip irrigation system
consisting of a network of perforated (punctured) Poli-Vinyl-Chlorid (PVC) or
plastic pipes with an internal diameter of 3 to 5 cm and a wall thickness of 1
mm can be used at the surface of soil pile. The spacing of pipes should be
arranged such that uniform infiltration across the soil surface and uniform
unsaturated moisture content through out the pile can be achieved; 0.3 m of
pipe spacing can be reasonable. Holes (perforations) on pipes can have a
circular shape with 2 mm diameter and the number of holes along the pipe

should be distributed uniformly to meet the desired overall infiltration rate.

Soil pile should be constructed over a suitable area (for pilot ,scale it can be
10 m by 10 m at the surface and 14.5 m 14.5 m a the bottom to meet 3:1
side slope) by packing surface soils carefully to have a soil treatment zone
with a uniform thickness of 1.5 m and a uniform bulk density of 1.325
g/cm? , corresponding to a porosity of 50 % , throughout , the treatment
zone. Area requirement should be consistent with desired waste water
treatment capacity achievable by the selected infiltration rate. Initially, the
moisture content of soil should be relatively dry ( air dry ) to ease the
construction of pile . Side surfaces of pile should be constructed

smoothly and have a slope of 1 vertical to 3 horizontal.
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Figure 5.17 Construction detail of SPS pilot plant

The drainage layer should consist of appropriately spaced perforated PVC
pipes, with a diameter of 10 cm and a wall thickness of 5 mm, imbedded in
30 cm thick blanket type gravel material with a diameter of 30 to 50 mm. the
appropriate spacing is determined based on infiltration rate and soil hydraulic

conductivity.

As infiltration rate decreases and soil hydraulic conductivity increases, the
required drainage pipe spacing increases. Thus, using the lowest infiltration
rate of 0.025 m?/m°.d and hydraulic conductivity of 0.15 m/day considered in

the AMS, the maximum spacing between drainage pipes should be taken as
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0.75 m and should not exceed 1 m. An alternative drainage system to gravel
blanket layer could be a French type drainage layer, which, instead of having
continuous gravel layer, contains gravel bed only around PVC pipes. Gravel
blanket provides a continuous high conductivity flow path for water across
the bottom, and thus work much more effectively than French drains to
collect the water. Considering the soil used in the pile has high clay content
and thus low hydraulic conductivity, the performance of French drains could
be affected adversely. The slopes on the pipe and lined drainage ditch should
be a minimum of 1 % along the flow direction. A “V” shaped cross-section
with a side slope of 1:1 and a depth of 30 cm can be used for the drainage
ditch.

The drainage layer must be underlain by an impermeable layer with hydraulic
conductivity at least an order of magnitude smaller than that of overlying soil
treatment zone. Creating such hydraulic conductivity contrasts is necessary
to make the drainage layer function effectively. Two alternatives can be
considered for impermeable layer; one is 30 to 60 cm tick compacted natural
soil (or clay) layer or 1 mm thick (LDPE) liner. Impermeable bottom layer
should have sloped at a minimum of 1% to allow gravity drainage along the
bottom. At the site, construction of an impermeable layer for a pilot scale soil
pile system having a reasonable base area can be relatively easy, while
construction can be tedious and laborious for large field scale soil piles
system which will be constructed at the site from already excavated soil
requiring displacement and relocation of larges soil masses. However,
considerable reduction of permeability at the base (via either soil compaction
or placement of LDPE or any other way possible) is necessary to effectively
collect wastewater drained from soil treatment zone. An alternative approach
to avoid relocation of large soil masses would be construction of multiple

smaller size soil pile systems instead of single giant system.
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Storage capacity of retention pound can be designed based on expected
amount of wastewater to be treated in the soil pipe system and in turn size
of the pile. A storage capacity of 0.075 m® per m? per day can be
satisfactory. The final storage capacity can be design based on a weekly or
monthly discharge frequency. For example, for the proposed pilot scale soil
pile system (with infiltration surface area of 100 m?) storage capacity of pond
can be taken as 52.5 m® assuming q weekly discharge frequency. Table 5.18
summarizes the technical details of proposed pilot scale soil pile system

design.
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Table 5.18 Technical details of the proposed pilot scale soil pile system

design.

Infiltration system

Perforated wastewater delivery pipe size

3tocmi.d, 3.2t0 5.2 cm o.d.

Spacing of pipes 0.3m

Length of pipe Equal to the width of soil pile
Shape of holes Circular

Size of holes 2 mm

Number of holes

Uniform along the pipe to meet infiltration
rate

Soil treatment zone (soil pile)

Area 10 m x 10 mm top ; 14.5 x 14.5 bottom
Side slopes of faces 3 horizontal: 1 vertical (3:1)

Thickness 1.5 m, uniform

Packing (bulk) density 1,5 m, g/cm®

Porosity 0.50

Initial, pre-packing moisture content Air dry

Drainage system

PVC drainage pipe size

10 cmii.d., 10.5 cm o.d.

Pipe length Width of pile
Pipe perforation size 1 cm width x 3 cm length on top of pipe
Pipe spacing 0.75 m(or <1 m)
Slope on the pipes 1%

Gravel blanket thickness 30 cm

Gravel size 3to5cm

Filter and separator between soil and gravel | geotextile

Depth of "V" shaped drainage ditch 30 cm

Width of V" shaped drainage ditch 60 cm

Side slopes of ditch 1:1

Slope on the ditch 1%

Liner for drainage ditch 1 mm LDPE

Impermeable bottom layer

Compacted soil or clay thickness

60 cm compacted soil, 30 cm compacted
clay

Hydraulic conductivity

107 m/s for compacted soil, 10 m/s

compacted clay

LDPE thickness 1 mm

LDPE hydraulic conductivity > 10-11 m/s

Bottom layer slope % 1 along the drainage pipes
Filter and separator between gravel and liner | geotextile

Treated wastewater collection pond

Storage capacity

0.075 m*/ m%/ day

Liner for collection pond

1 mm LDPE
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5.4.4 General Operational Considerations of Soil Pile Systems

Once the soil pile system having all proposed components has been
constructed over a suitable area by packing surface soils carefully to have a
uniform thickness, density and porosity throughout the pile, wastewater is
applied across the surface of the pile uniformly using surface or below-
surface irrigation systems to achieve uniform unsaturated moisture content
distribution. In the soil pile, wastewater will percolate through soil treatment
zone predominantly in the vertical direction by gravity flow. During
percolation, contaminants are removed from wastewater and treated water
ultimately reaching the bottom layer will be collected by underlying drainage

system into a collection pond.

The overall operational objective of SPS will be to reduce the contaminant
concentrations during percolation of wastewater through soil below project
discharge standards. The modeling results showed that, to meet the
operational objectives of SPS, the most important system parameters are soil
thickness, porosity and in turn soil packing density, infiltration rate and first-
order decay rate constant (which is affected very much by soil environmental
conditions such as temperature, soil moisture content, adsoption to particle,
soil pH, solar radiation and soil type). Contaminant removal efficiencies

increased with increasing soil thickness, L, porosity, ¢, and first-order decay
rate, u, and with decreasing infiltration rate, qu. Increasing soil thickness

and porosity imply low packing density of soil pile while decreasing
infiltration rate implies increasing detention time of pollutants in the soil pile.
It turned out that optimizing the soil pile with respect to L and gy, which are

design parameters, ¢ and x, which are operational parameters, significantly

improved contaminant attenuation efficiencies.
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One of the most important operational aspects of SPS is maintaining steady
and uniform application of wastewater at the surface of soil pile (i.e.,
maintaining optimal —uniform and constant infiltration rate- conditions).
Another important issue is maintaining optimal soil environmental conditions,
which will be relatively easy during worm seasons but difficult in cold

Se€asons.

Monitoring the effluent quality of SPS is necessary during operation to verify
that desired quality is achievable in the effluent. The following water quality
parameters need to be measured both in the influent and effluent of SPS:
BOD, COD, TSS, chlorine, total and fecal coliform, chloride, calcium
magnesium, sodium, Electrical conductivity (EC), pH, and temperature. In
addition, in order to monitor the hydraulic performance of the system,
measuring flow rates of influent and effluent waters (i.e., both infiltration
and drainage rates) are also necessary. In order for accurate estimation of
attenuation efficiencies and overall performance of the SPS, the
recommended frequency of measurements are on a daily basis for water
quality parameters, while a minimum two measurements per day for flow

rates of influent and effluent water.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

In this modeling study, a simplistic analytical modeling and a numerical
transient unsaturated flow and transport modeling approaches developed
based on available site data and literature information was used to assess
total coliform and residual chlorine attenuation efficiencies in soil pile
systems. Breakthrough curves of total coliform and chlorine were simulated
using the developed models to determine the range of possible attenuation
efficiencies. The following conclusions are obtained regarding the

performance of soil pile systems.

e Breakthrough curves and mass attenuation efficiencies showed that
SPS operations are to be highly sensitive to soil thickness, infiltration
rate, soil bulk density and most importantly decay rate coefficients
controlled by soil environmental conditions. It is understood that in
order to improve the total coliform and chlorine attenuation
efficiencies the soil pile should be optimized with respect to sail

thickness, infiltration rate, and soil porosity.
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Model results indicated that the depth of the soil pile system is an
important factor in attenuation process of total coliform and chlorine.
Simulation runs were performed for soil thicknesses of 100, 150, and
200 cm. The better result in removal efficiencies was achieved at soil
thickness of 200 cm. But for fine-textured soils some operational
problems resulting from low infiltration capability of soil pile may be
occurred at this depth. Calibration study performed for clay loam soil
pile indicated that soil thickness of 100 cm is sufficient to decrease

total coliform concentration below project discharge standard.

Steady-state and transient concentrations and removal efficiencies of
total coliform and chlorine seem to be insensitive to saturated
hydraulic conductivity of soil pile. However, being the upper limit of
infiltration rate, Ks affects the operational parameters of soil pile, such

asqwand 6,.

Although 99% removal efficiency of chlorine is obtained under optimal
design and operation conditions (i.e. soil thickness, porosity,
infiltration rate and soil texture), the project discharge standard of
chlorine (0.2 mg/L) prescribed for the BTC Project could not be met

with SPS. The possible reasons for this may include:
- Firstly, as chlorine first-order decay rate constant in soil is not
available in the literature, first-order decay rate of chlorine in

reclaimed wastewater was used in this study.

- Secondly, wastewater sample could not be taken in the effluent

of the SPS due to the ineffective operation of pilot scale SPS.
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Site specific kinetic data for chlorine therefore could not be

obtained.

The result obtained from modeling study does not necessarily mean
that chlorine discharge standards can not be met with SPS. It is quite
possible that chemical reaction between chlorine and organic matter is
higher in soil environment compared to reclaimed wastewater due to
high organic matter content of the soil. Consequently, better chlorine
removal, which satisfies BTC requirements, would be achieved in the
field scale SPS, if accurate site specific kinetic data could have been
obtained. Besides this, DBPs such as THM, TOX , which are more
hazardous compounds, are produced during the infiltration of the
partially treated chlorinated-wastewater through soil. Chlorination-by-

products should be considered when designing the SPS.

Since first-order decay rates are controlled by soil environmental
conditions such as soil temperature, water content and soil type, soil
environmental conditions are also very important factors for total

coliform and chlorine attenuation.

Soil type has great impact on the performance of soil pile systems in
terms of total coliform and chlorine attenuation process. The analytical
model results indicated that clay loam and silt loam soil have more
effective treatment capacity than loam and silt loam soils. Very coarse
sand and gravel are not ideal because wastewater passes too rapidly

through the soil pile system.
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6.2

Model results conducted for clay loam soil showed that there is not
important difference between analytical and numerical model results

in terms of total coliform and chlorine attenuation efficiencies.

The results of the analytical and numerical modeling study indicated
that soil pile systems can be effective reducing chlorine and total
coliform concentrations of produced wastewater. However the results
of this study also indicated that the performance of soil pile system is
highly dependent on the design, construction, operation

characteristics and soil-environmental conditions of the system.

RECOMMENDATIONS

The following recommendations are made for the future

The best results in terms of contaminant attenuation efficiencies were
achieved using clay and silt loam soils for soil pile system. Clay loam
soil has low infiltration rate due to the high clay content. This can

create operational problems for soil pile system.

In this study, there was some operational trouble in pilot plant of soil
pile system. So, effluent sample could not be taken effectively from
pilot plant. For future studies on soil pile system, a comprehensive
pilot scale SPS operation need to be conducted using different soil
types to obtain site specific kinetic data to calibrate and validate the

developed model.
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APPENDIX A

Table A.1 Soil Textural Proportions

SOIL TEXTURAL PROPORTIONS
Soil Type
Sand Silt Clay
Clay loam 25 to 45 15to 35 27 to 40
Loam 23 to 52 <50 7 to 27
Silt loam <50 50 to 88 <27
Sandy loam 43 to 85 <50 <20
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