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ABSTRACT

Understanding the infiltration rate (IR) behavior of soil-based wastewater
treatment systems is extremely important so that systems can be designed to achieve a
desired hydraulic performance. It is known that loss in permeability at aan below the soil
infiltrative surface (IS) occurs due to accumulation of pore-filling agents during
wastewater application and this can cause order-of-magnitude reductions in the clean
water IR of a soil IS prior to wastewater application. This zone of reduced permeability
is often referred to as a clogging zone, the rate and extent of which has been shown to
depend on the mass loading rate of biochemical oxidizable substances and particulate
matter. The effective mass-loading rate of these pollutants is thought to depend on the
infiltrative surface architecture (ISA), which can be described using quantitative
expressions for features such as the degree of exposed soil surface when there are solid
bodies present on the infiltration surface. It has been hypothesized that ISA can affect the
rate and extent of IR loss due to the pollutant mass loading being focused into a relatively
small area of exposed pore entries. The research described herein includes development
of methods to enable the study of IR behavior as affected by ISA and completion of
initial laboratory experiments. The experimental methods include the following key
features: (1) use of 1-D columns packed with sand or other soil media and different

infiltrative surface architectures, (2) application of aliquots of a wastewater surrogate
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material in a stepwise fashion to provide pore-filling agent accumulations equivalent to
those experienced under normal operation at increasingly longer periods of operation of
months to one year or more, and (3) measurement of infiltration rates after each surrogate
material addition using deionized water plus salts. The wastewater surrogate material
was created using a strategic mixture of humic acid and silica flour in a water matrix.
The total mass of wastewater surrogate was applied to the infiltrative surfaces in 1-D
columns in three separate fractions to yield different equivalent lengths of operation and
pore-filling agent accumulation. Following the application of each fraction, a water
matrix was applied for 3 to 4 days after which the IR of each column was tested.

In this study, 5-cm diameter by 30-cm long columns were packed with sand or
other porous media and the infiltrative surface architecture included different size solid
spheres placed in the infiltration zone to yield degrees of open soil surface equivalent to
29, 51, 80, and 100% open. Five replicates of each column condition were studied. A
clear correlation between IR and ISA was observed when using medium sand, with the
greatest open area yielding the greatest “final” infiltration rate. Results with another soil
media were supportive of this observation with medium sand. However one media tested

was less conclusive due to experimental method limitations.
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CHAPTER 1: INTRODUCTION

1.1 Background

About four billion gallons of wastewater per day are treated by onsite wastewater
systems serving an estimated 26 million homes, businesses, and recreational facilities in
the United States [35]. Conventional wastewater treatment systems consist of a septic
tank for raw wastewater pretreatment. The septic tank effluent (STE) is then applied to a
subsurface soil absorption system which serves as a porous media biofilter (PMB) for
subsequent purification. It is in the soil PMB that advanced treatment occurs through
sorption, filtration, plant uptake, and biological and chemical processes. The hydraulic
properties of such a soil PMB in onsite wastewater treatment systems are important for
system design and performance to prevent adverse health effects and the contamination
of environmental resources, such as groundwater. Understanding the infiltration rate (IR)
behavior is extremely important in order for systems to be designed to achieve a desired
hydraulic performance.

Development of a clogging zone (CZ) at and below the infiltrative surface of the
soil PMB can affect the system hydraulics by reducing the soil permeability. The
permeability reduction is a result of the accumulation of pore-filling agents. The rate of

development of a clogging zone and the loss in infiltration capacity (permeability) at the




infiltrative surface (IS) is dependent on the mass loading of these pore-filling agents on
the IS [26]. It is speculated that infiltrative surface architecture (ISA) (e.g., presence or
absence of gravel or other solid bodies) will affect the mass-loading of the pore-filling
agents per unit of open pore area. Due to the differing IS zone porosities available for

infiltration, ISA can theoretically affect CZ development.

1.2 Purpose and Scope

The purpose of the research described herein was to develop and test a method to
evaluate the hydraulic effects of varying ISA in a soil PMB using a wastewater surrogate
material (WSM) that behaves as wastewater in its development of the CZ at the
infiltrative surface. More specifically, the research investigates the methodology
involved in understanding the role ISA plays in the wastewater infiltration rate behavior
in porous media. Preliminary experiments were conducted to study IR behavior using the
developed methodology.

In this research, two column experiments were conducted, the first of which
involved a study with two soils; medium sand and a manufactured loamy sand (MLS). In
the second experiment, loamy sand soil was collected from the Colorado School of
Mines, Wastewater Reclamation Test Site from a depth of approximately two feet below

the ground surface [18].




The degree of exposed soil IS was examined in both experiments. It was varied
by the placement of solid spheres of differing diameters within the infiltrative surface
zone. The three open IS areas investigated in the first column experiment were 5.78,
10.01, and 15.83 cmz; 29, 51, and 80% of the total horizontal cross-sectional area in a
5 cm diameter column, respectively. In the second experiment, 29, 51, 80, and 100%
open IS areas were examined. In order to achieve these surface areas, glass spherés were
placed within the IS zone. An investigation was conducted in Experiment 2 to determine
whether the hydraulic properties of the column are affected simply by the open surface
area of the IS or also by the number and type of the solid bodies present at the IS. Two
ISA with an 80% degree of open IS area were examined, one consisting of a single
sphere with a diameter of 2.2 cm and the other with two spheres, each with a diameter of
1.6 cm.

To simulate the clogging zone created by the application of wastewater for a
period of a year or more, a wastewater surrogate material (WSM) was used to provide the
pore-filling agents present in a wastewater-induced CZ created in a soil PMB. The WSM
was designed to have the same mass of total suspended solids (TSS) in the same ratio
(organics: mineral) found in the CZ resulting from wastewater application. The WSM
applied in both experiments was created using a strategic mixture that consisted of 60 dry
wt% humic acid (purchased from ICN Biomedical) and 40 dry wt% silica flour
(purchased from U.S. Silica Company). The total mass of WSM was applied in three

fractions; the first consisting of 10 wt%, the second 30 wt% and the final fraction 60 wt%




of the total WSM. Following the application of each WSM fraction, a matrix
groundwater was applied for 3-4 days after which the infiltration rate of each column was

tested.




CHAPTER 2: LITERATURE REVIEW

2.1 Soil-based Wastewater Treatment Systems

Onsite wastewater treatment systems are often necessary in rural areas where
centralized systems are impractical and costly. Onsite systems are used throughout the
Unites States. Figure 2.1 shows a 1990 U.S. Census Bureau map of the U.S. indicating
the distribution of onsite treatment systems. According to the 1999 U.S. Census Bureau,
approximately 23 percent of the estimated 115 million occupied homes in the U.S. are

served by onsite systems, a proportion that has changed little since 1970.

Figure 2.1 Onsite treatment system distribution in the United States [35]




As a result of pore-filling pollutants present in STE, a zone of permeability loss
(clogging zone) is formed at or below the infiltrative surface. Although a certain degree
of clogging is necessary to enhance wastewater purification through reactions within the
clogged soil zone and underlying unsaturated soil, excess clogging can cause “hydraulic
dysfunction, anoxic soil conditions, and diminished wastewater purification [25].” Itis
speculated that the reduction in permeability is a function of the exposed soil surface area
available for infiltration. As a result, in many jurisdictions within the U.S. a smaller
system may be used for a PMB with a larger open IS area. For example, if a gravel-free
chamber system design is used, it can handle the same daily flow as that of a gravel-filled
trench, but with a smaller footprint (i.e., IS area). Though there are no reported hydraulic
problems associated with this practice, the basis for the exact reduction is still unclear,
making the work presented in this thesis relevant. Previous work comparing gravel-free
to gravel-laden systems indicates that there is too much variability within each system’s
data to determine if there is a difference in infiltration rate [34]. This may be due to the
lack of adequate replication of the cells and does not necessarily indicate that no
difference is present.

Alternate fechnologies (e.g., tank-based pretreatment using extended aeration or
packed bed filters) have been developed to address the increasing use of onsite systems
and enable application in situations with poor site soil conditions (e. g. small lots, shallow

groundwater). These technologies, which are potentially capable of producing higher
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quality effluent than STE, require more intensive management and monitoring than a

conventional system as a result of their mechanical components and process sensitivities.

2.2 1R Behavior in Soil

The infiltration rate of water into a porous media is defined as the volume flux of
water per unit surface area per time (cm3/cm2/day or cm/day). Infiltrability is defined as
the infiltration rate when water is made freely available at the porous media surface. The
infiltrability of water into natural soil depends on;

e Time from onset of water delivery (e.g., rain or irrigation event)

Initial soil water content

Soil hydraulic conductivity

Soil surface conditions

¢ Soil profile depth and layering
A short-term time dependent decline in IR to a final value is primarily due to a
decrease in matric suction gradient. A longer-term decline is due to the deterioration in
soil structure and partial sealing of the profile, particle translocation, and air entrapment.
It is this longer-term decline that is observed during the genesis of a clogging zone [28].
The infiltrability of STE into a natural soil depends on the same factors as for

water. The infiltrability is however dramatically affected by the wastewater-induced pore
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clogging which can yield a clogging zone at the infiltrative surface. If the water or
wastewater delivery rate is less than infiltrability, the IR is supply-controlled (a.k.a. Slux
controlled). If the water or wastewater delivery rate is greater than infiltrability, IR is
soil-controlled. After installation and start-up, the infiltrability of wastewater effluent
declines as it becomes increasingly soil-controlled by the presence of a CZ.

Various terms are used to describe the zone of reduced permeability at or near the
infiltration system (e.g., biomat, clogging zone, biofilm, bioclogging zone). The zone of
reduced permeability is developed as a result of clogging caused by filtration of
suspended solids (SS), microbial growth, and to a lesser extent, precipitation processes.
There is the possibility that entrapped air bubbles in the influent can add to the
permeability reduction. All mechanisms that result in clogging at the IS result in a

reduced porosity at the infiltrative surface zone.
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o Filtration of SS
O Air entrapment
3}
Microbial growth

A Precipitation products

Figure 2.4  Illustration of permeability reducing mechanisms at an IS

In a study by Oberdorfer and Peterson (1985) on wastewater injection in a
Hawaiian aquifer, it was concluded that the major clogging cause “is filtration by porous
media of suspended solids contained within the injectant. The second major cause was
microbial growth and to a lesser extent, precipitation process.” Oberdorfer and Peterson
also observed that most clogging activity occurred at or very near the injection well-
aquifer boundary and in many instances a mat of filtration material forms directly on the
aquifer surface [22].

In the work conducted by Siegrist [25], - clogging accelerated under increasing

concentrations of organic matter and suspended solids at a given hydraulic loading rate.
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Soil chemical analyses suggested that polysaccharide materials were not responsible for
the soil clogging observed, reinforcing the development of a clogging zone as a result of
the presence of total suspended solids.

There has been some evidence to show that the clogging rate is influenced by
amount of suspended matter and pore size distribution compared to the size of suspended
particles [16]. In the work conducted by Vinten et al (1983) it was observed that the
reduction in relative hydraulic conductivity was greatest for silt loam due to accumulation
of solids at the soil surface where in the sand tested there was little deposition of solids in
the soil and little change in hydraulic conductivity for sewage effluent filtered through
Whatman no. 92 filter paper [38].

A comparison of porous media texture and the ability of a specific level of
biomass to reduce hydraulic conductivity was performed by Vandevivere et al [37].

Their analysis of data revealed a clear relationship, where at equal biomass present in the
soil, clogging was much more pronounced in fine-textured materials than in course-
textured ones. The work by Vandevivere et al [37] reviews mathematical bioclogging
models to predict saturated hydraulic conductivity reductions. Specifically, two model
types were tested using literature data.‘ Of the two model types, one viewed porous media
as bundles of straight, circular capillary tubes with a constant diameter and embedded in
a solid matrix while the other is based on the biofilm concept and the assumption that
“the complex interstices in natural porous media may be approximated by much simpler

configurations (e.g., voids in regular packings of spheres, cylindrical capillaries) [37].”
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Based on the reviews, no model could satisfactorily predict saturated hydraulic
cénductivity reductions observed in fine sands, whereas they are somewhat better in
coarser materials [37].

Kristiansen’s work indicated that “The larger-ponded infiltration area and
therefore lower real surface loading may also have reduced organic matter accumulation
in the sampled vertical section [16].” This work implies that depth of the CZ present
below the IS will be impacted by the ISA; the degree of open soil surface and that the
effective permeability of the infiltrative surface, and thus the permeability and IR, will be
reduced more rapidly under a given loading rate with a smaller degree of open infiltrative
surface area (e.g., 29% open).

In a study conducted by Maule, et al (2000), the hydraulic conductivity reduction
of soil due to ponded hog manure was studied [20]. The results indicated a decrease in
hydraulic conductivity of approximately two orders of magnitude for all types of soils
tested, irrespective of manure type, due to a physical blocking of pores by particulate
material in manure. There was a potential concern with how much clogging occurs at the
soil infiltative surface as opposed to within the soil. A black layer was observed to
extend downward into the soil [20].

The work conducted by Cook, et al (1994), suggest pore clogging results in a
change in soil properties, indicated by the dramatic decrease in hydraulic conductivity
observed [5]. The decrease observed was reported to be most likely due to the narrowing

of soil pores, changing the porosity at the infiltrative surface and as a result decreasing
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permeability. This supports the hypothesis that the permeability is reduced, as a result of
porosity change in the infiltrative surface zone [5]. The work by Cunningham, et al
showed a decrease in porosity between 50 and 96%, and a permeability decrease
between 92 and 98% with increased “biofilm” accumulation. Their results indicate
substantial interaction between mass transport, hydrodynamic, and biofilm accumulation
at the fluid-biofilm ihterface in porous media [8].

The presence of a clogging zone has the ability to significantly alter the
contaminant transport characteristics of porous media. In a clogging zone, there is a low
permeability, high specific surface, and narrow tortuous pores. Microbial induced
clogging zones contain hydrated ionic polymers, are hydrophilic and can grow to a
thickness sufficient to completely fill pore spaces which can affect dispersion, diffusion,
and chemical reactions between contaminants and porous medium [9]. The clogging
developed in the work described in this thesis is a result of primarily physicochemical
processes (e.g., filtration and straining of TSS, sorption of humic acid). Previous
research reported a relationship between bacterial pore clogging and hydraulic
conductivity, where the hydraulic conductivity decreased and eventually stabilized at a
constant value [30]. The research conducted by Vandevivere, et al, also concluded that
rapid reductions in hydraulic conductivity are associated with formation of a bacterial
mat at the inlet boundary of the sand columns [36].

Evidence exists that changes in hydraulic conductivity with intermittent wetting

result in infiltration rate changes. Air entrapment and consolidation at the soil surface




16

have been suggested and studied as physical mechanisms creating the reduced infiltration
rate observed. Both air entrapment and consolidation are thought to occur in the first few
centimeters of the soil below the infiltrative surface [24].

In the work conducted by Beach (2001), hydraulic conductivities were determined
using a falling head approach prior to and after wastewater (WW) application to both
gravel-laden and gravel-free medium sand columns and after 138 days of WW
application at varying loading rates. Results indicated that the loading rate had a
negligible effect on the hydraulic conductivity of the column, while the infiltrative
surface architecture (gravel-free vs. gravel-laden) significantly affected the final
hydraulic conductivity of the columns. The ratio of mean values for gravel-free/gravel-

laden hydraulic conductivities is 1.77 [3].

2.3 Predicted Results Based on Literature

A prediction of permeability reduction was made using an equation presented in
the work by Clement (1996) [6] for relative changes in permeability due to microbial
pore-filling of porous media. The equation is shown below, where ky, (Lz) and k, (Lz) are
the clogging-affected and initial soil permeabilities, respectively; ns (V/V) is the fraction

of pores filled and n, (V/V) is the initial porosity of the porous media.
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ko = ko(1-ng/n,)'”® 2.1
The equation is based on a macroscopic model with microbial growth as the pore-
filling agent present. Any variation in pore-size distribution is ignored. Assuming the
same mathematical model explains the effects of all pore-filling agents (e.g., TSS,
organic matter), predicted values for relative hydraulic conductivity Were determined for
medium sand using equations 2.1 and 2.2. These predicted values will be compared to

the experimentally determined results, presented later in this thesis.
K=kpg/u 2.2

K = hydraulic conductivity (L/T)
k = permeability (L?)

p = fluid density (M/L?)

g = gravitational constant (L/T?)

W = viscosity (M/L*T)

The assumptions made for these predicted values were a temperature of 293.15 K
and a pressure of one atmosphere, which result in no change in fluid density or viscosity.
The depth of the infiltrative surface zone was assumed to be 0.5 cm and the initial, clean
porosity (n,) of the porous media was calculated for 2 medium sand to be 0.28 from

packed bulk density (pyux (M/L?)) and soil density (pson (M/L2)), using equation 2.3 [11].
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no=1- (pbulk/psoil) 2.3

The limitations as they apply to this research are the assumed constant depth of
0.5 cm for the infiltrative surface zone depth. Also, the model assumes the large pores
are first filled with microbial growth, which may not be true for the deposition of
suspended solids and organic matter.

A conceptual model of permeability loss due to clogging in the IS zone is
presented in Figure 2.5 for systems with differing infiltrative surface architectures
(degrees of open soil surface) tested in this thesis. Table 2.1 displays the different IS
zone features for medium sand with different ISAs, based on the assumptions above.
Figure 2.5 illustrates that a system with a smaller degree of open IS area will result in a
larger zone of permeability loss (i.e., depth of pore-filling agent) and require a larger IS

area for a similar STE loading rate.
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i 15cm Solid (e.g., gravel)

Med. Sand

[29% Open] [51% Open] [80% Open] [100% Open]

Features of IS layer: Bulk volume = 19.63 cm®* 0.5 cm = 9.82 cm?

Figure 2.5  Illustration of an IS with differing degrees of open soil IS area, and pore-
filling under the same effluent application rate

Table 2.1 Features of an infiltration zone in sand with differing degrees of open IS
surface area

29% Open 51% Open 80% Open 100% Open
Sand V (cm’) 2.85 5.01 7.85 9.82
Solid V (cm®) 6.97 4.81 1.96 0.00
Pore V (cm°) 0.80 1.40 2.20 2.75
Porosity (V/V) 0.081 0.14 0.22 0.28
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Table F.7

Experiment 2 IR values with 40 wt% WSM applied

Std.
Media ISA Column IR (cm/day) | Deviation
(cm/day)

IR1-A 67.0 9.47
IR1-B 11.3 11.14
SLS 29% Open IR1-C 84.7 47.38
IR1-D 13.0 13.22
IRI-E -62.0 14.98

IR2-A 26.6 13.05

IR2-B 21.7 5.30
SLS 51% Open IR2-C 23.4 16.73
IR2-D 3.74 10.34
IR2-E 85.1 48.42

IR3-A 8.1 7.91
IR3-B 22.1 14.96
SLS | 80% Open IR3-C 16.0 13.70
IR3-D 25.5 15.61
IR3-E 28.7 14.96
IR4-A 163 69.79
IR4-B 36.1 51.27
SLS 29% Open 1R4-C 46.0 46.67
IR4-D 21.5 17.12
IR4-E 74.2 19.82
IR5-A 46.5 48.56

IR5-B 34.0 5.20
SLS 51% Open IR5-C 21.1 23.85
IR5-D 119 75.65
IRS-E 47.0 28.62
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An estimation of hydraulic conductivity loss was made based on 0, 20, 50, 70, and
90% pore-filling within the IS zone. Predicted results indicate that independent of the
degree of open soil surface and the type of porous media, the relative hydraulic
conductivity in the infiltrative surface zone is the same (Table 2.2). Figure 2.6 presents
this information graphically in a plot of the relative hydraulic conductivity, Ki/K,, where
Ky is the reduced hydraulic conductivity as a result of permeability loss and K, is the

initial (i.e., 0% pore-filling) hydraulic conductivity.

Table 2.2 Predicted results of hydraulic conductivity of the infiltrative surface zone of
medium sand PMBs

Medium Sand Predicted Results
Relative Hydraulic Conductivity (Ky/K,) at % pore filling
ég:;alsgfgsrjff;’; 0% | 20% 50% 70% 90%
100% 1 0.49 0.11 0.02 0.0007
80% 1 0.49 0.11 0.02 0.0007
51% 1 0.49 0.11 0.02 0.0007
29% 1 0.49 0.11 0.02 0.0007
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Medium Sand Predicted Results
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Figure 2.6  Medium sand predicted results of effective hydraulic conductivity

In order to determine absolute values for the predicted results, the initial clean system
infiltration rates measured were used as the 0% pore-filling hydraulic conductivity to
make the predictions for the values of pore-filled hydraulic conductivities. The initial
clean system hydraulic conductivity value at 0% pore-filling is an assumed value. An
assumption was necessary given that no columns were tested with 100% degree of open
soil surface. Sample calculations for the predicted results are presented in Appendix A

and the spreadsheet of predicted result values for medium sand is in Appendix B.
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The absolute hydraulic conductivity values presented in Appendix B indicates that
when 90% of the pores are filled, the medium sand columns can no longer infiltrate at the
necessary HLR of 1 to 5 cm/day unless there is a 100% open soil infiltrative surface.

The limitations associated with the predicted results discussed herein are that the
zone of permeability loss (i.e., pore-filling) is assumed to be only the top 0.5 cm of the
column. In the predicted result calculations, it is in this zone only that pore-filling
occurs. According to the conceptual model presented (Figure 2.5) it is expected that the
zone of permeability loss (clogging zone) will be deeper in the system with a smaller
degree of open IS area. The predicted results do not account for this difference in depth

of clogging zone.

2.4 Summary of Literature

Onsite wastewater systems are used throughout the United States. One of the key
components of an onsite system that effectively treats wastewater is the porous media
biofilter that receives the septic tank effluent for advanced treatment. Design of the
onsite wastewater system requires understanding the relationship of wastewater
application to IR behavior and CZ development over time including the effects of the
ISA. Most important is the long-term acceptance rate and how it is affected by ISA. In

many areas today, practice allows the use of smaller size PMBs if the IS is 100% open as
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compared to PMBs with a gravel-laden IS (presumed to be on the order of only 25 to
50% open). In this context “% open” means that portion of the total infiltrative surface
area with soil pore throats exposed and available for STE infiltration.

Various experiments have been conducted to understand and relate the presence
of a clogging zone to loss in permeability and a reduced hydraulic conductivity and the
effects of ISA. The key findings from the literature review conducted are summarized in

Table 2.3.




24

Table 2.3 Summary of literature work

Author(s) Year | Key Findings

Vinten et al 1983 | Clogging influenced by the amount of suspended matter
and pore size distribution. Results in greatest decrease in
hydraulic conductivity for finer textured porous media.

Oberdorfer and 1985 | Filtration of suspended solids by porous media the major

Peterson cause of clogging.

Siegrist 1987 | Certain degree of clogging necessary to enhance WW
purification

Siegrist 1987 | Clogging accelerated under increased concentration of
organic matter and suspended solids at a given HLR

Tyler et al 1991 | Gravel-laden infiltrative surface may be compacted and
smeared due to placement of gravel and the dust present
with the gravel may be carried to the infiltrative surface.

Cook et al 1994 | Pore clogging results in a change in soil properties,
indicated by dramatic decrease in hydraulic conductivity.
observed.

Vandevivere et al 1995 | Given equal biomass, clogging more pronounced in fine-
textured porous media.

Siegrist and 2000 | Long-term decrease in IR due to deterioration of soil

McCray structure, partial sealing of profile, particle relocation and
air entrapment.

Seymour 2000 | Soil consolidation and air entrapment have the ability to
reduce observed infiltration rate.

Beach 2001 | ISA impacts hydraulic conductivity with mean ratio of

gravel-free/gravel-laden = 1.77.
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CHAPTER 3: EXPERIMENTAL METHODS

3.1 Experimental Conditions

3.1.1 Experimental Runs

In the first phase of the research, two soils were packed in one-dimensional (1-D)
columns with varying degrees of open soil surface; 29%, 51%, and 80%. Matrix
groundwater (formula in Table 3.1, solution specifications in Table 3.2) was used as the
media applied to the columns [29]. This media was used to eliminate the need to correct

for ionic strength effects in the soil.

Table 3.1 Matrix groundwater formula

Salt Concentration (mg/L)
KCl 0.83

NaNO;3; 1.0

MgCl, 68.8

CaS0q, 140.0
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Table 3.2

Matrix groundwater specifications

Alkalinity H TS TSS
(CaCOsmg/L) | P (mg/L) (mg/L)
40 6.0 237.5 5

Three separate fractions of WSM, as discussed above, were then applied with the

infiltration rate of each column measured after each fraction. Prior to the addition of the

first fraction of WSM, the saturated hydraulic conductivity and then the infiltration rate

of the clean IS was determined. For each infiltrative regime tested (e.g., soil type and

open surface area) five replicates were present for statistical comparison. A schedule of

events for Experiment 1 is provided in Table 3.3.

Table 3.3

Schedule of events for Experiment 1

Task Item Date Accomplished | Days of Operation
Pump starts 8/7/02 0
IR test of clean system 8/14/02 7
First fraction WSM applied 8/16/02 9
IR test 8/20/02 13
Second fraction WSM applied 8/22/02 15
IR test 8/28/02 21
Final fraction WSM applied 8/30/02 23
Final IR test 9/6/02 30
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In Experiment 2, 1-D columns were also used and varying degrees of open soil

surface were tested. In this experiment 29, 51, 80 and 100% of the open IS area were

tested. In addition, two 80% open regimes were investigated, one consisting of a single

solid body and the other two solid bodies. Matrix groundwater was the media applied

and the application of the WSM was similar to Experiment 1 with the infiltration rate of

each column being tested after each WSM fraction was applied. Five replicates of each

regime were present in this experiment. Prior to the addition of the first fraction of

WSM, the saturated hydraulic conductivity and then the infiltration rate of the clean IS

was determined. A schedule of Experiment 2 events is shown in Table 3.4.

Table 3.4 Schedule of events for Experiment 2
Task Item Date Accomplished | Days of Operation
Pump starts 12/22/02 0
IR test of clean system 12/24/02 2
First fraction WSM applied 12/24/02 2
IR test 12/29/02 7
Second fraction WSM applied 12/30/02 8
IR test 1/15/03 23
Final fraction WSM applied 1/17/03 25
Final IR test No final test N/A
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3.1.2 Experimental Apparatus and Conditions

For both experiments, the 1-D columns were 5 cm in diameter and 30 cm long
(Figure 3.1). In Experiment 1, three degrees of open IS area and two porous media
(medium sand and a manufactured loam sand) were used, each with five replicates, for a
total of 30 columns. In Experiment 2, five open surface areas and one soil (Mines Park

site loamy sand (SLS)) were investigated, each with five replicates for a total of 25

columns.
l <— Delivery tube

— Overflow port
Sphere ~ 2cm

30cm
Porous media >
Acrylic sphere support Scm
base T

Figure 3.1 1-D column schematic




Table 3.5 and Table 3.6 summarize the open IS areas tested and Table 3.7 and
Table 3.8 summarize the different column conditions for the two experiments. In
Experiment 1, the two porous media used were a medium sand and a manufactured

loamy sand (MLS).

Table 3.5 Summary of IS surface areas in Experiment 1

Open IS Area | % Of Total IS Area | Diameter of Single
(cm®) Open Sphere on IS (cm)
5.78 29 4.2
10.01 51 3.5
15.83 , 80 2.2

Table 3.6 Summary of IS surface areas in Experiment 2
Number of Spheres

Open IS Area | % Of Total IS Area Diameter of on IS
(sz) Open Sphere(s) on IS (cm)
5.78 29 4.2 1
10.01 51 3.5 1
15.83 80 2.2 1
15.61 80 1.6 2
19.63 100 N/A 0

29




30

Table 3.7 Summary of Experiment 1 column features
Infiltrative Hydraulic % Open #Of Soil Type
Surface Regime Loading Rate | Surface Area Columns
(cm/day) on IS
IR-1 50 29 5 Medium Sand
IR-2 50 51 5 Medium Sand
IR-3 50 80 5 Medium Sand
1IR-4 50 29 5 MLS
IR-5 50 51 5 MLS
IR-6 50 80 5 MLS
Table 3.8 Summary of Experiment 2 column features
Infiltrative Hyc}rauhc % Open Surface # Of Soil Type
Surface Regime Loading Rate Area on IS Columns
(cm/day)
IR-1 50 29 5 SLS
IR-2 50 51 5 SLS
IR-3 50 80 5 SLS
IR-4 50 80 5 SLS
IR-5 50 100 5 SLS

The average saturated hydraulic conductivity (Ks) values of medium sand and MLS, as
packed, were 1870, and 601 cm/day with standard deviations of 389 and 268 cm/day,
respectively. The average Ky, values and respective standard deviations for each column
are shown in Appendix C. The average K, values for each ISA evaluated are presented

in Figures 3.2 to 3.4. There is variation in K, with ISA within the porous media tested
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but there are no statistically significant trends. The variability within each porous media

increases from medium sand to SLS to MLS.

Medium Sand K, Value
3000
E29% Open
2500 1/ &51% Open
2000 - B 80% Open
-
&=
E
g 1500 4
&7‘ 1000 -
500
o N

Figure 3.2 Medium sand K, values (error bars represent standard deviations for each
ISA)
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MLS K, Values
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Figure 3.3  MLS Ksat values (error bars represent standard deviations for each ISA)

The MLS was fabricated in the lab using medium sand and ground silica in a
mass ratio of 9/1. The medium sand was the same sand used in previous CSM research
(e.g., Sheldon 1999, VanCuyk et al 2001, Beach 2001). The ground silica was provided
by U.S. Silica Company with the specification that 98 wt% of the silica passes through a
53 um sieve. Various sand:silt:clay ratios were tested during preliminary work (see
Appendix D for results). In Experiment 2, the loamy sand was collected from a depth of
2 feet at the CSM Mines Park Test Site and packed to a bulk density of approximately
1.4. As packed, the site loamy sand average K, value was 953 cm/day with a standard
deviation of 248 cm/day. These K, values are significantly larger than the measured

insitu value of 41.8 cm/day for infiltration rate measured in the field by Lowe (2003),
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indicating that the experimental bulk density of 1.4 is not representative of field
conditions; that is the 1-D columns were probably packed too loosely. Figure 3.4
presents the average K, values for SLS for each ISA examined. Appendix C contains

the K, and bulk densities (pyux) values for all the Experiment 2 columns.

SLS K,,, Values
1600 ™' ©29% Open
51% Open
1400 - W 80% Open (1 sphere)
M 80% Open (2 spheres) -
1200
H 100% Open
1000 -
%
=
E 800 - 'I'
M: H i
600 % S
400 2
200 \
0 \\

Figure 3.4 SLS K. values (error bars represent standard deviations for each ISA)

Table 3.9 provides a summary of the properties of the porous media used in

Experiments 1 and 2. A hydrometer analysis was conducted to determine the particle
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size distribution of the MLS and the SLS [15]. The previously determined djo and deo

values of the medium sand are 0.22 mm and 0.60 mm, respectively [3]. The pH was

measured in a slurry with deionized water and the total organic carbon (TOC) was

measured using a Coulometrics TOC analyzer. The porosity of the porous media was

determined from equation 3.1, where P is the density of the soil in g/cm3, Pruik 18 the

dry bulk density as packed in g/cm3, and n is the porosity.

n = 1-(Pbuik/Psoit) 3.1
Table 3.9 Summary of porous media properties
Porous deo dyo (mm) TOC pH Moist Porosity1
Media (mm) (dry wt%) Pbulk (VIV)
(g/em’)
Medium 0.60 0.22 0.017 6.38 1.9 0.28
sand
MLS 0.501 0.03 0.015 6.23 2.0 0.21
SLS 0.316 0.0794 0.64 6.40 1.4 0.42

'As packed in 1-D columns

In the bottom of each column, the 5 cm layer of acrylic spheres consisted of a

combination of 0.95 cm (3/8”), 0.64 cm (1/4”), 0.48 cm (3/16”), and 0.32 cm (1/8”)

diameter acrylic spheres (Figure 3.1). The various sizes of acrylic spheres are necessary

in order to create a region of graded particle size from the porous media into the spheres
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to prevent column settling due to porous media loss from the packed column. Prior to the
acrylic spheres being placed in the column, a mesh screen was placed at the outlet of the

column to prevent sand or acrylic spheres from being present in the effluent.

3.1.3 Column Preparation

A schematic of the 1-D columns is shown in Figure 3.1. The columns for

Experiments 1 and 2 were prepared as follows.

1. A mesh screen was placed in the bottom of the column.

2. The inside walls of each column were sprayed with an adhesive and coated with
medium sand to prevent preferential sidewall flow through the columns.

3. All acrylic spheres were purchased from Small Parts Inc.(Miami Lakes, FL). A layer
of 100 washed acrylic spheres with a diameter of 0.95 cm was placed in the bottom of
each column. On top of this layer, 125 washed acrylic spheres with a diameter of 0.64
cm were placed followed by a layer of 125 washed acrylic spheres with a diameter of
0.48 cm. The top layer of spheres was a layer of 150 washed acrylic spheres with a
diameter of 0.32 cm. The spheres were flushed twice with de-ionized water after
placement to promote settling and consolidation.

4. Each column was packed with moist porous media (9 wt%, 7 wt%, and 12 wt% water

for medium sand, MLS, and SLS, respectively). In Experiment 1, the medium sand
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and loamy sand were packed in 5 cm lifts to a total media depth of approximately

30 cm. Each lift was packed using the same procedure to ensure uniformity among
the columns. The desired mass of soil to fill a depth of 5 cm was placed in the
column and a 1.5 kilogram tamper was dropped 10 times at a height of 10 cm above
the lift five separate times. The sides of the column were tapped to promote settling
in between each set of 10 tamper drops and the top of each lift was scarified before
adding the next lift. SLS was packed in such a way to achieve a bulk density of 1.4,
in Experiment 2. This was accomplished by placing 825 grams of wet soil in 30 cm,
packed in 5 cm lifts of 165 grams each in a similar fashion for each column. Each lift
of SLS was placed in the column and the column was tapped on the sides to promote
settling and a 1.5 kilogram tamper was used to pack each lift by pressing on the top of
each lift. The top of each lift was scarified prior to packing the next lift.

The appropriate glass sphere required at the infiltrative surface in order to achieve the
desired degree of open soil surface was placed on the infiltrative surface of the porous
media manually until it was embedded to the centerline of the glass sphere as shown
in Figure 3.1. The surrounding exposed porous media at the IS was gently packed to
a bulk density similar to that in the balance of the column and a level infiltrative

surface was created. Photos of the packed columns can be found in Appendix E.
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The complete column set up is shown in Figure 3.6. No precautions were taken to ensure
the columns were abiotic or to account for microbial activity in the columns. Since
column operation lasted for 25 to 30 days (See Tables 3.3 and 3.4) it is presumed that

some microbial activity was present in the clogging zone.

3.1.4 Hydraulic Loading

The experimental hydraulic loading rate used for both experiments was
50 cm/day, applied over an 18-hour period at a pump rate of 0.91 ml/min, as shown in
Table 3.10. This HLR was chosen to enable comparison with IR behavior for previous
column experiments (e.g., Beach 2001) and future experiments with the accelerated

loading methods developed using STE (Siegrist and McCray 2002).

Table 3.10  Hydraulic loading and pump rate for a 5 cm diameter column

Hydraulic Pump Rate Liters processed
Loading Rate | (mL/min/column) for | per day per
(cm/day) 18hrs/day column

50 0.91 0.98
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Table 3.11 summarizes the experimental design mass of humic acid and silica

flour in each of the three mass fractions. Appendix C contains the actual masses

measured and applied to each column. A summary of STE time equivalent operation

represented by each mass fraction, assuming both a STE loading rate of 1 and 5 cm/day,

is shown in Table 3.12.

Table 3.11  Mass of humic acid and silica flour in each fraction
. Mass Humic Acid Mass Silica Flour Percent of total mass
Fraction i
(g) (g applied (%)
1 0.425 0.283 10
2 1.274 0.850 30
3 2.549 1.699 60
Total 4.248 2.832 100
Table 3.12  STE operation time represented by WSM fractions (Calculations in
Appendix A)
. . . STE Time Equivalent
Mass Fraction WSM STg;ﬁnr;qulgi/eg; O;EIE?OD Operation(assuming 5
& y cm/day HLR)
0.1 20 Months 4 Months
04 80 Months 16 Months
1 17 years 3.3 years
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The 60/40 mass ratio of humic acid/silica flour is based on previous research,
which indicated, “only 64% of the suspended solids in domestic STE were organic, with
more than 50% (of the 64%) characterized as lignin-humus [26].” Of each mass fraction
applied, an average of 32 wt% was TSS and 3.5 wt% was TVSS (total volatile suspended
solids), as determined by standard methods [7]. Following the application of each
fraction of WSM, matrix groundwater was applied to each column for 3-4 days at a rate
of 50 cm/day, at which time IR tests were conducted.

Each fraction of WSM was applied using the same technique; 50 mL of matrix
groundwater were added to the humic acid/silica flour mixture and applied to each
column manually using a shaker approach. Photos of the application container are shown
in Figure 3.7. Upon the addition of the final fraction of WSM, 3.3 or 17 years of STE
application are represented, based on a STE HLR of 5 and 1 cm/day, respectively.
Ponding occurred after each aliquot of WSM was applied to the column. The length of
time for it to dissipate varied among the porous media and each fraction added. Ponding
remained present longer for fractions 2 and 3 and longest for fraction 3. After the

addition of WSM, a visually apparent “filter cake” had formed at the IS.
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The pump was set at a rate greater than the infiltration rate and each column was allowed
to maintain a constant head for at least 30 minutes. The overflow volume from the
constant head port was then measured over a set period of time and the difference
between the pump feed rate and overflow rate is the infiltration rate. Sample calculations

are shown in Appendix A.
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CHAPTER 4: RESULTS

4.1 Experiment 1 Results

4.1.1 Medium sand

Bromide (Br’) tracer tests were conducted on three medium sand columns [IR1-B
(29% open); IR2-B (51% Open); IR3-D (80% Open)], chosen at random, for the clean
system and after the first two fractions of WSM were applied. The test involved a feed to
the columns at 50 cm/day with a Br” concentration of 1000 mg-Br/L. The results for all
three tests are presented in Figure 4.1 through Figure 4.3. The clean system tracer test
indicates no difference in flow regime among the three columns with different ISA and
no evidence of short-circuiting. The tracer test conducted after 10 wt% WSM was
applied reveals that even though the IR values are different, travel time in the columns
with different ISA is similar. The trend in breakthrough varies among the columns and
no conclusion can be drawn as a result of the lack of replicates and statistical information.
The bromide tracer test completed after 40 wt% of the WSM was applied, indicates that
retention time in the column IR1-B is longer. The breakthrough in the first 9 hours is
slower for column 1B (29% open), indicating a longer retention in the IS zone. Refer to
Appendix D for details regarding the results of the bromide tracer tests conducted during

the preliminary study.
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Br™ Tracer Test: Medium Sand - Clean System
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Figure 4.1  Br- tracer test in three medium sand columns prior to WSM addition

Br- Tracer Data: Medium Sand - 10 wt% WSM Applied
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Figure 4.2  Br- tracer test in three medium sand columns after 10 wt% WSM applied
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Br- Tracer Test: Medium Sand - 40 wt% WSM Applied
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Figure 4.3  Br- tracer test in three medium sand columns with 40 wt% WSM applied

In Experiment 1, the column infiltration rates were measured in the clean system
(e.g., no WSM applied) and after each WSM fraction was added. The predicted results
for medium sand appear in Chapter 2. It was expected that the IR would be lower in
columns with a Jower degree of open IS area.

After each fraction of WSM is applied to the medium sand IS, the columns with
80% of the IS open have a greater IR, as indicated in Figure 4.4. The mean and pooled
standard error values are shown in Figure 4.4 and are based on five replicate IR tests for
each column with the desired ISA. The difference in IR among the varying open surface
areas is significant. The values for medium sand infiltration rates and respective standard

errors are presented in Table 4.1 along with a pooled standard area for each ISA. The
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italicized values in the brackets represent the percent of the initial, clean system
infiltration rate (0 wt% WSM applied). Despite the difference in absolute values of final
IR, for each ISA, the final IR is a similar percent of the initial IR, suggesting that ISA has
a predictable influence on IS IR. That is, IR behavior under wastewater effluent applied
for a stone-free IS (100% open) can be predicted from stone-laden data. The similarities
among the percent reduction during the experiment are consistent with the predicted
results, with the exception of 29% open, after 40 wt% of the WSM was applied. The
final IR values measured in this work are comparable to the 10.51 cm/day final IR

obtained in previous work [3] where STE was loaded at 50 cm/day in 1-D columns.

Table 4.1 Medium sand measured IR values, standard errors and relative
reductions
29% Open 51% Open 80% Open
iCumulative] Pooled
e | S |8t |7 i | SEET | iy | S
WSM 101 [ % initial IR] (%] [ % initial IR]] (%] [ % initial IR] (%)
m/day)
Added | (cm/day
629.0 71.1 7194 96.6 13799 41.50
0 473 - [100] [11.3] [100] [13.4] [100] [3.0]
211.0 414 241.6 74.5 5184 102.70
0.1 49.7 [34] [6.58] [34] [10.4] [38] [7.4]
57.6 16.3 183.4 38.7 400.2 35.0
0.4 204 [9.2] [2.59] [25] [5.4] [29] [2.5]
13.67 2.30 20.2 12.8 354 5.60
1 5.29 [2.2] [0.37] [2.8] [1.8] [2.6] [0.41]
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Medium Sand IR Results
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Figure 4.4  Medium sand average infiltration rates and pooled standard error bars
(percentages represent the percent of the initial (i.e., no WSM added) IR value)

The final infiltration rate is the IR of the column after all of the WSM has been
applied. The final IR in this experiment represents either 3.3 or 17 years of operation
assuming 5 cm/day and 1 cm/day HLR with STE containing 60 mg/L TSS, respectively.
The final IRs of the columns are shown in Figure 4.5, revealing clearly that the greater
the degree of open soil surface the greater the final IR. Comparing the final infiltration
rate values to the predicted values, it appears that the addition of 7.08 grams of WSM

results in approximately 70% pore-filling. However, assuming a WSM density of
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IR = 0.43*(% open IS area) 4.1

Medium Sand Final IR Trendline
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Figure 4.6  Medium sand trend final IR trendline

It appears that the column IR is dependent on open IS area, however another IR value

(IR’) can be determined that is taken to be the IR into the open IS (equation 4.2).

IR’ = IR/(% open/100)

4.2
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The values for final IR’ are presented in Table 4.2. From the data it is clear that the IR’
values are similar regardless of open IS area, indicating that a measured IR value for a
gravel-laden column would result in a larger IR into the open IS (IR’) for a gravel-free

(100% open), requiring a smaller system for the same loading rate of STE.

Table 4.2 Final IR’ values

Final IR Value (cm/day) | % open IS | Final IR’ (cm/day)
13.7 29 47.2
20.2 51 39.6
354 80 44.2

The volumetric throughput trend, Figure 4.7, for the medium sand shows that a
higher degree of open IS area allows a greater volume to be processed, suggesting a

higher effective permeability of the IS zone when solid bodies are absent, confirming the

results of the IR data.
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Medium Sand Volumetric Throughput
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Figure 4.7  Experiment 1: Medium sand volumetric throughput

Figure 4.7 appears to have a similar slope throughout the experiment’s operation.
This similarity in trend is due to the fact that the columns’ infiltrabilities were supply-
controlled during operation and loaded at the same rate until the final fraction of WSM
was applied, at which point the columns became soil-controlled. If column operation was
extended and additional WSM were applied, it is expected that the slope of the Figure 4.7

would decrease as a result of columns becoming increasingly soil-controlled. During
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each IR test conducted, where a constant head was maintained and overflow was present

from at the overflow port (Figure 3.8), the columns were soil-controlled.

4.1.2 Manufactured Loamy Sand

Bromide (Br) tracer tests were conducted on four MLS columns [IR4-D (29%
open); IR5-B (51% Open); IR6-D (80% Open); IR5-E (51% Open)], chosen at random,
for the clean system and after the first two fractions of WSM were applied. The test
involved a feed to the columns at 50 cm/day with a Br” concentration of 1000 mg-Br7/L.
The results for all three tests are presented in Figure 4.8 through Figure 4.10. The tracer
test prior to any WSM addition indicates no difference in flow regime among the
columns with different ISA and indicates no short-circuiting. The Br” tracer test
conducted after 10 wt% of WSM is added to the columns indicates the shortest retention
time in the 80% ISA, however this result may not be significant due to lack of test
replication. The results of the IR4-D tracer test after 10 wt% WSM is added appears to
be in error. After 21 hours of sampling, the IR4-D column is at a C/C, of approximately
0.6. Upon the addition of 40 wt% WSM, IR4-D The Br" tracer test conducted indicates
breakthrough occurs between 10 and 16 hours, as with the other columns tested. The
40 wt% breakthrough curve indicates that there is no significant difference in flow

regime for the various ISA tested.
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Figure 4.8

Figure 4.9

Br- Tracer Test: MLS - Clean System
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Br tracer test of four MLS columns prior to WSM addition

Br- Tracer Test: MLS - 10wt% WSM Applied
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Br tracer test on four MLS column with 10 wt% WSM applied
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Br- Tracer Test: MLS - 40 wt% WSM Applied
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Figure 4.10  Br- tracer test on four MLS columns with 40 wt% WSM applied

The manufactured loamy sand used in Experiment 1 showed some of the same IR
trends as the medium sand (Table 4.3 and Figure 4.13). However, while effects of ISA in
the MLS were similar to the sand initially (0% WSM) with column operation these
effects became less apparent. This is believed to be due to experimental limitations
associated with the MLS. Specifically, due to the manufactured nature of the MLS it is
not stable during water infiltration and percolation and the fine particles of silica (98 wt%
< 53um) may have been translocated and redeposited in the column during water
application at 50 cm/day. This would affect the infiltrative surface zone permeability in a
non-representative manner by causing resistance to infiltration in a heterogeneous

infiltration zone comprised of sand alone versus sand plus silica.
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Hydrometer tests were conducted on samples of one of the MLS columns
collected at 5 cm intervals throughout the column after operation to determine the particle
size distribution (PSD) within each depth interval. The results of the hydrometer test are
presented in Figure 4.11, where X represents the mean particle diameter of the particles
present in solution. From the data it appears that the fine silica particles migrated

downward out of the top 5 cm of the column.

MLS Hydrometer
14
12 4 —&— MLS Packed
~—#— 0-5cm

10 —&—5-10cm XX
o - - % -+:10-15cm
Z 8 —¥—1520em | oL
B — @ 20-25cm
v 6 -
®

4 4

2

0

0.00 0.50 1.00 1.50 2.00

Log [X(pm)]

Figure 4.11 MLS hydrometer results
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The movement and redeposition of the silica flour within the medium sand may
be responsible for the trend in IR which indicates a somewhat greater IR for a lower
degree of open IS area with increasing operation time. The mean IR and standard error
values, based on five replicate tests on each column with the desired ISA, are presented
in Figure 4.12 and Table 4.3 along with the pooled standard error for each ISA. The
values for all MLS column infiltration rates and standard errors are in Appendix F. The
italicized values in brackets, in Table 4.3 represent the percent of initial/clean system IR.
The trend in IR versus degree of open IS area was initially as expected and similar to that
of the sand. However with 50 cm/day operation; the trend reverses with continued water
addition suggesting that the silica particles may migrate with time and effect the IR in the

IS zone.
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Figure 4.12 MLS measured infiltration rates and pooled standard error bars
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Table 4.3 MLS measured IR values and relative reductions
29% Open 51% Open 80% Open
wt. Pooled IR IR
Fraction | Standard II[{ (7(cg1{4ay) Std. Error (con/day) Std. Error (cm/day) Std. Error
WSM Error o initial | (cm/day) [% initial (cm/day) [% initial (cm/day)
(7] o initia [%] ¢ Lnilia [%]
Added | (covday) IR] [% IR] IR]
122.4 14.5 178.2 20.9 176.8 23.
0 12.8 [100] [11.8] [100] [11.7] [100] [13.1]
75.1 10.9 80.3 18.3 84.4 18.0
0.1 104 [61] [8.9] [45] [10.3] [48] [10.2]
75.5 6.14 80.9 12.5 60.5 13.7
04 7.27 [02] [5.0] [45] [7.0] [34] [7.7]
164 4.58 12.3 4.14 8.5 1.13
1 2.34 [13] [3.7] [7] [2.3] [4.8] [0.64]
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The final IR values, shown below, also indicate a trend that is opposite of that

expected and observed with the medium sand. The lowest degree of open IS area results

in a higher IR value.

MLS Final Infiltration Rates
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Figure 4.13 MLS final infiltration rates after 100% WSM addition

Despite the lack of trend in infiltration rate data for MLS soil, the volumetric
throughput trend suggests that a larger degree of open soil surface still allows for a larger
throughput to be processed (Figure 4.14). This result appears to be opposite of the trend
in final IR, however similar to the sand columns, the MLS columns are supply-controlled

and loaded at the same rate until the addition of the final fraction of WSM where they
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become soil-controlled. If operation of the columns continued with further WSM

addition it is expected that the slope of the line in Figure 4.14 would be reduced.

Experiment 1: MLS Volumetric Throughput

24
27 60wt% WSM
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20 1 Added '___"/":—/:
18 - 10wt% WSM A gl
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16 ={.r.‘ --8
<2 14
%]
E 121
=
< .
S 10
8 E
6 1 - ® - 29% Open
4 - — & — 51% Open
2 —— 80% Open
O + T T T T 1 T T T T L T 1 L T T

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Days of Operation

Figure 4.14 Experiment 1: MLS volumetric throughput

Due to the concerns over experimental methods and the behavior of the MLS, and

the inconsistency between IR and throughput results and the results observed for the
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medium sand, the MLS IR results are viewed as anomalous at this time. Further

investigation is recommended and discussed in Chapter 6.

4.2 Experiment 2

Experiment 2 was undertaken to overcome the problems encountered with the
MLS. However, Experiment 2 results indicate that further method refinement and
experimentation is necessary to quantitatively determine the IR behavior of the SLS soil
packed in small 1-D columns. The clean water infiltration rate values of 250-375 cm/day
(Table 4.4) for Experiment 2 columns are significantly greater than the field IR
measurement of 41.8 cm/day for undisturbed test cells, indicating that the packed,
experimental bulk density of 1.4 g/cm3 is too loose. After the first and second fractions
of WSM have been applied, for a total of 40% of the WSM (equivalent to 80 or 16
months), nine columns did not infiltrate all of the second fraction after 15 days and
processed only 0-5 mL/day (equivalent to 0-0.26 cm/day, a value below even the lowest
design for full-scale PMBs). Of the nine columns that “failed,” four were from the 29%
open regime, two from 51% and one from each of the remaining regimes; 80%
(1 sphere), 80% (2 spheres), and 100%. These results are consistent with the expectation

that higher hydraulic capacity occurs with a greater degree of open IS area.
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The final fraction of WSM was applied to the columns that remained operational,
and after the total 7.08 g of WSM was applied, only one column continued to process the
matrix ground water. This column appears to be an anomaly considering it is the only
one of the 5 replicates that does so. No final IR test was conducted due to lack of
infiltration of the final WSM. The average infiltration rates measured are presented
below, both in graphical and tabular form. The IR values after the addition of 40 wt%
WSM are similar to those obtained for medium sand after 100 wt% WSM was added.
However, the variability within the group may be due to experimental packing. A

complete table of Experiment 2 infiltration rates can be found in Appendix F.

Table 4.4 SLS measured infiltration rates
80% Open
29% Open 51% Open (1sphere) 80% Open (2spheres) 100% Open

Wt. IR IR IR IR IR
Pooled Std. Error (cm/day) IStd. Error (cm/day) Std. Error (cm/day) Std. Error (coo/day) Std. Error

Fraction (cm/day)
WSM ?Ct?n/%r;o;[%initial (C‘;’;d]“‘” (% initial (C%d;‘” (% initial (C%d?y) [% initial (‘:‘;‘(’7"7” {% initial (C%d]a”
Applied IRy ° IR} K IR] K IR} K IR] 0

258.8 494 309.2 614 375.1 53.7 249.9 426 3219 518
0 26.1 [100] [19] [100) | [19.8] | [100] {14] [100] {17] [100] [16]
68.2 23.6 93.2 53.8 58.8 15.23 100.9 14.0 75.9 23.0
0.1 14.8 [26] {9.1] [30] [174] [16] [4.1] {40] [5.6] [24] [7.1]
22.8 257 321 13.8 20.1 3.67 68.1 252 53.65 17.1
04 9.46 [8.8] [9.9] | [104] | [4.5] [5.4] | [0.98] [27] {10] [17] [5.3]

The average IR values and pooled standard error bars are presented in Figure

4.16, Figure 4.17, and Figure 4.18 for the SLS clean system, first fraction of WSM and
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second fraction of WSM applied, respectively. There is no obvious trend in the figures,
other than Figure 4.18, which exhibits an increasing IR with increasing % open.
However, considering the columns that failed initially, a qualitative conclusion can be
made that the clogging rate of SLS soil is dependent upon the degree of open soil surface

with a more rapid clogging rate associated with the lowest degree of open soil surface.

SLS IR Results

450
100% Initial IR ' =l B29% Open o
400 I E : 51% Open E
. 2| M80% Open (1 sphere) [
350 T a a| I80% Open (2 spheres) {
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300 . "
B 250 ] : :
= b - []
g H H
< i H .
E 200 A . .
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24% 2 .
16% . 27% 17% =
100 1 _ =g 4% .
10.4% H
50 - ey
0 L |
0 - 0.1 : 04 -
‘Wt. Fraction WSM Applied -

Figure 4.15 SLS average infiltration rates and pooled error bars (percentages represent
the percent of the initial (i.e., no WSM added) IR value)
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SLS Average Clean System Infiltration Rates
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Figure 4.16 SLS average clean IR and pooled standard error bars

SLS Average IR w/ 10wt% WSM Applied
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Figure 4.17 SLS average IR after 10 wt% WSM applied and pooled standard error bars
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SLS Average IR Values after 40 wt% WSM Applied
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Figure 4.18 SLS average IR after 40 wt% WSM applied and pooled standard error bars

The volumetric throughput of the columns is shown in Figure 4.19. A trend is
seen when the total volume is plotted, with more total volume being processed for the
columns with a larger degree of open soil surface. This reinforces the qualitative
conclusion for the SLS soil that the IR is affected by the percent of IS area and the

infiltration is lower with a smaller degree of open soil surface.
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SLS Volumetric Throughput
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Figure 4.19 SLS volumetric throughput
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CHAPTER 5: DISCUSSION

The infiltration rate trend predicted by equation 2.1 is followed when medium
sand was used. With a greater degree of open soil IS area the infiltrability of a medium
sand column is higher. The final infiltration rate values for the 29, 51, and 80% degrees
of open soil surface are significantly different with a greater infiltration rate existing for
the greater degree of open soil surface. Practically speaking this indicates that the
hydraulic capacity per unit of total infiltration area of a soil PMB can be improved by
increasing the degree of open IS area. This is because the permeability of the infiltrative
surface zone is greater when there is a greater degree of open IS area through which
infiltration can occur. As a result, the total volume of pores are filled much faster in an
IS with a lower degree of open IS area, which has a smaller initial volume of pores within
the IS zone which is where pore filling occurs.

No trend existed for the manufactured loamy sand. However, this may be a result
of translocation and redeposition of the fine silica particles present in the medium sand.
This potential difference in silica movement among the columns may have confounded
the ability to clearly reveal the predicted trend in infiltration rate. The total volumetric
throughput data is, however, consistent with the hypothesis that the greater degree of

open soil surface results in a greater column infiltration rate. It is recommended that
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In Experiment 2, infiltration rates were measured only after 10 wt% and 40 wt%
of the total WSM were added to the SLS soil columns. This was due to the failure of 9
columns after 40 wt% was applied (equivalent to 16 or 80 months operation of a full-
scale PMB at 5 or 1 cm/day) and 24 of the 25 columns after 100 wt% was applied (3.3 or
17 years months operation of a full-scale PMB at 5 or 1 cm/day). Though final
infiltration rates (i.e., after 100 wt% WSM added) were not measured the trend in the IR
data at 40 wt% WSM addition is consistent with that of the mediums sand, indicating
lower infiltrability with a lower IS open area. In addition, a majority of the columns that
hydraulically failed were those with a smaller degree of open IS area, and the plot of
volumetric throughput was larger for the columns with a larger degree of open IS area.

The results discussed above help explain the reason why gravel-free chamber
designs can be sized smaller than gravel-laden systems and still process the same daily
wastewater flow. In addition to the wastewater pollutants causing pore-filling, the
presence of gravel can compact and smear the infiltrative surface and the fines in moist
gravel may wash onto the infiltrative surface and behave as a pore-filling agent. Based
on the medium sand results, the effective IR (IR’) indicates that with the different ISA,
the infiltration into the unobstructed cross-sectional area of porous media is similar. This
means that in order to process the same STE loading, a gravel-laden system would

require a larger IS area and thus a larger system footprint.
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS

In order to increase the infiltration rate of a soil-based wastewater treatment system,
and in turn increase the operation life of the system, the degree of open soil surface can
be increased. In practice, this can be done using chamber designs rather than aggregate-
filled trench designs. In the research this conclusion has been proven to hold true
statistically for medium sand. However, the same conclusion is indicated from the
throughput data plus percent failure of the SLS columns. Both support that a higher
degree of open soil surface yields a higher IR and hydraulic capacity, even though a
complete data set is not present to quantify a correlation, as with the medium sand.

Some suggestions for future controlled experiments include;

¢ Apply smaller fractions of WSM so that more detailed data regarding
changes in infiltration rates can be obtained.

¢ Conduct similar work with STE varies ISA to determine how well WSM
simulates STE application.

¢ Test more finer-grained soils at bulk densities representative of field
conditions using intact cores or packed cores.

e Vary the number and geometry of solid bodies present to determine their

effects.
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Test the ISA effects on a vertical infiltrative surface in a two dimensional

lysimeter.

Study the effects of fines washing off of “dirty” gravel on the infiltrative

surface
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APPENDIX A: SAMPLE CALCULATIONS

A.1  Designed time equivalent full-scale operation with addition of WSM fractions

Calculations are based on an average concentration of TSS in STE = 60 mg/L and full-

scale loading rates of 1 and 5 cm/day.

Volume processed at a typical loading rate of 1 cm/day in a 5 cm diameter column, where
cross-sectional area = 19.63 cm’:

= 1cm/day*[l9.63cm2]*[mL/cm3]

=19.63 mlL/day
Volume processed at a typical loading rate of 5 cm/day in a 5 cm diameter column, where
cross-sectional area = 19.63 cm™:

= Scm/day*[19.63cm’]*[mL/cm’]

= 98.15 mL/day

Fraction 1 (10 wt% of total):

Mass of WSM = 0.708 grams
Represented volume of STE processed (V):

= 0.708g *[L/60mg]*[1000mg/g] = 11.8 L



Full-scale time equivalent at 1 cmm/day:
=11.8L*[day/19.63mL]*[1000mI/L]
= 601 days (20 months)

Full-scale time equivalent at 5 cm/day:
= 11.8L*[day/98.15mL]*[1000mL/L]

=120 days (4 months)

Fraction 2 (30 wt%, for a total of 40 wt% of WSM):

Total mass of WSM applied = 2.832 grams
Represented volume of STE processed (V):
=2.832g *[L/60mg]*[1000mg/g] =47.2 L
Full-scale time equivalent at 1 cm/day:
=47.2L.*[day/19.63mL]*[1000mI/L]
= 2404 days (80 months)
Full-scale time equivalent at 5 cm/day:
=47.2L.*[day/98.15mL]*[1000mL/L]

= 481 days (16 months)

Fraction 3 (60 wt%, for a total of 100 wt% of WSM):

Total mass of WSM applied = 7.08 grams

Represented volume of STE processed (V):
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= 7.08g *[L/60mg]*[1000mg/g] = 118 L.
Full-scale time equivalent at 1 cm/day:

= 118L*[day/19.63mL]*{1000ml/L]

= 6011 days (17 years)
Full-scale time equivalent at 5 cm/day:

= 118L*[day/98.15mL]*[1000mL/L]

= 1202 days (3.3 years)

A.2  Time equivalent full-scale operation based on actual measured TSS

concentration in WSM

The actual concentration of TSS within the WSM was measured for each fraction of
WSM after experimentation was underway and the results are presented in Table A.1

below.
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Table A.1 Concentration of TSS within WSM

Dry wt % TSS
Humic Silica (based on standard
Sample | Acid (g) | Four (g)| WSM (g) methods[7])

Fraction 1 1A 0.425 0.284 0.709 36.4
Fraction 1 1B 0.425 0.286 0.711 30.8
Fraction 2 2A 1.275 0.850 2.125 29.8
Fraction 2 2B 1.274 0.851 2.125 40.0
Fraction 3 3A 2.551 1.701 4.252 24.7
Fraction 3 3B 2.553 1.703 4.256 274

Average 31.5

Standard

Deviation 5.7

Based on Table A.1, the average TSS concentration in WSM is 31.5 dry wt%. The time
equivalent full-scale operation calculated below is based on this value.

TSS in fraction 1 = 0.315*0.708g = 0.223¢g

TSS in fraction 2 = 0.315%2.124g = 0.669g

TSS in fraction 3 = 0.315%4.248g = 1.34g
Volume processed at a typical loading rate of 1 cm/day in a 5 cm diameter column, where
cross-sectional area = 19.63 cm?:

= lem/day*[19.63cm?*]*[mL/cm’]

= 19.63 mL/day
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Volume processed at a typical loading rate of 5 cm/day in a 5 cm diameter column, where
cross-sectional area = 19.63 cm*:
= Scm/day*[19.63cm®]*[mL/cm’]

=98.15 mL/day

Fraction 1 (10 wt% of total):

Mass of TSS =0.223 grams
Represented volume of STE processed (V):
=0.223g *[L/60mg]*[1000mg/g] = 3.72 L
Full-scale time equivalent at 1 cm/day:
= 3.72L*[day/19.63mL]*[1000mL/L]
= 190 days (6.3 months)
Full-scale time equivalent at 5 cm/day:
= 3.72L*[day/98.15mL]*[1000mI./L]

= 38 days

Fraction 2 (30 wt%, for a total of 40 wt% of WSM):

Total mass of TSS applied = 0.892¢g
Represented volume of STE processed (V):
=0.892g *[L/60mg]*[1000mg/g] = 14.9 L

Full-scale time equivalent at 1 cm/day:




= 14.9L*[day/19.63mL]*[1000mL/L]
=759 days (25 months)

Full-scale time equivalent at 5 cm/day:
= 14.9L*[day/98.15mL]*[1000mL/L]

=152 days (5 months)

Fraction 3 (60 wt%, for a total of 100 wt% of WSM):

Total mass of TSS applied = 2.232 grams
Represented volume of STE processed (V):

= 2.232g *[L/60mg]*[1000mg/g] =37.2 L
Full-scale time equivalent at 1 cm/day:

= 37.2L*[day/19.63mL]*[1000mL/L]

= 1895 days (5.3 years)
Full-scale time equivalent at 5 cm/day:

= 37.2L*[day/98.15mL]*[1000mL/L]

=379 days (12.6 months)
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A3  Saturated Hydraulic Conductivity

An approximation of Equation A.1 was used to calculate an estimate of saturated

hydraulic conductivity of the packed columns.

dp = Keu(dh/dl) Al

Measured values from the IR1A K, test are shown in Table A-1 where h; is the height
above the IS at time zero and h; is the height above the IS at time equals 30 seconds. The
value h is head acting on the soil column and includes both the height of liquid above the
infiltrative surface and the length of effluent tubing at the base of the column. The value

L is the length of porous media in the column.

Table A.2  IR1-A column measured values for K, determination.

: Time hi-h Ksa
Reading| ooy | M [ he | h | L dval | o | emfday) (cm/day)
i 30 |35]16]935] 329 2.840 19 | 5472 | 1926
2 | 30 |39]|22] 94 3209 2.856 17 | 48% | 1715
3 | 30 |39]21]939] 329 2854 18 | 5184 | 1816
4 | 30 |39|22|04]| 329 2856 17 | 48% | 1715
5 | 30 |39]22]94 ] 3209 2.856 17 | 48% | 1715
6 | 30 |42]|25 943] 329 2.865 17 | 4896 | 1709

Average 1766

Measured qp for reading 1 = 5472 cm/day
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dh/dl =93.5/32.9=2.84
Ksa = qp/(dh/dl) = (5427 cm/day)/2.84 = 1926 cm/day

A.4  Infiltration Rate
Column IR1A, clean system used for sample infiltration rate calculation.

Average pumprate for this test = 22.44 mIL/min

Sample time (t) = 3 minutes

Sample 1 represents the measurement of overflow from the constant head port (Figure
3.8) above the column. The overflow is based on change in mass over a 3 minute time

period. The IRs measured are converted to IR at unit hydraulic gradient.

Sample 1: Initial mass (m;) =139.5 g
Final mass (my) = 186.5 g
Qoverflow (ML/min) = (ms-my)/t = (186.5-139.5)/3 = 15.67 mL/min
qr (mL/min) = Qpump — Goverflow = 22.4 mL/min — 15.67 mL/min = 6.78 mL/min
dh/dl = 1.03 for IR1A, where dh = dl + height above IS and dl = depth of porous media.

r =radius of column = 2.5 cm
qr (cm/day) = [qr (mL/min)]*l44O/7tr2/(dh/dl) = 484 cm/day

The IR1A infiltration rate clean system test summary is in Table D.2.
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Table A.3  IR1-A clean system infiltration rate test summary
IRI-A
i . Qoverflow .
t(min) mi(g) m(g) (mL/min) |3® (mL/min)| g (cm/day)
3 139.5 186.5 15.67 6.78 484
3 186.5 233 15.50 6.94 496
3 233 280 15.67 6.78 484
3 280 326.5 15.50 6.94 496
3 326.5 372.5 15.33 7.11 508
Average 6.91 494
Variance 0.02 99.19
Std. Deviation 0.14 9.96
A.5  Model Predicted Results

This section describes the medium sand prediction, assuming 20% pore-filling and an

ISA of 29 % open soil surface. Both equations A.2 {33] and A.3 are used.

kp = ko(1-ng/ny)'

ky = permeability of pore-filled infiltrative surface (L%)

ko = initial permeability of infiltrative surface (L?)

n, = initial porosity of porous media (L*/L?)

ng = fraction of pores filled (L3/L3)

A2
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K =kpg/n A3

K = hydraulic conductivity (L/T)
p = fluid density (M/L?)
g = gravitational constant (L/T?)

U = viscosity (M/T*L)

Column Diameter = 5 cm

Assumed IS zone depth = 0.5 cm

IS Area = 7ir” = 19.63 cm?

IS zone volume = (19.63cm?)(0.5cm) = 9.82cm’

Sphere volume in IS zone = nrzh, where h = height of IS, 0.5 cm

= 3.1415(2.1cm)*(0.5cm) = 6.93cm’
Soil Volume = IS zone V — sphere V = (9.82 — 6.97)cm® = 2.85 cm®
Assuming sand porosity of 0.28, pore V = 0.24*2.85cm’> = 0.798cm>

Porosity, n, = Pore V/IS V = 0.798/9.82 = 0.081

Table A.3 provides a summary of the characteristics of the column infiltrative

surface with an infiltrative surface architecture of 29% open soil surface.
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Table A.4  Column infiltrative zone characteristics with ISA of 29% open IS area

Area Blocked
by4.21cm | IS Zone Sphere Soil Sand
Total IS Surface| diameter Volume Volume | Volume |Pore V| IS Zone Pore
Area (cm?2) Sphere (cm2) | (cm3) (cm3) (cm3) | (cm3) \/AY%
19.63 13.9 9.82 6.97 2.85 0.80 0.081

The IS zone hydraulic conductivity at 0% pore-filling is assumed to be the initial (0%
WSM) IR value determined experimentally = 629 cm/day

IS zone permeability: ko, = (Kigos * N29g) / Digos = 6.83x10® [k, was determined using
equation D.3]

Clogged porosity (% of matrix pores) = 20

Pore filling, ns = 0.2 * Pore Volume (for 20% pore-filling)

=0.2*0.081 =0.016
Clogged IS permeability, ky = ko*(1-ngn,)' !¢

kp = 6.83x10°cm™*(1 - 0.016/0.081)""°
kp = 3.40x10-8 cm’
From equation A.3, Hydraulic conductivity, K = kpg/u
Ko = kopg/u
Kp = kepg/u
pg/u is a constant and therefore K /k, = Ky/k,. Therefore an estimation of reduced

hydraulic conductivity is;

Ky = K, *(kw/ko) = 629 cm/day * [(3.40x10%)/(6.83x10®)] = 310 cm/day
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APPENDIX C: SATURATED HYDRAULIC CONDUCTIVITY, BULK
DENSITIES AND ACTUAL MASS OF WSM APPLIED

The following average and standard deviation values are based on six multiple

tests of each column. The test was conducted as described in Chapter 3.
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Table C.1 Experiment 1 K, and moist bulk density values
. Average K,; {Std. Deviation|Column Moist
Media ISA Column « m/?iay) (co/day) Obank € g/cm3)
IR1-A 1766 88.9 1.87
IR1-B 1544 62.3 1.92
Sand  {29% Open| IR1-C 1515 3.4 1.90
IR1-D 1503 47 1.93
IR1-E 1668 53.4 1.91
IR2-A 1614 482 1.93
IR2-B 1552 50.8 1.91
Sand  151% Open| [R2-C 1640 54.0 19
IR2-D 1755 55.5 1.87
IR2-E 1572 50.3 1.9
IR3-A 2255 84.0 1.88
IR3-B 2276 1102 1.83
Sand  |80% Open| [R3-C 2542 54.9 1.90
IR3-D 2404 70.1 1.90
IR3-E 2443 145.9 1.88
IR4-A 141 372 2.01
IR4-B 635 80.4 2.0
MLS  |29% Open| IR4-C 945 83.4 2.02
IR4-D 566 432 2.01
IR4-E 444 44.7 2.03
IR5-A 912 375 2.01
IR5-B 548 46.0 2.01
MLS |51% Open| IR5-C 809 24.4 2.01
IR5-D 489 32.4 2.05
IR5-E 1137 39.5 2.06
IR6-A 650 62.6 2.03
IR6-B 565 46.6 2.06
MLS  |80% Open| IR6-C 178 25.1 2.06
IR6-D 450 37.3 2.06
IR6-E 551 41.1 2.06




Table C.2 Experiment 2 Ksat and moist bulk density values
. Average Ksat Ksa't S.t d. C(?lumn
Media ISA Column (cm/day) Deviation Moist psbulk
(cm/day) (g/cmr)
IR1-A 465 3.9 14
1IR1-B 759 39.5 1.36
SLS 29% Open| IR1-C 817 50.3 1.37
IR1-D 801 459 1.36
IR1-E 649 36.6 1.37
IR2-A 1043 56.4 1.37
IR2-B 880 51.7 1.4
SLS  |51% Open| [R2-C 638 54.0 1.42
IR2-D 951 43.0 1.35
1R2-E 971 48.5 1.39
IR3-A 1211 54.6 1.4
IR3-B 951 39.9 1.4
SLS  |80% Open| IR3-C 1406 429 14
IR3-D 1210 32.0 1.38
IR3-E 1397 38.1 1.37
IR4-A 1015 46.3 1.4
IR4-B 744 36.3 1.39
SLS 29% Open| [R4-C 952 98.9 1.4
IR4-D 1005 71.2 1.4
IR4-E 1106 29.0 14
IR5-A 877 50.0 1.43
IR5-B 646 49.1 1.36
SLS 51% Open| [R5-C 1246 50.5 1.37
IR5-D 1301 59.7 1.33
IR5-E 775 189.5 1.39
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Table C.3 Experiment 1 WSM masses applied (dry wt.)
Fraction 1 Fraction 2 Fraction 3

Media ISA Hgmic Silica Hl_lmic Silica Hl.lmic Silica
Column | Acid (g) | Flour (g) | Acid (g) | Flour (g) | Acid (g) |Flour (g)

IRI-A | 04248 | 02832 | 1.2742 | 08493 | 2.5487 | 1.6991

IRI-B | 04245 | 0.284 12744 | 0.8494 | 25489 | 1.6994

Sand  129% Open| [R1-C 0425 | 02836 | 12744 | 0.8497 | 25487 | 1.6992
IRI-D | 04241 | 02833 | 12744 | 0.8495 | 2.5484 | 1.6992

IRI-E | 04245 | 02837 | 1.2746 | 0.8493 | 2.5488 | 1.6993

IR2-A | 04249 | 0.2823 | 1.2745 | 0.8496 | 2.5487 | 1.6994

IR2-B 0425 | 02835 | 1.2743 | 0.8494 | 25485 | 1.699

Sand 51% Open| IR2-C 0425 | 02835 | 1.2747 | 0.8494 | 2.5486 | 1.6995
IR2-D | 04246 | 02831 | 12743 | 0.8496 | 2.5486 | 1.6993

IR2-E 0425 | 02833 | 1.2743 | 0.8497 | 2.5484 | 1.6992

IR3-A | 04251 | 0.2837 | 12746 | 08494 | 25484 | 1.6992

IR3-B_ | 0.4246 | 0.2839 | 1.2748 | 0.8498 | 2.5489 | 1.6991

Sand [80% Open| IR3-C | 04243 | 02831 | 1.2744 | 0.8493 2.549 | 1.6995
IR3-D | 04244 | 0.2837 | 1.2744 | 0.8495 | 2.5488 | 1.6994

IR3-E | 04242 | 0283 12742 | 0.8495 | 2.5484 | 1.699

IR4-A | 04251 | 02834 | 1.2747 | 0.8498 | 2.5485 | 1.6997

IR4-B | 04249 | 02831 | 1.2743 | 0.8496 | 2.5483 | 1.699

MLS 129% Open| IR4-C | 0.4244 | 0.2835 | 12746 | 0.8497 2.549 | 1.6993
IR4-D | 04264 | 0.2832 | 12743 | 0.8496 | 2.5487 | 1.6991

IR4-E | 04248 | 02834 | 1.2742 | 0.8494 | 2.5485 | 1.6995

IRS-A | 04248 | 02837 | 12746 | 0.8495 2.549 | 1.6989

IR5-B_ | 04248 | 0.2833 | 1.2745 | 0.8494 | 2.5484 | 1.6994

MLS  |51% Open| IR5-C | 0.4283 | 0.2838 | 1.2748 | 0.8499 | 2.5480 | 1.6997
IR5-D | 04287 | 0.2832 | 12742 | 0.8498 | 2.5482 | 1.6996

IRS-E | 0.4249 | 02932 | 1.2742 | 0.8493 | 2.5487 | 1.6991

IR6-A | 0.4247 | 02831 | 12744 | 0.8496 | 2.5486 | 1.6992

IR6-B | 04249 | 02833 | 1.2743 | 0.8496 | 2.5483 | 1.6995

MLS |80% Open| TR6-C | 0.4248 | 02832 | 1.2743 | 0.8495 | 2.5485 | 1.6991
IR6-D | 04246 | 02834 | 12745 | 0.8495 | 2.5488 | 1.6993

IR6-E | 04249 | 0.2832 | 12749 | 0.8496 | 2.5484 | 1.6994
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Table C4  Experiment 2 WSM masses applied (dry wt.)
Fraction 1 Fraction 2 Fraction 3
Media ISA Hx}mic Silica Humlc Silica Hl.lmic Silica
Column | Acid (g) | Flour (g) | Acid (g) | Flour (g | Acid (g) | Flour (g)
IRI-A | 04249 | 0.2836 | 1.2744 | 0.8495 N/A N/A
IRI-B_ | 04246 | 02833 | 12744 | 0.8496 N/A N/A
SLS  [29% Open| IR1-C | 04249 | 02832 | 12743 | 0.8499 N/A N/A
IRI-D | 04249 | 0.2835 | 1.2744 | 0.8497 N/A N/A
IRI-E | 04249 | 02831 | 1.2741 | 0.8495 N/A N/A
IR2-A | 04248 | 0.2834 | 12744 | 0.8494 | 2.549 1.6994
IR2-B | 04249 | 0.2835 | 1.2743 | 08494 | 25487 | 1.6994
SLS  |51% Open| IR2-C | 0.4249 | 02831 | 12745 | 0.8499 N/A N/A
IR2-D | 0.4246 | 0.283 12744 | 0.8492 | 2.5483 | 1.6989
IR2-E | 04248 | 0.283 1.2747 | 0.8496 N/A N/A
IR3-A | 04247 | 02829 | 12748 | 0.8497 N/A N/A
IR3-B | 04248 | 02833 | 12744 | 08495 | 2.5488 | 1.6999
SLS  |80% Open| IR3-C | 0.4243 | 02834 | 12744 | 08492 | 2.5483 | 1.6993
IR3-D | 0.4246 | 0.2834 | 12744 | 0.8492 | 2.548 1.6991
IR3-E | 04245 | 02831 | 12744 | 0.8498 | 2.5484 | 1.6988
IR4-A | 04248 | 0.2833 | 1.2743 | 0.8494 | 25485 | 1.6992
IR4-B | 04246 | 0.2831 | 1.2741 | 0.8497 | 2.5482 | 1.6999
SLS  129% Open| IR4-C | 0.4246 | 02835 | 12742 | 0.8497 | 2.5484 | 1.6994
IR4-D | 04244 | 0.2832 | 1.2741 | 0.8501 | 2.5482 | 1.6995
IR4-E | 04249 | 02832 | 1.2747 | 0.8497 N/A N/A
IRS-A | 04246 | 0.2834 | 12744 | 0.8496 | 2.5485 | 1.6995
IR5-B | 04248 | 02835 | 12749 | 0.8497 N/A N/A
SLS |51%Open| IR5-C | 0.4243 | 02833 | 12746 | 0.8497 2.548 1.6992
IR5-D 0425 | 02832 | 12741 | 08494 | 2.5484 | 1.6998
IR5-E | 04248 | 02829 | 12742 | 0.8497 | 2.5485 | 1.6996
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At the start, various mixtures of soil were tested and it was determined that the 9:1
ratio (sand:silica flour) resulted in the desired saturated hydraulic conductivity (Table

D.1).

Table D.1  Saturated hydraulic conductivities observed during preliminary studies

Soil | gt % Medium 1wy  Silica Flour | Wt % Bentonite | Kuy (cmiday)
I 85 5 0 272

2 75 25 0 Negligible
3 65 35 0 Negligible
4 75 20 5 Negligible
5 60 30 10 Negligible
6 60 20 20 Negligible

The saturated hydraulic conductivity desired was approximately an order of magnitude
lower than that of medium sand. Soils with bentonite concentrations as low as 5 wt%
tested were also tested, however the hydraulic conductivity was too low to
experimentally determine a difference in infiltration rate.

Four columns were then used to develop and test the WSM (three packed with
medium sand, one with a soil manufactured in a 9:1 mass ratio of medium sand to silica
flour). No solid body was present on the infiltrative surface of the test columns. WSM

was applied to the four columns in three equivalent fractions. In the medium sand, humic
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acid:silica flour ratios of 60/40, 50/50, and 70/30 were tested. A 60/40 ratio of humic
acid to silica flour was applied to the column packed with manufactured loamy sand. The
infiltration rates of the columns were tested before any WSM addition and after each
fraction of WSM was applied. A bromide tracer test was also conducted for the clean
system and after each WSM fraction applied to determine if bromide data gave any
indication of infiltrative surface properties. A steady concentration of 1000 mg-Br/L
was fed to each column, followed by Br™ - free water applied after C/Co reached a value
of 1.

The infiltration rate measurement techniques were practiced during the
preliminary work and any kinks in the experimental methods were worked out prior to
beginning Experiment 1. The infiltration rate values, saturated hydraulic conductivities,
and WSM type applied for the four columns tested in the preliminary work are shown in
Table D.2. The column IR values prior to WSM addition and after the first 1/3 of WSM
was applied were determined using a method different than that described in Chapter 3;
measuring the effluent (instead of overflow) and comparing it to the pumprate. The use
of an overflow port to determine IR, as described in Chapter 3, was developed after the
second 1/3 of WSM applied. Note in Table D.2 that there is clear decrease in IR with

increasing application of WSM.
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Table D.2  Test column data

WSM Type IR after 1/3 | IR after 2/3 IIRO(;E:;:%
Column (wt% humic Ksat Clean System | WSM WSM WSM
Sand:Silt | acid/wt% (cm/day) IR (cm/day) Applied Applied .

silica flour) (cm/day) (cm/day) Applied

(cm/day)

90:10 60/40 239 147 20 41 26
100:0
(Sand1) 70/30 1648 1421 348 119 78
100:0
(Sand 2) 60/40 1560 1004 369 74 56
100:0
(Sand 3) 50/50 1904 1021 385 36 85

Figures D.2 through D.5 present the results of the bromide tracer data. The data

indicates an increase in retention time with the application of WSM. Figure D.2 through

Figure D.5 also indicate that the retention time in the manufacture 90/10 column is

greater than that for the sand columns. No significant difference in WSM mixture was

determined and therefore 60/40, humic acid/silica flour, was arbitrarily chosen.




104

Clean System Bromide Tracer Data
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Figure D.2
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Figure D.3
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Br- tracer test of four test columns prior to WSM additions

Bromide Tracer Data After 1/3 WSM Added
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Br tracer test on four test columns with 33 wt% WSM addition
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Bromide Tracer Data After 2/3 WSM Added
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Figure D.4 Br tracer test on four test columns with 66 wt% WSM addition

Bromide Tracer Data After Final WSM Addition
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Figure D.5 Br tracer test on four test columns with 100 wt% WSM addition
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APPENDIX F: INFILTRATION RATE VALUES

Each average and standard deviation value is based on five measurements of each

column. The infiltration rate measurement was determined as outlined in Chapter 3.
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Table F.1

Experiment 1 clean infiltration rates

Average Cleanl

Std. Deviation Clean

Media ISA Column IR (co/day) (cm/day)

IR1-A 494 9.96

IR1-B 752 25.13

Sand 29% Open IRI-C 693 28.09
‘ IR1-D 780 22.24
IR1-E 427 18.93

IR2-A 963 27.32

IR2-B 902 19.03

Sand 51% Open IR2-C 523 19.32
1IR2-D 724 18.88

IR2-E 484 51.77

IR3-A 1363 49.92

IR3-B 1339 51.93

Sand | 80% Open IR3-C 1489 72.01
IR3-D 1453 51.98

IR3-E 1257 63.45

IR4-A 85 23.10

IR4-B 156 30.81

MLS 29% Open IR4-C 144 82.67

IR4-D 136 19.56

IR4-E 91 10.61

IR5-A 185 17.88

IR5-B 256 30.88

MLS 51% Open IR5-C 162 29.23

IRS5-D 142 18.24

IR5-E 147 22.41

IR6-A 89 51.17

IR6-B 224 26.21

MLS 80% Open IR6-C 204 19.31

IR6-D 180 52.34

IR6-E 187 36.38




Table F.2

Experiment 1 infiltration rates after 10 wt% WSM applied

Average 1st | Std. Deviation
Media ISA Column | Fraction IR | First Fraction
(c/day) IR (cm/day)

IRI-A 374 75.20
IR1-B 180 35.28
Sand |29% Open| IR1-C 152 21.69
IR1-D 192 26.23
IR1-E 157 10.02
IR2-A 263 23.95
IR2-B 118 17.33
Sand |51% Open| [R2-C 335 21.29
IR2-D 38 33.23
IR2-E 454 14.89
IR3-A 419 19.61
IR3-B 377 22.25
Sand |80% Open| IR3-C 356 22.75
IR3-D 527 19.43
IR3-E 912 28.70
1IR4-A 84 23.17
IR4-B 78 17.60
MLS (29% Open| IR4-C 65 24.90
IR4-D 41 16.16
IR4-E 107 42.39
IR5-A 121 13.53
IR5-B 124 29.94
MLS |51% Open| IR5-C 73 15.04
IR5-D 37 19.42
IR5-E 46 34.68
IRG-A 68 32.94
IR6-B 35 9.65
MLS  |80% Open| IR6-C 105 6.26
IR6-D 141 47.87
IR6-E 74 26.57
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Table F.3

Experiment 1 infiltration rates after 40 wt% WSM applied

Average 2nd | Std. Deviation

Media ISA Column Fraction IR 2nd Fraction

(cm/day) IR (cm/day)
IR1-A 98 17.66
IR1-B 0.00 16.58
Sand |29% Open| IR1-C 65 40.38
IR1-D 75 19.63
IR1-E 51 42.08
IR2-A 75 10.48
IR2-B 230 17.78
Sand |51% Open| IR2-C 302 13.57
IR2-D 168 28.08
IR2-E 142 17.86
IR3-A 311 5.39
IR3-B 497 8.57
Sand }80% Open| IR3-C 347 28.41
IR3-D 382 8.44
IR3-E 464 8.41
IR4-A 97 41.85
IR4-B 59 8.46
MLS |29% Open| IR4-C 74 11.90
IR4-D 69 5.22
IR4-E 78 7.06
IR5-A 129 19.55
IR5-B 57 10.01
MLS [51% Open| IR5-C 65 13.32
IR5-D 74 21.02
IR5-E 79 13.66
IR6-A 85 17.81
IR6-B 83 22.27
MLS 80% Open] IR6-C 23 19.64
IR6-D 59 41.54
IR6-E 66 48.90




Table F.4

Experiment 1 infiltration rates after 100 wt% WSM applied.

Average 3rd e e
Media ISA | Column | Fractionl IR Fritc‘i'i :; ';";;t'("c‘;j;:y)
(cm/day)
IR1-A 13.7 5.18
IR1-B 7.92 2.92
Sand | 29% Open | IRI-C 14.4 4.65
' IR1-D 10.8 1.68
IR1-E 21.6 12.68
IR2-A 3.8 2.42
IR2-B 17.2 1.86
Sand | 51% Open | IR2-C 3.9 2.54
IR2-D 5.7 2.02
IR2-E 70.5 8.20
IR3-A 21.2 2.56
IR3-B 28.3 1.82
Sand | 80% Open | IR3-C 46.3 4.02
IR3-D 30.4 5.88
IR3-E 50.9 1.49
IR4-A 15.3 5.58
IR4-B 19.3 2.88
MLS |29%Open| IR4-C 5.4 2.23
IR4-D 32.1 3.65
IR4-E 9.7 3.67
IR5-A 13.5 2.68
IR5-B 26.3 4.56
MLS | 51%Open| IRS5-C 5.4 1.86
IR5-D 2.5 1.18
IR5-E 13.7 5.18
IR6-A 12.6 11.42
IR6-B 8.7 9.30
MLS | 80% Open | IR6-C 6.3 4.46
IR6-D 6.5 3.77
IR6-E 8.5 5.15
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Table F.5

Experiment 2 Clean System IR

Std.
Media ISA Column | IR (cm/day) | Deviation
(cm/day)
IR1-A 158 12.75
IR1-B 316 17.65
SLS 29% Open IR1-C 213 20.81
IR1-D 425 9.67
IR1-E 182 6.27
IR2-A 246 8.09
IR2-B 257 9.45
SLS 51% Open | IR2-C 553 14.34
IR2-D 227 14.99
IR2-E 263 12.89
IR3-A 245 10.00
IR3-B 454 28.75
SLS 80% Open IR3-C 405 20.38
IR3-D 256 21.73
IR3-E 515 13.30
IR4-A 242 9.48
IR4-B 409 35.60
SLS 29% Open IR4-C 167 16.96
IR4-D 247 14.40
IR4-E 185 18.21
IR5-A 173 64.57
IR5-B 270 24.21
SLS 51% Open IR5-C 328 24.74
IR5-D 490 65.49
IR5-E 348 18.03




Table F.6

Experiment 2 IR values with 10 wt% WSM applied

Std.
Media ISA Column IR (cm/day) | Deviation
(cm/day)

IR1-A 127 13.86

IR1-B 19.8 6.72
SLS 29% Open IR1-C 123 42.16
IR1-D 48.7 27.18

IR1-E 23.0 12.58
IR2-A 304 15.36

IR2-B 6.8 6.19

SLS 51% Open IR2-C 61.8 12.57
IR2-D 324 19.35
IR2-E 60.5 18.40

IR3-A 51.4 6.12
IR3-B 98.7 13.08

SLS 80% Open IR3-C 35.7 11.51
IR3-D 19.2 13.80
IR3-E 88.7 27.59
IR4-A 127 74.36
IR4-B 104 27.14
SLS | 29% Open IR4-C 47.3 18.77
IR4-D 111 5.05

IR4-E 115 4.96
IR5-A 43.5 24.88

IRS5-B 48.9 28.51
SLS 51% Open IR5-C 432 32.92
IR5-D 164 27.78
IR5-E 79.8 42.97
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