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Characterizing and Modeling the Hydrologic Properties of

Coal Combustion By-Products in Landfills

by
Ryan William Webb
B.S., Construction Engineering, University of New Mexico, 2010
ABSTRACT

Coal combustion byproducts (CCBs) disposed of in unlined landfills can
impact the quality of adjacent water resources. In previous studies, CCBs have
been found to leach toxic heavy metals such as arsenic, mercury, and lead into
groundwater. CCBs include fly ash, bottom ash, and flue gas desulfurization
product (FGD gypsum). This investigation focused on determination of the
saturated and unsaturated hydraulic properties of fly ash and bottom ash to then

be used in order to develop a 1-dimensional unsaturated flow model.

Ash samples from a power plant as well as core samples from buried
CCB pits were collected for laboratory analysis. Saturated hydraulic conductivity
was measured using falling head tests. Moisture characteristic curves were
developed from hanging column tests, pressure plate tests, dew point
potentiometer measurements and relative humidity measurements. Hydraulic
properties were measured at various densities to simulate a range of conditions

expected in the deep disposal pits.



The measured hydraulic properties were utilized in a
saturated/unsaturated hydrologic water movement model of flow through
disposal pits containing natural overburden and buried CCBs. The model used
historical climatic conditions at the ground surface, and estimated water
infiltration through the CCB pits. Results display infiltration from surface water
into CCB pits is most likely to occur in areas where ponding occurs. These
results can be coupled with information about the chemical quality of CCB
leachates to estimate the impact of landfill disposal of CCBs on the underlying

ground water quality.
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CHARACTERIZING AND MODELING THE
HYDROLOGIC PROPERTIES OF COAL COMBUSTION

BYPRODUCTS (CCBs) IN LANDFILLS

Objective: To determine, through laboratory testing, the saturated and
unsaturated hydraulic properties of fly ash and bottom ash as a function of dry
density and, utilizing numerical modeling, determine potential infiltration of

surface water into CCB pits in an arid environment.

1. INTRODUCTION

Background

Millions of tons of coal combustion bi-products (CCBs) are produced every
year by coal burning power plants. The American Coal Ash Association (ACAA)
reported over 118 million metric tons were produced in the year 2010, making
CCBs one of the most predominant forms of waste related to energy production
(Yeboah and Burns, 2011). Three major types of CCBs are fly ash, bottom ash,
and flue-gas desulfurization gypsum (FGD gypsum). In 2010 fly ash made up
63% of these major CCBs by weight, bottom ash 17%, and FGD gypsum 20%

(ACAA, 2010).



Fly ash is the CCB made up of finer particles which rise with the flue gas
stream and is collected by air quality control devices prior to entering the
atmosphere. Fly ash generally ranges in particle size from 0.01 to 100 pm
(Adriano et al., 1980). Bottom ash is the material that remains in the furnace
after the coal combustion process is complete. Bottom ash generally consists of
angular, porous particles that range in particle size from 0.1 to 10 mm (Seals et
al., 1972). FGD gypsum, generally ranging in sizes less than 45 pm (Miller,
2007), is produced from the removal of sulfur oxide from the flue gas and is often

extracted by scrubbers (Adriano et al., 1980; Kumar and Stewart, 2003).

One of the most common methods for CCB disposal in the western US is
landfilling. The other common disposal methods include stockpiling and settling
ponds. During the landfill process, materials are generally placed back into the
pits and ramps used to mine the parent coal. Ash materials can contain every
naturally existing chemical element. Trace elements have been shown to
increase in concentration with decreasing particle sizes of ash materials (Adriano

et al., 1980; EI-Mogazi et al. 1988).

The major concern of landfills containing CCBs is the potential leaching of
trace elements to adjacent water resources. Leachability of potentially toxic
elements from CCB deposits depends on a number of different factors such as
solubility of the element, interstitial flow rate, and the pH of water (Adriano et al.,
1980; El-Mogazi et al., 1988; Joshi et al., 1994; Palmer et al., 2000; Mudd, 2000).
Each of these factors can be associated specifically to source coal, CCB

collection methods, and setting of disposal site. The hydraulic properties of the



CCBs will control the rate at which water moves through the buried material and

potentially leaches elements from the pit.

Because of potential environmental impacts from trace elements, federal
and state regulations are in place for the disposal of CCBs. Most landfill pits are
lined with engineered material considered to be impermeable by standard
practices (Huang et al, 1998; Ferraiolo et al., 1990). There are, however, some

landfill sites that remain unlined.

As CCBs are disposed of in a landfill, effective stress can increase
considerably as the depth of a pit increases. As stress increases, particles will
rearrange themselves into a higher density configuration with a corresponding
decrease in porosity and void ratio. The manner in which a material’s density
changes in response to changes in stress is known as the material’s
compressibility. Changes in porosity can have a significant impact on both
saturated and unsaturated hydraulic properties of a material (Lu and Likos, 2004)
as flow though a porous material depends largely upon the size and distribution
of pores within the material at any given time. Studies have found that for clay
soils and silty soils, both saturated hydraulic conductivity and unsaturated
hydraulic properties are impacted by compaction and variations in void ratio

(Zeng et al., 2011; Richard et al., 2001).



Compressibility of CCBs

Previous research concerning the compressibility of CCBs is focused
largely upon using ash materials to produce hydraulic barriers for use as landfill
covers and liners. The concept stems from the fact that the majority of CCBs are
fine grained particles that can be used to produce low permeable materials.

Such studies use standard and modified proctor tests to determine theoretical
maximum dry densities at optimum water contents and often use various
admixtures along with the CCBs (Campbell et al., 1983; Martin et al., 1990;

Prashanth et al., 1998; Prashanth et al., 2001; Kumar and Stewart, 2003).

Results from these studies showed proctor maximum dry densities for fly
ash ranging, for the most part, from 980 to 1280 kg/m?® with a small percentage of
the results reaching as high as 1880 kg/m*® (Campbell et al., 1983; Martin et al.,
1990; Prashanth et al., 1998; Prashanth et al., 2001). Bottom ash results show a
range of proctor maximum densities from 1050 to 1670 kg/m® (Martin et al., 1990;
Kumar and Stewart, 2003). Optimum gravimetric water contents for these
proctor densities were reported from a range of 25 to 33% with one bottom ash

having an optimum moisture content of 15% (Kumar and Stewart, 2003).

Admixtures such as bentonite and lime are commonly used in
combination with fly ash and bottom ash for compressibility. Bentonite has
characteristically low hydraulic conductivity, which is beneficial for hydraulic
barriers, but it tends to crack as it dries. Fly ash and bentonite mixtures are an

attempt to reduce the cracking behavior of bentonite liners. Lime is often mixed
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with fly ash in order to create liner in which particles chemically react and cement
together over time. Combinations of fly ash and bottom ash with bentonite or
lime have been shown to create low permeable materials on the order of 107
cm/s or less. (Campbell et al., 1983; Martin et al., 1990; Prashanth et al., 1998;

Prashanth et al., 2001; Kumar and Stewart, 2003).

Edil and Berthouex (cited by Palmer et al., 2000) found that, for fly ash
without any admixtures, increasing the water content and compactive effort
increased the dry unit weight. Sivapullaiah and Lakshmikantha investigated the
relative deformation vs. pressure for fly ash response, showing similar results.
Seals (1972) found bottom ash to have compressibility characteristics similar to
that of sand. Because CCBs are subjected to a range of stresses corresponding

to their depth of burial, it is important to determine the compressibility of CCBs.

Saturated Hydraulic Conductivity of CCBs

There has been some measurements of the saturated hydraulic
conductivity of CCBs principally to support investigations of the use of fly ash and
bottom ash in the construction of landfill covers and liners. These studies often
use a single dry unit weight for testing, usually the theoretical maximum, and
often incorporate various admixtures such as lime or bentonite (Campbell et al.,
1983; Joshi et al., 1994; Prashanth et al., 2001; Kumar and Stewart, 2003; Mudd

et al., 2000). Of these tests in which pure fly ash samples were tested, hydraulic



conductivities ranging from 107 to as high as 10 cm/s were measured

(Campbell et al., 1983; Joshi et al., 1994; Prashanth et al., 2001).

Sivapullaiah and Lakshmikantha showed a change in hydraulic
conductivity with a change in void ratio for fly ash. In this study, the range in void
ratios was from 1.12 -1.15, this is near the proctor maximum density, and
hydraulic conductivities were on the order of 10”7 cm/s. Edil and Berthouex (cited
by Palmer et al., 2000) found that increasing the water content and compactive
effort not only increases the dry unit weight, it also decreases the saturated
hydraulic conductivity. These studies cover only a narrow range of dry unit
weights near the theoretical maximum for fly ash. For bottom ash, Seals (1972)
found the hydraulic conductivity to be similar to sand (10 cm/s) when the void
ratio was approximately that of 50% of maximum relative density, no other
densities or void ratios were tested. FGD gypsum has been shown, in one study,
to have a low hydraulic conductivity (exact numbers not reported) when

compacted (Rudisell et al., 2001).

For clay materials, saturated hydraulic conductivity steadily decreases as
void ratio decreases (e.g., Zeng et al., 2011). Because CCBs in landfill sites are
experiencing various overburden conditions creating a range of dry densities, it is
important to determine variations to the hydraulic conductivity changes

associated with decreases in dry density.



Unsaturated Hydraulic Properties of CCBs

There has been limited research has investigated the unsaturated
hydraulic properties of CCBs. Truman et al. (2010) found that amending soils
with amounts of FGD gypsum can increase water retention. Pathan et al. (2003)
conducted research investigating the use of fly ashes to amend soils to increase
plant available water, assuming the fine particle sizes of fly ash will assist in the
retention of water. The water retention characteristics, however, were of
samples at a single density not necessarily representative of any particular field
conditions, aiming only to be indicative of relative differences between ash
samples. Results showed that all fly ashes used retain more water than the
sandy soils investigated. Mudd et al. (2007) studied numerous ash and soil
samples for various geotechnical properties, including water retention
characteristics. The 23 ash samples collected ranged from fly ash to bottom ash.
Air entry pressures ranged from approximately -1 kPa (10 cm of water) for
bottom ash to -100 kPa (1000 cm of water) for fly ash. Each sample was tested
only at its proctor maximum dry density. In another study conducted by
Chakrabarti et al. (2005), unsaturated properties of ash were incorporated into a
water balance model to predict leaching behaviors. This study concluded that a
thorough understanding of the unsaturated moisture characteristics of coal ash is

essential to accurately predict moisture behavior in disposal sites.

Although there is no direct data regarding the change in unsaturated
properties of CCBs due to compaction, testing on soils reveals that changes in

porosity due to compaction have an impact on their unsaturated hydraulic



properties (Richard et al., 2001; Assouline et al., 1997; Hill & Sumner, 1967).
Therefore, it is expected that as dry density of CCBs increase, the unsaturated
hydraulic properties have the potential to vary. These variations may be vital in

understanding the possible behavior of water in landfill sites.

CCBs can vary significantly depending upon the source coal and
collection method. Disposal methods in landfill sites create a profile of varying
overburden pressures and a potential range of hydraulic properties. Proper
knowledge of the manner in which these properties vary with depth within a CCB
landfill pit are essential in analyzing the potential impact on local water

resources.

2. MATERIALS

Source of Samples

The majority of fly and bottom ash samples for this study were received
from the San Juan Power Generating Station in northwestern New Mexico.
These samples were taken directly from the collection units prior to transport to
the landfill site, and are subsequently referred to as fresh samples. The samples
were received by mail in June of 2011 and were contained in plastic bags
specific to each of the 4 burning units. Approximately 10 kg were received for

each unit. All samples used for this study were taken from unit 4.



The San Juan Mine (SJM), located on the same property as the power
generating station, is the location in which the coal is mined and CCBs are
placed back into the mined pits. The SJM is located approximately 15 miles west
of Farmington, NM (figure 1) in the San Juan Basin bound by a geologic feature
known as the Hogback Monocline on the west, northwest, and north. Coal in the
San Juan Basin is of the late-Cretaceous age and characterized as ranging from
sub-bituminous A to high volatile bituminous C. The Fruitland Formation, mined
at SIJM is primarily sub-bituminous coal consisting of <1% sulfur. Production
rates at the SJM reach approximately 7 million tons of coal mined each year and
2.7 million tons of CCBs backfilled into the mine pits and ramps. The CCBs
produced consist of approximately 70% fly ash, 15% bottom ash, and 15% FGD
gypsum. Silica, alumina, oxides of calcium, magnesium, and iron are the
principle components of the CCBs disposed of at SJM with secondary elements

consisting of carbon and other trace elements (Luther et al., 2009).

In addition to the fresh samples, geo-probe samples were also collected in
the Summer of 2010 in order to obtain the physical and hydraulic properties of in
situ soils at the SIJM (Chan, 2010). Also, in the Spring of 2011, observation wells
were being installed at the SIJM using a sonic drilling rig and samples were

collected at a range of depths for analysis (Parker, 2011).
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3. LABORATORY TESTING METHODS

Physical Properties

Grain size distributions were determined for a sample mass of
approximately 100 g of oven-dry fly ash and approximately a 230 g sample of
oven-dry bottom ash following the methods of ASTM D422 (2007). The sample
materials were washed through a #200 sieve, and a hydrometer test was
conducted for the material passing through and a sieve analysis conducted for

the retained material.

Specific gravity testing was conducted following the methods described by
ASTM D854 (2009). Three tests were conducted on fly ash and three tests on

bottom ash.

Relative density tests, as described by the Department of the Army Office
of the Chief of Engineers (1970), were also conducted on one oven-dry sample
of fly ash and one oven-dry sample of bottom ash using a 15 cm diameter proctor

mold.

In-situ samples were collected by means of a geo-probe to determine field
conditions present at the SJM in a separate study (Chan, 2010). Moisture
contents were determined by methods described in ASTM D-2216 (2010) and

densities by ASTM D-7263 (2009), method B. The known volume from the
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density tests and mass of water from moisture content were then used to

produce volumetric water contents.

Clod density tests were performed with methods similar to ASTM D-7263
(2009) method B. Copper rings measuring approximately 16 mm in diameter and
29 mm in length were sharpened on one end and inserted into the clods to
collect samples of a known volume. Excess material was removed with a
razorblade from either end of the rings to ensure the soil was level with the edges
of the ring. Only two clods were large enough to be tested. Two samples were

collected from one clod and one sample from the other.

Compressibility

Compressibility curves were developed for 4 samples of fly ash and 4
samples of bottom ash. Tests provided one-dimensional pressure loading on
samples at gravimetric moisture contents consistent with field conditions at the
SJM. The moisture content present at the SJM was determined to be 20%
(Chan, 2010). Samples were contained in brass rings on top of a porous stone.
The ring diameter was 60 mm with a height of 25 mm; samples filled the ring to a
height of 22 mm. Each sample’s initial dry density was the minimum dry density
determined by relative density tests. Samples were compacted in a series of 4
lifts on top of the porous stone. Marks were made on the inside of the sample
rings as well as on the tamper to ensure the sample was compacted to the

proper height.
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A series of 10 loadings, using a consolidometer, ranging from 50 to 1000
kPa were applied to prepared samples. The applied loads were approximately
(in kPa): 50, 100, 165, 230, 330, 410, 555, 655, 885, and 985. Loads were
selected on a basis of weights available in a manner to gradually increase
pressure differences between loading increments. Dial gages with 0.025 mm
precision were zeroed before the first applied load and used to measure changes
in sample height for each loading cycle. Loads were applied for a period of one
hour, after which a measurement was taken recording the change in height for
each sample. It was observed that, for these particular materials, most of the
volume change occurred in the first 15-30 minutes; there were no measurable

sample height changes that occurred following 1 hour of load being applied.

Saturated Hydraulic Conductivity

Fly and bottom ash samples were tested for the coefficient of saturated
hydraulic conductivity (Ksa) in accordance to ASTM D5856 (2007), method B
(constant tail water). Porous stones were used on the bottom and top of each
sample within a rigid-walled permeameter. Each compacted sample measured
76 mm in diameter and 25 mm in height. University of New Mexico tap water
was used as the permeant liquid. Saturation of samples was done by allowing
constant flow of water through the compacted sample for at least 16 hours.

Hydraulic gradients across each sample ranged from 4 to 25.
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Fly ash and bottom ash samples were tested at three different dry

densities. Two compacted samples at each dry density were tested.

Moisture Characteristic Curve (MCC) Measurements

Moisture characteristic curves during desorption were developed for three
dry densities for both fly and bottom ash samples. Testing methods used to
collect data for the MCCs are similar to those described in ASTM D6836 (2008)
for hanging column and pressure plate tests, Klute (1986) for relative humidity
box measurements, and Decagon Devices (2010) for chilled mirror hygrometer

readings.

For the hanging column and pressure plate tests, three samples at each of
the three specified dry densities were prepared and tested for both fly and bottom
ash, producing a total of 18 samples tested (9 fly ash and 9 bottom ash). Each
sample was compacted to a target dry density so as to completely fill a brass ring
of 60 mm diameter and 25 mm height. Synthetic nylon screening with openings
measuring 25 microns were attached to the top and bottom of each sample ring
by a hose clamp to contain the sample while allowing free movement of water.
Each sample was saturated in de-aired de-ionized water with an applied negative

pressure of 80 kPa for at least 24 hours.

Saturated samples were placed directly into saturated Buchner funnels
connected to reservoirs/burettes by flexible tubing. The Buchner funnels were

saturated in de-aired de-ionized water with an applied negative pressure of 80
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kPa for at least 24 hours. A thin layer of a diatomaceous earth was spread on
each porous plate to improve the hydraulic contact with the sample. Negative
pressures were then introduced to each of the samples by raising the Buchner
funnel and/or lowering the reservoir/burette. Samples were allowed to equilibrate
at 6 different negative pressure heads ranging from 5 cm to 160 cm of water, at
which point the mass of each sample was taken to the nearest 0.01 g and
subsequently used to determine volumetric water content. Equilibration at each
pressure, determined by water ceasing to move from the sample to the burette

for at least 24 hours, took 6 to 7 days for most samples.

After the final measurement in the hanging column, the samples were
moved to the pressure plate apparatus. The porous plate was saturated in de-
aired de-ionized water for a period of at least 24 hours with an applied negative
pressure of 80 kPa. A thin layer of a diatomaceous earth was spread on the
plate to improve the hydraulic contact with the sample. The pressure plate test
was used to produce negative pressure heads of 510 and 1275 cm of water.
Pressures were introduced by sealing the samples on a porous plate in a
pressure chamber and applying gas pressure to the chamber using compressed
nitrogen gas. The porous plate has an outflow tube to a reservoir at atmospheric
pressure at the bottom of each sample. Readings were taken from the pressure
plate test by allowing the samples to equilibrate for 14 days at each pressure at
which point the samples would be removed and masses measured to the nearest

0.01 g in order to determine the volumetric water content.
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A chilled mirror hygrometer was used to collect data for the MCC at
negative pressure heads ranging from 7,600 cm to 15,000 cm of water. A WP4
dew point potentiometer from Decagon Devices, Inc. was used as the testing
apparatus. It was determined that, for values of negative pressure head less
than 7,600 cm of water for bottom ash and 9,900 cm of water for fly ash, the
WP4 readings were outside the range of accuracy (Decagon Devices, Inc.,
2010). 5 readings were taken for fly ash and 3 for bottom ash. Large amounts of
ash (~200 g) were brought to target moisture contents and at least 25 g of moist
sample was placed in a stainless steel WP4 sample cup. Plastic lids were used
to seal the cups and allow samples to equilibrate for at least 16 hours. Following
equilibration, water potential was read immediately upon removing the lid from
the sample cup. The samples were then weighed immediately following the
potential reading and removal from the WP4 apparatus. A drying oven was used
for at least 16 hours to dry the samples. Once dry, samples were allowed to
cool in a desiccator for 10 to 15 minutes and masses were measured to calculate
the moisture content of each sample. Gravimetric water contents and water
potentials were converted to volumetric water contents and negative pressure

heads, respectively, for each specified density.

A relative humidity box was used to measure 2 final readings for the MCC.
Saturated solutions of NaCl and LiCl were used to achieve negative pressure
head equivalents of over 4 x 10° cm and 3 x 10° cm of water respectively (Lu and
Likos, 2004). The saturated solutions were placed in the bottom of a desiccator.

Fly and bottom ash samples (~10 g) were then placed directly above the salt
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solution atop a plastic grate and allowed 7 days for equilibration, after which

masses were measured and converted to volumetric water contents.

4. LABORATORY RESULTS

Physical Properties

Grain size distributions tests determined fly ash to be 85.4% finer than a
#200 sieve (0.075 mm diameter) and bottom ash was 22.3% finer (table 1).

Grain size distribution curves are shown in figure 2.

Results for the average specific gravity testing are shown in table 1, fly
ash was found to have an average specific gravity of 2.00 and bottom ash had

2.06 by these methods.

Relative density testing showed oven-dry fly ash to have a loose dry
density of 1007.4 kg/m*® and a maximum dry density of 1184.4 kg/m®. Oven-dry
bottom ash had a loose dry density of 692.2 kg/m?® and a maximum dry density of

813.8 kg/m>. Results of the relative density test are summarized in table 1.



Table 1: Material Physical Properties

Property Fly Ash Bottom
Ash
% finer #200 sieve (0.075 mm) 85.4 22.3
% larger #200 sieve (0.075 mm) 14.6 77.7
Minimum Relative Density (kg/m?) 1007.4 692.2
Maximum Relative Density (kg/m?) 1184.4 813.8
Average Specific Gravity 2.00 2.06
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Results of the geo-probe investigation by Chan (2010) are given in table 2.

These results, including samples from three different locations, show the average

gravimetric moisture content of the soil to be 19%.




19
Clod density tests performed on clods collected at 38 m below the ground
surface show an average dry density at this depth and location to be 1028.8
kg/m? (table 3). This material was determined to be bottom ash through a

separate study (Parker, 2011).

Table 2: Water Contents from Geo-Probe Samples

Sample Gravimetric ~ Volumetric  Depth of

Water Water Sample Comments
Content Content (m)
1 24% 25% 4.2 Traces of ash (Yucca Ramp 1)
2 20% 18% 7.0 Traces of ash (Yucca Ramp 1)
3 22% 21% 6.7 Traces of ash (West Yucca Pit)
4 12% 18% 2.7 Layered core w/ clay (Juniper Pit)
5 19% 31% 4.9 Layered mostly clay (Juniper Pit)
6 19% 31% 9.4 Layered mostly clay (Juniper Pit)
Average 19% 24% Top-soils not included

Table 3: Clod Density Results of Sample from Juniper Pit 04 at 42 m depth

Volume Dry Sample Dry Density

(cm®) Mass (g) (kg/m’)
Ring 1 561.9 5.69 1012.66
Ring 2 564.1 6.06 1074.21
Ring 3 566.3 5.66 999.43
Average: 1028.76

Compressibility

Results of the compressibility tests and curve fitting parameters are
summarized in table 4 and presented graphically in figure 3, it is important to

note the differences in the vertical axis values between graphs. Fly ash and
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bottom ash samples experienced maximum changes in height ranging from 2.2
to 3.4 mm and 5.1 to 6.1 mm, respectively. These values represent a 10.0 to
15.3% and 23.0 to 27.5% change in sample height for fly ash and bottom ash,
respectively. All samples experienced the largest deformation occurring at a
pressure of 985 kPa. The maximum dry densities occurring under this pressure
ranged from 1119.5 to 1189.0 kg/m? for fly ash and 898.2 to 954.8 kg/m? for

bottom ash.
Data was fit to the following empirical equation:
p=r-(1-n"7)+p 1)
Where:
r = total range of densities for curve (kg/m®)
n = steepness of the curve (dimensionless)
s = sharpness of curvature (kPa™)
oy = overburden pressure (kPa)
pi = Initial dry density of the material (kg/m®)

The R? values for curves fit to the data using equation (1) range from 0.97
to 0.99. Selection of the equation was based upon the asymptotic approach
towards a theoretical maximum dry density (r-p;) and a predetermined vertical

axis intercept for the loose dry density (p;). Variations in the n and s parameters
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fit the curve to the data. A summary of the parameters used to fit equation (1) is

given in table 4.

Three selected dry densities to further test hydraulic properties are
represented by the horizontal dashed lines in figure 3. For fly ash, the selected
values of dry density (in kg/m®) are 1028.4, 1113.3, and 1169.3. For bottom ash,
the selected dry densities (in kg/m®) are 727.2, 800.9, and 913.1. The lowest
density was chosen specifically to be near the initial uncompacted density but
slightly greater than since it is unexpected for any material to be found without
experiencing some compaction. The highest density was selected to be near the
higher end of the density curves. The third density to be tested was arbitrarily

chosen in between the selected maximum and minimum dry densities to be

tested.
Table 4: Summary of Compressibility Results and Parameters to Eq. 1
Sample Initial Total Final
Pd AH p r n S
(kg/m’) (mm) (kg/m’)  (kg/m’) (kPalx10*)  R2

Fly Ash A 1006.9 3.4 1189.0 193 3200 3.1 0.980
Fly Ash B 1006.9 2.2 1119.5 123 1580 2.9 0.974
Fly Ash C 1006.9 3.1 1168.5 173 700 3.5 0.974
Fly Ash D 1006.9 2.5 1136.9 141 500 3.4. 0.979
Bottom Ash E 691.8 5.5 920.0 258 400 4.0 0.989
Bottom Ash F | 691.8 5.1 898.2 236 1000 3.0 0.993
Bottom Ash G | 691.8 6.1 954.8 283 800 4.0 0.981
Bottom AshH | 691.8 6.0 945.9 284 5000 2.8 0.981
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Saturated Hydraulic Conductivity

Results from the falling head permeability tests, constant tail water
method, are presented in table 5. Fly ash samples yielded Kgz values ranging
on the order of 10™ to 10 cm/s while bottom ash samples yielded values on the
order of 10 cm/s. The highest Ks values measured were 1.3 x 10 cm/s and
6.5 x 10 cm/s for fly ash and bottom ash, respectively. These values were
achieved at dry density values of 1024.0 kg/m? for fly ash and 724.4 kg/m? for
bottom ash, which were the lowest dry density values that were tested for each
material. The lowest K, values measured were 5.5 x 10 cm/s for fly ash and
1.5 x 10" cm/s for bottom ash. These values were measured at the highest
densities tested for both fly ash (1163.0 kg/m®) and bottom ash (910.4 kg/m?3).
Graphical representation of Ks4 Vvs. dry density is shown in figure 4. Trend lines
were fit to the data displaying an R? value of 0.61 for fly ash and 0.27 for bottom

ash.
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Table 5: Saturated Hydraulic Conductivity Results

. Target.Dry ActuaI.Dry Sample 1 Ksar Sample 2 Ksar
Material Density Density
(e/m’) _(kg/m) tem/s tem/s

Fly Ash 1028.4 1024.0 7.81E-05 1.30E-04

Fly Ash 1113.3 1108.2 6.62E-05 8.10E-05

Fly Ash 1169.3 1163.0 5.45E-05 5.96E-05
Bottom Ash 727.2 724.4 3.53E-03 6.45E-03
Bottom Ash 800.9 796.9 2.27E-03 6.26E-03
Bottom Ash 913.1 910.4 1.48E-03 3.90E-03
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MCC

Measured data points were fit to the van Genuchten model for the MCC,

which is given as (van Genuchten et al., 1991):
6=6,+0;—-6) 1+ (a- )™ (2)
Where:
8 = volumetric moisture content (dimensionless [L*/L?))
B; = retained volumetric moisture content (dimensionless [L%/L?))
85 = saturated volumetric moisture content (dimensionless [L3/L%])
a = curve fitting parameter representing the inverse of air-entry suction (1/L)
h = negative pressure head (L)
n = curve fitting parameter (dimensionless)

m = 1 — 1/n (dimensionless)

The Retention Curve (RETC) Program for Unsaturated Soils (van
Genuchten et al., 1991) was used to fit the data to the van Genuchten model for
MCCs. The model can be adjusted to observed data points by altering the
weight of each measured value. Weighted values for this study were chosen in a
manner such that all weighted values for a particular testing method are the

same. Weighted values were altered, based upon accuracy of testing method for
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each data point, within the RETC program until an acceptable curve was
observed through the data points. Weighted values ranged between one and

three in increments of 0.5.

Once MCCs had been produced for each individual sample of CCBs,
MCCs were created using RETC to be representative of each target dry density
of material. This was done by including all of the data from the 3 samples at
each respective dry density to create a single MCC for that dry density. The
input data for RETC used the same calibrated weights for each data point as

determined by MCC curve creation for individual samples.

MCC COMPARISONS

Van Genuchten model parameters obtained using RETC are presented in
table 6. Graphical representation of the MCCs for the materials at their
respective target densities are shown in figures 5 - 10. MCCs were then plotted
as | saturation instead of volumetric water content for comparison purposes.

Saturation values (S) were calculated as follows:
_0
§="Y/p, (3)

Best fit MCCs for each target dry density are displayed graphically in
figure 11, and the parameters summarized in table 7. Each best fit curve uses

the data from all three samples of the same target dry density. The three fly ash
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best fit curves are displayed on the same graph to compare differences between

dry densities; the same is done with bottom ash.

Van Genuchten model parameters are plotted vs. dry densities in figure
12. Linear trend lines have been fitted with the data for 85, a, and n values. Fly
ash shows a strong linear trend, with R? values of .59 and .94 for 65 and a,
respectively, where bottom ash does not, with R? values of .17 and .38 for 6 and
a, respectively. Values of n show low R? values for both fly ash and bottom ash,

the values are 0.1 and 0.27, respectively.



Table 6: Van Genuchten Model Parameters for Fly Ash (FA) and Bottom Ash (BA) Samples
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Target Dry  Actual Dry
Sample Density Density o, (ON a n
(kg/m”) (kg/m”) (cm’/cm®)  (ecm’/em®)  (1/cm)
FAA 1028.4 1030.83 0.00 0.52 4.0E-03 1.59
FAB 1028.4 1033.12 0.00 0.57 3.9E-03 1.64
FAC 1028.4 1034.74 0.02 0.56 3.7E-03 1.97
FAD 1113.3 1,113.3 0.00 0.51 2.4E-03 1.66
FAE 1113.3 1,113.3 0.00 0.49 2.4E-03 1.67
FAF 1113.3 1,118.8 0.00 0.57 2.8E-03 1.60
FA G 1169.3 1172.19 0.00 0.47 1.3E-03 1.80
FAH 1169.3 1173.41 0.00 0.46 7.3E-04 1.99
FA1 1169.3 1,175.2 0.00 0.49 1.4E-03 1.77
BA A 727.2 729.21 0.00 0.51 2.6E-02 1.51
BAB 727.2 726.52 0.00 0.58 4.6E-02 1.45
BAC 727.2 724.22 0.00 0.60 5.6E-02 1.44
BAD 800.9 795.18 0.00 0.66 5.4E-02 1.47
BAE 800.9 797.06 0.00 0.68 3.4E-02 1.61
BAF 800.9 798.68 0.00 0.64 4.6E-02 1.50
BA G 913.1 912.26 0.00 0.69 3.4E-02 1.51
BAH 913.1 913.47 0.00 0.60 2.4E-02 1.54
BAI 913.1 916.85 0.00 0.60 1.8E-02 1.57

Table 7: Van Genuchten Model Parameters for Best Fit Curves at each Dry Density

Target Dry
Material Density o, o, a n
(kg/m?) (cm?*/cm?) (cm?*/cm?) (1/cm)

Fly Ash 1028.4 0.003 0.55 3.9E-03 1.68

Fly Ash 1113.3 0.00 0.52 2.4E-03 1.66

Fly Ash 1169.3 0.00 0.47 1.1E-03 1.85
Bottom Ash 727.2 0.00 0.56 4.1E-02 1.46
Bottom Ash 800.9 0.00 0.66 4.3E-02 1.52
Bottom Ash 913.1 0.00 0.63 2.5E-02 1.54




Figure 5: Graphs of Fitted Data (top) and Saturation MCCs (bottom)
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Figure 6: Graphs of Fitted Data (top) and Saturation MCCs (bottom)
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Figure 7: Graphs of Fitted Data (top) and Saturation MCCs (bottom)
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Figure 8: Graphs of Fitted Data (top) and Saturation MCCs (bottom)
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Figure 9: Graphs of Fitted Data (top) and Saturation MCCs (bottom)
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Figure 10: Graphs of Fitted Data (top) and Saturation MCCs (bottom)
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Figure 11: Graphs of Best Fit MCCs for each Dry Density
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Figure 12: Graphs of Van Genuchten Parameters vs. Dry Densities
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5. DISCUSSION OF LABORATORY RESULTS

Specific Gravity and Calculated Porosity of Fly Ash and Bottom Ash

Specific gravity tests resulted in an average specific gravity of 2.00 for fly
ash and 2.06 for bottom ash. These results are within the range of results from
other studies (EI-Mogazi et al., 1988; Palmer et al., 2000; Prashanth et al., 1998;

Seals et al., 1972). Porosity was calculated using the following equation:
o —1_P
porosity =1—="/¢ 4)
S

Where:
p = sample density in g/cm?
Gs = material specific gravity

When porosities are compared to fitted 8 values, most samples appear to
be over saturated. That is, the fitted 65 is larger than the porosity calculated
using the measured specific gravity (table 8). This result is consistent throughout
all samples except for bottom ash samples with a target dry density of 727.0

kg/m?.

It is highly unlikely that the samples were over saturated at the fitted 65
values. It can be seen in the MCCs fitted with data (figures 5 - 10) that the fitted

B values (table 6) are often less than the volumetric water content measured at
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-5 cm. Oversaturation is not likely to occur after equilibration at a negative

pressure head of 5 cm.

A possible reason that some of the bottom ash samples appear under
saturated may be that some of the particles have large hollow cores that are
inaccessible to water. Attention was given during saturation to ensure fully
saturated samples. There were no observations during testing to support that any
of the samples were over or under saturated. Therefore, calculated porosities

using specific gravity results are not used further.

Table 8: Calculated Porosity and Saturated Water Content Comparison

Target Dry  Actual Dry calculated
Sample Density Density G porosity R %
(kg/m?) (kg/m3) (%) (cm*®/cm®)  saturated
FA A 1028.4 1030.8 2.00 48.5 0.52 108.0
FAB 1028.4 1033.1 2.00 48.3 0.57 117.1
FAC 1028.4 1034.7 2.00 48.3 0.56 116.6
FAD 1113.3 1,113.3 2.00 44.5 0.51 114.1
FAE 1113.3 1,113.3 2.00 44.6 0.49 110.2
FAF 1113.3 1,118.8 2.00 44.1 0.57 128.5
FAG 1169.3 1172.1 2.00 41.4 0.47 113.8
FAH 1169.3 1173.4 2.00 41.3 0.46 112.0
FA1 1169.3 1,175.2 2.00 41.2 0.49 118.8
BA A 727.2 729.2 2.06 64.6 0.51 78.5
BAB 727.2 726.5 2.06 64.7 0.58 90.1
BAC 727.2 724.2 2.06 64.8 0.60 92.5
BAD 800.9 795.2 2.06 61.4 0.66 107.8
BAE 800.9 797.1 2.06 61.3 0.68 110.5
BAF 800.9 798.7 2.06 61.2 0.64 103.9
BAG 913.1 912.3 2.06 55.7 0.69 124.1
BAH 913.1 913.5 2.06 55.7 0.60 106.9
BA1 913.1 916.9 2.06 55.5 0.60 108.6
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Fly Ash

Equation (1) can be used to reasonably describe the load-dry density
relationship of fly ash for the range of applied loads used. Similar results were
shown for all four samples of fly ash that were subjected to one-dimensional

loading for this study.

The results of the saturated hydraulic conductivity for fly ash show greater
variability in the samples with lower dry densities. It can be speculated that this
is caused by less uniform pore size distribution at lower densities which becomes
more uniform with increasing dry density. Saturated hydraulic conductivity
results between fly ash samples of the same dry densities are comparable with
one another. These results provide a trend of Ks4; decreasing as dry density
increases, consistent with previous studies on fly ash. The values found in this
study are comparable to what other studies have found. (Campbell et al., 1983;

Joshi et al., 1994; Prashanth et al., 2001)

The van Genuchten model parameters of fly ash also display a trend in
variation with density. Values of 85, which is related to the amount of pore space
within the sample, are shown to decrease with increased density as expected.
Values of a, commonly interpreted as the inverse of air entry pressure head
(Mudd et al., 2007), also decrease with increases in dry density; this can be
attributed to smaller pores in higher density materials being able to retain water
at greater negative pressure heads. Values of air entry for fly ash are similar to

what was found in previous studies (Mudd et al., 2007; Chakrabarti et al., 2005).
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It is also important to note that, for fly ash, values of n show little variation
with increasing density; all values are between 1.5 and 2.0. This result is
reflected in the similar shapes of MCCs for all fly ash samples. All three samples
at each dry density of fly ash provided similar results, indicating that the methods
used to estimate unsaturated hydraulic properties are appropriate for fly ash

materials.

Fly ash saturated and unsaturated hydraulic properties display similar
results to that of a silty soil (Assouline, 1997; Lu and Likos, 2004; Richard et al.,

2001).

Bottom Ash

Bottom ash compressibility results showed less variation between
samples than fly ash. Equation (1) can be used to reasonably describe the load-
dry density relationship of bottom ash for the range of applied loads used.

Similar results were shown for all four samples of bottom ash that were subjected

to one-dimensional loading for this study.

Ksat values measured for bottom ash samples showed a general linear

trend of decreasing as density increases but with considerable variability.

Unsaturated properties of bottom ash show similar variability in the results.
85 values show little linear trend as dry density increases, with a linear R? value

of 0.17. 65 values for bottom ash tend to increase slightly as density increases,
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which conflicts with expectations. This may be attributed to lack of homogeneity
in the material. The structure of the bottom ash has been observed to be
heterogenous with pieces of unburned coal appearing at times and even larger
pieces of gravel sized rocks. Lack of homogeneity within the bottom ash material
brings complications in creating samples that have structures which are
consistent with one another. The structure and porosity of a material has a
strong impact on the saturated and unsaturated hydraulic properties of a material

(Lu and Likos, 2004).

Values of a for bottom ash are similar to those found in other studies
(Mudd et al., 2007; Chakrabarti et al., 2005). A linear trend line provides a
relatively low R? value of 0.38; however, if the data is fit to a second order
polynomial trend line, the R? value rises to 0.47 (figure 13). This suggests that,
for bottom ash, unsaturated properties such as a may not be effected by
increases in dry density until a threshold density is reached. Further testing

would be required to support this speculation.

Values of n for bottom ash show less variation than fly ash values; all
values are between 1.4 and ~1.6. This shows that the shapes of MCCs, for all
bottom ash samples, are more similar relative to fly ash samples. The resulting
MCCs for each dry density plot along similar curves providing further evidence
that these methods are consistent in estimating unsaturated properties of bottom

ash materials.
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The variability in bottom ash properties compared to fly ash may be due to
more heterogeneity in bottom ash. Larger sample volumes could provide less

variability in results for Ksz: and MCC measurements.

Bottom ash saturated and unsaturated hydraulic properties display similar

results to that of a sandy soil (Assouline, 1997; Lu and Likos, 2004).
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6. LABORATORY CONCLUSIONS

Fly ash K, Values are shown to decrease as dry density increases.
Unsaturated hydraulic properties, such as 65 and a, for fly ash decrease with

increases in dry density.
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Bottom ash compressibility shows little variability whereas hydraulic
properties have more variability relative to those of fly ash. Ksa values of bottom
ash samples tend to decrease as dry density increases. Unsaturated properties
of bottom ash show little trend in variations with changes in dry density. Test

results may reflect the lack of homogeneity in bottom ash.

This study has shown that methods common to soil testing may be utilized
to measure both saturated and unsaturated hydraulic properties of fly ash and

bottom ash as a function of density.



44

7. ONE DIMENSIONAL WATER MOVEMENT MODEL

One-dimensional water movement modeling was conducted to simulate
water movement in buried CCBs in a landfill in the arid climate of northwestern
New Mexico. The modeling program used in this study was HYDRUS1D
developed by Simunek et al. (2008). HYDRUS 1D is a software package
designed for simulating the movement of water, heat, and multiple solutes in
variably saturated media. Only water movement was simulated in this study.
The program numerically solves Richards’ equation for variably saturated water
flow as well as a sink term to account for root water uptake. The program is
capable of analyzing water and solute transport in unsaturated, partially
saturated, as well as fully saturated porous media. The water flow portion of the
model is capable of incorporating boundaries controlled by prescribed head and
flux, atmospheric conditions, and free drainage. The governing flow and
transport equations are solved numerically using Galerkin-type linear finite

element schemes.

The developed model for this study represents a vertical profile form the
ground surface, through 2m of top soil and 33m of buried CCBs to the underlying
sandstone formation. For most simulations, the upper boundary was modeled
using daily-varying climate data and the lower boundary was a no-flow boundary
below the sandstone layer, a large distance from the CCB-sandstone contact.
Additional simulations were conducted with focused recharge conditions on the
surface and with a water table at the CCB-sandstone contact. The initial

condition was an assumed water content, which was varied.
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The model profile was created using 1001 nodes with a varying nodal
density input values of 1 at the top of the profile and 50 at the bottom. These
input values created a spacing of 0.33 cm at the top of the profile and 16.67 cm
at the bottom. The nodal density represents the relative spacing between nodes,
1 being the default value in HYDRUS 1D and spacing becoming greater as the
density value increases. The time units used for this study were days with an
initial time step of 0.01, a minimum time step of 1e-6 and a maximum step of 1.
A water content tolerance of 0.0001 was set with a maximum number of

iterations of 200.

Profiles were 85 m in total depth with the top 2 m representing top soil, the
next 33 m being held as the CCB pit, and the bottom 50 m being the pictured cliff
sandstone. Initial volumetric moisture contents used were that of 20%
throughout CCB materials and pictured cliffs, with 5% for the top soil. These
initial moisture contents were chosen due to the results of the geo-probe sample
results conducted at the SJM in 2010 (Chan, 2010). Observation points were
placed in the model at depths of 2, 7, 12, 17, 22, 27, 32, and 35 m to collect data

on fluxes, water content, and potential within the profile during simulations.

Profile Development

Ash disposal at the SIM involved the placement of different types of CCBs
in the pits as they were produced at the generating station. Quarterly reports of

ash disposal at the SIM (SJM, 2011) indicate a fairly constant ratio of fly ash to



46
bottom ash production (78 to 22), but there are no records as to the specific
profile of landfill sites. Therefore, fifteen different profiles of landfill composition
were developed in order to capture different possible landfill compositions. To
create the different profiles, the total CCB pit depth (33m) was divided into 18
layers, each 1.83m thick. For a particular profile, each layer was randomly
assigned the properties of fly ash or bottom ash while maintaining the overall
ratio of fly ash to bottom ash in the profile. Each of these profiles was therefore

different in the arrangement of fly ash and bottom ash layers.

Two additional profiles were also developed, one of which the CCB

material is solely fly ash and another of solely bottom ash.

Material Properties

Top soil in situ density and hydraulic properties obtained from the
investigation conducted by Chan (2010) were used for the model. Pictured cliff
sandstone properties were those determined by other studies. The saturated
hydraulic conductivity of the picture cliff sandstone was determined by Kernodle
(1996). Unsaturated properties from a study conducted by Van Genuchten
(1989) for hygiene sandstone formation located near Boulder, CO were used for
the MCC fitting parameters. Both hygiene sandstone and pictured cliffs
sandstone were formed in the late cretaceous period and have low permeability
(Kernodle, 1996, Kiteley, 1977). A summary of the material properties for the top

soil and the pictured cliff sandstone are given in table 9.
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Table 9: Hydraulic Properties of Top Soil and Pictured Cliffs Sandstone

Material O O, @ n Ks
(cm?*/cm?) (cm?*/cm?) (1/cm) (cm/day)
Top Soil .02018 0.44 0.0323 1.39 0.730
Pictured Cliffs 0.0 0.256 .00562 3.27 0.213

CCB densities were calculated using a weighted average curve from the
compressibility results in chapter 4 (table 4). Parameters of equation 1 were
weighted to the R? value of each fitted curve using the following equation:

T1*R%+Ty*R35+T3*R5+T4*R2

FP = S R2

(5)

Where:
FP = fitting parameter being calculated
T, = fitting parameter for trial number n
R?, = R? value for trial number n

Graphical representation of the weighted average density curve can be

seen in figure 14.

Figure 15 shows one of the spreadsheets used to develop random profiles
for the model. The top soil is highlighted in brown, the bottom ash in green, and
the fly ash is not highlighted. Sandstone is not represented in this profile due to
the fact that the properties of sandstone were constant and not dependent upon
material densities above. Each segment of material had a calculated dry density

from the weighted average density curves and a total density could then be
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calculated by adding the appropriate mass associated with the gravimetric
moisture content. The overburden is the total density multiplied by the depth of
the segment (1.83 m for CCBs) and a total overburden pressure for each cell is
the sum of pressures for all segments above the cell in question. Saturated and
unsaturated properties of each material were then calculated using the trend
lines calculated from the laboratory results as a function of dry density in chapter

4 (figures 4 and 12).



Figure 14: Fly Ash (top) and Bottom Ash (bottom) Dry Density vs. Pressure Curves
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Example of Profile Spreadsheet

Figure 15
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Baseline Upper Boundary Condition

The baseline model upper boundary condition incorporates climate data
from the NMCC station located at the Farmington Agricultural Science Center,
approximately 9 miles from the SIM. Meteorological data obtained from this site
included daily temperature maximum and minimums, precipitation, and wind
data. The climate data was used with the Penman Montheith equation to
estimate evapotranspiration in HYDRUS 1D. Data used was between January,
1995 and December, 2004 was complete (no missing data) and was used for
these simulations. For the simulations longer than 10 years, this 10 year period
of data is repeated. The atmospheric boundary condition also allowed a

maximum head of 5 cm to accumulate at the soil surface prior to runoff occurring.

Baseline Root Water Uptake

The root water uptake for this model was adopted from a study
conducted by Garcia et al. (2011). Garcia et al. (2011) investigated the root
water uptake for the creosote bush present in the Mojave Desert. The study
uses HYDRUS 1D to simulate water movement in the root zone for this type of
vegetation. The creosote bush study conducted by Garcia et al. (2011) displays
similar transpiration as great basin shrubs present near the SIJM (Steinwand et

al., 2001).
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The Feddes water uptake reduction model was used to represent the root
water uptake in HYDRUS 1D. The leaf area index used for the simulation was
set to a constant 0.38 according to Steinwand’s study (2001), and a radiation
extinction value of 0.6. The pressure head below which plants will begin to
uptake water was set to 0; maximum water uptake was set to occur between -
2,000 and -7,000 cm; water uptake rate decreases between -7,000 and -40,000
cm with a wilting point of -80,000 cm of root zone pressure head. The maximum
transpiration rate was set to 0.5 cm/day and a lower rate of 0.1 cm/day. The root
zone was set to 1 m in depth from the top of the soil profile. Table 10 shows root

distribution input values.

Table 10: Root Distribution Input Values

Depth (cm) Root Distribution

0-10 0
10-20 0.1
20-30 0.2
30-40 0.2
40-50 0.3
50-60 0.3
60-70 0.1
70-80 0.1
80-90 0.1
90-100 0.1

Baseline Lower Boundary Condition

The boundary condition at the bottom of the 85 m profile was a zero
constant flux. It was determined by varying the bottom boundary condition and

observing the water movement at the pictured cliffs sandstone- CCB interface



that alterations to the bottom boundary condition had no significant impact on

water flow 50 m above. Figure 16 displays a diagram of the baseline profile.

Figure 16: Diagram of Baseline Model Materials and Boundary Conditions
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Initial Moisture Content

Four of the randomly generated profiles were selected, based on the
number of and spacing between bottom ash materials in the profile, to investigate
the sensitivity to the initial moisture content different from that of the baseline
model. Also, fly ash only and bottom ash only profiles were used to investigate
sensitivity to the initial moisture content. The initial moisture content of the top
soil remained 5% for all simulations. The CCBs and picture cliffs sandstone
initial moisture contents were changed from the baseline value of 20% to values

of 10, 15, 25, 30, and 40%.

Root Water Uptake

Simulations were conducted without root water uptake to assess its impact
on the model results for fly ash and bottom ash only profiles. All other aspects of

the model were that of the baseline model.

Upper Boundary Condition

The upper boundary condition was changed from meteorological data to
zero constant flux in order to analyze if any moisture was infiltrating through the
top boundary of the baseline model, or if the observed fluxes at the interface
between the topsoil and the CCB were due to initial conditions. Root water

uptake was also not simulated during this analysis.
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Extended Simulation Duration

The fly ash only and bottom ash only profiles of the baseline model were
also simulated for 100 years. The upper boundary condition was set to zero

constant flux and root water uptake was not simulated.

Focused Recharge on Surface

The topographic surface at the landfill site may provide natural sinks in
which focused recharge may occur. In order to account for this, an analysis was
conducted providing conditions under which focused recharge may occur for fly

ash and bottom ash only Profiles.

The maximum allowed pressure head at the soil surface was changed
from 5 cm to 0 cm to investigate how much runoff might occur under the given
meteorological data. The graphs showing precipitation and surface runoff for this
scenario can be viewed in figure 17. The amount of surface runoff for each
precipitation event producing runoff was then multiplied by 10 to account for a
watershed 10 times larger than the ponding area of the sink. The dates and
magnitudes of runoff events can be seen in table 11. The calculated runoff of the
watershed was then added to the precipitation occurring on the runoff dates in
the meteorological input data for the baseline model. The maximum allowed

pressure head at the soil surface was then changed from 0 to 100 cm to allow
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focused recharge. This simulation was executed for a time period of 20 years on

fly ash only and bottom ash only profiles.

Figure 17: Precipitation (left) and Surface Runoff (right)
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Table 11: Day and Magnitude of Runoff Events

Runoff Excess for
Day in Model (cm) 10 m* (cm)
251 1.38 13.75
558 0.81 8.13
976 1.88 18.75
1622 2.81 28.13
1666 1.13 11.25
1671 2.50 25.00
1676 2.25 22.50
1914 0.31 3.13
1957 2.75 27.50
2108 0.50 5.00
2121 0.81 8.13
2231 0.56 5.63
2258 0.69 6.88
3342 0.75 7.50
3362 5.00 50.00
3381 1.25 12.50
3386 0.38 3.75
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Presence of Water Table

Simulations that included the presence of a water table were conducted
for the fly ash only and bottom ash only profiles. Alterations were made to the
baseline model to create a scenario of a water table being located at 35 m in
depth from the soil surface. The depth of the profile was changed from 85 to 35
m to remove the pictured cliff sandstone and the bottom boundary condition was
set to a constant (saturated) water content; these water contents were 51% for fly

ash only profile and 65% for bottom ash only.

Lowering of Water Table

The scenario in which the landfill pit equilibrates with the water table at 35
m depth and then the water table is significantly lowered was also simulated.
The profile depth was kept at 85 m with the pictured cliff sandstone composing
the lower 50 m. The upper boundary condition was set to a zero constant flux
and the root water uptake simulation removed from the baseline model. This
was done to eliminate outside influences other than the lowering of the water
table. Initial conditions for the soil profile were also changed to represent an

equilibrium condition with the water table at 35 m.
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8. MODELING RESULTS

The fly ash only, bottom ash only, and two representative random profiles
have been selected to display the results for the baseline model and moisture
content sensitivity analyses. The random profiles are identified as profile
numbers 3 and 8; these profiles were chosen because they represent the highest
and least fluxes of the 15 random profiles at the observation points. Material
discretization for profiles 3 and 8 can be seen in table 13. All other profiles show
flux rates bounded by the two selected profiles. The figures display water flux for
each observation point as a function of time and moisture content with depth at

selected time steps.

Baseline Model Results

A summary of the value ranges for fluxes and water contents can be
viewed in table 12. A positive flux value represents upward water movement and
a negative flux represents downward movement. All baseline model simulations
indicate the picture cliff sandstone becoming saturated at the bottom of the
material and drying near the interface with the CCB pit. The top soil shows little

change in moisture content over the duration of the simulations.

The fly ash only profile simulation displays the CCB pit wetting at the

bottom, though not fully saturated, as the interface with top soil dries. The
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bottom ash only profile simulation displays the CCB pit wetting at the bottom,
though not fully saturated, with intermittent wetting and drying sections between
the top soil and bottom of the pit. The profile 3 and 8 simulations display the CCB
pit wetting at the bottom of fly ash sections, though not fully saturated, and drying
within the bottom ash materials. No water infiltration is observed across the top
soil and CCB pit interface for any of the basic models during the entire duration

of the simulation. These results can be seen in figure 18, 19, 20, and 21.

Table 12: Range of Fluxes and Water Contents for the Baseline Model Simulation

Total Range of  Total Range  CCB pit range

Profile Observation of Water of Water
Point Fluxes Contents Contents
(cm/day) (cm/cm) (cm/cm)
FA only -0.02 - 0.09 0.01-0.33 0.16-0.33
BA only 0.0-0.12 0.01-0.27 0.19-0.27
3 -0.03-0.02 0.08-0.32 0.08-0.32
8 -0.1-0.05 0.01-0.31 0.08-0.31




Table 13: Material Distribution for Profiles 3 and 8

Depth (m) Profile 3 Profile 8

Material Material

0-2 Topsoil Topsoil
2-3.8 BA FA
3.8-5.7 FA FA
5.7-7.5 FA FA
7.5-9.3 FA BA
9.3-11.2 FA FA
11.2-13.0 FA BA
13.0-14.8 BA FA
14.8-16.7 FA BA
16.7-18.5 FA FA
18.5-20.3 FA FA
20.3-22.2 FA BA
22.2-24.0 FA FA
24.0 - 25.8 FA FA
25.8-27.7 FA FA
27.7 -29.5 FA FA
29.5-31.3 BA BA
31.3-33.2 BA FA
33.2-35.0 BA FA

35.0 - 85.0 Sandstone Sandstone
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Initial Moisture Content

The fly ash only profile displays downward fluxes at the bottom of
the CCB pit at an initial water content of 30 and 40%. The bottom ash only
profile displays a downward flux at initial water content of 40% only. Profile 3
shows downward fluxes at the bottom of the CCB pit at initial water contents of
20, 25, 30, and 40%. Profile 8 displays a downward flux at the bottom of the
CCB pit at an initial water content of 40% only. The prominent flux vs. initial
water content is shown in figure 22. The term ‘prominent flux’ is defined as the
either the maximum upward value if no downward flux is shown or the maximum

downward value observed if present. For all simulations, the prominent flux

occurred briefly, during the first 1 to 2 years of the simulation.
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Root Water Uptake

Results of the model without the root water uptake simulation show
no significant impact on the flux at the top soil and CCB pit interface for
both the fly ash only and bottom ash only profiles during the 10 year
duration. About 40 cm of water does not evaporate, but no water moves
from the top soil to the CCB pit during the 10 years of the simulation. This
indicates that the top soil layer is storing additional moisture. Results of
surface infiltration, root water uptake, and evaporation both with and

without root water uptake simulation can be seen in figures 23, 24, and 25.
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Upper Boundary Condition

Results from the model simulation with the upper boundary condition set

68

to a zero constant flux and no root water uptake simulation showed no significant

impact on the movement of water within or below the CCB pit for the fly ash only

and bottom ash only profiles, these were the only profiles simulated for this

condition.
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Extended Simulation Duration

The results for the 100 year simulation indicate equilibrium had not been
reached within the extended duration for both fly ash only and bottom ash only
profiles. Minimal fluxes (less than 5 x 10 cm/day) were still occurring

throughout the profiles after the 100 year duration.

Focused Recharge on Surface Scenario

The cumulative surface infiltration results from the focused
recharge scenario can be seen in figure 26, showing greater magnitudes of
infiltration than the baseline model (figure 23). The surface focused recharge flux
vs. time and water content with depth results can be seen in figures 27 and 28.
The top soil shows highly varied moisture contents during the focused recharge

simulation.

The fly ash only profile simulation results from focused recharge show the
CCB pit wetting throughout the entire depth of the pit within the time duration of
the simulation. The picture cliffs sandstone material begins to show wetting at
the interface with the CCB pit near the end of the simulation. The bottom ash
only profile simulation displays the CCB pit wetting at top soil interface at 8 years
and continue wetting downward through the pit throughout the extent of the
simulation. The bottom ash only profile, however, never experiences wetting at

the bottom of the CCB pit throughout the 20 year simulation.
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Figure 26: Cumulative Infiltration into Top Soil for Surface Focused recharge Model Simulation
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Presence of Water Table

The results of a water table present at the bottom of the CCB pit are
shown in figures 29 and 30. It is important to note the difference in the scale of
the vertical axis in these figures to previous figures; the depth below the surface
shown is only 35 m due to the change in lower boundary condition for this
simulation. For both the fly ash only and bottom ash only profiles, there is a
large, initial upward flux at the bottom of the pit during the first year of the
simulation. The fly ash only profile, throughout the simulation, is drying from the
top soil interface downward whereas the bottom ash only profile shows no such

behavior.

Lowering of Water Table Scenario

The results for a scenario in which a water table is lowered from a depth of
35 to 85 m can be viewed in figures 31 and 32. The fly ash only and bottom ash
only profiles provide similar results to one another, an initial downward flux of
approximately 0.2 cm /day at the bottom of the CCB pit. The profiles show a
drying of the pictured cliff sandstone as well as the CCB pit, both originating from

the interface between the two.
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9. MODELING DISCUSSION

The water fluxes observed in the model simulations appear to be primarily
resulting from the initial conditions. Differences in total head result in the
gradients driving the observed fluxes. Results from the simulations with a zero
constant flux upper boundary condition and no root water uptake simulation show
that no water infiltrates past the root zone during the 10 year duration of the
baseline model and thus fluxes in the CCB pit are primarily due to initial water
contents. The movement of water across the bottom of the CCB pit is an upward
flux in most simulations; this is a result of initial conditions once again and
variations between material properties resulting in an upward gradient driving the
movement of water. A summary of the flux of water at the 2 m and 35 m deep
observation points, the top and bottom of the CCBs, respectively, are plotted at
1, 5, and 10 years in figures 33 and 34, respectively. The data points represent
the average flux for all baseline simulations and the whiskers represent the

minimum and maximum fluxes.



Figure 33: Top Soil and CCB Interface Results
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Figures 35, 36, and 37 show the MCCs, K vs. h, and K vs. 6 of materials
for profile 3, respectively. It can be seen with these MCCs that the initial
conditions existing at the interfaces between different materials results in
significant pressure head differences which can induce water movement. For
example, at the initial moisture content of 0.2, pressure heads of fly ash and
bottom ash are approximately 1000 cm and 316 cm, respectively. Thus, water
will initially tend to move from bottom ash to fly ash. Water accumulates at the
interface between the pictured cliffs sandstone and CCBs because of the initial
upward gradient. Also, as water drains towards equilibrium, the K of the pictured

cliffs sandstone becomes very low.
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When ponding is allowed to accumulate on the surface, water is able to
infiltrate through the top soil and into the CCB pit. It can be seen in figure 28 that
water moves more rapidly through the fly ash only profile than the bottom ash
only profile. Water is able to infiltrate through the entire depth of the CCB pit
between 8 and 12 years in the fly ash only profile; whereas in the bottom ash
only profile, water still has not infiltrated the entire CCB pit at 20 years. This
difference in infiltration depth is due to bottom ash requiring a higher moisture
content compared to fly ash in order to transmit the water that is moving from the
top soil into the CCB pit. Thus, because it wets up more to transmit this flux,
water does not move as deep in the bottom ash profile compared to the fly ash

profile. The MCCs and K vs. suction head of the top soil and CCBs present



beneath the top solil for these simulations are displayed in figures 38 and 39,

respectively.
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The focused recharge scenario only accounts for one dimensional flow,
and therefore does not consider the effect lateral water movement would have on
this scenario. It does, however, display the potential for water movement through
a CCB pit if substantial ponding is present at the surface causing focused

recharge.

Results from the scenario of a water table being present at the bottom of
the CCB pit show capillary rise at the water table interface. Within the fly ash
only profile, there is also some drying of the CCBs near the top of the CCB pit

whereas the bottom ash only profile does not display this behavior.

The simulated lowering of the water table shows little drainage into the
picture cliff sandstone. The fly ash only profile shows a downward flux occuring

further up from the bottom of the CCB pit than the bottom ash only profile.

Sensitivity Analyses

The initial water content present in the system appears to have a
significant impact on the downward flux at the bottom of the CCB pit. At initial
water contents in excess of about 25%, downward fluxes in excess of 0.05
cm/day occur around 25% and above. This result suggests that disposal
practices may influence the flux at the bottom of the CCB pits. The significant
fluxes at the bottom of the pits did not occur for a prolonged period of time, but
briefly, once again providing evidence that fluxes are related to equilibration of

initial conditions between materials.
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The sensitivity of the simulation to the root water uptake is small over the
10 year duration. With no root water uptake being simulated, there was still not
enough infiltration to enter the CCB pit after 10 years. The results show that
evaporation is the dominant factor in evapotranspiration. With no root water
uptake, water may eventually infiltrate into the CCB pits, but root water uptake by
vegetation likely to be present in the arid climate would most likely eliminate
infiltration moving beyond the root zone under the conditions simulated. This is
consistent with literature concerning aquifer recharge in arid environments

(Scanlon, 2006).

Controlling Factor

The low permeability of the pictured cliffs sandstone has shown to be the
controlling factor within all the simulations. The low permeability relative to CCB
materials forms an impediment to flow at the interface. At a pressure head of
about -300 cm, the fly ash has a hydraulic conductivity of 0.316 cm/d and
Pictured Cliff Sandstone has a conductivity of 0.001 cm/d. This is also the only
material in the model for which there were no properties measured in the
laboratory. Results could vary with different material properties present beneath

the CCB pits.
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Properties as a Function of Density

Modeling the CCB hydraulic properties as a function of density did not
appreciably affect the amount of water that passed into and out of the CCB pit.
This is largely due to the lack of infiltration past the top soil. Water movement
within the CCB pits was influenced by the variable hydraulic properties, but not to
a significant degree. For the focused recharge simulation, if an average material
property would have been used for the CCBs, then exchange of water across the
interface between the top soil and CCBs may have been different. For most of
the simulations in this study, the modeling of material properties as a function of

density did not significantly alter the results.

10. MODELING CONCLUSIONS

Results from this one dimensional numerical modeling have shown that
infiltration from the surface into CCB pits has the greatest potential of occurring in
situations which focused recharge is allowed to occur. In all other scenarios,
evapotranspiration is effective at keeping water from traveling further than the
root depth of 1 m under the conditions provided for this model. If a water table is
present at the bottom of the CCB pit, simulation results suggest that water

movement will be upward into the CCBs. Should the water table be lowered at a
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later date, results suggest that little water will drain from the CCBs into the
underlying material under conditions of this model. Initial water content impacts
the flux at the bottom of the CCB pit above 25% water content. Water movement
simulated in this study is primarily due to the redistribution of water between
layers due to equilibrating initial conditions. Further studies should include
testing of the picture cliff sandstone to include measured properties of this
material in order to better predict fluxes from the CCB pits into the underlying

material.

11. CONCLUSIONS

Saturated hydraulic properties of both fly ash and bottom ash vary
as a function of density. Unsaturated hydraulic properties of fly ash show a trend
in variations as a function of density whereas bottom ash unsaturated hydraulic
properties show less trend in variations associated with density. Further testing
may be needed to better define these variations as a function of density due to
the high variability of bottom ash results. The variations that were found as a
function of density did not appreciably affect the amount of water that passed into

and out of the CCB pit.

The laboratory methods used in this study have shown that methods

common to soil testing may be utilized to predict the changes in both saturated
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and unsaturated hydraulic properties of fly ash and bottom ash as a function of

density.

Infiltration through the top soil and into landfill pits of CCBs is most likely in
situations where focused recharge is allowed to occur. Under focused recharge
conditions, water infiltrates through a landfill pit of fly ash only faster than a pit of
bottom ash only. If focused recharge is not occurring on the surface and desert
shrubs are present, it is not likely that surface water will infiltrate past the root
zone. Initial water content begins to impact the flux at the bottom of the CCB pit
above 25%. Water movement, under conditions simulated, was primarily due to
equilibration of initial conditions. The low permeability of the pictured cliffs
sandstone have been shown to have a strong impact upon the flux from the
bottom of the CCB pit at the SIM. Upward gradients were observed at the
interface between CCBs and pictured cliffs sandstone due to the hydraulic
properties, providing an impediment to flow. Future studies should provide

testing of the pictured cliffs sandstone hydraulic properties.



APPENDIX

Grain Size Distribution

Sieve Analysis (dry)

Date tested: 6/28/2011
Project Name: SIM
Sample ID: June Fly Ash
Wt. of Dry Sample (g): 37.6
Mass of
+
Sieve # Diameter I\AE?;t(;/f g:alerlee Rseizgleed Rseatggleed % %
(mm) Sieve (g) |Retained (9) -accu (9) Retained | Passing
@)
4 4.750 503.2 503.2 0.0 0.0 0.0 100.0
10 2.000 465.0 465.0 0.0 0.0 0.0 100.0
20 0.840 412.4 412.5 0.1 0.1 0.0 100.0
40 0.425 381.7 381.9 0.2 0.3 0.1 99.9
60 0.250 361.5 362.3 0.8 1.1 0.3 99.6
140 0.106 345.3 364.2 18.9 20.0 7.6 91.9
200 0.075 338.9 355.2 16.3 36.3 6.6 85.4
Pan -- 362.9 364.3 1.4 37.7 0.6|--
pre-wash total - losses: 248.1
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Hydrometer
Project Name: San Juan Mine
Sample ID: June FA
Hydrometer type: ASTM 152H
Dispersing agent: NaPO3 (Calgon)

Zero correction: 4.00 Meniscus:

Amount used: 4% & 125mL

0.0

Gs of sample: 2.00 CFa= 1.25 (EQ 5.8 in lab manJample finer than #200 85.4%
Mass sample (dry), g: 50 % Finer: Control Sieve #: 200
Time of Elapsed Alj;/ltj:lél (l:-lc))/:ir Act % Adj % CHgi L from
Date reading tlm.e’ Temp, °C Reading, [ Reading | Finer Finer Only for table 6-5 Li K D, mm
min meniscus
Ra Re R
0 22 -
0.25 22 45.0 417 103.7| 88.59 45.0 8.9 356000 0.0171] 0.1021
0.50 22 43.0 39.7 98.8] 84.33 43.0 9.2| 18.4000[ 0.0171] 0.0734
1 22 40.0 36.7 91.3]  77.95 40.0 9.7/ 9.7000[ 0.0171] 0.0533
2 22 36.0 32.7 81.3]  69.44 36.0 10.4| 5.20000 0.0171] 0.0390
4 22 30.0 26.7 66.4]  56.68 30.0 11.4| 2.8500] 00171 0.0289
8 22 23.0 19.7 489 4179 23.0 125 15625 0.0171] 0.0214
15 22 18.0 14.7 365 3116 18.0 13.3| 0.8867] 00171 0.0161
30 22 15.0 11.7 290 24.78 15.0 13.8] 0.4600] 00171 0.0116
60 2 13.0 9.7 240  20.52 13.0 14.2| 02367 0.0171] 0.0083
120 22 9.0 5.7 141 12.02 9.0 14.8]  0.1233] 0.0171] 0.0060
260 22 8.0 4.7 11.6 9.89 8.0 150/ 0.0577] 00171 0.0041
484 2 7.0 3.7 9.1 7.76 7.0 15.2| 00314 00171] 0.0030
1,439 22 7.0 3.7 9.1 7.76 7.0 15.2| 00106 0.0171] 0.0018
2,877 22 6.0 2.7 6.6 5.6 6.0 15.3|  0.0053| 00171 0.0012
4,243 22 6.0 2.7 6.6 5.6 6.0 15.3| 00036 00171 0.0010
Sieve Analysis (dry)
Date tested: 6/28/2011
Project Name: SIM
Sample ID: June Bottom Ash
Wt. of Dry Sample (g): 228.9
Mass of
. Mass of | Sieve + | Sample | Sample
. Diameter . P . P % %
Sieve # (mm) Empty | Sample |Retained |Retained Retained | passin
Sieve (g) |Retained (9) -accu (9) 9
9)
4 4.750 512.9 541.5 28.6 28.6 9.7 90.3
10 2.000 487.8 517.6 29.8 58.4 10.1 80.2
20 0.840 412.4 472.4 60.0 118.4 20.4 59.8
40 0.425 381.7 419.1 37.4 155.8 12.7 47.2
60 0.250 361.5 387.3 25.8 181.6 8.8 38.4
140 0.106 345.3 383.3 38.0 219.6 12.9 25.5
200 0.075 338.9 348.3 9.4 229.0 3.2 22.3
Pan -- 362.9 363.2 0.3 229.3 0.1{--
pre-wash total - losses: 294.8
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Hydrometer
Project Name: San Juan Mine
Sample ID: June BA
Hydrometer type: ASTM 152H Zero correction: 4.00 Meniscus: 0.0
Dispersing agent: NaPO3 (Calgon) Amount used: 4% & 125mL
G of sample: 2.06 CFa= 1.21 (EQ5.8in lab manJample finer than #200 22.3%
Mass sample (dry), g: 50 % Finer: Control Sieve #: 200
Time of Blapsed Alj;ltj:lal (l:-lc))/:ir Act % Adj % CHgi L from
Date reading tlm.e’ Temp, °C Reading, [ Reading | Finer Finer Only for table 6-5 Li K D, mm
min meniscus
Ra Re R

0 22 --
0.25 22 47.0 43.7 105.6 23.56 47.0 8.6| 34.4000] 0.0166] 0.0975
0.50 22 45.0 41.7 100.8 22.48 45.0 8.9| 17.8000| 0.0166| 0.0701
1 22 42.0 38.7 93.5 20.86 42.0 9.4| 9.4000] 0.0166] 0.0509
2 22 36.0 32.7 79.0 17.62 36.0 10.4| 5.2000| 0.0166[ 0.0379
4 22 30.0 26.7 64.5 14.38 30.0 11.4| 2.8500| 0.0166[ 0.0281
8| 22 24.0 20.7 50.0 11.14 24.0 12.4] 1.5500| 0.0166[ 0.0207
15 22 19.0 15.7 37.9 8.45 19.0 13.2| 0.8800| 0.0166[ 0.0156
30 22 15.0 11.7 28.2 6.29 15.0 13.8| 0.4600| 0.0166[ 0.0113
60 22 12.0 8.7 20.9 4.67 12.0 14.3] 0.2383[ 0.0166| 0.0081,
120 22 10.0 6.7 16.1 3.59 10.0 14.7| 0.1225| 0.0166[ 0.0058
248 22 9.0 5.7 13.7 3.05 9.0 14.8| 0.0597| 0.0166[ 0.0041
473 22 8.0 4.7 11.3 2.51 8.0 15.0f 0.0317| 0.0166[ 0.0030f
1,428 22 8.0 4.7 11.3 2.51 8.0 15.0f 0.0105| 0.0166[ 0.0017
2,862 22 7.0 3.7 8.8 2.0 7.0 15.2| 0.0053| 0.0166[ 0.0012
4,293 22 7.0 3.7 8.8 2.0 7.0 15.2| 0.0035| 0.0166[ 0.0010}




Specific Gravity

Sample: June Fly Ash (unit 4)

Test # 1 2 3
date 6/30/2011| 7/1/2011| 7/4/2011
time vacuum applied (hr) 20 24 6
M, mass of flask w/ water 664.9 664.9 664.9
M, flask w/ sample post vacuum 713.8 715 715.9
Mq dry sample mass 97.4 100.3 102.1
My (M, + M) - M, 48.5 50.2 51.1
G, initial Ms/Myy 2.01 2.00 2.00
Temperature (degees C) 22 22 22
T correction 0.9996 0.9996 0.9996
G Corrected Corrected Secific Gravity 2.01 2.00 2.00
G; Final avg. = 2.00
notes:
all masses in grams
difficult to see meniscus with ash in flask
witnessed ash "climbing" wet walls inside neck of flask
vacuum applied roughly 85 kPa
Sample: June Bottom Ash (unit 4)
Test # 1 2 3
date 7/5/2011 | 7/7/2011| 7/8/2011
time vacuum applied (hr) 17 27 20
M, mass of flask w/ water 664.9 664.9 664.9
M, flask w/ sample post vacuum 713.1 715.7 719.1
Mg dry sample mass 95.5 97.5 104.9
My, (M, + M) - M, 47.3 46.7 50.7
G, initial Ms/My 2.02 2.09 2.07
Temperature (degees C) 22 21 21
T correction 0.9996 0.9998 0.9998
G, Corrected Corrected Secific Gravity 2.02 2.09 2.07
GgFinal avg. = 2.06




Relative and Clod Density

Relative Density

mold diameter 6.00 in
mold height 4.60 in
mold Area 28.27 in?
mold Volume 130.06 in3= 0.08
Sample FA BA
dump weight w/ mold 19.14 17.66 Ib
sample mass 4.73 3.25 Ib
vibration time 8.00 8.00 min
top of mold to top of plate (avg) 0.45 0.46 in
change in sample height 0.69 0.70 in
new sample volume 0.06 0.06 ft®
dump dry density 62.89 43.21 pcf
"max" dry density 73.94 50.80 pcf
dump dry density 1007.39 | 692.20 kg/m?
"max" dry density 1184.37 | 813.81 | kg/m?
surcharge weight 57.04 Ib
pressure 2.02 psi
mold mass 14.41 Ib
top plate thickness| 0.24 in
Sample FA BA
AH1 0.41 0.48
AH2 0.46 0.42
AH3 0.44 0.44
AH4 0.47 0.50

*distances in inches from top of mold to top of plate after vibration

ft3
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Clod Density

Clod sample: Juniper Pit 04 at 124 ft deep
ring# | d(mm) | L(mm) | mass(g) |Vol. (mm?)
1 15.88 28.37 11.17 5618.89
2 15.82 28.70 11.38 5641.37
3 15.87 28.63 11.76 5663.24
ring # 1 2 3
mass ring + can + wet sample M, 33.13 33.61 33.55
mass ring + can + dry sample M, 31.43 31.97 31.60
mass can Mc 14.57 14.53 14.18
mass dry sample M 5.69 6.06 5.66
dry density | 1012.66 | 1074.21 | 999.43 kg/m3
dry density avg 1028.76 | kg/m’
dry density = 64.22 pcf
notes:

drying oven 110 degrees C for 48 hrs
water added to sample prior to extraction to ease process. In situ content NOT found
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Compressibility

Sample: June Fly Ash

Ho= 0.875 in diameter = 2.4 in Volume =  3.958407
orig.dens.=  62.86 Ib/cf
trial a trial a trial b trial b trial c trial ¢ trial d trial d
Interval [wt of stone [added weight|tot psi| deltaH newdens. | deltaH |newdens| deltaH [hew dens| deltaH |new dens.

0 0 0 0 0 62.86 0 62.86 0 62.86 0 62.86
1 1.141 5.0105 6.897 0.016 64.03253589 0.02 64.3321 0.023 [ 64.55862 0.02 64.3321
2 1.141 10.493 14.17 0.024 | 64.63448687 | 0.026 |64.78675| 0.032 |[65.24786| 0.028 |64.93973
3 1.141 17.742 23.78 0.044 | 66.19007019| 0.033 |65.32535| 0.042 |[66.03115| 0.035 | 65.48089
4 1.141 24.779 33.12 0.06 67.48950715| 0.039 65.7942 0.054 [66.99628| 0.041 |65.95198
5 1.141 35.9615 47.95 0.081 69.27449411| 0.049 |66.59074| 0.068 |68.15855| 0.053 |66.91478
6 1.141 44.8105 59.68 0.087 69.80196488 | 0.053 |[66.91478| 0.074 | 68.6691 0.06 [67.48951
7 1.141 60.7405 80.81 0.105 71.43369912 | 0.066 |[67.99005| 0.088 |69.89066| 0.074 68.6691
8 1.141 71.5625 95.16 0.124 | 73.24094318| 0.07 |68.32789| 0.113 |[72.18366| 0.08 |69.18736
9 1.141 96.3415 128 0.129 | 73.73183422| 0.084 |69.53723| 0.116 |[72.46897| 0.096 |70.60841
10 1.141 107.439 142.7 0.134 74.22934997 | 0.088 |[69.89066| 0.121 |72.94953 0.1 70.97284

Sample: June Bottom Ash

Hy = 0.875 in diameter = 2.4 in Volume = 3.958407
orig. dens.=  43.19 Ib/cf
trial e trial e trial f trial f trial g trial g trial h trial h
Interval [wt of stone [added weight|tot psi| deltaH new dens. | deltaH jnewdens| deltaH |newdens| deltaH |new dens.

0 0 0 0 0 43.19 0 43.19 0 43.19 0 43.19
1 1.141 5.0105 6.897 0.042 | 45.36890296 | 0.033 |44.88396| 0.062 |[46.48499| 0.055 |46.08817
2 1.141 10.493 14.17 0.075 47.2403702 0.061 |46.42788| 0.097 |48.57622| 0.089 48.0818
3 1.141 17.742 23.78 0.104 | 49.01724535| 0.083 |47.71755| 0.126 50.457 0.118 | 49.92377
4 1.141 24.779 33.12 0.123 50.25571298 | 0.102 [48.89042| 0.146 |51.84128| 0.139 |51.34823
5 1.141 35.9615 47.95 0.148 51.98390119| 0.124 |50.32263 0.17 53.60609 | 0.162 |53.00462
6 1.141 44.8105 59.68 0.16 52.85635827 | 0.139 [51.34823| 0.183 |54.61314| 0.177 |54.14369
7 1.141 60.7405 80.81 0.181 54.45575816 | 0.162 |[53.00462| 0.204 |56.32235| 0.197 |55.74085
8 1.141 71.5625 95.16 0.193 55.41392399 | 0.186 |[54.85094| 0.215 |57.26105| 0.207 |56.57529
9 1.141 96.3415 128 0.21 56.83052054| 0.192 [55.33279| 0.235 [59.05046| 0.226 |58.23158
10 1.141 107.439 142.7 0.217 57.43510055| 0.201 |56.07166| 0.241 59.6093 0.235 [ 59.05046




Falling Head

Sample #:June Fly Ash
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Diameter: 3" Area: 7.0686 Density: 64.2 (Ib/ft®)  Length of 2.54 cm
Height(in)1.0000  Volume: 7.0686 (in%)
Mass
no soil (g) Date 7/7/2011
with soil (g) Time
soil 118.5 (g)
Area of standpipe: 5.0670 cm?
Test no. hi h2 t,s Qouycm?| T,°C a ((St_al;)le K+t (c}:nm/)s) (C;Z/Od)
1 56.4 45.5 900.16 55.23 22.0 0.9530( 6.73E-05| 6.42E-05 5.5
2 56.4 31.0| 1,574.47 128.70 22.0 0.9530( 1.07E-04| 1.02E-04 8.8
3 61.8 54.7 484.57 35.98 22.0 0.9530( 7.11E-05| 6.77E-05 5.9
7.81E-05 6.7
Sample #:June Fly Ash
Diameter: 3" Area: 7.0686  Density:  64.2 (Ib/ft®)  Length of 2.54 cm
Height(in)1.0000  Volume: 7.0686  (in®
Mass
no soil (g) Date 11/29/2011
with soil (g) Time
soil 118.5 (g)
Area of standpipe: 5.0670 cm?
Test no. h1i h2 t,s Qouycm?| T,°C . gil)ole Kt (csz;)s) (c:fd)
1 35.1 21.5 925.78 68.91 22.0 0.9530( 1.49E-04| 1.42E-04 12.3
2 21.5 18.6 345.03 14.69 22.0 0.9530( 1.19E-04| 1.13E-04 9.8
3 49.8 25.4| 1,350.38 123.63 22.0 0.9530( 1.41E-04| 1.34E-04 11.6
1.30E-04 11.2
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Sample #:June Fly Ash

Diameter: 3" Area: 7.0686 Density: 69.5 (Ib/ft3)

Height(in) 1.0000  Volume: 7.0686  (in°)

Mass

no soil (g) Date 7/20/2011

with soil (g) Time

soil 128.4 (g)

Area of standpipe: 5.0670 cm?

Test no. hi h2 t, s Qouem?| T,°C a g_i;’le Kt (c};zj)s) (clr<nz/0d)
1 41.3 33.9 797.78 37.50 22.0 0.9530| 6.99E-05| 6.66E-05 5.8
2 33.9 25.8| 1,124.43 41.04 22.0 0.9530( 6.85E-05| 6.53E-05 5.6)
3 41.2 38.1 315.22 15.71 22.0 0.9530( 7.00E-05| 6.68E-05 5.8

6.62E-05 5.7

Sample #:June Fly Ash

Diameter: 3" Area: 7.0686  Density:  69.5 (Ib/ft3)

Height(in) 1.0000  Volume: 7.0686  (in°

Mass

no soil (g) Date 11/30/2011

with soil (g) Time

soil 128.4 (g)

Area of standpipe: 5.0670 cm?

Test no. h1 h2 ts |[Qeuwem®| T.oc |® g_all))le Ky (cl;zj)s) (C:/Od)
1 33.3 28.7 504.56 23.31 22.0 0.9530( 8.32E-05| 7.93E-05 6.8
2 39.3 26.7| 1,269.94 63.84 22.0 0.9530( 8.59E-05| 8.19E-05 7.1
3 48.3 33.3|] 1,222.13 76.01 22.0 0.9530( 8.59E-05| 8.19E-05 7.1

8.10E-05 7.0




Sample #:June Fly Ash
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Diameter: 3" Area: 7.0686  Density: 73 (Ib/ft%)
Height(in)1.0000  Volume: 7.0686  (in®
Mass
no soil (g) Date 7/29/2011
with soil (g) Time
soil 134.7 (g)
Area of standpipe: 5.0670 cm?
3 . a (table Kao Kzo
Test no. hi h2 t, s Q (uyyCmM T, °C 6-1) Kt (cm/s) (cmid)
1 70.6 43.1| 2,497.00 139.34 22.0 0.9530( 5.58E-05| 5.32E-05 4.6
2 43.1 33.8| 1,166.12 47.12 22.0 0.9530( 5.88E-05| 5.61E-05 4.8
3 45.9 31.4| 1,885.00 73.47 22.0 0.9530( 5.69E-05| 5.42E-05 4.7
5.45E-05 4.7
Sample #:June Fly Ash
Diameter: 3" Area: 7.0686  Density: 73 (Ib/ft3)
Height(in)1.0000  Volume: 7.0686 (in%
Mass
no soil (g) Date 12/3/2011
with soil (g) Time
soil 134.7 (g)
Area of standpipe: 5.0670 cm?
3 . a (table K20 Kao
Test no. hl h2 t, s Q (uycm T, °C 6-1) Kt (cmis) (cm/d)
1 51.0 33.8| 1,862.00 87.15 22.0 0.9530( 6.24E-05| 5.94E-05 5.1
2 33.8 28.1 952.78 28.88 22.0 0.9530( 5.47E-05| 5.21E-05 4.5
3 27.5 23.4 644.72 20.77 22.0 0.9530( 7.07E-05| 6.74E-05 5.8
5.96E-05 5.2




Sample #:June Bottom Ash
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Diameter: 3" Area: 7.0686  Density: 45.4 (Ib/ft®)  Length of 2.54 cm
Height(in) 1.0000  Volume: 7.0686  (in°)
Mass
no soil (g) Date 7/21/2011
with soil (g) Time
soil 83.9 (g)
Area of standpipe: 5.0670 cm?
Test no. hi h2 t, s Qouem?| T,°C a g_i;’le Kt (c};zj)s) (clr<nz/0d)
1 60.9 20.9 80.84 202.68 22.0 0.9530( 3.73E-03| 3.56E-03 307.5
2 41.6 18.9 60.78 115.02 22.0 0.9530( 3.66E-03| 3.49E-03 301.7
3 69.7 18.4 101.03 259.94 22.0 0.9530( 3.72E-03| 3.55E-03 306.4
3.53E-03 305.2
Sample #:June Bottom Ash
Diameter: 3" Area: 7.0686  Density: 45.4 (Ib/ft®)  Length of 2.54 cm
Height(in) 1.0000  Volume: 7.0686  (in°
Mass
no soil (g) Date 12/4/2011
with soil (g) Time
soil 83.9 (g)
Area of standpipe: 5.0670 cm?
Test no. h1 h2 ts |[Qeuwem®| T.oc |® g_all))le Ky (cl;zj)s) (C:/Od)
1 39.5 18.1 30.29 108.43 22.0 0.9530( 7.27E-03| 6.93E-03 598.8
2 57.1 15.9 72.84 208.76 22.0 0.9530( 4.95E-03| 4.72E-03 407.9
3 39.0 13.1 38.19 131.24 22.0 0.9530( 8.06E-03| 7.68E-03 663.9
6.45E-03 556.9




Sample #:June Bottom Ash
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Diameter: 3" Area: 7.0686 Density: 50 (Ib/ft3)

Height(in) 1.0000  Volume: 7.0686  (in%

Mass

no soil (g) Date 7/24/2011

with soil (g) Time

soil 92.3 (g)

Area of standpipe: 5.0670 cm?

Test no. hi h2 t, s Qouem? | T,°C a ét_alt;le Kt (CI;Z(/)S) (c|r<n2/0d)
1 68.5 23.0 130.63 230.55 22.0 0.9530( 2.36E-03| 2.25E-03 194.2
2 42.6 19.5 88.91 117.05 22.0 0.9530( 2.48E-03| 2.36E-03 204.3
3 60.3 19.8 136.85 205.21 22.0 0.9530( 2.30E-03| 2.19E-03 189.1
4 42.2 20.7 79.69 108.94 22.0 0.9530( 2.52E-03| 2.40E-03 207.7

2.27E-03 195.9

Sample #:June Bottom Ash

Diameter: 3" Area: 7.0686  Density: 50 (Ib/ft3)

Height(in)1.0000  Volume: 7.0686 (in)

Mass

no soil (g) Date 12/6/2011

with soil (g) Time

soil 92.3 (g)

Area of standpipe: 5.0670 cm?

Test no. hi h2 t, s Quuem?| T,°C a ‘(st_al?le Kr (cszj)s) (c}:nzlod)
1 60.4 15.8 50.28 225.99 22.0 0.9530( 7.53E-03| 7.17E-03 619.9
2 36.1 14.8 32.06 107.93 22.0 0.9530( 7.85E-03| 7.48E-03 646.4
3 56.2 20.6 65.47 180.39 22.0 0.9530( 4.33E-03| 4.12E-03 356.3
4 20.6 14.4 12.19 31.42 22.0 0.9530( 8.29E-03| 7.90E-03 682.7

6.26E-03 540.9




Sample #:June Bottom Ash
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Diameter: 3" Area: 7.0686 Density: 57 (Ib/ft3)

Height(in) 1.0000  Volume: 7.0686  (in°)

Mass

no soil (g) Date 11/11/2011

with soil (g) Time

soil 98.9 (g)

Area of standpipe: 5.0670 cm?

Test no. hi h2 t, s Qouem?| T,°C a g_i;’le Kt (c};zj)s) (clr<nz/0d)
1 39.5 18.0 135.44 108.94 22.0 0.9530( 1.64E-03| 1.56E-03 134.9
2 52.1 19.0 190.97 167.72 22.0 0.9530( 1.49E-03| 1.42E-03 122.8
3 37.5 19.0 124.59 93.74 22.0 0.9530( 1.54E-03| 1.47E-03 126.8

1.48E-03 128.2

Sample #:June Bottom Ash

Diameter: 3" Area: 7.0686  Density: 57 (Ib/ft3)

Height(in) 1.0000  Volume: 7.0686  (in°

Mass

no soil (g) Date 12/8/2011

with soil (g) Time

soil 98.9 (g)

Area of standpipe: 5.0670 cm?

Test no. h1 h2 ts |[Qeuwem®| T.oc |® g_all))le Ky (cl;zj)s) (C:/Od)
1 53.0 14.8 99.03 193.56 22.0 0.9530( 3.64E-03| 3.47E-03 299.4
2 36.8 14.9 60.56 110.97 22.0 0.9530( 4.21E-03| 4.02E-03 347.0
3 35.8 21.2 33.40 73.98 22.0 0.9530( 4.43E-03| 4.22E-03 364.6

3.90E-03 337.0




WP4
gravimetric
M can (g) [M wet (g)|M dry (g) |w (%) WP (Mpa) |h(cm)
FA 24.3] 27.9232 27.6 8.93 -0.980 9993.2
FA 24.5| 28.2906 27.9 12.54 -0.790| 8055.8
FA 24.8] 28.3866 27.9 15.73 -0.760 7749.8
FA 24.4631| 28.3817| 27.7323 19.86 -0.660| 6730.1
FA 24.7461] 28.7739| 28.0306 22.63 -0.650 6628.2
FA 24.3984| 28.9784| 28.0685 24.79 -0.550| 5608.4
FA 24.2426| 28.6793| 27.7147 27.78 -0.530 5404.5
FA 24.4648| 29.0854| 27.9604 32.18 -0.520| 5302.5
FA 24.2594| 30.6265| 28.9306 36.31 -0.560| 5710.4
FA 24.3981] 28.8391| 28.8021 0.84 -13.100| 133582.8
FA 24.1643| 27.8937| 27.7872 2.94 -1.420| 14480.0
FA 24.4527] 27.9061 27.792 3.42 -1.470] 14989.8
FA 24.2425| 28.0677| 27.8733 5.35 -1.050| 10707.0
FA 24.3137] 28.5504| 28.2563 7.46 -0.780 7953.8
FA 24.736| 28.5416| 28.1479 11.54 -0.650| 6628.2
FA 24.2596] 28.3099| 27.8203 13.75 -0.640 6526.2
FA 24.7576| 29.0105| 28.3759 17.54 -0.540| 5506.5
FA 24.462| 28.9818| 28.2036 20.80 -0.470| 4792.7
FA 24.5403] 28.9257| 28.0609 24.56 -0.450 4588.7
M can (g) [M wet (g)|M dry (g) (w (%) WP (Mpa) |h(cm)

BA 24.5| 27.7266 27.6 3.00 -1.600 16315.5
BA 24.3| 27.5792 27.4 4.20 -0.910 9279.4
BA 24.7] 28.4523 28.2 6.05 -0.750 7647.9
BA 24.2428| 27.5528| 27.3397 6.88 -0.680 6934.1
BA 24.7575| 28.4109| 28.1002 9.29 -0.640 6526.2
BA 24.5409| 28.0702| 27.709 11.40 -0.790 8055.8
BA 24.3967| 28.0535| 27.664 11.92 -0.570 5812.4
BA 24.3112| 28.1732| 27.6696 15.00 -0.580 5914.4
BA 24.4532| 28.2791 27.748 16.12 -0.560 5710.4
BA 24.1645| 28.4999| 27.8154 18.75 -0.490 4996.6

Mcan (g) [Mwet (g)|Mdry(g) [(w (%) WP (Mpa) |h(cm)
top soil 24.5[ 28.1916 27.9 7.69 -0.700 7138.0
top soil 24,7 29.5738 29.3 6.40 -0.770 7851.8
top soil 24.8| 29.4794 29.3 4.21 -1.750| 17845.0
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RH Box

gravimetric
NaCl 400983 5.885[ 17.0318| 11.1468 17.067 0.316
LiCl 3053224| 5.8851| 17.0318| 11.1467 17.0803 0.435
gravimetric
400983 6.0326| 15.0416 9.009 15.0813 0.441
3053224| 6.0326 15.0416 9.009 15.0533 0.130
ravimetric
NaCl 400983 5.9929 12.7113 6.7184 12.8159 1.557
LiCl 3053224 5.9929 12.7113 6.7184 12.7484 0.552




Hanging Column & Pressure Plate
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sample: Fly Ash A Fly Ash B Fly Ash C
metal ring (g) 92.8 91.3 93.7
metal ring +dry soil (g) 169.1 167.6 169.9
dry sample (g) 76.3 76.3 76.3
height (in) 1 1 1
diameter (in) 2.400 2.400 2.400
volume (in®) 4.524 4.524 4.524
dry density (I1b/ft%) 64.2 64.2 64.2

porosity 0.486
post testing density (mass/density) 169.22 1,030.8] 167.92 1,033.1f 170.38 1,034.7
target 1028.4 kg/mA"3
h (cm) mass (g) |[h (cm) mass (g) |h (cm) mass (g)

5 208.1 4 209.3 7 211.3
25 207.3 25 209.0 25 211.1
50 206.5 50 208.4 50 210.6
80 205.5 80 207.5 80 210.0
115 204.6 115 206.2 115 209.1
155 203.5 155 204.3 155 207.1
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Fly Ash D Fly Ash E Fly Ash F Fly Ash G Fly Ash H Fly Ash |
90.0 94.6) 91.6 93.8 91.1] 95.8]
172.5 177.2 174.1 180.5 177.8 182.5
82.5 82.5 82.5 86.7 86.7 86.7]
1 1 1 1 1 1]
2.400 2.400 2.400, 2.400 2.400 2.400
4.524 4.524 4.524 4.524 4.524 4.524
69.5 69.5 69.5 73.0 73.0 73.0
0.443 0.415
172.23  1,109.7 176.74  1,107.7 17455 1,118.8 180.67 1,172.2 178.10 1,173.4 182.93 1,175.2
1113.3 kg/m"3 1169.3 kg/m"3

h (cm) mass (g) |h (cm) mass (g) |h (cm) mass (g) h (cm) mass (g) [h (cm) mass (g) |[h (cm) mass (g)
—— r——— 1T [ 7T
0 211.5 0| 215.39 5 217.65 5 217.1 5 214.3 5 221.1
12 211.0 12 213.9 25 216.33 25 215.9 25 212.5 25 219.3
55 209.2 55 212.07| 50| 215.18 50 215.1 50 211.9 50 218.4
100 207.6 100[ 211.36 80 214.2 80 214.5 80 211.5 80 217.8
160 206.4 160[ 210.55 115 212.99 115 214.2 115 211.3 115 217.3
155 211.97| 155 213.9 155 211.0 155 216.7

sample: Bottom Ash A Bottom Ash B Bottom Ash C
metal ring (g) 91.6| 92.5, 93.8]
metal ring +dry
soil (g) 145.5 146.4 147.7,
dry soil (g) 53.9 53.9 53.9
height (in) 0.97| 0.97 0.97|
diameter (in) 2.400 2.400 2.400
volume (in®) 4.388 4.388 4.388
dry density (Ib/ft®) 46.8 46.8) 46.8
porosity 0.647
145.62 751.8 146.33 749.0 147.45 746.6
727.2 kg/m"3
h (cm) mass (g) |h (cm) mass (g) |h (cm) mass (g)
5 182.6) 5 188.4] 5 190.4
25 177.6| 25 179.0] 25 179.7,
50 172.9| 50 174.1 50 174.6)
80| 169.1| 80 170.1 80 170.7]
115 165.8| 115 166.6 115 167.2]
155 162.9) 155 163.5] 155 164.5

Bottom Ash D Bottom Ash E Bottom Ash F
94.5 91.6 93.7
153.9 151.0] 153.1]
59.4 59.4 59.4
1 1] 1
2.400 2.400 2.400
4.524] 4.524] 4.524]
50.0 | s00 50.0

0.611
153.44 795.2 150.73 797.1 152.90 798.7
800.9 kg/m"3 797.0
h (cm) mass (g) |h (cm) mass (g) |h (cm) mass (g)

5 201.8| 5 199.3 5 199.6|
25 186.9 25 194.3 25 185.8
50| 183.1 50 179.7 50 182.0
80, 179.4 80| 175.9 80, 178.1
115 175.7 115] 172.0 115 174.2
155 172.4 155 169.0 155 171.0




Bottom Ash G Bottom Ash H Bottom Ash |

94.0 91.6 93.8

161.7 159.3 161.5

67.7 67.7 67.7

1 1 1

2.400 2.400 2.400

4.524 4.524 4.524

57.0 | 570 57.0

0.557

161.66 912.3

159.32  913.5
913.1 kg/m"3

161.80 916.8
914.2

h (cm) mass ()

h (cm) mass (9)

h (cm) mass (g)

5 212.4 5 203.4 5 206.2
35 198.4 35 194.3 35 199.4
65 193.2 65 189.3 65 194.3

120 186.4 120 183.0 120 187.4
160 183.0 160 179.9 160 184.0
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sample 1D

Top Soil SJM YR1 01 01

T02

metal ring (Q)
metal ring + dry
sail (9)

dry soil (g)

height (in)
diameter (in)
volume (in®)

dry density (Ib/ft%)

97.5

215.3
117.8

1
2.375
4.430
101.3

215.3 1622.6308

Hanging Column mass (q)
11/5 12:53pm 9:30 11/5/2010
11/9 11:45am 5 245.4
11/12 9am 20 244.3
11/15 8:15am 40 242.3
11/17 9:40am 60 239.3
11/19 10:20am 80 236.5
11/22 8:15am 100 234.7
11/24 12:10pm 120 233.3
11/27 8:10am 140 232.2
11/29 8:40am 160 231.4
12/1 9:15am 180 230.8
12/7 8:30am 200 230.2
Pressure Plate
356.9 227.8
1121.7 227.7

Top Soil SJM YR1 0101 T02

1000000 |}

100000 - \

10000 - \

E

o

< 1000 - \\

1085 \
_‘G-‘.‘.
10 - \ |
0 0.05 015 02 0.25 0.3 0.35 04 0.45

Water Content

05
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Correction Factors

Correction Factor A
0.96
0.97
0.98
0.99
1.00
1.01
1.02
1.04
1.05
1.07
1.08
1.10
1.12
1.13
1.15
1.17
1.19
1.22

Table 6-4
Correction Factor K
0.0127
0.0129
0.0131
0.0133
0.0135
0.0137
0.0139
0.0141
0.0143
0.0145
0.0147
0.0149
0.0151
0.0153
0.0155
0.0157
0.0159
0.0161

Gs
2.85
2.80
2.75
2.70
2.65
2.60
2.55
2.50
2.45
2.40
2.35
2.30
2.25
2.20
2.15
2.10
2.05
2.00

2.85
2.80
2.75
2.70
2.65
2.60
2.55
2.50
2.45
2.40
2.35
2.30
2.25
2.20
2.15
2.10
2.05
2.00
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y = 0.1667x2 - 1.1083x + 2.7662

1.05
1.04

RZ

=0.9942

1.03

actor)

881.02

1.01

r
4
©
©

orrection
=

(c
o
©
©

0.97

0.96
0.95

2.45

25

2.55

26

2.65

27

275

2.8 2.85

2.9

0.0142

y = -2E-15x2 - 0.004

X _+ 0.0241

0.014

Re=1

0.0138

0.0136

+0.0134

N

0.0132

0.013

TR

0.0128

N

N

~

0.0126
2.45

25

2.55

26

2.65

Gs

27

275

2.

8 2.85

29
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