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ABSTRACT
Nonwoven Geotextile Filtration Performance with Coal Refuse

Rajesh Tolikonda

This project i nvestigated asp ects of g eosynthetic g eotextile filter retention, p ermittivity, and clogging
potential due to coal slurry particle intrusion and blinding. The project objective was to investigate the
geotextile filtration performance when used in combination with coal refuse.

The project involved bench scale testing investigating geotextile filter clogging by fine particle intrusion
and fabric blinding from coarse and fine coal refuse with nonwoven geotextile filter fabric. The research
explored th e f ine p article d istribution t hrough t he r efuse material an d i nterfacial co ntact wi th t he
geotextile. T he coal refuse was obtained from an active mining and coal waste impoundment operation
located in Boone County, WV. The research involved testing of non-woven geotextiles with coarse and
fine coal refuse under standard and reduced compaction energies in order to simulate field performance of
the fabric to the effects of 1oose compaction conditions, such as direct end dumping, compared with a
maximum compaction effort, standard Proctor, occurring in field conditions.

The 1aboratory testing program c onsisted of performing c ompaction mold pe rmeameter t esting ha ving
different compaction densities, nonwoven geotextile thicknesses, and different mix proportions of coarse
and fine coal refuse. Dat a was o btained on fine particle grain-size distribution through the compacted
coal refuse specimens, and hydraulic conductivity variations with time.

Engineering evaluation of t he da ta r esults w as ba sed on ¢ omparing t he 1 aboratory r esults w ith the
filtration requirements presented by the US Mine Safety and Health Administration (MSHA) guidelines
presented in the Engineering and Design M anual: Coal R efuse Disposal Facilities (MSHA, 2009). The
MSHA manual d etails th e filtration d esign requirements for the use o f n onwoven g eotextiles as f ilter
media in combination with coal refuse. Engineering calculations were performed to compare the MSHA
and other published guidelines for geotextile selection and performance.

Conclusions of the research identified sev eral key findings. During the c ompaction of the rigid wall
permeameter sa mples t he r efuse ex periences cr ushing an d sl aking ef fects w hich for a co arse g rained
refuse will produce an increase in the percentage of fines. T his effect o ccurs at co mpaction en ergies
ranging from optimum to reduced (13,288 to 1,417 ft-1b/ft’). The percentage of fines produced appeared
to be a co nsistent percentage increase of approximately 32%. The characteristics of the grain size shift
can result in filtration concerns when evaluating the D5 criteria used in the clogging evaluations.

Graphs of the hydraulic conductivity versus time indicated that there was no stable filter developed within
the coarse coal refuse specimens. The GSE Lining Corporation’s NW 6 nonwoven geotextile was selected
as the “worst case” filter for comparison of the soil-geotextile system because it has the largest Apparent
Opening Size (AOS) of 0.212 mm. Results indicated that for both the initial (non-compacted) and the
compacted refuse at all compaction density ranges that the Retention and Permeability Criteria were met
(passed) both the MSHA and Giroud design criteria. The corresponding results of the Clogging criteria
indicated that the refuse failed under non-critical conditions.

Blends of fine and coarse coal refuse were developed in the laboratory which provided for a uniformly
graded grain size distribution. T his distribution was at 80% coarse to 20% fines (80/20) and at 60 %
coarse to 40% fines (60/40) which passed the No. 100 sieve. Results of the post compaction grain size
distributions for the blended refuse samples identified that the crushed particles formed ag gregates and



produced a s hiftin the shape o fthe curve whichresembled more o fa coarse r efuse material. T he
aggregation of the fine particles was consistent across all tested samples and exhibited similar ranges of
increases to the Dgs, Dgy, D15 and Dy particle sizes.

Considering the FCR 80/20 mix, no apparent reduction in the hydraulic conductivity or development of a
stable filter media was observed under the ranges of the test parameters. The reasons for this effect may
be similar to the coarse coal refuse test results. For 60/40 FCR material passing No.100 sieve, a stable
filter was formed after 75 hours of testing and the stable filter was continued throughout the end of the
test. For the 80/20 and 6 0/40 bl ended refuse samples passed the R etention Criteria and P ermeability
Criteria. The samples failed the Clogging Criteria under non-critical conditions.

A series of rigid wall permeability tests were conducted on Coarse Coal Refuse and Blended 80/20 and
60/40 r efuse s amples using a s trong pH 2, s ulfuric acid. R esults o fthe C oarse Coal R efuse and the
Blended 80/20 and 60/40 mix, the hydraulic conductivity versus time showed a one-order of magnitude
decrease wh en co mpared t o the water permeated samples at similar t esting p arameters. F or the acid
permeated Coarse Coal and 80/20 Blended samples the post grain size distribution indicated that the acid
does not alter the Retention, Permeability, or Clogging criteria. For the 60/40 Blended samples the post
grain size analysis indicated that specimen passed the Clogging criteria.

The f ollowing r ecommendations a re presented f or t he us e of nonwoven g eotextiles i n non -critical
conditions. Post gr ain s ize di stribution t ests s hould be pe rformed on's pecimens a t t he opt imum
compaction level to observe changes in Dgs for meeting the Retention Criteria requirements. This will
take the particle crushing and slaking effects into consideration. It should be noted that the continued or
repetitive compaction of the CCR material may reduce the particle diameter to less than the geotextile’s
Apparent Opening Size (AOS) which then renders potential failure in achieving the Retention Criteria.

Itis suggested to use a geotextile having a permittivity value greater than 0.5 s™ in order to pass the
Permittivity Criteria. Installation of the geotextile in a field application having only Coarse Coal Refuse
should be performed at the optimum compaction (energy value 13,288 ft-Ib/ft’) level. This is preferred
over a reduced compaction (end dump) condition in order to increase the potential to satisfy the
permeability criteria due to the increase in fines, when the permeability criteria is critical.

For Clogging Criteria, th e p ost grain si ze d istribution t ests sh ould b e p erformed on sp ecimens at the
optimum compaction 1 evel to observe changesinD ;5. This w ill ta ke th e soil particle si ze i nto
consideration when comparing to the fabric AOS, (AOS > 3*D,s5) (Non-critical Conditions). The increase
in r efuse fines p ercentage tends to d evelop a st able internal filter t hereby tending to reduce p otential
geotextile clogging.

Research w as p erformed to investigate the ch emical co mposition o fthe co al refuse and to determine
alternative ap proaches to track the fine p article movements o f refuse amended with fine particle metal
beads. This attempted to develop a particle tracking method for coal refuse and determine geosynthetic
filter clogging characteristics. Photo microscopy was used to obtain visual images of sample nonwoven
geotextile filters impacted with coal refuse material. The results of this work indicate that the mobility of
the metals in the cell depends on the size of the metal beads added, their relative density, and intrinsic
solubility in the water used to treat the cells. The use of metal beads appears to have excellent potential as
a particulate tracking method that could be applied to evaluation of clogging of geotextile fabrics. Of the
metal beads added, the tungsten (W), molybdenum (Mo), and chromium (Cr) showed the most promise
based on where the concentrations were maximized.
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1.INTRODUCTION AND BACKGROUND

1.1. Introduction

Following t he br eakthrough a nd r elease of c oal s lurry f rom t he M artin C ounty C oal Corporation
impoundment ne ar [ nez, Kentucky o n O ctober 11, 2000t he United S tates Congress r equested t he
National R esearch C ouncil (NRC) t o ex amine ways t o r educe t hese t ypes of acci dents. T he NR C
completed their study titled “Coal Waste Impoundments” which identified numerous areas of concern and
the committee presented recommendations for improving the design, operation, and safety of coal slurry
impoundments. The contents of this research prepared by West Virginia University Department of Civil
and Environmental Engineering are to support the National Technology Transfer Center (NTTC) on the

Coal Slurry Impoundment Project.

This project investigated aspects o f g eosynthetic geotextile filter ¢ logging due to ¢ oal s lurry p article
intrusion and filter blinding. Th e project was designed into multiple tasks. The first task included a
literature r eview o f current i ndustry an d r egulatory practices for g eotextile sel ection and performance
evaluation; followed by a second task that involved limited bench testing investigating geotextile filter
clogging by fine particle intrusion and fabric blinding. T he third task e xplored the use o f analytical
microscopy to assess particle blinding and intrusion within the micro-structure of the geotextile fabrics.
Work o n t his p roject wa s p erformed at W est Virginia Un iversity b y t he Department o f C ivil an d

Environmental Engineering and the Bennett Department of Chemistry.

1.2. Research purpose and objectives

1.2.1. Purpose

The p urpose o fthis research i s t o investigate th e filtration performance o f't he co al r efuse-geotextile
system i n ge otextile w rapped dr ains i n ¢ oal i mpoundments. T he geotextile ¢ logging p otential was
evaluated by performing various laboratory tests and correlating the data with actual field co nstructed
systems from WV Department of Environmental Protection permit files. The research involved testing of
non-woven geotextiles with co arse coal r efuse and fine co al refuse unde r standard a nd r educed
compaction energies. This approach attempted to simulate field placement of refuse against the geotextile
fabrics to model different compaction densities such as loose compaction by direct end dumping, and a
maximum c ompaction effort in the field. Di fferent mix proportions of coarse coal refuse and fine coal
refuse were used to assess the clogging effects occurring either at the interface of the soil and geotextile;
within the soil; and within the geotextile fabric. Different conditions in coal impoundments such as acid

mine drainage were considered by performing the tests with a strong sulfuric acid (H,SO,) as permeant.
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1.2.2. Objectives

The objectives of this research are to investigate the performance of non-woven geotextile fabrics for use
in co arse co al r efuse filtration an d sep aration ap plications wh ere r ock d rain st ructures ar e u sed f or
reducing p iezometric head levels within e mbankments. T his research will investigate the mechanical,
physical, and chemical effects of coarse coal fine particle clogging and blinding of the geotextile fabric

filters.

The mechanical a nd ph ysical t esting w ill f ocus on f abric ¢ logging b y fine pa rticle i ntrusion. T he
chemical t esting wi 111 nvestigate p hysical ch anges o fco arse co al o verburden materials t hrough

deterioration and development of oxide armoring occurring at the geotextile and overburden interface.

1.3. Scope of work

The scope of the work gives the method followed throughout this research. The proposed project tasks are

discussed in brief in the following paragraphs.

1.3.1. Task 1: Literature review and test plan development

A literature review will be performed that identifies current problems in field application of geotextiles
for filtration in drainage applications at coal slurry impoundments. Information was sought from the US
Mine Safety and Health Administration (MSHA) concerning filtration applications and conditions of use,
and design specifications of filter systems. Review of existing literature was performed to identify types
and sp ecifications of geotextiles that have been applied for coarse coal mine refuse filtration. S pecific
information to be sought includes published data c oncerning ¢ ompaction values of ¢ oarse c oal refuse
adjoining f ilter f abric application lo cations, r efuse i nstallation d ensities and p article g rain si ze

distributions, and permeant liquid properties (pH, Specific Conductance, etc..).

A project t est pl an w ill be de veloped asa M ethods doc ument pr oviding d etail f or pe rforming t he

laboratory testing, data analysis and reduction, and reporting formats.

1.3.2. Task 2: Bench scale filtration and chemical testing

The testing phase was structured in a tiered structure presented below.

The First Tier Testing addresses base-line parameter assessment and testing of the selected coarse coal
refuse from exposure to permeants including water and mild to harsh acid. The second tier of testing will
address p erformance b ased p arameters f ollowing AS TM co mpliant t esting t o ev aluate g eotextile

performance from benign coarse refuse permeants to assess particle intrusion and clogging; and tier three



will co ntinue p erformance t esting u sing wi th ch emical p ermeants wi th co arse co al r efuse t o i dentify
accelerated deterioration potential and filtration impact of armoring and intrusion developing at the fabric

interface. Each of the three tiers is discussed below:

Tier One Testing: Base-Line Index Testing, Parameter Assessment, & Protocol Evaluation

This research involved establishing the base-line index parameters of the coarse coal refuse following the
ASTM testing procedures. The physical index property tests to be performed are listed below in Table
1.1. T he coarse coal refuse sp ecimens were obtained from two w orking ¢ oal i mpoundments in W est

Virginia.

Selection of the coarse coal refuse was based on the ASTM requirements for each individual test. The
maximum particle size tested was the fine-gravel size ranging % “ (20mm) to No. 4 sieve (4mm), then to
include other fine particles through to the clay size fraction (< No. 200 sieve). A Hydrometer analysis

was performed to identify clay size particles.

Table 1.1: Geotechnical material property tests

TEST NAME | ASTM
Physical properties
Moisture Content D-2216
Sieve / Hydrometer D-422
Atterberg Limits (LL, PL) D-4318
Specific Gravity of Soils D-854
Compaction
Standard Proctor D-698
Modified Proctor D-1557
Relative Density D-4253
D-4254
Permeability
Clays & Low-Permeability Soils D-5084
Constant Head (Soils & Silts) D-2434

Protocols used for testing were documented for standardizing sample preparation based on the uniqueness

of the coarse refuse material.

Tier Two Testing: Geotextile Performance Testing for Permittivity (Filtration) Drainage

Performance testing will be p erformed o n sel ected non-woven g eotextiles wi th co arse coal r efuse to
establish filtration (permittivity-drainage) rates. E xperimentation will be based on following ASTM D-
5856 Standard Test Method for Measurement of Hydraulic Conductivity of Porous Material Using a



Rigid-Wall, Compaction-Mold Permeameter and ASTM D -2434 Test Method for Permeability of
Granular Soils (Constant Head). Selection of the seepage permeant consisted of test water prepared in
accordance with ASTM — Type 18, low ionic, organic free, de-aired water. Various geotextile wei ght

fabrics will be tested.

Sample filter m edia was ev aluated pre- and post- exposure t ot he co arse co al r efuse t o i nvestigate
entrained particle weight changes and filtration reduction. I nformation relating to the intrusion of coal

fines into the micro-structure of the geotextile will be reported.

Physical property testing of the coarse coal refuse was performed at the beginning and at the end of each
test in order to evaluate material property changes due to permeant influences or particle filtration and

piping effects occurring.

Tier Three Testing: Chemically Enhanced Permeant Performance Testing

The third tier testing program focused on the chemical deterioration of the refuse and armoring effects
occurring at the geotextile fabric interface. T he test program was similar to the techniques of Tier One
and Two, but with the introduction of a low pH solution of sulfuric acid (H,SO,) as permeant. This low
pH solution was intended to emulate a harsh saturated environment and accelerate refuse deterioration by
minimizing buffering through constant pore volume exchanges in the permeameters. The selection of this
acidic permeant was t o assist with investigating a weat hered / aged refuse which may existin an acid

mine drainage (AMD) environment.

Chemical testing of the permeant fluids at post exposure was performed to assay the respective ion release
or stripping of ions from the refuse materials. Physical index testing of the reformed coarse refuse post

flushing was performed to assess ion exchange extents. Testing frequency was performed in triplicate.

1.3.3. Task 3 Analytical Microscopy

In co llaboration wi th T ask 2 t esting, r etrieved geotextile sp ecimens were studied u sing sev eral
microscopic techniques for evaluation of particle trapping characteristics. For this work, thin-sections of
filters were prepared using quick-freeze/thin slicing and chemical mounting techniques. Thin sections
were selected u sing st andard r andom sa mpling d esign t o i nsure r epresentative ch aracterization o f t he

filters.

1.4. Thesis organization

The report is organized into the following four sections as discussed in the following text.



1.4.1. Literature review

Literature review was performed on coal refuse, seepage and its problems in coal refuse impoundments.
This section also concentrates on the study of installation of geotextiles in drains in coal impoundments
for filtration and the problems a ssociated with it. L iterature al so focuses on the design criteria of the

geotextile installation which are mentioned by MSHA and WVDEP and other literature.

1.4.2. Laboratory experimentation program

Laboratory experimentation program was performed on different coal refuse samples collected from West
Virginia. Various p hysical an d g eotechnical t ests w ere p erformed. H ydraulic co nductivity testing was
conducted on coal refuse samples with selected non-woven geotextiles to find the filtration performance.
Different percentages of fine coal refuse were blended with coarse coal refuse to increase the clogging
potential and the permittivity-drainage rates were determined. To evaluate the acid mine drainage effect
on the geotextile in the coal impoundments, acid was used as permeant. Analytical microscopy was also

performed on the samples to track the particle movement within the sample.

1.4.3. Data reduction and Results

Data from I aboratory ex periments was r educed u sing si gma p lot. Dat a r educed f rom t he 1 aboratory
experimentation program, the results from literature r eview, Mine safety and health administration
(MSHA), and West Virginia division of environmental protection (WVDEP) are combined and presented.
The results are used to provide the information useful for the future research in installing the geotextiles

in coal impoundments for filtration.

1.4.4. Appendix

All data, tables are incorporated in appendix.



2. LITERATURE REVIEW

This | iterature r eview f ocused on i dentifying t he ¢ urrent s tate of pr actice used f or t he de sign a nd
specification of geotextiles for separation and filtration ap plications at coal slurry impoundments. T his
review wa s performed and is p resented in t hree st ages. T he first st age co ncentrates i n d efining co al
refuse; the materials physical, geotechnical properties, and processed properties affecting its placement
and u sei nen gineered sl opes. T he i nformation r esearched i ncludes d ata d efining p article si ze
distributions, co mpaction values an d d ensities o f coal r efuse and v ariability o f co al r efuse p roperties
which, in turn, impact the clogging behavior of geotextiles as filtering media in coal refuse impoundments
and e mbankments. T he second st age o f't he | iterature r eview f ocused on i dentifying the t ypes a nd
specifications o f g eotextiles that have been applied to coal mine refuse filtration designs and that are
referenced by both federal and state regulatory agencies permitting impoundments. This review was also
focused on the a pplications of geotextiles i n ¢ oal r efuse e mbankments a nd in t he a pplication of t he

drainage control drains in the coal refuse impoundments in the field.

The third stage of literature review addressed the study of microscopic techniques, which in turn, helps in
determining the clogging potential of the coal refuse in the geotextiles. Certain methods which are used
for the determination of the constriction size, apparent opening size of geotextiles were also studied which

helps in finding the filtration performance of the geotextiles.

2.1. Coal refuse background and properties

Under this section the types of coal refuse, properties and variability of the material were studied. This
section includes discussions on the types of coal refuse transport. The coal refuse properties are reported

from the major work compiled by the Mine Safety Health Administration (MSHA).

2.1.1. Coal refuse and types

B.R. Stewart and W .L. Dan iels d efined co al refuse as material whichis cleaned from the coal at a
preparation plant. The coal refuse can be found in various forms such as: tailings, spoil, gob, slate, and
colliery waste. Coal refuse is a by-product obtained from mining and preparation of coal (R.A. Busch, R.
R. Baker, L. A. Atkins 1985 and D’ Appolonia 1976) and generally consists of two types: 1). coarse coal
refuse (CCR) and ii) fine coal refuse (FCR). Coarse coal refuse mainly consists of coal and soil; it is also
used as the primary engineered fill for the construction of impoundments or impounding structures. CCR
is also used to construct the dams and to serve as the embankment to retain fine coal refuse and water
slurries. FCR consists of coal, water and dust and soil mixture. The carbon content is higher in FCR when
compared with the CCR. The typical structure of a coal refuse impoundments is similar to an earthen fill

dam, differing m ainly by th e material us ed for ¢ onstruction. M SHA (2009) st ates t hat coal refuseis
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composed of materials such as sh ale and variable amounts of coal which makes the coal refuse typical

kind of soil having lower specific gravity and densities than the other soils.

2.1.2. Production of coal refuse from preparation plant

Coal refuse is the by-product of coal processing. Coal is a sedimentary rock consisting o f el ements of
carbon, hydrogen and ox ygen. M SHA (2009) p rovides d etails of the co al r efuse produced from c oal
preparation plants. The main production of coal refuse is from the mining and preparation plants. Coal
refuse is comprised of rock, minerals a nd ¢ oal u navoidably r emoved from the earth during the c oal
mining process. The proportion of coal and associated minerals depends on geologic formation of coal
stratum, geochemical properties of coal and adjacent minerals, process used to separate coal from refuse.
The pr imary s ource o f't he r ocks an d minerals t hat ar e as sociated wi th t he co al r efuse are from the

formations from coal seam and sediments within the coal seam.

2.1.3. Refuse transport and disposal placement

Prior to Buffalo Creek failure, there was very little technical information available for the design of coal
refuse disposal facilities. After Bu ffalo Creek dam failure accident, t he saf ety i n d isposal an d t he
technical effort was highly increased. The transport and disposal of coal refuse is very important because
due to the material’s typical nature, coal refuse may undergo changes in its engineering properties which
in turn may affect the life of the disposal facility. MSHA (2009) provides the details of the coal refuse
transport sy stems that are g enerally used. Dep ending o n m ethod of refuse transport and di sposal, the
geotechnical characteristics o f co al refuse v aries. T he co mpaction ef fort used for the disposal o f coal

refuse is one of the main points to be considered.

Transport of the coal refuse is generally done by trucks, scrapers, and conveyors. F or the transport of
slurry or fine refuse pipelines are used. The type of transport depends on several factors which include:
the distance between preparation plant and disposal area; production rate of coal refuse supply; properties
of the coal refuse and or grain size; and finally the aerial extent and type of disposal facility. Generally
tractor dozers are used for spreading the coal refuse in the disposal facility. If proper care is taken while
placing the coal refuse, tractor dozers can effectively spread in horizontal layers. Discharge of fine coal
refuse should be such that the discharge point is relatively low on the impoundment side or upstream face
of e mbankment. C ompaction e quipment i s m ainly us ed for the uniformity of c oal r efuse in di sposal
facility. The c ompaction e ffort that is used for the refuse placement is critical because it controls the
material’s density and the asso ciated strength of the piles as w ell as the hydraulic c onductivity. The

compaction e ffort ch anges t he g rain si ze d istribution o f p articles which is a primary concern during



construction. The compaction equipment typically used for the construction of the structural fill includes

rubber-tired hauling units, vibratory rollers (smooth drum or sheepsfoot) and non-vibratory rollers.

2.1.4. Coal refuse properties

Various physical and chemical properties and geotechnical properties which include index properties and
engineering properties are to be investigated because it will help in designing coal refuse disposal dams
and i mpoundments. T he ¢ logging e ffect of filteri s a Iso ba sed ont hese pr operties. P article s ize
distribution is one of the important properties to be considered as the clogging nature is based on the fine

particle intrusion.

Physical and chemical properties

Coal refuse will have s everal p roperties s imilar to the properties of the p arent coal s eam. T he r ocks
present in coal wastes include sedimentary rocks such as san d stone, quartz, clay composed rocks and
other blends of rock with high percentages of shale and carbonous shale. Rocks with clay compositions
are present in higher percentages than other rocks. The main minerals that are present in the coal refuse
are sulfur, carbonates, quartz. Pyrite is also present in the considerable amounts in coal refuse. The other
minerals that are present in clay rocks are also present in coal refuse such as illite, kaolinite, chlorite, etc.
Quartz is present in higher percentages in coarse refuse than in fine refuse. The oxidation effect of coal
refuse can cause various problems to the environment because of the pyrite and the sulfur present. These

materials when in contact with air and water react to form acids.

Chemical properties are considered important because they may produce ad verse environmental effects
and, or destroy t he co nstruction m aterial ( borrow m aterials). T he m ain ch emical co mponents t hat ar e
present in the coal refuse are silica (Si0,) and alumina (Al,O3). Other chemicals include ferric oxide and
potassium oxide. The main chemical properties such as pH, ash content, corrosivity, pyrite content helps
to asses s t he ch emical b ehavior o f coal refuse. B.R. Ste wart and W.L. D aniels provide ranges of pH
values for coal refuse from Southwest Virginia. The pH varied from 3.0 to 8.3. Jacek Libicki, Stephen R.
Wassersug, and Ronald D. Hill presented the different properties of coal solid wastes from a disposal site

in Poland, Table 2.1

Table 2.1: pH and conductivity values of Coal waste from Poland site.

Property Maximum | Minimum | Average
pH 9.9 7.3 8.4
Conductivity 2140 500 1500




Geotechnical properties

The geotechnical properties of any soil can be classified into index properties and engineering properties.
The index properties are the moisture content, specific gravity, particle size distribution, Atterberg limits,

and unit weight. The engineering properties of coal refuse include hydraulic conductivity and strength.

Y. A. Heg azy, A. G. Cushing an d C .J. L ewis provide discussions ont he physical, mechanical an d
hydraulic p roperties and r elationships of co al r efuse used fort he s lurry i mpoundment de sign. T he
properties of CCR and FCR are critical in designing the coal refuse disposal dams and impoundments for
both static and seismic stability. The authors state that CCR is used to construct dams to retain slurry of
FCR and water whereas FCR is used for the prediction of seepage conditions, designing internal drains

and evaluating static and seismic upstream slope stability.

A database for the properties of CCR and FCR was developed using data from coal refusal disposal sites
in W estern P ennsylvania, USA, and England (Chen 1976). The variability of each material properties
were evaluated using the coefficient of variation (COV) and then a si mple first order statistical method
was used to determine t he r eliability u sing t he av erage material p roperties for d ifferent g eotechnical
aspects. Table 2.2 presents a summary of the grain size distribution data collected by Y. A. Hegazy, A.G.

Cushing and C.J. Lewis for coarse and fine coal refuse respectively.

Table 2.2: Summary of CCR and FCR sieve analysis

Percent Finer CCR FCR
Djo (mm) <0.075 0.010

D30 (mm) 0.35 0.037

D5y (mm) 1.23 0.127

Dgp (mm) 2.02 0.196
Passing #200 sieve 19.76% 57.7%
Specific Gravity (Gs) 2.02 1.52

MSHA (2009) illustrates the typical grain size distribution of coarse and fine coal refuse that are being
disposed into impoundments. The grain size distribution of both coarse and fine coal refuse is important
because it will affect the clogging nature and the fine particle intrusion into the filter. Generally coarse
coal refuse is a well-graded material and its properties are similar to well-graded rock and soil fill. The
particle size of CCR ranges from 4.75 mm to a size of 3 inches and the fines percentage vary from less

than 10 percent to 20 percent. Typical classification of CCR is silty, clayey sand with gravel to clayey,



silty gravel with sand. Fine co al refuse typically has p article sizes less than 1 mm and fines c ontent
ranging 30 to 80 percent. S amples of FCR collected close to the discharge point or deltaareaonan
impoundment are more of the sand and silt-size material and the samples collected towards the pool area

of the impoundment tent to be of the silt and clay-size materials.
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Figure 2.1: GSD of Coarse and Fine coal refuse specified by MSHA (2009)

Representative Geotechnical properties of the coal refuse are given in below Table 2.3 and Table 2.4.

Table 2.3: Coarse coal refuse Properties by Y. A. Hegazy, A.G.Cushing, & C.J. Lewis

Coarse Coal Refuse Properties
Property Average Standard Deviation cov

Dry Density, yd(KN/m3) 19.7 093 | 0.047
Specific Gravity, Gs 2.02 0.31| 0.154
Water Content, % 6.4 1.6 | 0.252
D10 (mm)*

D30 (mm) 0.35 0.25 0.71
D50 (mm) 1.23 0.62 0.5
D60 (mm) 2.02 0.89 0.44
Passing No. 200 19.76% 10.79 0.55
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Table 2.4: Fine coal refuse Properties by Y. A. Hegazy, A.G.Cushing, & C.J. Lewis

Fine Coal Refuse Properties

Property Average | Standard Deviation | COV
Dry Density, yd(KN/m3) 9 1.46 | 0.162
Specific Gravity, Gs 1.52 0.25 | 0.165
LL 31.20% 52| 0.17
PL 20.10% 34| 0.17
Pl 11.2 31| 0.28
Water for Atterberg Limits 33 11.5] 0.35
D10 (mm) 0.01 0.015 1.5
D30 (mm) 0.037 0.055| 1.49
D50 (mm) 0.127 0.128 | 1.01
D60 (mm) 0.196 0.209 | 1.07
Passing No. 200 57.70% 25| 043

MSHA (2009) states that coal refuse contains various kinds of material which affect the specific gravity
values of coal refuse. MSHA specifies the specific gravity values for coarse coal refuse ranging from 1.5
to 2.8 and fine coal refuse ranging from 1.4 to 2.3. Based on various observations and field tests MSHA

2009) gives the range of hydraulic conductivity for coarse coal refuse ranging from 10 to 10 cm/sec.
( g g y ty ging

2.1.5. Variability of coal refuse properties

Estimating the variability of coal refuse properties assists with assessing the safety of coal refuse disposal
facilities. V ariability en countered i n the co al r efuse p ropertiesi sa major so urce o fu ncertainty
encountered by the geotechnical en gineers during the material s election, site ch aracterization, an alysis
and design (S.C. Cheng and M.A. Usmen 1987). The true values of geotechnical parameters cannot be
determined with full accuracy. These values can be estimated using representative numbers of laboratory
tests an d f rom f ield t ests. T he i nconsistencies o f't he t est r esults ar e at tributable t o t he i nherent
heterogeneity of the materials as well as the errors arising from the sampling, testing and human judgment
(P. Lumb 1974).

Coal refuse is produced in significant quantities in United States and also all over the world. The disposal
of the coal refuse has been a problem from many years. Coal refuse impoundments are constructed for the
safe and efficient disposal ofrefuse. The traditional ap proach to the assessment of the safety ofa co al
refuse disposal facility as a part of design processes has been the use of a d eterministic factor of safety
(FS), which can be obtained by the use of a single value for each of those material properties considered.

The single value can be taken as uncertainty of the true value (S.C. Cheng and M.A. Usmen). Recently,
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considerable interest has been focused on the use of probability and statistics (P. Lumb, 1974 and M. E.
Harr, 1984) in the analysis and de sign of ge otechnical s tructures t o a ccount for t he variabilities a nd

uncertainties associated with the input parameters.

Variations in the properties of coal refuse may be attributed to: mineral composition, different kinds of
soils present; geologic process such as erosion, weathering, transportation, de positional changes, which
cause he terogeneity a nd a nisotropy ( property which ¢ hanges w ith d irection, e .g., permeability).
Variability of coal refuse properties can be measured by first considering the appropriate sample size for
the data reduction and determining the following statistical parameters: the average, standard de viation
(SD) and the coefficient of variation (COV). COV is defined as t he normalized dispersion of the set of
data points around the mean, which is the ratio of standard deviation to the mean. Table 2.5 illustrates the
variability of properties of the coarse and fine coal refuse in terms of average, standard deviation and

COV.

The index properties and the engineering properties are critical in designing the coal refuse disposal dams
and embankments. The variability of these design properties should be investigated. Typically the ranges
of COV below 10% is thought to be low, between 10% and 30% are thought to be moderate, and above
30% are c onsidered a s hi gh ( Harr, 1987) . Table 2.5 indicates t he n atural w ater co ntent has “high”
coefficients of variation for both coarse coal refuse (CCR) and fine coal refuse (FCR), specific gravity
and in-situ dry density ha ve moderate ¢ oefficients of va riation f or bot h CCR a nd F CR, w hereas
permeability has a very high coefficient of variation for both CCR and FCR. This comparison illustrates

that engineering properties are significantly more variable than index properties.

Reliability and risk assessment of coal refuse

S.C. Cheng, M.A. Usmen (1987) presented a method for assessing the reliability and risk of coal refuse
due to variability of coal refuse properties. The safety of coal refuse disposal facilities is conventionally
measured by a d eterministic factor of safety. The Factor of Safety is determined by using single valued
geotechnical properties of coal refuse, the foundation profile (subsurface exploration), and an estimate of
pore wat er p ressure co nditions ( Phreatic line) and the disposal facility geometry. The factor o f safety
alone does not identify the risk associated with the designing disposal facilities; therefore a probabilistic
approach where alternative parameters such as the reliability index or probability of low factor of safety

are required.
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Table 2.5 Variability of Coal Refuse Properties

Type Natural Water Specific In-situ Dry Permeability 10-4
of Content, % Gravity Density, pcf cm/sec References
Refuse

X | COV| n X cov n
90.6 | 9.8 9] 1.38 105.6 | 10
5.5 26 6|22 27 92.2 18 6 R1
Coarse | 7.2 14 5119 9 88.6 | 9.8 5

Coal |96 | 35]|122|17 112119841 11 | 122

X |COV| N X | COV
6.1 22 9 2 10

v o o |P

Refuse [ 59| 51| g0 |12| 57| 8989 | 84| 80 R2

10| 59| 93|23]| - 1] 101| 13| 93

2| 14471932 14| 47

54| 86| 15|16| 44|15|521| 52| 15]007| 2092 | 15

49| 32| 13]17| 10|13 |525| 79| 13|422| 2443 | 13 R3
Fine | 30| 42| 19]|15| 73]19]539| 13| 19
Coal | 31| 23| 11|18] 97|11]624| 11| 11| 87| 2217| 19 R4
Refuse

13 29 4115| 3.6 10497 | 6.7 4
1.6 14 | 49 | 56.2 17 | 49

1.31 143.7 | 10 R3

R1- R.A. Busch, R. R. Baker, L. A. Atkins 1985.
R2- Files of West Virginia Department of Natural Resources, West Virginia.
R3- R.A. Busch, R. R. Baker, L. A. Atkins 1975.
R4- R.A. Busch, R. R. Baker, L. A. Atkins 1977.

By using the sample size, mean, standard deviation, the Factor of Safety (FS) is determined using the
point e stimate method (PEM) (E. R osenblueth, 1975). The Reliability index is a term used for the
determining th e r eliability of th e g eotechnical s tructure. The Reliability index (B) indicates the
normalized distance between best estimate of FS and the nominal impending failure mode of 1.0 in terms
of the SD. The higher the B value, the higher the reliability of the geotechnical structure. It is generally
agreed that a minimum d eterministic factor o f safety of 1 .5 must b e at tained in co al r efuse d isposal

facilities (S.C. Cheng, M.A. Usmen).

MSHA specifies that the test results data should be verified and validated before using the data for the
design process. Engineering properties should be quantified. Correlation should be developed on the basis
of large data set and the main point to be known is that correlation will be based on data upon which it is
used. The minimum factor of safety for the coal e mbankment design provided by MSHA is 1.3. The

factor of safety was based on strength properties of coal refuse.
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2.2. Coal refuse disposal facilities

Coal r efuse disposal f acilities ar e constructed f or the pr imary pur pose of d isposing of coal wa stes
produced from mining processes. T he safety o fthese coal refuse disposal facilities is major concern.
According to MSHA (2009), the Buffalo Creek dam failure which occurred in 1972 in Logan County,
West Virginia was due to severe rainfall and inconsistent construction methods. The rainfall caused the
upstream impoundment, of a three tiered diked coal refuse disposal facility, to overtop and cascade the
coal slurry into the lower two slurry ponds. The lower ponds subsequently failed and lead to devastation
in the downstream valley. Prior to the Buffalo Creek accident little attention was taken for the design and
maintenance of the coal refuse i mpoundments. After that incident, coal r efuse disposal facilities were
upgraded in terms of de sign, i nspection and s afety standards. S tandards w ere de veloped and r esearch

initiated to help the coal industry, public, and regulatory agencies construct safe impounding structures.

According to MSHA (2009) coal refuse disposal facilities are classified depending on their configuration,
they a re: 1 . I mpounding f acilities, 2 . N on-impounding f acilities, 3 . Slu rry ¢ ell f acilities, a nd 4 .
Underground injection facilities. A n i mpounding facility is de fined as a structure which will have the
potential for holding w ater and s lurry to a specified h eight. A non -impounding facility will have the
embankment fill such t hat no1 iquids ( water or s lurry) m ay b e i mpounded. These n on-impounding

facilities are used for the disposal of coarse coal refuse and fine coal refuse but not liquid slurry.

2.2.1. Failures in coal refuse impoundments

The main problems associated with the failure of the embankment are as follows:

e Seepage
e Slope stability

e Drainage

Design criteria and methodology are similar for earthen dams and coal waste impoundments. B oth of
these t ypes o f en gineered facilities a re susceptible t o w ater damaging e vents. Many water r etaining
structures have inherent seepage challenges associated with their as-built construction. Slope failure and
internal erosion are some of the detrimental problems caused by seepage. Internal erosion or piping can
lead to uncontrolled seepage and drainage sy stem failure which may further develop into embankment

failure.

2.2.2. Seepage
Any water retaining structure will be associated with seepage problems. Seepage is the important concern

in the design of e mbankment with an i mpoundment. S eepage through the foundation materials is also
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very i mportant wh ich n eeds to b e controlled. S eepage may cau se p rogression o f e rosion through t he
embankment or foundation of an impoundment. Piping is the phenomenon which occurs due to increase
in the seepage. FEMA (2008) state that process of piping failure (which is caused by seepage) in earthen
dams is divided into four phases. They are: 1) initiation, 2) continuation of erosion, 3) progression to form
apipe, 4) formation of breach. Suffusion is the ot her phe nomenon de velops due to the seepage and
internal erosion. Suffusion is wash ing away of finer particles due to internal instability of the soils.
FEMA presents the different types of models for the development of failure by piping and internal
erosion. They are: 1) Backward erosion piping in the embankment, 2) concentrated 1eak piping in the

embankment, 3) piping in the foundation and 4) piping from embankment to foundation.

Methods of controlling seepage

Seepage i nt he co al r efuse e mbankments i s co ntrolled b y i nstalling t he i nternal d rains wh ich ar e
associated wi th t he filters. T he reason for installing drainsis to increase the stability of coal refuse
embankment by reducing the phreatic surface low and to control the seepage that leaves the embankment.
Seepage i n t he f oundation of a n i mpoundment i s c ollected by providing a c ollection s ystem. T he
collection system consists of trenches or horizontal drains which are allied with filters. If the seepage in
the foundation i s not c ontrolled, s tability of't he e mbankment r educes be cause of t he e xcessive por e
pressure built in the foundation. If seepage is high, the soils particles get erode away from embankment

and also from foundation.

2.2.3. Geotextile application for seepage control

FEMA and MSHA suggest that one way of controlling seepage and internal erosion is by introduction of
filters and high permeability zones within the embankment. Geotextiles are used as filters in coal refuse
impoundments as per MSHA (2009). There are two main functions of filters: 1) they must allow water to
flow through, and 2) prevent soil particles to pass through, or clog or blind the filter. According to FEMA
(2007), the graded granular filter design criteria for embankments and foundations includes determining
the following items: : 1) they must have appropriate openings or particle size distributions, 2) they must
offer sufficient internal stability, as finer particles should not erode away from the filter due to seepage
flows, 3) filters must have sufficient permeability and thickness, 4) they should have good s urvivability
criteria for installation and operation, and 5) be resistant to segregation and breaking during installation,

compaction.

Seepage flow in coal refuse embankments can be controlled by reducing the phreatic surface level of the
impounded liquids and by reducing the p hreatic 1 evels wi thin t he e mbankment m atrix. T his can b e

achieved by installing internal drains within the embankment at critical locations. These drains should be
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incorporated with fine particle filters to mitigate the movement of fine particles into the drain (to prevent

the clogging) and allow the seep to free flow into the drain and away from the embankment.

Problems associated with filters (geotextiles) in coal impoundments

Problems ass ociated wi th g eotextiles used in co al waste impoundment applications can include t he

following items:

1. Damage during installation
Long-term reliability of Geotextile to function without clogging.
Geotextile placement location — geotextile should be placed where it is accessible to repair.

A difference in compaction efforts cause damages to geotextiles.

A

Chemical deterioration (leaching) of the geotextiles due to chemicals present in the coal refuse.

Installation of geotextiles

Geotextiles which are byproduct of geosynthetics are used for the separation of granular drain material
from the coal refuse and also as ar eplacement of graded granular filters. Nation Dam S afety R eview
Board currently r ecommends t hat ge otextiles not be used as filters in l ocations w here t hey w ould be
critical t o t he saf ety o f a n em bankment d am, ci ting co ncerns ab out t he | ong-term cap ability o 't he
geotextile t o function w ithout de terioration or ¢ logging. B utin most of t he dr ainage and filtration
applications, g eotextiles are used as a replacement of g raded g ranular filters b ecause o f economical
advantage of geotextiles over granular filters. For the installation of geotextiles, appropriate engineering
design is required or else they may cause serious problems. While installing geotextiles, flow conditions,

piping resistance, clogging resistance and strength parameters should be properly specified.

The installation of geotextile in the foundation of Hughes Hollow Slurry impoundment (WVDEP, 2002)

is shown in the following picture and the installation process is explained as below:

e Picture 1: Main centre drain (looking upstream) in the foundation.

e Picture 2: Filter fabric (geotextile) placement.

e Picture 3: Main centre drain (looking downstream) in the foundation.

e Picture 4: Coarse filter material placement in main drain.

e Picture 5: 24-inch metal corrugated pipe installed, filter fabric and coarse fill material.
e Picture 6: Fine filter material placement (looking upstream).

e Picture 7: complete filling of fine material.

e Picture 8: Main center drain looking downstream.

16



e Picture 9: wrapping of geotextile prior to soil placement.

e Picture 10: Placement of soil.

The installation of geoextile in the foundation drain of Hughes Hollow slurry impoundment is shown in

Figure 2.2 and Figure 2.3.

Figure 2.2: Installation of Geotextile in the foundation drain of Hughes Hollow slurry impoundment
(Reproduced from WVDEP) - part |

17



3

Figure 2.3: Installation of Geotextile in the foundation drain of Hughes Hollow slurry impoundment
(Reproduced from WVDEP) - part Il




2.3. Photo microscopy

Overview of instrumental and analytical methods

Microscopy

Three types of microscopy were utilized for this project. F irst was st ereomicroscopy utilizing a C riac
QDSII sy stem capable o f v ariable magnification from 5-57x. I mages were captures using a P ixiLink
camera system. This is a reflection-type microscope suitable for viewing and imaging items such as the
geotextile f abric r ecovered f rom th e bottom o fth e ¢ ells. Fo rth e th in s ections o fth e te xtiles, a
transmission microscope was used (Olympus CX31) and images were captured using a Canon Powershot

A620.

The third and final type of microscope used wasa JOEL JSM6490LV scan ning el ectron microscope
(SEM) operating in the low vacuum mode. T he SEM has a functional m agnification r ange up to ~
1,000,000x although such extreme magnifications were not needed or utilized in the project. The low
vacuum mode allowed for imaging of materials such as polymeric mounting materials which are electrical
insulators. Under electron beam bombardment, such materials build up a surface charge that overwhelms
any useful image collection. With the low vacuum feature, a small amount of air is bled in, allowing for

the formation of ions that neutralize the surface charge and allow for collection of good images.

The inductively coupled mass spectrometer (ICPMS) was used for elemental analysis and characterization
of't he c oal refuse. T his i nstrument, an A gilent 7500C X, dr aws | iquid s amples ( prepared by a cid
digestion) into the plasma w here a tomization and ionization oc curs. I ons, principally atomic such as
Mg2+, F e2+, et c. ar e t hen sep arated i n t he m ass spectrometer t o yield q ualitative an d q uvantitative
information regarding elements present and concentration. In this project, the ICPMS was operated in a
semi-quantitative mode, so results cannot be interpreted as ex act, but rather as estimates. M ost, but not
all elements on the periodic table can be detected using ICPMS. In this project, a subset of elements was
selected based on initial screenings. Those elements which were detected in the parts-per-billion range (~
200ppb or above) in the solutions were selected for further evaluation and semi-quantitative analysis. An
example of typical results is shown below in Table 2.6: ICPMS Screening Levels; concentrations listed
here are for the solution, not the coal refuse itself. Elements such as sodium (Na) and potassium (K) were

not evaluated given their typically high concentration as environmental background.
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Table 2.6: ICPMS Screening Levels

File Name :006SMPL.D

File Path : C:\ICPCHEM\1\DATA\10B09S00.B\

Method
¢:\ICPCHEM\1\DATA\09E08p00.B\SemiQNT.M

Acqg Time :Feb 92010 06:44 pm

Sample Name :020310 D2

Sample Type : Sample

Comments :HCI1:10

Prep Dilution : 124.8 = (50.00 / 20.03 ) * 50.00

Auto Dilution : Undiluted

Total Dilution : 124.8

Operator Name: XZ

Acq Mode :Spectrum

Bkg File :--------

Bkg Rejected Masses: --------

Interference Correction : OFF

ISTD Correction: OFF

ISTD File  : -

ISTD Element 1 : --------

ISTD Element 2 : --------

ISTD Element 3 : --------

ISTD Element 4 : --—-----

Blank File :--------

Tune Step :#1
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Mass Conc. Counts(CPS) Bkg count

Time(sec)

Li 7 180.0 ppb 180.0130 -- 0.1

Be 9 59.00 ppb 60.00399 -- 0.1

B 11 220.0 ppb 100.0050 -- 0.1

Cc 12 16,000 ppb 192,795.3 -- 01

N 14 No Data - - -

Na 23 36,000 ppb  406,472.4 -- 0.1

Mg 24  5,200ppb  24,375.16 - 01

Al 27 52,000 ppb 77,432.03 -- 0.1

Si 28 39,000 ppb 37,563.76 - 0.1
DCHARGE

P 31 4,200 ppb 550.0771 -- 0.1

S 34 51,000 ppb 1,040.167 --- 0.1
DCHARGE

Cl 35 1.500E+8 ppb 2,278,198 -- 0.1

K 39 35,000 ppb 115,650.4 -- 01

Ca 42 120,000 ppb 5,422.532 -- 0.1

Sc 45 120.0 ppb 1,420.355 -- 01

Ti 47 460.0 ppb 360.0457 - 0.1
DCHARGE

vV 51 190.0 ppb 3,862.601 --- 0.1 OXIDE
Cr 52 260.0 ppb 5,854.830 -- 0.1

Mn 55 2,500 ppb 29,808.79 -- 0.1

Fe 56 430,000 ppb 5,603,231 -- 0.1
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Co 59 910.0 ppb 14,567.83 -- 0.1
Ni 60 12,000 ppb 53,176.85 -- 01
Cu 63 13,000 ppb 140,922.5 -- 0.1
Zn 66 180,000 ppb 348,502.6 -- 0.1
Ga 69 1,700 ppb 10,393.29 -- 0.1
Ge 72 57.00 ppb 90.00565 -- 0.1
As 75 4,400 ppb 4,705.699 -- 0.1
Se 78 510.0 ppb 100.0062 --- 0.1 DIMER
Br 79 26,000 ppb 3,581.009 -- 0.1
Rb 85 1,000 ppb 5,456.507 -- 0.1
Sr 88 11,000 ppb 74,425.55 -- 0.1
Y 89 590.0 ppb 7,303.944 -- 01
Zr 90 390.0 ppb 3,771.836 -- 0.1
Nb 93 <3.000 ppb 20.00104 -- 0.1
Mo 95 280,000 ppb 1,185,960 -- 0.1
Ru 101 <8.800 ppb 20.00104 -- 0.1
Rh 103 <1.500 ppb 10.00052 -- 0.1
Pd 105 <7.200 ppb  0.0000000 -- 01
Ag 107 9.700 ppb 150.0079 -- 01
Ccd 111 64.00 ppb 170.0152 - 0.1
OXIDE

In 115 9.200 ppb 160.0094 -- 0.1
Sn 118  200.0 ppb  1,070.280 - 0.1
Sb 121 33.00 ppb 180.0168 -- 0.1
Te 125 <190.0 ppb 10.00053 - 01
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| 127 71.00ppb  250.0174 — 0.1
Cs 133 28.00ppb  490.0703 — 0.1
Ba 137 7,900 ppb  22,355.98 — 0.1
La 139  220.0ppb  7,453.552 — 0.1
Ce 140  570.0ppb  22,525.83 — 0.1
Pr 141  86.00ppb  3,473.229 — 0.1
Nd 146  340.0ppb  2,621.946 — 0.1
Sm 147  130.0ppb  800.1904 — 0.1
Eu 153  26.00ppb  560.0949 — 0.1
Gd 157  110.0ppb  930.2805 — 0.1
Tb 159  17.00ppb  780.1967 — 0.1
Dy 163  100.0ppb  1,060.388 — 0.1
Ho 165 12.00ppb  520.0975 — 0.1
Er 166  37.00ppb  510.0883 — 0.1
Tm 169  4.300ppb  180.0204 — 0.1
Yb 172  25.00ppb  240.0258 — 0.1
Lu 175  5.900ppb  160.0107 — 0.1
Hf 178  15.00ppb  150.0091 — 0.1
Ta 181  <1.300ppb  30.00162 — 0.1
W 182  510.0ppb  5,072.522 — 0.1
Re 185 <4.300 ppb  0.0000000 — 0.1
Os 189  <6.000 ppb  10.00054 — 0.1
Ir 193  <2.900 ppb  20.00109 — 0.1
Pt 195 <7.600ppb  20.00109 — 0.1
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Au 197 <6.000 ppb 10.00054 -- 0.1
Hg 202 <21.00 ppb 40.00217 -- 01
Tl 205 64.00 ppb 970.2304 -- 0.1
Pb 208 3,900 ppb  40,439.50 -- 0.1
Bi 209 110.0 ppb 1,700.486 -- 0.1
Th 232 370.0 ppb 7,104.982 -- 0.1
U 238 120.0 ppb 2,391.338 -- 0.1
End of Report
Wed Feb 10 14:47:11 2010

2.4. SigmaPlot

The so ftware t hat h as b een u sed for the d ata r eduction t hroughout t he r esearch w as SigmaPlot 11.
SigmaPlot 11 is a graphical and data analysis software package used to create graphs. SigmaPlot 11 has
compatibility for Microsoft Office 2007, which means that Microsoft Office files can be directly imported
into Sig maPlot w ithout a ny ¢ onversions. Fo r th e statistical analysis a Iso, S igmaPlot 11 w as us ed.

SigmaPlot 11 has complete advisory statistical analysis features.
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3. APPROACH, MATERIALS AND METHODS

This ch apter addresses the r esearch testing approach, field materials used, and t he t esting m ethods
followed for the project. The testing presented in this research was performed in conformance with the

American Society of Testing and Materials (ASTM) standards.

The complete research analysis was p rimarily based on the two tests, hydraulic conductivity and grain
size distribution. Figure 3.1 shows the picture of the complete research based on h ydraulic conductivity
and grain size distribution. H ydraulic conductivity testing program is ex plained in the figure 3.2 asa
flowchart. ASTM D 5856 rigid wall ¢ ompaction mold pe rmeameter t esti s us ed fort he hy draulic
conductivity testing. Post grain size distribution tests are performed on hydraulic conductivity specimens.
After the analysis o fthe | aboratory te sting, appropriate p arameters are used for the geotextile de sign

(using the MSHA criteria) for retention, permittivity and clogging criteria.
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DESIGN AND ANALYSIS

OF GEOTEXTILE
FILTRATION TESTING
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(Chapter 3)
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o  AN/40 mix
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(Chapter 4)
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Figure 3.1: Research plan depending on permeability and GSD tests
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3.1. Laboratory testing Overview

The laboratory testing program for this research was approached in three phases. The first phase consists
of g eotechnical material p roperty t esting o fco al r efuse i n wh ich v arious p hysical p roperties an d
engineering properties were determined. Second phase o f 1aboratory testing was p erformed in different
stages; the second phase consists of testing of non-woven geotextiles with coarse coal refuse to identify
the fine particle intrusion (clogging) and the filtration performance (permittivity-drainage) of geotextiles.
The co al r efuse s elected for t he se cond phase testing was t he s ame co al r efuse tested in first phase.
Second phase was done by carrying a standard test method for measurement of hydraulic conductivity of
coal refuse. In second phase, coal refuse sample were compacted to different densities and the geotextile
was used to find the filtration performance of coal refuse-geotextile system. Different seepage permeants
and d ifferent g eotextile were u sed. The ch emical d eterioration o f co al r efuse an d ar moring ef fects
occurring at the geotextile fabric interface was also evaluated by using acid as p ermeant for hydraulic
conductivity testing. The third phase of the testing program concentrates on photo microscopy testing on
the geotextiles which were used for hydraulic conductivity testing from second phase. Laboratory testing
of the samples was performed in the soil mechanics lab in Evansdale campus of West Virginia University.
The third p hase testing w as p erformed in ch emistry d epartment lab in Oglebey hall in W est Virginia

University.

3.1.1. Phase-I:

In t his st age, Geotechnical material p roperty t esting was car ried o utt o find o utt he physical an d
engineering properties of the sample that were necessary for the research on geotextile testing. The
materials tested in this research include both coarse coal refuse and fine coal refuse. Physical property
testing of ¢ oal r efuse w as pe rformed at t he be ginning a nd e nding of the e ach t est of the hydr aulic
conductivity testing in second phase in order to evaluate the material property changes due to particle
filtration a nd p iping ef fects. The main p hysical p roperty t hat i s ev aluated i n t he s econd pha se and

compared with the first stage results is grain-size distribution.

3.1.2. Phase-II:

The s econd pha se mainly c oncentrates on t he ge otextile t esting w ith c oal refuse to find the filtration
performance of the geotextile. The geotextiles that are used all along this project are non-woven
geotextiles. Different geotextiles i.e., having different o penings were used The coal refuse used in this
stage is coarse coal refuse and blended refuse which is mix of coarse coal refuse and fine coal refuse.
Different mix proportions are used for the blended refuse. The selection of seepage permeant was b ased
on AS TM r equirements. T he ex perimentation f or this st age was performed ba sed on t he hydr aulic

conductivity test. Coal refuse was compacted to a cer tain density and the geotextile was p laced beneath
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the compacted specimen and at certain gradient, seepage was allowed to flow through the specimen. The
hydraulic conductivity of coal refuse geotextile system was calculated by measuring the outflow at certain
intervals o f time. Di fferent co mpaction en ergies (or d ifferent co mpaction d ensities) w ere used for the
hydraulic conductivity te sting. Grain-size distribution was performed on the hydraulic conductivity
samples a fter t he t est. P re a nd pos t evaluation t esting of t he hydr aulic ¢ onductivity s amples w as
performed in this p hase. Di fferent criteria relating to geotextile such as r etention criteria, permeability
criteria and clogging criteria were evaluated based on the hydraulic conductivity test results and compared

with field conditions where geotextiles are used for the filtration and drainage applications.

3.1.3. Phase-III:

This phase concentrates on the characteristics of non-woven geotextile that were used in the second phase
for the hydraulic conductivity testing. This phase also mainly concentrates o n coal refuse particle
intrusion into the geotextile. To attain the particle tracking in the hydraulic conductivity specimens, the
specimens were tested by using the microscopy testing in which the sample will undergo a testing method

called core-cutting.

Analytical m icroscopy was al so p erformed o n t he sel ected g eotextiles t hat were u sed f or h ydraulic
conductivity testing. The geotextiles w ere made into thin-sections o f filters by using qui ck-freeze/thin

slicing and chemical mounting techniques.
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The summary of the hydraulic conductivity laboratory research plan is shown in Figure 3.2

Phase-1

Geotechnical material properties
testing of coal refuse

v

Physical properties of

v

Engineering properties of

coal refuse coal refuse
v
Phase-11
Coal refuse hydraulic conductivity
testing with geotextile to find
filtration performance
|
v v v v
Stage-1 Stage-11 Stage-111 Stage-1V
100% CCR testing Blended refuse (BR) CCR and BR testing Introduction of beads

with geotextile at
standard and reduced
compaction energies

testing with geotextile
at standard and
reduced compaction
energies

with geotextile at
standard and reduced
compaction energies
using acid as permeant

into sample and of
execution of stage 11
and stage IV set of tests

A 4

Phase-111

Analytical microscopy is performed on
the samples from phase-II

Figure 3.2: Summary of hydraulic conductivity laboratory research plan

29




3.2. Materials

The materials that were used for this research include coarse coal refuse, fine coal refuse and non-woven
geotextiles. The other materials used for the research consists of filter paper, porous stone. The seepage

permeant used in the third stage of second phase was acid with pH equals to 2.

3.2.1. Coal refuse

Two types of coal refuse are used for this research. They are coarse coal refuse (CCR) fine coal refuse
(FCR). Both CCR and FCR were obtained from underground mining in Boone County, West Virginia,
USA. The samples o f co al refuse wer e o btained from randomly placed end dump piles and fine coal
refuse was obtained from the preparation plant prior to pumping to the coal refuse impoundment at the
mine. On ¢ seto fco arse co alr efuse wasp rovidedb y W VDEP ( West Virginia De partment o f
Environmental Protection) and one set of fine coal refuse was provided by Mineral Laboratories, INC
from Shoemaker, West Virginia, USA. The maximum particle size of the coarse coal refuse specimen was
selected based on the scope of research. The as-received coarse coal refuse samples and fine coal refuse

samples are shown in following Figure 3.3 and Figure 3.4 respectively.

Figure 3.4: Fine Coal refuse
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3.2.2. Non-woven geotextiles
The non-woven geotextile fabric samples were provided by the GSE Lining Technology Inc. and Propex
Corporation. The list of non-woven geotextiles that were used for this research are listed below in the

following Table 3.1.

Table 3.1: List of Non-woven geotextiles used

Apparent opening size Geotextile type
NW 6 NW 16 NW 601
U.S. Standard Sieve 70 100 70
mm 0.212 0.15 0.212

3.2.3. Porous stone and filter paper
The filter papers that were used in this research followed ASTM requirements. The filter papers were
bought from Fisher S cientific C ompany. T he porous s tones were obtained from the soils [ab in W est

Virginia University.

3.2.4. Acid permeant
The seepage permeants used in the research were de-aired water and a sulfuric acid permeant having a pH

equal to 2.
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3.3. Methods

The ex perimental r esearch was p erformed i nt hree p hases. The f irst p hase wast he executiono f
geotechnical material property tests for the coarse and fine coal refuse samples. The second phase was the
testing of coal refuse specimen with geotextile by performing a hydraulic conductivity test using different
permeants such as water, acid. The third phase will be testing of selected non-woven geotextiles that were

tested in second phase using different techniques such as electron microscopy.

3.3.1. Phase-I: Geotechnical Material Property Testing

Geotechnical material property testing was carried out to find out the physical and engineering properties
of the sample that were necessary for the research on geotextile testing. Physical property testing of coal
refuse w as pe rformed at t he be ginning and e nding of the e ach test in order t o ev aluate t he material
property changes due to particle used for filtration and piping effects. Various physical property tests and
engineering property tests that were performed are listed in Table 3.2 and Table 3.3 respectively. All the
geotechnical material property testing of coal refuse was performed in Soils lab in Evansdale campus of

West Virginia University.

Table 3.2: Physical property tests

Physical Properties
Test ASTM
Moisture Content D-2216
Sieve Analysis / Hydrometer D-422
Atterberg Limits (LL, PL) D-4318
Specific Gravity D-854

Table 3.3: Engineering Property tests

Engineering Properties

Test ASTM
Standard Proctor D-698
Modified Proctor D-1557

Physical properties and engineering properties of coal refuse were required for the application of
geotextile t esting i n seco nd st age. [ n a ddition t o t he ab ove t ests, h ydrometer an alysis t est was al so
performed to identify cohesive particle properties. These tests were p erformed based on the respective

method that ASTM specifies.
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The scope of work for this research gives the selection of maximum particle size of coarse coal refuse as
per ASTM requirements. The maximum particle size tested will be fine-gravel ranging from % (20mm)

to No. 4 sieve (4mm). Inclusion of other fine particles was carried out to encourage clogging.

1. Moisture Content

The ASTM D 2216-05, method A (dry method) was used to determine the coal refuse moisture content in
accordance with MSHA (2009). Highlights of the standard are that the coarse refuse samples were dried
at 110°C for 24 hour s and then the dry w eight m easurements were taken. Moisture ¢ ontent t est was

performed in order to establish material phase relations of air, water and solids.

Typically, co al r efuse i s not si gnificantly af fected b y o ven d rying p rocess (MSHA 2 009). Th e field
collection of the coal refuse samples were performed on rainy days and the initial moisture content was
not co llected an d t he s amples were not seal ed f rom t he a mbient ai r-conditioning w ithin t he W VU
geotechnical  aboratory. Samples were ai r-dried for sev eral d ays b efore m oisture co ntent t ests wer e
performed. Slight variations in the results of the moisture content tests were noted and are discussed later

in this Data analysis section

Representative samples of coarse refuse were placed in containers as illustrated below in Figure 3.5 for

determining the moisture content.

Figure 3.5: Containers and coal refuse sample for Moisture content test
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2. Specific Gravity

Specific gravity is defined as the ratio of unit weight of given material to the unit weight of distilled water
at 4°C. The method used for the determination of specific gravity was ASTM D 854 - Method A in which
a water pycnometer was used. The specific gravity test followed the ASTM protocol without deviation.
Briefly, the test wa s d one by wei ghing t he p ycnometer containing co al r efuse p articles suspended in
distilled water and taking the weight of equal volume of water in same pycnometer. An air vacuum was

applied for 2 hours during the test.

Specific gravity test is performed because it is useful in finding the dry density, void ratio, and degree of
saturation and is also used in the hydrometer analysis calculations. This test is also used to classify coal
refuse because it is different from soils. Generally itis lower because of the presence of the carbon in
higher percentages. As the carbon content increases, the specific gravity decreases which results in lower
densities. So the specific gravity for fine coal refuse is much lower than the coarse coal refuse. MSHA
(2009) gives the typical range of specific gravity values for coarse and fine coal refuse. For coarse refuse
the range of specific gravity is 1.9 to 2.4 and for fine refuse it is 1.4 to 2.3. The apparatus that was used

for the specific gravity test is shown in Figure 3.6.

Figure 3.6: Water Pycnometer and the sample for Specific gravity Test

The coarse refuse sample used for the specific gravity test was t he sample passing No. 4 Sieve (as per

ASTM D 854method A)
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3. Atterberg Limits

Atterberg limits are the limits o f water c ontent used to define s oil b ehavior (plastic/liquid). A tterberg
limits are also used to classify the soil. Increasing water content in soil will progress from the solid state
to s emi-solid, p lastic and finally liquid s tates r espectively. T he limits that are used to define the s oil
behavior are liquid limit (LL), plastic limit (PL) and shrinkage limit (SL). The liquid limit is defined as
the water content at which soil becomes as liquid. Plastic limit is defined as the water content at which
soil crumbles w hen rolled into 1/8 inch di ameter t hreads. The liquidity and pl asticity of coal refuse
depends on the place where coal refuse was collected in impoundment. As the clay content will be high in

slurry discharge point than other points in the impoundment, the plasticity and liquidity differs.

The ASTM D 4318 method was used to determine the Atterberg Limits for this research. Coal refuse
samples for testing was selected as per the method. C ertain water co ntents were taken to b lend with
sample. The blend is placed in liquid limit apparatus and a standard width groove was made using the tool
and the cup is dropped until the groove closes and the number of bl ows w as c ounted. T he moisture
content at which 25 blows was defined as liquid limit. Plastic limit test was carried using certain amount
of coal refuse as per ASTM and blending with water. The water content at which the coal refuse begins to
crumbles when rolled into 1/8 inch diameter is p lastic li mit. Pl asticity Index ( PI) is another p roperty
which is defined as difference of liquid limit and plastic limit. PI is useful in the classification of soil. The

apparatus that was used for the liquid limit test is shown in Figure 3.7.

Figure 3.7: Liquid limit device
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4. Grain-size distribution and Hydrometer analysis

Grain-size distribution is considered as one of the important properties of the soil. Grain-size distribution
is useful in estimating hydraulic conductivity and also in finding the engineering properties of soil. The
ASTM method used for the grain-size distribution was ASTM D 422. Grain-size distribution was carried
using the sieve shaker. Certain representative sample of coal refuse was taken and it was sieved at least
five minutes. T he sco pe o ft his r esearch gives t he sel ection o f maximum size o f p article which wa s
passing No. 4 sieve; the sieve analysis was mainly carried on the coal refuse particles passing No. 4 sieve.

Table 3.4 gives the list of sieves used for the sieve analysis throughout this research.

Grain-size di stribution c an be used to design the filters to prevent piping in w ater-retaining st ructures
(MSHA 2 009) s uch a s ¢ oal i mpoundments. U niformity of s oil i s de fined us ing t erms uni formity
coefficient (C,) and coefficient of curvature (C,). C, is defined as the ratio of D¢y to Dy, where Dy is the
particle diameter at which 60 percent of soil weight is finer and Dy is the particle diameter at which 10
percent of soil weight is finer. C. is expressed in terms of Do, Dgp and Ds. Sieves were cleaned each time

after sieving. Sieve shaker used for sieving is shown in Figure 3.8.

Table 3.4: List of Sieves used

Particle

Sieve No. | diameter(mm)
No. 4 4.75
No. 10 2.0
No. 30 0.595
No. 50 0.297
No. 60 0.25
No.100 0.149
No.140 0.105
No. 200 0.074
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Figure 3.8: Sieve shaker with sieves in it

Sieve analysis, particle diameters were used to classify the coal refuse. USCS classification was used to
classify the coal refuse with the sieve analysis. Grain-size distribution of Coal refuse particles finer than
No. 200 sieve was carried out using hydrometer test as per ASTM method. Specific gravity was one of
the main property needed while performing hydrometer test. Hydrometer test was carried out by making a
blend of coal refuse sample passing No. 200 sieve and measuring the suspension of the particles in that
blend using calibrated hydrometer. Dispersing agent sodium meta phosphate was used in hydrometer test.
Two 1000m1 flasks were used for the test. A fter each reading the hydrometer should be kept in other
1000ml flask and stirred so that p articles attached to it go out. The h ydrometer an alysis apparatus is

shown in Figure 3.9.

Figure 3.9: Hydrometer analysis with two 1000 ml flasks

Grain-size distribution was very important because it was performed at the beginning and ending of each

rigid-wall permeameters test to evaluate the material property changes due to filtration.
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5. Compaction test

In coal refuse impoundments, coal refuse is compacted to in design densities and used as s tructural fill.
Compaction helps in reducing the seepage, constructing the earth dams. In coal refuse impoundments,
compaction can be done by using rollers. C ompaction test was a Iso used to determine the engineering
properties of the soil such as hydraulic conductivity. Standard proctor test was used for the compaction
test. The ASTM method used for compaction was ASTM D 698. The objective of compaction test was to
determine t he opt imum moisture ¢ ontent a nd m aximum dr y density of ¢ oal r efuse w ithin a gi ven
compactive effort. The sample used for the compaction test depends on the grain-size distribution of the
coal refuse. ASTM D 698 gives the maximum size of the coal refuse material needed for the compaction
test. T he coal r efuse s ample u sed f or t he st andard p roctor t est w as material p assing No . 4 si eve.

Laboratory compaction testing can be evaluated with the field compaction using the standard proctor test.

The method used for the compaction was method A as per ASTM D 698. The procedure used for standard
compaction t est w as t o a pply a s tandard e ffort of e nergy of 12,400 ft-Ib/ft’ (600 kN -mm?®) for t he
compaction of the coal refuse. T he apparatus us ed for the standard c ompaction test was 4 d iameter
compaction mold with removable collar and base, rammer, and mixer for mixing the coal refuse with
water and a jack to remove compacted sample from mold. The required coal refuse sample mass for one
compaction t est wa s ab out 2 5 pounds. C oal r efuse sa mple wa s t aken an d t hen m ixed with cer tain
percentages of water. The point near optimum water content should be determined by visual judgment.
Typically, the soil at optimum water content can be squeezed into lump and stick together when hand
pressure is released and breaks into sections when bent. At 1east five sp ecimens w ere p repared u sing
different water contents. One should be at point near optimum and two specimens wet and other two dry
side o f o ptimum w ater content. Fo r th e s tandard co mpaction t est, p reviously co mpacted co al r efuse

sample should not be reused.

Coal refuse samples were mixed with water and compacted in three layers with 25 blows /layer following
the ASTM method. After the compaction the collar was removed and excess sample was trimmed to the
surface of the mold. The empty weight of mold and weight of mold with compacted sample was taken.
Degree o f co mpaction o f co al refuse was measured in terms o fits dry density. S ame p rocedure was
followed with other water contents and then graph between water content and respective dry densities
were drawn. The graph presents the optimum water content and the maximum dry density of the sample.
Zero-air v oid curve w as also d etermined and provides a check to the co mpaction results that no dr y

density curve should plot to the right of zero-air void curve.
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MSHA (2009) gives the specifications for construction of compacted fill in coal refuse embankments and
coal impoundments. MSHA described that density attained in the field be equal to or greater than certain
percentage o f maximum density at tained i n t he 1 aboratory co mpaction t ests. No rmally f or st ructural
embankment zones, MSHA recommends a (MSHA 2009) 95 percent of maximum dry density at
optimum moisture content from standard proctor test will be used. MSHA specifications also include the
water content should be near the optimum in range from 2 percent below or 3 percent above. The figures

of compaction mold, mixer, rammer and jack are shown in Figure 3.10.

Figure 3.10: Compaction mold with removable collar and Rammer

After the compaction test the mold was taken out and discrete moisture contents of each specimen were
taken by cutting the specimen into three equal parts or layer and collecting the small amount of sample
from top, middle and bottom layers. Removal of compacted specimen form hydraulic Jack is shown in

Figure 3.11. The figure of the mold for moisture content is shown below in Figure 3.12.

Figure 3.11: Removal of compacted specimen from mold using Jack
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Figure 3.12: Layers of compaction mold specimen for moisture content

The density values obtained from the compaction curve were used for the compaction of the coal refuse in
the rigid wall permeameter. Typically, the maximum density obtained from the compaction curve was
considered and 95 percent of that maximum density at the corresponding water content was used for the
compaction of the samples in rigid-wall p ermeameter. T o evaluate the cl ogging ef fect and al so fine
particle movement o fth e s ample in th e rigid-wall so metimes under co mpaction en ergy is used. T he
compactive effort for the 95 pe rcent density compacted samples and the under compacted samples was
calculated us ing the c ompactive e nergy formula. T he c ompaction e nergy formula us es the number o f
blows and the volume of the compaction mold to find the compactive effort. Compactive effort of each

sample which was compacted in rigid-wall permeameter was taken.
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3.3.2. Phase-II: Hydraulic conductivity testing of coal refuse with geotextile

The main ex perimental part of this research is the hydraulic conductivity testing of coal refuse samples
which are associated with the geotextiles. The geotextiles filtration performance and the clogging effects
were evaluated and estimated based on the hydraulic conductivity tests. Hydraulic conductivity is defined
as the rate at which water or any o ther p ermeant flows t hrough the soil of unit cross-section area o f
porous m edium under particular head ( pressure) ands tandardt emperature conditions. The
experimentation of hydraulic conductivity was based on following ASTM D-5856 Standard Test Method
for Measurement of Hydraulic Conductivity of Porous Material Using a Rigid-Wall, Compaction-Mold
Permeameter and AS TM D -2434 Test Method for Permeability of Granular Soils (Constant Head).
ASTM D-5856 was selected rather than the gradient ratio test (ASTM D-5101) because it was considered
as t he b est r eflection of t he ¢ ondition of ge otextile a nd r efuse i nterface ¢ ontact pr omoting ¢ logging.
Moreover, ASTM D-5856 applies to one-dimensional, laminar flow o f permeant (water or acid) within
laboratory compacted materials such as soils. In ASTM D-5856, using other permeant such as chemical

wastes or acids can be accomplished using similar procedures.

Phase-II testing was p erformed in four stages. Stage one describes the hydraulic conductivity testing of
only co arse coal r efuse wi th n on-woven g eotextiles. Stage T wo describes t he h ydraulic co nductivity
testing of blended refuse (BR) which was made using coarse coal refuse and fine coal refuse by using a
special technique. The Third s tage illu strates th e hydraulic c onductivity t esting of both CCR and BR
using acid as the permeant. The Forth stage demonstrates the set of tests performed in second and third
stage wi th the i ntroduction of metal filament s havings ( beads) in th e h ydraulic ¢ onductivity te sting

specimen.
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Stage |: Geotextile Testing with Coarse coal refuse

Hydraulic c onductivity was measured in the laboratory by percolating pe rmeant through a coal refuse
sample of know n density and volume. The te sting in th is s tage follows A STM D -5856 w ithout a ny
deviation. Prior to the hydraulic conductivity experimentation various physical property and engineering
property tests w ere p erformed in Phase-I. Th e main p roperties t hat a ssist in this stage are grain-size
distribution and compaction. Grain-size distribution can be used to estimate the hydraulic conductivity of

the coal refuse and also in design of filters in coal impoundments.

Apparatus

For the hydraulic conductivity testing throughout the research the same testing apparatus were used and

are shown below:
Constant head (pressure):

A system which was capable of maintaining a constant hydraulic pressure or head with in £5% tolerance
on the soil specimen was used. A panel board having pressure gauges installed was used to measure the

hydraulic pressure and is shown in Figure 3.13, below.

Figure 3.13: Pressure board for Hydraulic conductivity test

Flow measurement system:

The flow measurement sy stem includes the measuring structures for inflow and outflow of the sy stem.
For the inflow of the permeant, reservoirs were used and had volumes scale to monitor the accuracy of the

permeant volume. One inflow reservoir held a volume of 4000ml. Outflow volumes were measured using

42



graduated cylinders on the outflow port of the permeameter. The graduated cylinder and inflow reservoir

are shown in Figure 3.14.

Inflow Reservoir

with Scale Graduated

Cylinder

Figure 3.14 : Reservoir and Graduated cylinder

The flow accuracy for the flow measurement system was maintained over an interval of time of 5% or

better.
Permeameter cell:

The testing ap paratus permeameter ¢ onsists o fr igid-wall p ermeameter i n wh ich t he coal r efusei s
compacted. The complete permeameter should consist of rigid-wall cell, two end plates one at the top and
one at the bottom to control inflow and outflow of the permeant. The rigid-wall apparatus is shown below

in Figure 3.15.

Figure 3.15: Rigid-wall permeameter cell
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Other apparatus:

The other apparatus or materials used for the hydraulic conductivity system are top plate, bottom plate,
filter paper, porous stone, O-rings, Glue, scale, oven, balances, compaction equipment, tubing with 1/8”

and %4 diameter, and clamping rods which are associated with permeameter cell.
Permeant water:

The permeant used in this stage was de-aired water and was made by applying vacuum to the distilled
water until the water st opped yielding b ubbles. After d e-airing, the reservoir was closed in order to

prevent the dissolution of air back into the water.
Procedure:

The scope of the research gives the selection of coarse coal refuse for the hydraulic conductivity testing is
the material passing No. 4 sieve (4.75mm). The setup of compaction mold permeameter is explained as
follows: Coarse coal refuse materials were compacted in the compaction mold. On the base plate of the
permeameter cell, porous stone will be placed. The base plate and the top plate were sealed with O-rings
by applying glue to prevent leakage. Selected geotextile fabrics were placed between the bottom porous
stone an d t he co mpacted sa mple. T wo filter p apers wer ¢ u sed; o ne was p laced at thetop o fthe
compacted s ample b etween sp ecimen and t he top porous st one an d t he o ther filter p aper was p laced
between ge otextile and the bottom porous stone. T he setup of the permeability cell followed A STM

protocol with no deviations. The schematic view of permeability cell is shown in Figure 3.16.

Filter Paper

Compacted
Coal Refuse

NV Geotextie

*\

Filter Paper

Porous Stone

Figure 3.16 Permeability cell setup
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An upset test was performed on the experimental setup to check the head losses in the system (tubes,
porous stones, filter paper). The upset test was performed by asse mbling the p ermeameter cell without
any specimen inside but with porous stones, filter paper at the top and bottom and then hydraulic system
filled. The head to the system was applied with an accuracy of =5%. For upset test was constant rate of
flow was used. After the upset test (i.e. when leakages were not present in the system) the specimen set-
up was ex ecuted. Prior to the compaction of the coal refuse, filter papers were cut to approximately the
same shape as the cross section of the test specimen. Both filter papers and porous stones were soaked in
the de-aired water prior to the test. The major purpose of filters papers was to prevent the clogging of the

porous stones.

Rigid-wall p ermeameter was cl eaned well prior to the co mpaction. T o co mpensate for the placing of
porous stone and geotextile layer in the rigid-wall setup a porous stone was placed at the bottom of the
compaction mold while before compaction. Prior to the compaction, the dimensions and the mass of the
compaction ring were determined using a balance. Coarse coal refuse passing No. 4 sieve was selected for
the compaction. The coarse coal refuse materials w ere compacted to specified densities by varying the
water content and compaction energy in the permeability cell. The coal refuse was compacted in layers,
and for every layer the surface was lightly scarified with an appropriate object. For the compaction of coal
refuse standard test method ASTM D 698 was followed. After the compaction of coarse coal refuse, the
mass of the compaction ring with the compacted specimen was determined. The mass of the compacted
specimen (M) was d etermined by subtracting the mass o fthe compaction mold from the mass ofthe
compaction mold plus test specimen. The compaction energy (E) used for the compaction of coal refuse

was calculated by using the equation as shown below:

E = [(No.of blows per layer )x(No.of layers )x(Weig ht of hammer )*(Heig ht of hammer )] (3 1)

Volume of mold

The w eight of t he ha mmer a nd t he he ight o ft he hammer wer e co nstant f or an y sp ecimen. S ot he
compaction energy was mainly calculated based on volume of mold, number of layers, and the number of
blows. The water content of the compacted material was calculated in accordance to ASTM D 2216. The
calculation of moisture content (w) helps in finding the dry density of the compacted specimen. The total
volume o f'the test sp ecimen ( V) was cal culated using the 1 ength (L), r adius (R) o fthe sp ecimen a s

follows:

The dry density (y4) and the porosity (n) of the compacted specimen was calculated using the formulae
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Vi = gy (3.3)

n=1- G:;‘W .......................................................................... (3.4)
Where,
vw= unit weight of water
G¢= specific gravity of the coarse coal refuse
The pore volume in the test specimen was calculated using the formula as shown below:

U =MV (3.5)

Where,
n= porosity

V= total volume of the test specimen
V,= pore volume

For the geotextile clogging tests using coarse coal refuse the selected non-woven geotextile was cut to the
circular profile of the permeameter cross section; a porous stone and filter paper layer were next placed in
contact with the compacted refuse specimen. After setup, the specimen was saturated for a certain period
of time using de-aired water. The seepage water initiated from the bottom ports for upward saturation and
for venting o f the entrained air. After saturation, the test was started with hydraulic gradients initially
ranging from 5 to 7 and that were consistent with the ASTM standard. The permeant volumes of inflow
and outflow were measured periodically and the experiment was conducted until completion of at least
one reservoir volume which is about 4300 m1. The hydraulic conductivity apparatus s etup is s hown

below in Figure 3.17.
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Figure 3.17: Hydraulic Conductivity apparatus

The hydraulic conductivity was calculated on the following form of Darcy’s law:

Where:

k= hydraulic conductivity, m/s,

Q= volume of outflow, m’,

L= length of the specimen, m,

A= cross-sectional area specimen, m>,
t= interval of time in which Q occurs, s,
h= hydraulic gradient

After the experimentation of the CCR at standard compaction energies the CCR was tested at reduced
compaction energies. The compaction energies were reduced in order to simulate filed conditions and to
simulate an increasing clogging e ffect at refuse-geotextile interface due to mobilized or piping of the
fines. Several different compaction energies were tested to model a range of placement densities from

optimum to loose (end dump) conditions. These compaction energies are shown in Table 3.5.
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Table 3.5: Compaction energies

Compaction Energy
Configuration of Permeameter

Compaction kJ/m’ (ft-1b/t%)

Standard Proctor (ASTM D698) 592.5 (12375)
25 Blows/layer, 3 layers 636.21 (13288)

4 Blows/layer, 2 layers 67.84 (1417)

8 Blows/layer, 2 layers 135.73(2835)

12 Blows/layer, 2 layers 203.58 (4252)

The grain size distribution of the coal refuse within the p ermeameter was ev aluated at the end ofthe
permeability test. This testing involved removal of the refuse specimen using a hydraulic piston jack then
segregating the specimen into four parts: top and middle 1/3, then one-half of the remaining bottom 1/3.
The extracted refuse specimens were dried and then grain size distribution analysis was determined. The
grain-size distribution of specimen at the beginning and at the end of the test were compared in order to
evaluate the potential material property changes; such as an increase in fine particle percentages resulting
from t he compaction p rocess with v arying en ergy ef forts, as well a st he potential o ff ine p article
movement within the specimen matrix in the direction of seepage flow. The post grain size distribution
depends on t he drying time of the s pecimen and the compaction effort used. The c rushing e ffort on
specimen for post grain size distribution was executed such that individual grain size should be less than
4.75 mm. All permeameters were prepared following ASTM procedures where the maximum particle size

was passed the No. 4 sieve (4.75 mm).

Stage 11: Geotextile testing with blended refuse

The experimentation performed in this stage was similar to Stage I. The difference between Stages I and
IT was thata blended re fuse (BR) was used for hydraulic c onductivity test. The b lended r efuse w as
selected to increase the particle fines to promote clogging. . The blended refuse specimens were prepared
by mixing the coarse coal refuse with increasing p ercentages of fine coal refuse. The fine coal refuse
(FCR) was obtained from a coal preparation plant at the slurry line circuit prior to pumping up to the
impoundment. The fine coal refuse was transported to the WVU Civil and Environmental Engineering

Department’s Geotechnical Lab using sealed 5 gallons plastic buckets.

The candidate slurry used for blending was well stirred in the bucket then dried. The dried slurry was

pulverized into small grain sizes using a pestle and then sieved.
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Blending of FCR with CCR

Two proportions were used for the blending of FCR. One mix proportion was 80% CCR and 20% FCR.
The second mix proportion used was 60% CCR and 40% FCR.

Blending of 80% CCR and 20% FCR:

Blended r efuse pr oportions followed m ethod pr esented by W indisch ( 1996) w ith pr oportions of 80%
(CCR) and 2 0% (fines). This method w as s elected in order to obtain a uni form gradation that w ould
provide percentages of different sized fines to promote piping and clogging. Windisch (1996) discussed
the procedure which was simple, rapid and efficient to blend different a ggregates. This method used a
mathematical function for the combination process in which grain-size distributions of known materials

are the sets of known constants represented as vectors A;in terms of fractions passing given sieves:

Where

a;j= percentage of material 1 finer than sieve size j, j= 1 ton,
m= number of materials to be combined, and

n= number of sieve sizes.

X is the proportion to which the m different material is combined. X is represented in vector form as:

x; will be the proportion of material 1 to be combined and x, will be the proportion of material 2 to be

combined. The resulting combination gradation curve is given by the equation:

The C v ector i s r epresented as [C] = [cq, Cg, oo ... ,C,. To getthe de sired gr adation of t he c ombined

analysis, the target curve is set to known constant elements which are represented as vector D.
[D] = [d1,dg, e ey Q3] e (3.10)

Where d; = desired p ercentage o f material finer than sieve sizej. To get the de sired gr adation, the
combined curve C should be close to target curve D; therefore the difference between curves C and D are

minimal, which is defined by convenient error function z on basis of squares of errors.
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z= Yi1(g —d]-)2 ............................................................. (3.11)

Table 3.6 presents example for the grain size distribution of blended refuse. Where a,, a, are the percent
of materials passing for coarse and fine coal refuse respectively. C, is the 80 percent blend for coarse
refuse and C, is the 20 percent for fine refuse and C is the gradation of the combined refuse. There was a
minimal difference in the cal culated gradation and the actual gradation because ofthe percent of fines

present in the coarse refuse and due to material slaking from the pulverizing effort (D’ Appolonia 1980).

Table 3.6: Blending of coarse and fine coal refuse (80% coarse, 20% fines)

Mm 0.074 0.25 0.297 0.595 2 4.75
a; 5.81 11.08 16.26 27.83 61.89 99.55
a 15.61 46.3 52.51 67.12 93.86 100
O] 4.648 8.864 13.008 22.264 49.512 79.64
G, 3.122 9.26 10.502 13.424 18.772 20

C 7.77 18.124 23.51 35.688 68.284 99.64

Blending of 60% CCR and 40% FCR:

To increase the clogging effect, the fines percentage was increased in this mix proportion. The fine coal
refuse used for blending in this case was the fine coal refuse passing No. 100 sieve. For the compaction,
60% C CR (passing N 0.4 sieve), 40% FCR (passing N 0.100 sieve) w as mixed and then sample w as

compacted.
Procedure:

The hydraulic ¢ onductivity testing of blended r efuse follow the same method ASTM D 5856 used in
Stage-1. A standard Proctor curve was developed for the 80-20 mix proportion to obtain the maximum dry
density value of blended refuse. The blended refuse hydraulic conductivity sp ecimens were co mpacted

with reduced energies. Increased fines percentage made the blended refuse specimens dense.

To increase t he cl ogging effect an d t o track fine p article migration w ithin th e blended r efuse lower
compaction energy was used. The lower compaction energies were anticipated to model the loose dump

conditions of refuse in coal impoundments. The 60-40 mix was intended to promote the clogging effect.
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Different reduced compaction energies were used for the hydraulic conductivity test of blended refuse
samples rather than standard compaction energies. Standard proctor for 60-40 mix was not developed as
the main purpose was to assist in clogging. The reduced compaction energies used for the blended refuse

are shown below in Table 3.7.

Table 3.7: compaction energies used for the Blended refuse

Compaction Energy
Configuration of Permeameter
Compaction kJ/m’ (ft-1b/ft’)
Standard Proctor (ASTM D698) 592.5 (12375)
25 Blows/layer, 3 layers 636.21 (13288)
15 Blows/layer, 1 layer 127.26 (2658)
15 Blows/layer, 3 layers 381.73 (7973)
4 Blows/layer, 3 layers 102.17 (2134)

After b lending t he co arse co al refuse with fine co al refuse at different mix p roportions t he h ydraulic
conductivity testing was performed on the BR samples. After the hydraulic conductivity testing, the post
grain-size d istribution t est was p erformed as described for Stage I. The formula for calculating th e

specific gravity for blended refuse samples are shown below:

Combined Gy = ¥, P, /3™, (c%) .............................................. (3.12)

Where
P;= percentage of the material used for the proportion

Gs;= specific gravity of the material used for proportion.
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Stage 111- Geotextile testing of CCR and BR using Acid as permeant:

Stage I1I reflects on the testing o f coal refuse geotextile sy stem using acid as permeant. The research
scope also focuses on the chemical deterioration of the refuse and the armoring effects occurring at the
interface of geotextile. The selection of this acidic permeant was to assist with investigating a weathered /
aged refuse which may exist in an acid mine drainage (AMD) environment. Permeation with Acid and
other | iquids was a ccomplished u sing ASTM D -5856 Standard Test Method for Measurement of
Hydraulic Conductivity of Porous Material Using a Rigid-Wall, Compaction-Mold Permeameter. The test
program and the method were similar to the methods followed in Stage I and Stage I1. The acid in this
stage was solution of sulfuric acid with pH value of 2. Sulfuric acid was selected as the surrogate for
acid m ine d ischarge | eachate. The 1l ow pH s olution was i ntended t o em ulate a h arsh sat urated
environment and accelerate refuse deterioration by minimizing buffering through constant pore volume
exchanges in the p ermeameters. The acid s olution w as prepared by mixing de -ionized wat er with the
concentrated H,SO,. Volumetric calculations were performed to get the H,SO, acid solution of pH 2. For
2.3 ml of concentrated H2SO4 acid approximately 4280 ml of de-aired was added to get the solution to a
pH value of 2. Although it was hard to get the acid solution to exact pH value of 2, efforts were made to

get the acid solution close to 2; volumetric calculations were carried as shown below:

Va = o e (3.13)

V= Volume of Concentrated H,SO4 Acid (mL)
MW= Molecular weight of H,SO, Acid (gram/mol)
D= Density of H,SO, Acid (g/mL)

Mp/= Molar concentration of De-ionized water for pH 2 (mol)

V= Volume of De-ionized water (L)

pH = concentration for pH 2 (mol/L)
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The pH concentration calculations are explained in the following Table 3.8.

Table 3.8: Example for Volumetric Calculations of Acid

pH Concentration Calculations
Volume (L) 4.28
pH 2 Concentration (mol/L) 0.01
Density of Acid (g/mL) 1.84
Molecular weight of Acid (g/mol) 98
Volume of DI water for pH2 (mol) 0.0428
Volume of Acid (mL) 2.28

The molarity of the acid was calculated using the molecular weight and the volume of the acid. Molarity
is defined as the number of moles of solute per liter of solution. The molarity of the acid was calculated

using the equations as described below:

n
= *
Va*hy)
M= Molarity of the Acid
V= Volume of Concentrated H,SO4 Acid (mL)
V= Volume of De-ionized water (L)

N= number of moles

ma= Mass of Acid

MW= Molecular Weight of Acid
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The molarity calculation is shown in the following Table 3.9:

Table 3.9: Molarity Calculation for the Acid

Molarity of Acid
Volume of DI Water (ml) 4280
Molecular weight of H2SO4 (g/mol) 98
Volume of Acid (ml) 2.3
Density of Acid (g/ml) 1.84
Mass of Acid (g) 4.232
No. of Moles (mol) 0.043
Molarity of Acid (mol/L) 0.01

The e xperimentation i n t his s tage w as s imilar t o the S tage I and S tage I I by pe rforming h ydraulic
conductivity testing of coal refuse-geotextile system using Acid permeant. The testing was performed on
selected coarse coal refuse and Blended refuse samples. Before the start of test the refuse samples were

saturated with Acid permeant for approximately 24 hours.

During the test, the p ermeant fluid was co llected in viles at the outlet to perform the pH and specific
conductivity testing. The pH and sp ecific C onductance v alues o f fluid b efore an d after the test were
determined and then analyzed. This was performed to assay the respective ion release or stripping of ions
from the refuse materials. Physical index testing of the reformed coal refuse post flushing was performed
to assess i on ex change extents. This was ach ieved by carrying the grain-size distribution on the refuse

material.

Stage 1V- Introduction of Beads into hydraulic conductivity sample to track fine particle movement

Movement of fine particles in the rigid wall cell during the hydraulic conductivity test was achieved by
introducing t he metal be ads into t he s ample dur ing t he ¢ ompaction. B eads w ere i ntroduced i nto t he
blended refuse sample with 60% coarse coal refuse and 40% fine coal refuse. The compaction effort used

for this sample was 2216 Ib-ft/ft’ and the mode of compaction was 4 blows 3 layers.

Three t ypes of be ads w ere i ntroduced ont o t he t op of e ach s ample 1 ayer i n b etween t he r espective
compaction layer. Metal beads were spaced (from the top of compaction cell towards) at the top ofthe
coal refuse, next at approximately 1.5 inch, then a gain at a pproximately 3i nches from the top of the

sample. The beads used are listed as follows:
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e Tungsten
e Mixture of Tantalum and Molybdenum

e Mixture of Nickel and Stainless steel

The distribution of metal beads is as follows: 1 gram of Nickel/Stainless steel beads were placed at the
first 1ayer (bottom) of compaction; 1 gram of T antalum/Molybdenum beads were placed at the second
layer (middle) of compaction; and 1 gram of Tungsten beads were placed at the third layer (Top) of the
Mold. Metals beads were placed in a 1 diameter spread located at the center line of the sample and they
were placed according to the higher specific gravity value material at the top of the soil specimen. The
schematic view of metals in the refuse sample along with geotextile is shown in the following

Figure 3.18.

Tungsten

Tantalum/folybdenum

Mickel f5tainless Steel

Fabric

Distributed 1 gram of each metal
with a 1-inch diameter at the
center

Figure 3.18: Schematic view of Metal Beads in the Sample

After the introduction of the metal beads into the sample, hydraulic conductivity testing was performed.
Two types of samples were used for testing in which one was tested using de aired water as permeant and
the o ther wi th sulfuric acid with pH 2 as p ermeant. T he method o ftesting for these samples was the
hydraulic c onductivity which follows the methods described in stages I, IT and I1I. A fter the hydraulic
conductivity test, samples were sent to chemistry department to analyze the fine particle movement within

the samples. Some of the samples were tested by technique called analytical microscopy.
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3.3.3. Phase-III: Photo Microscopy and its Method of Testing

The initial intent of the microscopy work was to visualize particulates trapped in textile fibers and to infer
aspects of clogging be havior accordingly. T hree options w ere e xplored: v isible and pol arizing light
microscopy using prepared thin sections; scanning electron microscopy, and stereomicroscopy. T o use
traditional (transmission) light microscopes, the samples must be thin enough for light to penetrate which
in turn requires that thin sections be cut from the fabrics. However, since these are flexible and soft, any
semblance of normal particle distribution will be lost. T o preserve as much of this as possible, studies
were made o f di fferent mounting media. I n general, these media are or ganic s olutions of pol ymeric
precursors that when combined, polymerize to form a clear solid or semi-solid that can be accurately and
thinly s liced for slide mounts. B ecause th e p olymer flows gently into th e fabric matrix, p articulate

displacement was expected to be minimized.

Figure 3.19: Slices of geotextile with Aluminum foil wrapped

-
oy .

Figure 3.20: Polymerized material from the geotextile
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After several trials, the material selected was Arddite 502 polymer system, a four-component mixture that
polymerizes with gentle overnight heating. B riefly, the textile circles were laid on aluminum foil and
placed in a foil pan to which the mixture was added to the fabric and allowed to gently permeate. This
procedure minimized the disturbance of embedded particles. The pan was placed in an oven overnight at
60°C. T he next day, the pan was removed and allowed to cool, yielding the pol ymerized material as

shown above in Figure 3.19 and Figure 3.20.

Next, the circles were cut into quarter sections and sliced thinly using a manual microtome and mounted
on microscope slides. Problems arose at this stage. To obtain good transmittance, the slices must be very
thin (< 1mm), but the process of cutting these very thin sections put significant shear force on the fibers,
resulting in distortion and breakage. Even though it was possible to capture good micrographic images, it
is felt that these could not be interpreted as true representations of the original particle distribution in the

textile fabric. Microscopic images of geotextiles are shown in Figure 3.21and Figure 3.22.

Figure 3.21: Micrographic image (1) of
Geotextile

Figure 3.22: Micrographic image (2) of
Geotextile

57



Attempts were also made to image the mounted textiles using scanning electron microscopy (SEM)
operating un der | ow va cuum c onditions. T his a pproach w ould a fford gr eater de pth of field, t hus
eliminating the need for thin sections. A mounted quarter section was placed in the SEM and images
were successfully obtained, but under the electron beam, the polymer appeared opaque rather than clear

as shown below in Figure 3.23.

X43  500pm 0000 1160 33Pa

X43- 500pm - 0000 1160 33Pa

-

m 0000 11,60 32Pa

Figure 3.23: Scanning Electron Microscopy images of Geotextile

The final aspect of the analytical microscopy was the use of stereomicroscopy, which will be discussed

below in the section describing the particle tracking experiments.
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Laboratory Measurements

pH and Specific Conductance

Liquid sam ples d elivered to t he 1 aboratory wer e t ested for p H and sp ecific conductance. S tandard
instrumentation, cal ibration, and p erformance check protocols were utilized. The instrumentation used

was a Hach HQ14d Conductivity meter and probe and a VWR SympHony pH meter and electrode.
ICPMS

Analysis o frefuse from t wo cel Is was an alyzed using i nductively co upled p lasma mass s pectrometry
(ICPMS, Agilent 7500 Series). A screening method was used which covers a wide range of elements and
yield semi-quantitative r esults. T his means t hat t he co ncentrations reported are estimates and while
trends and general observations are possible, the values should not be interpreted as ex act values with a

defined uncertainty.

The general method of sample preparation was t o transfer refuse to a p lastic extraction tube which was
weighed b efore an d af ter t his p rocess t o d etermine t he n et wei ght o frefuse. Aso lutionof1 0%
hydrochloric acid in distilled water was added, followed by a small amount of concentrated nitric acid.
The amount of solution prepared was typically 50 mL. This solution was then diluted again by a factor
of 50 in most cases and then introduced into the instrument by aspiration. E stimated concentrations are
provided as ppb (ug/L) in the solution and this value was converted to the equivalent ppm (mg/kg) in the

soil refuse using volume of extraction, sample weight, and dilution factors.

The complete process of sample preparation from cell to reported data is described in the particle tracking

section.
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Particle tracking experiments

1. Fill with refuse; add metal

A

12. Allow to flow

3. Excavate by level and sector

3. Divide into levels, 1 cm
each

4, Characterize by ICPMS

L

Figure 3.24: Picture representing the particle tracking experiment concept

The goal of this work was to attempt to model how dissolved materials move through a refuse cell by
adding known amounts of pure metal particulates to the cells in known positions and tracking movement
by extracting defined regions in the cell and analyzing using I[CP-MS. B ecause the metals are soluble
using the ex traction method described above, the concentration o f these metals will be elevated in any
region of refuse in which they were trapped. The concept is summarized in the above Figure 3.24. The
metals used were tungsten, molybdenum, stainless steel, nickel, and tantalum. Although a detailed assay
for the stainless steel was not available, typical steels contain iron, chromium, and nickel. The selection
of metals was based on a series of dissolution ex periments an d the metals m ost soluble in the acid

extraction system described above were used.
Round 1: Cell NW 6

For the first round, a s oil s ampling tube w as driven down into the centerofthecell andusedas a

reference point. The cylinder was marked such that 6 roughly equal sections were created as shown in
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the Figure 3.25and Figure 3.26. T he refuse was then carefully dug out from each of the six sections in
layers of approximately 1 cm. T his produced 10 1 ayers within the cell and 60 separate vials containing
refuse. The weight of each sample was recorded and the vial labeled by level (1-10) and by letter (A-F).
The sequence of excavation is shown in photo series on the following page in Figure 3.27 and Figure 3.28
without tool and with tool respectively. As the photos show, the most challenging problem was keeping

the dry material from collapsing into adjacent grid locations.

Figure 3.25: special tool designed for the particle tracking experiments
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To address this, a sp ecial tool was d esigned and fabricated to stabilize the six triangular sections of the
cell. The tool consists of a central core region and a sharpened end that facilitated the movement of the
tool downward into the packed refuse with minimal disturbance. The six blades were also sharpened on
the bottom edge for the same reason. Using this approach it was possible to drive the tool completely into
the cell and preserve the vertical boundaries between designated layers. No te that the top of the tool is

flattened to allow for hammering, which was necessary to penetrate the hard-packed refuse.

Figure 3.26: Sharp edges of the special tool

62



Figure 3.27: Sequence of excavation without tool for particle tracking experiment
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Sequence of excavation: With tool

Figure 3.28: Sequence of excavation with tool for particle tracking experiments
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Figure 3.29: Tool completely inserted into the sample

The p article t racking ex periment wi th t ool is shown in Figure 3.29. The t extile on t he bot tom w as
removed and evaluated using stereomicroscopy and imaging, with the hope of being able to see some of
the remaining metal fragments that had been added to cell originally. 1fso, this means that the particle
was picked up and carried all the way through the cell and this could be correlated with particle sizes to

learn about particulate transport within the cell.

To assist in the visual identification p rocess, images o f each of the metals were obtained and used as
reference. In the images below, the small black square is an aperture on the center of the microscope and
is not part of image or sample. In the filter images, there are particles seen that are consistent with the
appearance o f the metal particles, but the refuse mix is so variable, it is not possible to confirm these
identifications based on observation alone. Images were collected at various magnifications (4-56x) using

a Leica stereomicroscope. Figure 3.30 gives the visual concentration of metals in samples.
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Stainless steel (Fe, Co, Ni)
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Tungsten (W)

Figure 3.30: Picture representing the visual concentration of metals
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The fabric remove with coal refuse on its surface is shown in Figure 3.31.

Figure 3.31: Fabric removed from excavation

Fabric removed from excavation of the original sample.

Tape markes boundaries of the A-F zones.
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Figure 3.32: Microscopic images of geotextile
The microscopic images of removed geotextile are shown in Figure 3.32.

ICP-MS Results of Particle Tracking Experiments

The an alysis o f refuse from t wo cells spike with metal b eads (hereafter, “original” and “d uplicate™)
produced an enormous a mount of data for nearly 100 s amples and d ozens of e lemental c onstituents.
From initial ch aracterizations o f the coal refuse al one, a su bset o f el ements was sel ected for study as
summarized in the table below. Results presented in figures to follow are given in ppm or mg/kg of the
metal per kg of coal refuse material. It is worth reemphasizing that the data associated with these studies
is semi-quantitative in nature and should not be interpreted as a c omplete and accurate quantitative assay
of the refuse. The data is ideally suited to observe trends and movement within a cell and for identifying
a large portion of the metals present in the refuse. However, the digestion procedure was not exhaustive
(which would have required the use of hydrofluoric and perchloric acids) and therefore provides only a
partial snapshot of the coal refuse composition. Although the metals in the beads are also expected to be
present in the co al refuse, the amount of be ads added insures that any such c oncentrations w ould be
overwhelmed by that arising from dissolution of the beads. List of elements examined for concentration in

sample is shown in Table 3.10: list of elements in coal refuse and beads.
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Table 3.10: list of elements in coal refuse and beads

Magnesium (Mg) Chromium (Cr)
Aluminum (Al) Iron (Fe)
Titanium (T1) Nickel (Ni)
Vanadium (V) Molybdenum (Mo)
Manganese (Mn) Tungsten(W)
Cobalt (Co)

Copper (Cu)

Zinc (Zn)

Arsenic (As)

Strontium (Sr)

Barium (Ba)

For the original sample, the excavation proceeded through ten levels with six sections per level as shown
in the table above. F or the duplicate sample, this was consolidated to four levels. F or consistency, the
data from the original sample was also combined into four levels for comparison purposes, but retaining

the ten level data for additional study.

For the original sample, ten layers were excavated and analyzed, allowing for tracking of elements, both
from the refuse and from the ad ded metal beads, as a f unction ofdepth. T he results are summarized
graphically below. For the metals added, one set of graphs depicts the associated error bars based on the
95% confidence interval. T he d ata used to generate t hese q uantities wer e t he el emental data for all
sectors and levels consolidated i nto four levels. T his al lowed comparison between the o riginal (ten

excavated levels consolidated into 4) and duplicate sample (four levels excavated).
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Figure 3.33: Concentration of elements with pie chart and bargraph
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The analytical data was also useful for correlations and study of concentrations across sections within a
given level. For example, as shown in the figure below, it was possible to determine in which sectors (A-
F) the highest concentration of spiked metal was located. In this Figure 3.33: Concentration of elements
with pie chart and bargraph, the relative % of a metal found in a given level is plotted as a function of
sector. T hus, in Level 1, the molybdenum was found in roughly equal proportions in sectors C and D
while the tungsten (W) was p redominately located in sector D. Such information can be used to map
lateral flow to complement the vertical flow measurements described in the previous section. In this
instance, the tungsten appears to spread out with depth while the molybdenum seems to stay relatively
centered within the refuse column. Another method of examining this trend is shown in the figure below.
Here, the relative percentage is depicted in a pie chart form. The bulk of both metals was found in the C

and D sectors.

Miscellaneous Procedures

Two additional procedures were ex plored to assist in characterization of the coal refuse cells to which
metal beads were added. F irst was separation by density in which the ex cavated refuse samples were
placed in a separatory funnel containing a dense organmetallic liquid as shown in Figure 3.34. Separation
of the particulates occurs based on relative density. Several attempts resulted in p oor separation and

significant consumption of the expensive high density liquid. As a result, this approach was abandoned.

Figure 3.34: Funnel with organic liquid to characterize coal refuse
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The second procedure attempted was a magnetic separation. In this approach, the refuse was placed in
device t hat sh ook t he sam ple wh ile d irecting it o ver an el ectromagnet. T he r easoning was t hat t he
magnetic metals ( iron f or ex ample) w ould be sep arable f rom t he b ulk of t he co al r efuse, g reatly
simplifying t he ne eded ¢ hemical pr ocessing prior t o | CPMS s ample pr eparation a nd a nalysis. T his
method also failed to provide significant separation and proved to be very time and labor intensive and

was abandoned for this reason. The method is shown in Figure 3.35.

Figure 3.35: Magnetic separation for coal refuse characterization

3.4. Laboratory Experimentation Summary

The experimentation program was performed in three phases. First phase was the geotechnical material
property testing of coal refuse samples. The geotechnical material property test includes different physical
property tests of coarse coal refuse and blended refuse. The main ex perimentation o f this research was
performed in second phase, w hich includes the hydraulic c onductivity testing of ¢ oal refuse-geotextile
system. Different mix proportions, various ge otextiles and di fferent c ompaction e nergies and di fferent
gradients were used for testing in this phase. Third phase deals with the photo microscopy testing of coal

refuse samples and the geotextiles that were tested in phase II.
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4. SEEPAGE CRITERIA AND FILTRATION ANALYSIS

4.1. Seepage Analysis

A primary e ngineering c oncern w ith the s tructural stability o f coal i mpoundments ar e s eepage, sl ope
stability and drainage. Seepage and drainage are primary concerns because of the permeable nature of the
refuse material and water seepage. MSHA st ates the reasons for the seep age concernin coal r efuse
impoundments, particularly in e mbankments and foundations of coal impoundments, are: 1. excessive
pore wat er p ressure i n the embankment a nd f oundation effecting stability; 2 ) ex cessive hydraulic
gradients at the embankment slope, at drain interfaces, at the toe area leading to internal particle erosion
and piping, and 3.) water lost through or under the foundation structure. . The main parameters that helps
in the estimation of seepage analysis in coal impoundments are hydraulic conductivity, soil particle size
and anisotropy ratios. The typical profile of coal refuse e mbankments is similar to earthen dams. The
seepage an alysis for co al r efuse e mbankments is p erformed by flow-net an alysis and analyzed u sing
graphical m ethods to i dentify z ones of di ffering hydraulic ¢ onductivity, s eepage flow I ines, seep age
vectors, and isotropy. To determine the rate of seepage using the flow net method, the following form of

Darcy’s law is used.

Where:

q= seepage flow per unit width (Iength®/time)

k= permeability of the embankment material (length/time)
h=total head across the system (length)

N= Number of flows

Ng¢= Number of drops

The equation used for the seep age analysis through the porous media such as coal refuseis givenby

Darcy’s equation:

Where,
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Q= flow rate (volume/time)

k= coefficient of hydraulic conductivity (length/time)

i= hydraulic gradient (dimensionless)

a= cross-sectional area through which flow occurs (length?)

Seepage Control

Pore water pressure develops if the saturation in the coal refuse due to seepage causes a strength loss in

the refuse. Seepage forces can be controlled by internal drains within the embankments.

Geotextile filter fabrics have b een used the interface b etween the coal refuse and drains surface. The
function of geotextile is to prevent the fine particle movement, i.e., soil retention, and to allow water to

pass through, drainage.

Geotextile application for seepage control

The geotextile design for the subsurface drainage sy stems is same as t he design of the graded granular
filters. FEMA a nd M SHA s uggest t hat one w ay of ¢ ontrolling s eepage a nd i nternal e rosionisby
introduction of filters and high permeability zones within the embankment. Geotextiles are the permeable
geosynthetics material made u sing t extiles. T hey ar e made o f polymers su ch as p olypropylene an d
polyester. Geotextiles are widely used in foundations and earth retaining structures. Geotextiles typically
involve two main types; 1) woven-geotextiles and ii) non-woven geotextiles. Woven geotextiles are used

for reinforcement and separation, and non-wovens are intended for filtration and drainage applications.

Non-woven geotextiles have been designed and permitted for installation as filtration components in coal

refuse impoundments by the West Virginia Department of Environmental Protection and MSHA.

There are two main functions of any kind of filter: 1) allow water to flow through, and 2) prevent soil
particles to pass (retention). According to FEMA (2007), filter must have following criteria to install in
embankments and foundations. They are: 1) have appropriate openings or particle size distributions, 2)
have sufficient internal stability, finer particles should not erode away from filter due to seepage pressure
and flows, 3) have sufficient permeability and thickness, 4) have good survivability criteria, and 5) be

resistant to segregation and breaking during installation.

Seepage flow in coal refuse e mbankments can be controlled by reducing the internal phreatic surface
level. T his c an b e ach ieved b y i nstalling i nternal lateral drains wi thin t he e mbankment. Dr ains are

incorporated with filters.
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Characteristics of geotextiles

The characteristics o f geotextiles that affect the filtration p erformance o f the geotextiles relative to the
soil are ap parent opening size (AOS), percent open area (POA), pore opening size distribution (PSD),

constriction size (CS), and permittivity of the geotextile.

1. Apparent opening size (AOS): It is defined as the pore diameter measure in the geotextile. It is
denoted by “Oys”, which means 95 % of the opening sizes of the ge otextile are s maller than
apparent opening size (Oys).

2. Percent open area (POA): POA is defined as the ratio of the percent open area of geotextile to the
total area of the geotextile.

3. Permittivity: The r ate at w hich th e g eotextile a llows th e s oil particles on itto pass th rough
perpendicular or cross-plane to the flow.

4. Pore opening size distribution: defines how the pores are distributed in the geotextile.

Problems associated with filters (geotextiles) in coal impoundments

There are some problems associated with geotextiles while installing in coal impoundments. They are:

1. Damage during installation
Long-term reliability of Geotextile to function without clogging.
Geotextile placement location — geotextile should be placed where it is accessible to repair.

A difference in compaction efforts cause damages to geotextiles.

A

Chemical deterioration (leaching) of the geotextiles due to chemicals present in the coal refuse.
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4.2. Design criteria for Geotextiles in coal refuse impoundments
Current d esign criteria given by Holtzetal., (1998), J.P. Giroud (1988) and F HWA (1985) depends
mainly on ratios of certain ap parent opening size parameters and the grain size distribution of the soil.
Geotextiles act as a transition zone between an embankment material and a drainage zone. Geotextiles
prevent the movement of fine particles and embankment materials into the drainage zone reducing the
clogging potential. When the grain-size distribution of the embankment material varies widely, the fine
particles will tend to move into the pores of coarser particles promoting the piping effect. To prevent this
piping effect, filters are used. The main points considered in applications of geotextiles are flow
requirements, piping, clogging potential.
The criteria required for the geotextiles installation are:

e Retention c riteria- geotextile sh ould r etain t he | arger p articles which ar e | arger t han | argest

opening size of geotextile.

e Hydraulic conductivity criteria- geotextile should be able to pass liquid to pass through it.

¢ Clogging resistance criteria- geotextile should not clog even it is installed for high period of time.

e Survivability c riteria- geotextile s hould be r esistant a nd ha ve hi gher s trength s o t hat it w ill

survive for long time.

4.2.1. Filter design criteria

The filter d esign criteria described here are for non-woven geotextile-wrapped type drains. T here are

different criteria proposed by both different organizations and different authors.

The following are the parameters given by respective authors required for the design criteria of geotextile

for installing around drains given in Table 4.1.

Table 4.1: Parameters required for the design of geotextiles

PARAMETERS FOR GEOTEXTILE DESIGN
Soil Parameters Geotextile Parameters
Dsgs, Dgo, D19, Dsg, D15 of soil AOS (Oys) of geotextile
Kol Kocotextile
Coefficient of Uniformity (C,) Permittivity (V) of geotextile
Percent passing No.200 Sieve Porosity (n) of geotextile
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RETENTION CRITERIA:

1. MSHA:
1.1 Steady state flow conditions:

A0S (0gs) < B*Dgg....cooooiiiiiiiiiiiee e 4.3)

For sands, gravelly sands, silty sands, and clayey sands which have less than 50% passing

0.075 mm sieve B is defined as follows

Cu<2o0r>8 B=1
2<C,<4 B=0.5C,
4<C,<8 B=8/C,

For silts and clays which have more than 50% passing 0.075 mm sieve, B is a function of

type of geotextile.
For Woven, B=1 and for Non-Woven, B= 1.8
1.2 Dynamic flow conditions:
AOS (095) < 0.5 % Dgs ....oooeeeiiiiiieeee e (4.4)

2. J.P. Giroud’s and FHWA:

Where Dgs= Cu®’ Ds, (Giroud’s definition)

J.P. Giroud Criteria for Ay

Loose soil Dense soil

1<C,<3 = C0° =9 C,

C, >3 =2 C0° =18 ¢,

FHWA Ceriteria for Ax

1<C,<2 =1

2<C,<4 A=0.5C,

4<C,<8 A= 8/C,

C,>8 Ar=1
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PERMEABILITY OR PERMITTIVITY CRITERIA:

1. MSHA:
1.1 Permeability:

For less critical applications and less severe conditions,

Kgeotextite = Ksoit-rovovovovrvnn,

For critical applications and severe conditions,

kgeotextile 2 10 ksoil ................

1.2 Permittivity:
¥ >0.5 sec” for <15% passing 0.075 mm sieve
¥ >0.2 sec” for 15 to 50% passing 0.075 mm sieve
¥ >0.1 sec” for >50% passing 0.075 mm sieve

2. J.P. Giroud’s and FHWA:

Giroud

FHWA

Koeotextile = K soit/ 10 Keeotextile > K soil for small gradients and stable soils

Koeotextile > 10 k i for high gradients and unstable soils
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CLOGGING RESISTANCE:

1. MSHA:
For non-critical conditions, and for soils with Cu > 3
A0S (095) = 3 % Digeneiiniie et (4.8)
For soils with C, < 3, select geotextile from retention criteria.
kgeotextile > 10 * ksoil ..................................................... (49)
When flow capacity is sufficient and there is no problem pertaining to flow conditions,
the hydraulic conductivity criteria changes. This is the condition where geotextiles are
wrapped along drainage pipes.
Ag
qrequired = qgeotextile * (A_t) .............................................. (410)
Where:
A= geotextile area available for flow
A= total geotextile area
2. FEMA:
kgeoetxtite = 100 100 % Kgpjpovvvnevvniiiiiiiiii (4.11)
3. WVDEP:
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SURVIVABILITY CRITERIA:

The survivability criteria of geotextiles are based on empirical data from previous geotextile applications.

MSHA (2009) provides the following criteria for survivability and various strength parameters as follows:

Table 4.2: Survivability criteria from MSHA (2009)

Property (units) Geotextile Class 2 (Class 2 is default selection)
Elongation
<50% >50%
Grab Strength (N) 1100 700
Sewn Seam Strength (N) 990 630
Tear Strength (N) 400 250
Puncture Strength (N) 400 250
Burst Strength (kPa) 2700 1300
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4.3. Geotextile Information

The ge otextiles t hat w ere us ed for tests are provided by di fferent manufacturers. T he i nformation of

geotextiles are given in the table

Table 4.3: Information of Geotextiles used for testing

Manufacturer PI'Op€X GSE Lining Tech.
Geotextile Geotex 401 | Geotex 601 | Geotex 801 | NW 6 NW 16
Apparent Opening Size (mm) | 0.212 0.212 0.18 0.212 0.15
Permeability (cm/s) - - - 0.30 0.27
Permittivity (s™) 2 1.3 1.5 1.5 0.6

For most of the hydraulic conductivity tests, the geotextile used was NW 6. The properties of geotextiles
that are mentioned in the above table are used for the evaluation of design criteria. The coal refuse sample

used for the geotextile design was passing No.4 (4.75mm) sieve.
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5. EXPERIMENTATION RESULTS

5.1. Geotechnical Material properties
Different geotechnical material property test were performed on the coarse coal refuse, fine coal refuse

(coal slurry) and blended coal refuse.

5.1.1. Moisture content

Table 5.1: Moisture content test results for Coarse Coal Refuse

Moisture Content-Sample E (CCR)
Test Test 1 Test 2 Test 3
Container No. El E2 E3
Container Mass(g), M. 33.55 26.58 32.02
Container+Moist Specimen Mass(g), M 100.06 98.6 66.89
Oven Temperature 110°C 110°C 110°C
Date/Time in Oven 3/20/2009 3/20/2009 3/20/2009
Initial Container+Oven Dry Specimen Mass(g), Mcgs 97.67 95.81 65.28
Date/Time out of Oven 3/21/2009 3/21/2009 3/21/2009
Mass of Water(g), My= Mcns-Mcgs 2.39 2.79 1.61
Mass of Solids(g), M= M 4-M, 64.12 69.23 33.26
Water Content, % W= (M,/M)x100 3.73 4.03 4.84
Note:
Moisture Content was taken After Air Drying for 1 Day.
The filed collection of coal refuse samples was performed on rainy
day.
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5.1.2. Specific gravity

Table 5.2: Specific Gravity test results for Coarse Coal Refuse

Specific Gravity- Sample E (CCR)

El E2 E3
Wt. of Pycnometer(g) 166.15 | 167.80 | 163.68
Sample+Pycnomter+Water(g) 71529 | 717.45 | 703.73
Pycnometer+Water(g) 663.57 | 665.69 | 661.04
Wt. of Sample(g) 85.21 86.16 70.4
Specific Gravity 2.544 2.505 2.541

Table 5.3: Specific Gravity test results for Dried Coal slurry

Specific Gravity- Coal slurry
Wt. of Pycnometer(g) 105.80
Sample+Pycnomter+Water(g) 370.79
Pycnometer+Water(g) 354.46
Wt. of Sample(g) 35.00
Specific Gravity 1.875

Table 5.4: Specific Gravity Calculations for Blended Refuse

Combined Specific Gravity

Slurry CCR(F) Slurry CCR(F)
Percentages 20 80 40 60
Gs 1.874 2.450 1.874 2.450
Combined Gs 2.308 2.182
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5.1.3. Sieve analysis

Coarse Coal Refuse

Table 5.5: Sieve Analysis test results of entire Coarse Coal Refuse

Coarse Coal Refuse (E)- Sieve Analysis

Sliﬁov.e Particle dia | Wt Retained+ pan Wt Retained % Retained Cumulative % Percent Finer
Test 1 Test 2 Test 1 Test 2 Test1 | Test2 | Test1 | Test2 | Test1 | Test2
3/4" 19.05 713.51 | 607.40 158.46 5235 | 14.18 5.08 | 14.18 5.08 | 85.82 | 94.92
No. 4 475 1122.60 | 992.47 612.28 482.16 | 54.79 | 46.83 | 68.97 | 51.92 | 31.03 | 48.08
No. 10 2.00 67136 | 711.23 199.42 239.29 | 17.85| 2324 | 86.82 | 75.16 | 13.18 | 24.84
No. 30 0.60 578.36 | 655.88 96.96 174.49 8.68 | 1695 | 9549 | 92.11 4.51 7.89
No. 50 0.30 39444 | 412.33 22.98 40.87 2.06 397 | 97.55| 96.08 245 3.92
No. 60 0.25 370.61 | 373.48 4.17 7.05 0.37 0.68 | 97.92 | 96.77 2.08 3.23
No. 200 0.07 351.46 | 358.30 14.15 20.99 1.27 2.04 | 99.19 | 98.81 0.81 1.19
Pan 380.20 | 382.92 8.43 11.15 0.75 1.08 | 99.94 | 99.89 0.06 0.11
Total 1116.85 1028.35
Coarse coal refuse Passing No.4 Sieve
Table 5.6: Sieve Analysis results of Coarse Coal Refuse material passing No. 4 (4.75 mm) Sieve
Sieve analysis of CCR passing #4 sieve
sieve No. Particle dia Wt. retained % Retained Cumulative % Percent Finer

No. 4 4.75 10.61 1.00 1.00 99.00

No. 10 2.0 568.56 53.67 54.67 45.33

No. 30 0.595 352.22 33.25 87.91 12.09

No. 50 0.297 78.34 7.39 95.31 4.69

No. 60 0.25 13.48 1.27 96.58 3.42

No. 200 0.074 28.02 2.64 99.22 0.78

Pan 8.22 0.78 100.00 0.00

Total 1059.45
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Figure 5.1: Sieve Analysis Graph and Data of Coarse Coal refuse
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Blended Refuse (80% CCR- 20 % FCR)

Table 5.7: Sieve Analysis test results for Blended refuse (80/20 Mix)

Blend using mix

Combined Analysis (20% Fine - 80% Refuse)

sieve No. | Particle dia Wt. retained % Retained Cumulative % Percent Finer

No. 4 4.75 53 0.53 0.53 99.47

No. 10 2.0 336.66 33.76 34.29 65.71

No. 30 0.595 266.91 26.77 61.06 38.94

No. 50 0.297 117.06 11.74 72.80 2 7.20

No. 60 0.25 57.52 5.77 78.57 21.43

No. 200 0.074 85.11 8.54 87.10 12.90

Pan 128.59 12.90 100.00 0.00

Hydrometer Analysis of 80/20 BR
Table 5.8: Hydrometer test results for Blended refuse (80/20 Mix)
Hydrometer Analysis- Blended refuse (80/20 Mix)
S I Meniscus R
a{;}lﬁ ¢ | Time(T) Corrcection, Dia(mm) | Cd C(_i Temp
Hydrometer m Corrected Eff Correction Correction, R- Percent | Adjusted
reading R Depth, L | Factor(K) m Cd+m Finer Finer

50 2 35.5 0 35.5 10.478 0.01357 0.0311 | 1.5 34 1.3 35.3 70.60 8.54
50 8 29 0 29 11.544 0.01357 0.0163 | 1.5 | 27.5 1.3 28.8 57.60 6.96
50 15 25 0 25 12.2 0.01357 0.0122 | 1.5 | 235 1.3 24.8 49.60 6.00
50 30 22 0 22 12.692 0.01357 0.0088 | 1.5 | 20.5 1.3 21.8 43.60 5.27
50 60 19 0 19 13.184 0.01357 0.0064 | 1.5 | 17.5 1.3 18.8 37.60 4.55
50 120 16.5 0 16.5 13.594 0.01357 0.0046 | 1.5 15 1.3 16.3 32.60 3.94
50 240 14 0 14 14.004 0.01357 0.0033 | 1.5 | 12.5 1.3 13.8 27.60 3.34
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Blended Refuse (60% CCR- 40 % FCR passing N0.100 sieve)

Table 5.9: Sieve Analysis test results for Blended refuse (60/40 Mix)

Sieve Analysis- Blended Refuse (60% CCR, 40% FCR passing No0.100)
Sieve
No. Particle dia | Empty Pan | Wt Retained+pan | Wt Retained | % Retained | Cumulative % | Percent Finer
3/4" 19.05 551.42 551.42 0.00 0.00 0.00 100.00
No. 4 4.75 525.25 526.30 1.05 0.06 0.06 99.94
No. 10 2.00 479.12 919.94 440.82 24.45 24.50 75.50
No. 30 0.60 476.99 885.28 408.29 22.64 47.15 52.85
No. 50 0.30 441.61 574.05 132.44 7.34 54.49 45.51
No. 60 0.25 317.85 339.28 21.43 1.19 55.68 44.32
No. 200 0.07 294.20 886.11 591.91 32.82 88.50 11.50
Pan 372.54 579.85 207.31 11.50 100.00 0.00
1803.25
Hydrometer analysis of 60/40 BR
Table 5.10: Hydrometer test results for Blended refuse (60/40 Mix)
Hydrometer Analysis- BR (60/40)
Sa\r/nv]t)le Time(T) Hydrometer Coxee?tliicrlll'SCm Corrected | EffDepth, | Correction Dia(mm) | Cd ?A CorTrZTt?on, R- | Percent
reading R L Factor(K) m Cd+m Finer
50 2 235 0.1 23.6 | 124296 0.01357 0.033829 | 3 | 20.6 13 21.9 43.80
50 4 22 0.1 22.1 12.6756 0.01357 0.024157 3 (191 1.3 20.4 40.80
50 12 19 0.1 19.1 13.1676 0.01357 0.014215 3| 161 1.3 17.4 34.80
50 15 18.5 0.1 186 | 13.2496 0.01357 0.012754 | 3 | 15.6 13 16.9 33.80
50 30 16.5 0.1 16.6 13.5776 0.01357 0.009129 3| 136 1.3 14.9 29.80
50 65 14 0.1 14.1 13.9876 0.01357 0.006295 3111 1.3 12.4 24.80
50 125 12 0.1 12.1 | 143156 0.01357 0.004592 | 3| 9.1 1.3 10.4 20.80

92




Percent Finer

100

S0

B0

70

60

50

a0

30

20

10

a

Grain Size Distribution of Blended Refuse (60%CCR, 40%FCR)

112"
|

3/a
1

3/8"
1

U.5. Standard Sieve Size

20 40

200
|

= ux = Blended Refusze (60,/40)

1000.0000

100.0000

10.0000

Sieve Size{mm)

1.0000

0.1000

Cobbles

Gravel

Sand

Silt or Clay

Coarse

Fina Coarse |

Medium

BR (60% CCR, 40% FCR passing No.100)-Results

Dygs 2.9
Deo 0.9
Dsg 0.5
Dy 0.16
Dys 0.14
Dis 0.086
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Cy 13.04
C. 0.41

Figure 5.4: Sieve Analysis graph and Data of Blended Refuse material (60/40 mix)
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5.1.4. Atterberg Limits

Table 5.11: Atterberg test Results of Coarse Coal refuse

Sample E- Coarse Coal Refuse

Liquid Limit test Plastic Limit test
Container Mass(g), M. 30.34 | 37.22 | 37.36 | 37.11 33.08 37.32
Container+Moist Specimen Mass(g), Mcs 3942 | 4344 | 4533 | 39.14 36.21 40.26
Container+Oven Dry Specimen Mass(g), M4s 37.51 | 42.04 | 43.45 | 38.76 35.75 39.71
Mass of Water(g), My= McnsMeas 1.91 1.4 1.88 0.38 0.46 0.55
Mass of Solids(g), M= M.gs-M, 7.17 4.82 6.09 1.65 2.67 2.39
Water Content, % W= (M,/M;)x100 26.64 | 29.05 | 30.87 | 23.03 17.23 23.01
No. of Blows 30 23 13 PL = 21.09
Coarse Coal LL PL PI
Refuse (E) | 2840 | 21.09 | 731
Liquid Limit
35
30 \
25 )
g i\\
o 1
520 :
o :
3 i
S 15
= | ~N
10 i
5 Z
O T T : T T T 1
26.00 27.00 28.00 29.00 30.00 31.00 32.00
Water Content

Figure 5.5: Liquid limit graph of Coarse Coal refuse
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5.2. Compaction tests

5.2.1. Standard compaction (coarse coal refuse)

Sample E-Density Results
Test No. El E2 E3 E4 ES
Water Content, % W 4.00 5.00 6.00 7.00 8.00
Mold Weight(g), Mg 2075.30 | 2075.30 | 2075.30 | 2075.30 | 2075.30
Specimen+Mold Weight(g), M, 3846.50 | 3919.00 | 3945.52 | 4006.52 | 3889.00
Volume of Mold(cm?), V 904.00 904.00 904.00 904.00 904.00
Specific Gravity of Soil, Gy 2.530 2.530 2.530 2.530 2.530
Unit Weight of Water @ 20°C(KN/m?), v, 9.79 9.79 9.79 9.79 9.79
Moist Unit Weight of Compacted Specimen(g/cm®), vy, 1.96 2.04 2.07 2.14 2.01
Dry Unit Weight of Compacted Specimen(g/cm’®), 4 1.88 1.94 1.95 2.00 1.86
Dry Unit Weight of Compacted Specimen(KN/m?), v4 18.48 19.05 19.14 19.58 18.22
Dry Unit Weight of Compacted Specimen(lb/ft’), yq4 117.61 121.26 121.85 124.64 115.98
Void Ratio, e=((Gs*y,)/v4)-1 0.34 0.30 0.29 0.26 0.36
Degree of Saturation (%), S=Gs*w/e 29.71 42.15 51.65 66.87 56.32
Waat 13.46 11.86 11.62 10.47 14.21

Standard Compaction Curve- Sample 'E'

126
124 |
122 |

120

Dry Density (pcf)

118

116

114 | | | | a |

Water content (%)

—=— Dry Density vs Water %

Figure 5.6: Standard Compaction test results and Graph of CCR material passing No.4 sieve

95



5.2.2. Reduced compaction (CCR) - 12 Blows 2 layers

Sample E reduced compaction (12 blows 2 layers)-Density Results

Water Content, % W 5.11 8.43 8.98 10.00 11.94
Mold Weight(g), M4 2048.94 | 2048.94 | 2048.94 | 2048.94 | 2048.94
Specimen+Mold Weight(g), M, 3693.00 | 3868.00 | 3875.00 | 3900.00 | 3911.00
Volume of Mold(cm®), V 904.00 | 904.00 | 904.00 | 904.00 | 904.00
Specific Gravity of Soil, G 2.530 2.530 2.530 2.530 2.530
Unit Weight of Water @ 20°C(KN/m?), v,, 9.79 9.79 9.79 9.79 9.79
Moist Unit Weight of Compacted Specimen(g/cm3), Vi 1.82 2.01 2.02 2.05 2.06
Dry Unit Weight of Compacted Specimen(g/cm®), v 1.73 1.86 1.85 1.86 1.84
Dry Unit Weight of Compacted Specimen(KN/m®), yq 16.97 18.20 18.18 18.25 18.05
Dry Unit Weight of Compacted Specimen(lb/ft’), 04 108.02 | 115.86 | 115.71 116.21 114.88
Void Ratio, e=((Gs*yy)/74)-1 0.46 0.36 0.36 0.36 0.37
Degree of Saturation (%), S=Gs*w/e 28.11 59.10 62.71 70.96 81.11
Waat 18.17 14.26 14.33 14.10 14.72

Reduced Compaction Curve (CCR)- 12 Blows 2layers

118

116

114 ~

112 ~

Dry Density (pcf)

110 -

108 -

106 L L L L } L L L L } L

N
»
[ee]

Water content (%)

—=— Dry Density vs Water %

Figure 5.7: 12 blows 2layers Compaction test results and Graph
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5.2.3. Reduced compaction (CCR) - 8 Blows 2 layers

Sample E reduced compaction (8 blows 2 layers)-Density Results

Water Content, % W 4.70 7.09 8.92 10.76 11.46
Mold Weight(g), Mg 2049.32 | 1917.22 | 1888.41 | 1921.85 | 2049.32
Specimen+Mold Weight(g), M, 3642.00 | 3482.50 | 3623.00 | 3707.50 | 3884.00
Volume of Mold(crn3), \ 904.00 874.00 874.00 874.00 904.00
Specific Gravity of Soil, G, 2.530 2.530 2.530 2.530 2.530
Unit Weight of Water @ 20°C(KN/m”), y,, 9.79 9.79 9.79 9.79 9.79
Moist Unit Weight of Compacted Specimen(g/cm?®), v 1.76 1.79 1.98 2.04 2.03
Dry Unit Weight of Compacted Specimen(g/cm’), 74 1.68 1.67 1.82 1.84 1.82
Dry Unit Weight of Compacted Specimen(KN/m?), v4 16.50 16.40 17.87 18.09 17.86
Dry Unit Weight of Compacted Specimen(Ib/ft’), y4 105.05 104.40 113.75 115.16 113.67
Void Ratio, e=((Gs*y,)/v4)-1 0.50 0.51 0.39 0.37 0.39
Degree of Saturation (%), S=Gs*w/e 23.75 35.18 58.50 73.78 74.96
Wit 19.80 20.16 15.26 14.59 15.30

Reduced Compaction Curve (CCR)- 8 Blows 2layers

118
116 ——
114 ,,
112 ,,

110 +

Dry Density (pcf)

108 +
106

104 +

102 o

Water content (%)

—=— Dry Density vs Water %

Figure 5.8: Reduced Compaction (8 blows 2layers) test results and Graph
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5.2.4. Reduced compaction (CCR) - 4 Blows 2 layers

Sample E reduced compaction (4 blows 2 layers)-Density Results

Water Content, % W 5.39 7.38 9.14 11.01
Mold Weight(g), Mg 2048.96 616.73 614.05 619.22
Specimen+Mold Weight(g), M, 3597.00 | 2156.82 | 2298.72 | 2335.58
Volume of Mold(cm®), V 904.00 874.00 874.00 874.00
Specific Gravity of Soil, G, 2.530 2.530 2.530 2.530
Unit Weight of Water @ 20°C(KN/m?), y,, 9.79 9.79 9.79 9.79
Moist Unit Weight of Compacted Specimen(g/cm®), Y 1.71 1.76 1.93 1.96
Dry Unit Weight of Compacted Specimen(g/cm’), 14 1.62 1.64 1.77 1.77
Dry Unit Weight of Compacted Specimen(KN/m"), v, 15.93 16.09 17.32 17.35
Dry Unit Weight of Compacted Specimen(Ib/ft’), yq4 101.44 102.45 110.25 110.44
Void Ratio, e=((Gs*yy)/vq)-1 0.55 0.54 0.43 0.43
Degree of Saturation (%), S=Gs*w/e 24.60 34.64 53.81 65.15
Waat 21.91 21.30 16.99 16.90
Reduced Compaction Curve (CCR)- 4 Blows 2layers
114
112 +
o 110 +
) L
e i
g [
c L
a i
> 106
al i
104 -+
102 +
100 + : 1 1 1 1 1
5 6 7 8 9 10 11 12

Water content (%)

—— Dry Density vs Water %

Figure 5.9: Reduced Compaction (4 blows 2layers) test results and Graph

98




5.2.5. Standard compaction (Blended refuse-80/20 mix)

Sample F-Density Results

Test No. F1 F2 F3 F4 F5 F6
Water Content, % W 5.99 7.78 9.58 11.11 12.04 12.71
Mold Weight(g), Mg 2049.27 | 2049.27 | 2049.27 | 2049.27 | 2049.27 | 2049.27
Speciment+Mold Weight(g), M, 3772.00 | 3811.00 | 3901.00 | 3920.00 | 3899.00 | 3839.00
Volume of Mold(cm3), \ 904.00 904.00 904.00 904.00 904.00 904.00
Specific Gravity of Soil, G, 2.300 2.300 2.300 2.300 2.300 2.300
Unit Weight of Water @ 20°C(KN/m?), v, 9.79 9.79 9.79 9.79 9.79 9.79
Moist Unit Weight of Compacted Specimen(g/cm’®), ¥, 1.91 1.95 2.05 2.07 2.05 1.98
Dry Unit Weight of Compacted Specimen(g/cm’®), 4 1.80 1.81 1.87 1.86 1.83 1.76
Dry Unit Weight of Compacted Specimen(KN/m®), yq 17.63 17.73 18.33 18.27 17.91 17.23
Dry Unit Weight of Compacted Specimen(lb/fts), Yd 112.24 112.88 116.70 116.27 114.01 109.66
Void Ratio, e=((Gs*y,)/v4)-1 0.28 0.27 0.23 0.23 0.26 0.31
Degree of Saturation (%), S=Gs*w/e 49.76 66.34 96.57 109.83 107.73 95.22
Waat 12.05 11.72 9.92 10.12 11.18 13.35

Standard Compaction Curve- Blended Refuse (80/20 Mix)

118

116 +

114 +

112 +

Dry Density (pcf)

110 +

108 +—————f——

Water Content (%)

—e— Dry Density vs Water %

14

Figure 5.10: Standard Compaction test results and Graph of Blended refuse (80/20 mix)
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5.2.6. Reduced compaction (BR) - 15 Blows 1 layers

Sample F-Density Results

Test No. 6% 8% 10% 11% 12% 13%
Water Content, % W 5.85 7.53 9.95 11.18 12.02 13.06
Mold Weight(g), Mg 2049.36 | 2049.39 | 2049.36 | 2049.36 | 2049.36 | 2049.36
Specimen+Mold Weight(g), M, 3547.00 | 3547.00 | 3642.00 | 3733.00 | 3771.00 3298
Volume of Mold(cm?), V 904.00 | 904.00 | 904.00 | 904.00 | 904.00 | 904.00
Specific Gravity of Soil, Gy 2.300 2.300 2.300 2.300 2.300 2.300
Unit Weight of Water @ 20°C(KN/m’), vy, 9.79 9.79 9.79 9.79 9.79 9.79
Moist Unit Weight of Compacted Specimen(g/cm’®), ¥, 1.66 1.66 1.76 1.86 1.90 1.38
Dry Unit Weight of Compacted Specimen(g/cm’), 4 1.57 1.54 1.60 1.68 1.70 1.22
Dry Unit Weight of Compacted Specimen(KN/m?), v4 15.35 15.11 15.71 16.43 16.67 11.98
Dry Unit Weight of Compacted Specimen(lb/ftS), Ya 97.71 96.18 100.03 104.58 106.14 76.27
Void Ratio, e=((Gs*y,)/v4)-1 0.47 0.49 0.43 0.37 0.35 0.88
Degree of Saturation (%), S=Gs*w/e 28.81 35.32 52.88 69.41 78.91 34.17
Waat 20.30 21.31 18.82 16.11 15.23 38.23

Reduced Compaction (15blows 1llayer)- Blended Refuse (80/20 Mix)

110

105 -+

100 ~

95 ~

90 -

85 ~

Dry Density (pcf)
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N
o

Water Content (%)

—e&— Dry Density vs Water %

14

Figure 5.11: Reduced compaction (15 blows and 1 layer) test results of BR (80/20 mix)
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5.3. Hydraulic Conductivity Results
5.3.1. Coarse Coal Refuse (CCR) Samples

Hydraulic conductivity for CCR without geotextile (standard compaction)

CCR
Dry Density, kN/m’ (pcf) 18.83 (119.84)
Compaction Energy, kJ/m’ (ft-1b/ft’) 636.21
Number of Blows/Layer 25 Blows,3layers
Geotextile e
AOS(mm) | e
Gradient 5
Test Duration (hours) 5
Average k (m/sec) 5.06e-6
Standard Deviation for k 1.12e-6
Void Ratio, e 0.32
Porosity, n 0.24
Cumulative Permeant Volume (ml) 3640
Pore volume, pV (ml) 209.67
k vs t for CCR w/o Geotextile (25B, 3L)
le-4 +
le5 +

Q)
é le-6 E
~ £
le-7 =
F —— kvst
1e_8 1 1 1 1 } 1 1 1 1 } 1 1 1 1 } 1 1 1 1 } 1 1 1 1 } 1 1 1 1
0 1 2 3 4 5 6

Time (hours)

Figure 5.12: HC test data of CCR sample (standard compaction) and k vs. t graph
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Hydraulic conductivity for CCR without geotextile (12blows 2layers)

CCR
Dry Density, kN/m’ (pcf) 16.49 (104.94)
Compaction Energy, kJ/m’ (ft-1b/ft’) 203.58 (4252)
Number of Blows/Layer 12 Blows, 2layers
Geotextile e
AOS(mm) e
Gradient 5
Test Duration (hours) 5.58
Average k (m/sec) 5.82e-6
Standard Deviation for k 1.60e-6
Void Ratio, e 0.50
Porosity, n 0.33
Cumulative Permeant Volume (ml) 3665
Pore volume, pV (ml) 292.31
k vs t for CCR w/o Geotextile (12B, 2L)
le-4 P
le-5 T
Q)
E
X
le-6 T
—s— tvsk
le-7 +———
0 1 2 3 4 5 6

Time (hours)

Figure 5.13: HC test data of CCR (12blows 2layers) W/O Geotextile and k vs. t graph
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Hydraulic conductivity for CCR without geotextile (4blows 2layers)

CCR
Dry Density, kN/m® (pcf) 14.76 (93.97)
Compaction Energy, kJ/m’ (ft-1b/ft’) 67.84 (1417)
Number of Blows/Layer 4 Blows, 2layers
Geotextile e
AOS(mm) 0 e
Gradient 5
Test Duration (hours) 2.92
Average k (m/sec) 1.43e-5
Standard Deviation for k 1.90e-5
Void Ratio, e 0.68
Porosity, n 0.40
Cumulative Permeant Volume (ml) 3250
Pore volume, pV (ml) 353.42
k vs t for CCR w/o Geotextile (4B, 2L)
le-3 ¢
le-4 e
)
é le-5 e
~ T
le-6 e
—— tvsk
e
0.0 0.5 1.0 1.5 2.0 25 3.0 35

Time (hours)

Figure 5.14: HC test data (4blows 2layers) W/O Geotextile and k vs. t graph of CCR

103



Hydraulic conductivity for CCR without geotextile (8blows 2layers)

CCR
Dry Density, kN/m® (pcf) 15.90 (101.23)
Compaction Energy, kJ/m’ (ft-1b/ft’) 135.73 (2835)
Number of Blows/Layer 8 Blows, 2layers
Geotextile | e
AOS(mm) | e
Gradient 5
Test Duration (hours) 3.57
Average k (m/sec) 1.05e-5
Standard Deviation for k 1.36e-5
Void Ratio, e 0.56
Porosity, n 0.36
Cumulative Permeant Volume (ml) 4620
Pore volume, pV (ml) 353.42
k vs t for CCR w/o Geotextile (8B, 2L)
le-3 ¢
le-4 s
v
é le-5 s
< F
le-6 s
—— tvsk
le7 ——— |
0 1 2 3 4

Time (hours)

Figure 5.15: HC test data (8blows 2layers) W/O Geotextile and k vs. t graph of CCR
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Hydraulic conductivity for E7, E8, E9

E7 E8 E9
Dry Density, kN/m® (pcf) 19.66 (125.14) 18.97 (120.79) 18.82 (120.02)
Compaction Energy, kJ/m’ (ft-Ib/ft’) 636.21 636.21 636.21
Number of Blows/Layer 25 Blows,3layers 25 Blows,3layers 25 Blows,3 layers
Geotextile NW-601 NW-401 NW-801
AOS (mm) 0.212 0.212 0.180
Gradient 5 5 5
Test Duration (hours) 8 10.82 10.8
Average k (m/sec) 3.69 e-7 1.81 e-6 2.35e-6
Standard Deviation for k 7.96 e-8 1.14 e-6 735e-7
Void Ratio, e 0.26 0.31 0.32
Porosity, n 0.21 0.23 0.24
Cumulative Permeant Volume (ml) 430 2750 3755
Pore volume, pV (ml) 180.35 204.72 210.025

le-4

k vstfor E7- E9

le-5

o<

le-6

k (m/sec)

le-7

le-8 Lt

—— E7
° E8
v E9

time (hours)

Figure 5.16: Hydraulic conductivity data and graph of sample E7-E9
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Hydraulic conductivity for E7, E8, E9 (Duplicate)

E7-11 E8-I1 E9-11
Dry Density, kN/m® (pcf) 19.65 (125.06) 18.98 (120.83) 18.78 (119.56)
Compaction Energy, kJ/m® (ft-1b/ft’) 636.21 636.21 636.21
Number of Blows/Layer 25 Blows,3layers 25 Blows,3layers 25 Blows,3layers
Geotextile NW-601 NW-401 NW-801
AOS (mm) 0.212 0.212 0.180
Gradient 5 5 5
Test Duration (hours) 6.10 5.30 2.50
Average k (m/sec) 4.66 e-6 5.62 e-6 1.22¢-5
Standard Deviation for k 6.57 e-7 1.18 e-6 2.14e-6
Void Ratio, e 0.26 0.30 0.32
Porosity, n 0.21 0.23 0.24
Cumulative Permeant Volume (ml) 4110 4224 4293
Pore volume, pV (ml) 180.70 204.37 211.43
k vs t for E7- E9 (Duplicate)
le-4
15~ v o7
Q
£ 8
E
~
le-6
—=— E7 Duplicate
o E8 Duplicate
v — E9 Duplicate
le-7 T \ \ T \
0 1 3 4 5 6 7

Time ( hours)

Figure 5.17: Hydraulic conductivity data and graph of sample E7-E9 (Duplicate)
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Hydraulic conductivity for E7, E8, E9 (Triplicate)

E7-111 ES-III E9-III
Dry Density, kN/m’ (pcf) 19.61(124.82) | 18.95 (120.60) 18.87 (120.10)
Compaction Energy, kJ/m’ (ft-1b/ft’) 636.21 | 636.21 636.21
Number of Blows/Layer 25 Blows,3layers | 25 Blows,3layers | 25 Blows,3layers
Geotextile NW-601 | NW-401 NW-801
AOS (mm) 0.212 ] 0.212 0.180
Gradient 515 5
Test Duration (hours) 3.30 | 3.32 2.50
Average k (m/sec) 7.85e-6 | 7.16 ¢-6 1.18¢e-5
Standard Deviation for k 1.60 e-7 | 1.07 e-6 223 ¢e-6
Void Ratio, e 0.26 | 0.31 0.31
Porosity, n 0.21 1 0.23 0.24
Cumulative Permeant Volume (ml) 3750 | 3508 4293
Pore volume, pV (ml) 182.12 | 205.43 208.25

k vs t for E7- E9 (Triplicate)

le-4

le-5 v

k (m/sec)

le-6

o
o

—— E7 Triplicate
° E8 Triplicate
v - E9 Triplicate

le-7 T

0.0 0.5

15 2.0

Time (hours)

25 3.0

3.5

Figure 5.18: Hydraulic conductivity data and graph of sample E7-E9 (Triplicate)
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Overall Hydraulic Conductivity graphs of E7-E9

k (m/sec)

k (m/sec)

k (m/sec)

k vstfor E7- E9

le-4
le-5
F O
1e-6 3 O _______________ s OO ............. O
E v
: G———°—‘\o———0\./.___. o E7
le-7 L -..O---- ES8
E v - B9
1e-8 1 1 1 1
0 2 4 6 8 10
time (hours)
k vs t for E7- E9 (Duplicate)
le-4 E
le-5 ? v"‘
1e-6 | —— E7 Duplicate
F ~-O---- E8 Duplicate
L -v - E8 Duplicate
19-7 L L L L L L L L L L L L L L L L L L L L L L L L L L
0 1 2 3 4 5 6 7
Time ( hours)
k vs t for E7- E9 (Triplicate)
le-4 E
les b
1e-6 —e— E7 Triplicate
F O+~ E8 Triplicate
N -w - E9 Triplicate
1e_7 [ L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L
0.0 0.5 1.0 15 2.0 25 3.0 35

Time (hours)

5.19: Overall HC graphs of samples E7-E9
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Hydraulic conductivity for E10, E11

E10

Ell

Dry Density, kN/m’ (pcf)

19.02 (121.11)

18.95 (120.63)

Compaction Energy, kJ/m’ (ft-1b/ft’)

636.21

636.21

Number of Blows/Layer 25 Blows,3layers 25 Blows,3 layers
Geotextile NW 6 NW 16
AOS (mm) 0.212 0.150
Gradient 5 5

Test Duration (hours) 4.70 6.37
Average k (m/sec) 6.56 e-6 1.73 e-6
Standard Deviation for k 1.14 e-6 4.69 e-7
Void Ratio, e 0.30 0.31
Porosity, n 0.23 0.23
Cumulative Permeant Volume (ml) 4404 1835
Pore volume, pV (ml) 202.95 205.43

k vstfor E10- E11

le-4 F

T

le-5 +

k (m/sec)

le-6 +
—e— EI10
—— El1
Lo ey '
0 1 2 3 4 5 6

Time (hours)
Figure 5.20: Hydraulic conductivity data and graph of sample E10-E11

Hydraulic conductivity for E10, E11 (Duplicate)
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E10-11

Ell-II

Dry Density, kN/m’ (pcf)

19.66 (125.13)

19.56 (124.54)

Compaction Energy, kJ/m’ (ft-1b/ft’)

636.21

636.21

Number of Blows/Layer 25 Blows,3layers | 25 Blows,3layers
Geotextile NW 6 NW 16
AOS (mm) 0.212 0.150
Gradient 5 5

Test Duration (hours) 10.48 8.10
Average k (m/sec) 7.86 e-7 3.30e-6
Standard Deviation for k 3.02 e-7 5.04 e-7
Void Ratio, e 0.26 0.27
Porosity, n 0.21 0.21
Cumulative Permeant Volume (ml) 1110 3930
Pore volume, pV (ml) 180.35 183.88

k vs t for E10, E11 (Duplicate)

le-5 ¢
le-6
— F
3
Q
Y
£
N
X
le-7
—&— E10 Duplicate
—k— E11 Duplicate
le-8 } } } }
0 2 8 10 12

Time (hours)
Figure 5.21: Hydraulic conductivity data and graph of sample E10-E11 (Duplicate)
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Overall Hydraulic Conductivity graphs of E10-E11

k vs tfor E10- E11

le-4 E
- 1e'5 E
S e—+/.4\o—o—.
) F
L
S W
~ 4 e e x
X 1e-6 + a a
E —e— EI10
—&— EI11
le-7 } } } } } }
0 1 2 3 4 5 6
Time (hours)
k vs t for E10- E11 (Duplicate)
le-5 E
~ le-6 ¢ M
8 £
3 F —e
E
~ le7 E
—e— E10 Duplicate
—%— E11 Duplicate
le-8 } } } —— }
0 2 4 6 8 10 12
Time (hours)
k vs t for E10- E11 (Triplicate)
le-5 ¢
le-6 +
©
é le-7 ¢
v F
le-8 E —e— E10 Triplicate
F --@-- E11 Triplicate
1le-9 % I %
30 40 50

0 10 20
Time (hours)

Figure 5.22: Overall HC graphs of samples E10-E11
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Hydraulic conductivity for E10, E11 (Triplicate)

E10-I11 E11-11I
Dry Density, kN/m® (pcf) 19.63 (124.97) 19.33 (123.05)
Compaction Energy, kJ/m’ (ft-1b/ft’) 636.21 636.21
Number of Blows/Layer 25 Blows,3layers | 25 Blows,3layers
Geotextile NW 6 NW 16
AOS (mm) 0.212 0.150
Gradient 5 5
Test Duration (hours) 38.58 42.73
Average k (m/sec) 6.21 e-7 2.15e-7
Standard Deviation for k 6.05 e-7 1.10 e-7
Void Ratio, e 0.26 0.28
Porosity, n 0.21 0.22
Cumulative Permeant Volume (ml) 2357 1050
Pore volume, pV (ml) 181.41 192.01

k vs t for E10- E11 (Triplicate)

le-5 ¢
le-6 -
-~
O
3
= 1le-7 - .
S F
N—r L
X
le-8 x
—— E10 Triplicate
e E11 Triplicate
le-9 +—————H — 1

Figure 5.23: Hydraulic conductivity data and graph of sample E10-E11 (Triplicate)
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Hydraulic conductivity for E12, E13, E14

E12 E13 El4
Dry Density, kN/m’ (pcf) 18.77 (110.49) 18.99 (120.88) 18.62 (118.55)
Compaction Energy, kJ/m’ (ft-1b/ft)) 203.58 (4252) 203.58 (4252) 203.58 (4252)
Number of Blows/Layer 12 Blows,2layers 12 Blows,2layers 12 Blows,2layers
Geotextile NW 6 NW 6 NW 6
AOS (mm) 0.212 0.212 0.212
Gradient 5 5 5
Test Duration (hours) 14.87 9.57 4.83
Average k (m/sec) 1.94 ¢-6 3.24 ¢-6 6.44 ¢ -6
Standard Deviation for k 5.87 e-7 1.09 e-6 1.39e-7
Void Ratio, e 0.32 0.30 0.33
Porosity, n 0.24 0.23 0.25
Cumulative Permeant Volume (ml) 3650 4250 4515
Pore volume, pV (ml) 211.78 204.01 217.08
k vstfor E12- E14
le-4 ¢
le-5 ¢ -
E o \vo Y - v ’ o
) s . i
% e}
E le-6 *E*
~ L
I e E12
E13
le-7 E14
1e_8 T | } T | } T B | } T B | } T B | } L L } I R B | } I R B | } T |
0 2 4 6 8 10 12 14 16

Time (hours)

Figure 5.24: Hydraulic conductivity data and graph of sample E12-E14
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Hydraulic conductivity for E15, E16, E17

E15 El6 E17
Dry Density, kN/m’ (pcf) 16.08 (102.36) 17.30 (110.16) 17.33 (110.15)
Compaction Energy, kJ/m” (fi-Ib/ft’) 67.84 (1417) | 67.84 (1417) 67.84 (1417)
Number of Blows/Layer 4 Blows,2layers | 4 Blows,2layers 4 Blows,2layers
Geotextile NW 6 NW 6 NW 6
AOS (mm) 0.212 0.212 0.212
Gradient 5 5 5
Test Duration (hours) 13.77 18.28 8.53
Average k (m/sec) 6.73 e-6 5.56 e-6 1.06 e-5
Standard Deviation for k 1.65 e-6 1.18 e-6 1.65¢ -6
Void Ratio, e 0.54 043 0.43
Porosity, n 0.35 0.30 0.30
Cumulative Permeant Volume (ml) 13310 13270 13000
Pore volume, pV (ml) 306.80 263.70 262.65
k vs t for E15- E17
le-4 —
le-5 T
m ; o oo
g - o
£ L
< L
le-6 *:*
L —e— EI15
I E16
L v E17
1e_7 T T T TN N TN S TN S I S T W1 | L | | | | |
0 2 8 10 12 14 16 18 20

Time (hours)

Figure 5.25: Hydraulic conductivity data and graph of sample E15-E17
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Hydraulic conductivity for E18, E19, E20

E18 E19 E20
Dry Density, kN/m® (pcf) 16.39 (104.32) 17.85 (113.65) 18.07 (115.06)
- 3 3
Compaction Energy, kJ/m” (ft-Ib/ft') 135.73 (2835) 135.73 (2835) 135.73 (2835)
Number of Blows/Layer 8 Blows,2layers 8 Blows,2layers 8 Blows,2layers
Geotextile NW 6 NW 6 NW 6
AOS (mm) 0.212 0.212 0.212
Gradient 7.14 7.14 7.14
Test Duration (hours) 15.08 9.77 16.17
Average k (m/sec) 4.39 e-6 6.50 e-6 4.05 e-6
Standard Deviation for k 5.48 e-7 9.52 e-7 7.99 e-7
Void Ratio, e 0.51 0.39 0.37
Porosity, n 0.34 0.28 0.27
Cumulative Permeant Volume (ml) 13650 13425 13450
Pore volume, pV (ml) 295.85 24428 236.51
k vs t for E18- E20
le-4 -
T W
- I
3
L\E/ le-6 *g
X
le-7 Et
r —— EI18
—— E19
E20
le-8 | | ]
0 2 4 6 8 10 12 16 18 20

Figure 5.26: Hydraulic conductivity data and graph of sample E18-E20
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5.3.2. Blended Refuse (BR) Samples
Hydraulic conductivity for F4, F5, F6

F4

F5

Fo6

Dry Density, kN/m’ (pcf)

16.08 (102.38)

16.77 (106.74)

16.64 (105.94)

Compaction Energy, kJ/m’ (ft-1b/ft’)

381.73 (7973)

381.73 (7973)

381.73 (7973)

Number of Blows/Layer 15 Blows,3layers 15 Blows,3layers 15 Blows,3layers
Geotextile NW 6 NW 6 NW 6
AOS (mm) 0.212 0.212 0.212
Gradient 32.5 32.5 32.5
Test Duration (hours) 195.67 195.78 195.77
Average k (m/sec) 1.74 e-8 1.27 e-8 9.50 e-9
Standard Deviation for k 4.14 ¢-9 2.12 ¢-9 3.93¢9
Void Ratio, e 0.40 0.34 0.35
Porosity, n 0.29 0.26 0.26
Cumulative Permeant Volume (ml) 3147 2324 1675
Pore volume, pV (ml) 250.0 223.19 228.24

k vs t for F4-F6

le-6 ¢

le-7 +

k (m/sec)

le-8 +

le-9 +——r——r—

100 150

Time (hours)

250

Figure 5.27: Hydraulic conductivity data and graph of sample F4-F6
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Hydraulic conductivity for F7, F8, F9

F7 F8 F9
Dry Density, kN/m’ (pcf) 15.41(98.09) 14.92 (94.95) 15.27(97.24)
Compaction Energy, kJ/m’ (ft-1b/ft’) 127.26 (2658) 127.26 (2658) 127.26 (2658)
Number of Blows/Layer 15 Blows, 1layer 15 Blows, 1layer 15 Blows, 1layer
Geotextile NW 6 NW 6 NW 6
AOS (mm) 0.212 0.212 0.212
Gradient 15 15 15
Test Duration (hours) 6.28 7.63 7.32
Average k (m/sec) 3.37 e-6 4.65 e-6 2.90 e-6
Standard Deviation for k 1.07 e-6 2.23 e-6 8.59 e-7
Void Ratio, e 0.46 0.61 0.57
Porosity, n 0.32 0.38 0.36
Cumulative Permeant Volume (ml) 8887 13685 9050
Pore volume, pV (ml) 276.03 330.56 317.79
k vs t for F7-F9
le-4 ¢
le-5 s ° °
o ’ S
q) o
é le-6 -
x
| —— F7
le-7 % © F8
v F9
le-8 A 1 1 1
0 2 4 6 8 10

Time (hours)
Figure 5.28: Hydraulic conductivity data and graph of sample F7-F9
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Hydraulic conductivity for F10, F11, F12

F10 F11 F12
Dry Density, kN/m’ (pcf) 14.75 (93.88) 14.84 (94.49) 14.86 (94.57)
Compaction Energy, kJ/m’ (ft-1b/ft)) 127.26 (2658) 127.26 (2658) 127.26 (2658)
Number of Blows/Layer 15 Blows,1layer 15 Blows,1layer 15 Blows,1layer
Geotextile NW 16 NW 16 NW 16
AOS (mm) 0.150 0.150 0.150
Gradient 15 15 15
Test Duration (hours) 8.25 8.25 8.27
Average k (m/sec) 8.63 e-7 5.96 e-7 1.05 e-6
Standard Deviation for k 2.32e-7 1.05 e-7 7.54 e-7
Void Ratio, e 0.53 0.52 0.52
Porosity, n 0.34 0.34 0.34
Cumulative Permeant Volume (ml) 2990 2113 3660
Pore volume, pV (ml) 301.67 298.18 297.40

k vs t for F10-F12

le-5 ¢
y
le-6
)
[}
v
£
4
le-7 +
—— F10
° F11
v F12
le-8 T — 1
0 2 4 6 8 10

Time (hours)

Figure 5.29: Hydraulic conductivity data and graph of sample F10-F12
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Hydraulic conductivity for F13, F14 (No Geotextile)

k (m/sec)

F13

F14

Dry Density, kN/m’ (pcf)

15.69 (99.87)

15.78 (100.48)

Compaction Energy, kJ/m’ (ft-Ib/ft’)

127.26 (2658)

127.26 (2658)

Number of Blows/Layer 15 Blows,1layer 15 Blows,1layer
Geotextile - -
AOS (mm) - -
Gradient 15 15
Test Duration (hours) 11.93 23.36
Average k (m/sec) 6.42 e-7 4.63 e-7
Standard Deviation for k 4.87 e-7 4.12 e-7
Void Ratio, e 0.43 043
Porosity, n 0.30 0.30
Cumulative Permeant Volume (ml) 2857 4271
Pore volume, pV (ml) 265.15 261.66
k vs t for F13-F14
le-5 ¢
le-6 T
16-7 ’; 9
le-8 T
—— F13
> Fl4

le-9 ] | | e

0 5 10 15 20 25

Time (hours)
Figure 5.30: HC data and graph of Blended Refuse sample W/O Geotextile F13-F14
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Hydraulic conductivity for F15

F15
Dry Density, kN/m’ (pcf) 13.56 (86.34)
Compaction Energy, kJ/m’ (ft-1b/ ft3) 102.17 (2134)
Number of Blows/Layer 4 Blows,3layers
Geotextile NW 6
AOS (mm) 0.212
Gradient 32.5
Test Duration (hours) 342.33
Average k (m/sec) 2.44 e-7
Standard Deviation for k 3.56 -7
Void Ratio, e 0.57
Porosity, n 0.36
Cumulative Permeant Volume (ml) 29359
Pore volume, pV (ml) 318.91
k (m/s) vs Time for F15

le-5 ¢

k (m/sec)

le-8 +
—&— F15
—— Fit Curve
1e_9 1 1 1 1 % 1 1 1 1 % 1 1 1 1 % 1 1 1 1 % 1 1 1 1 % 1 1 1 1 % 1 1 1 1 %
0 50 100 150 200 250 300 350

Time (hours)

Figure 5.31: Hydraulic conductivity data and graph of BR (60/40) sample F15
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6. DATA ANALYSIS & RESULTS

6.1. Results
6.1.1. Coal Refuse Properties

The g eotechnical material p roperty 1 aboratory r esults for t he co arse co al r efuse (CCR) and fine c oal

refuse (FCR) data are presented below in Table 6.1, Table 6.2 and Table 6.3.

Coarse Coal refuse

Table 6.1: CCR Data Comparison

Comparison of Coarse Coal Refuse (CCR) DATA

R1 R2 R3 R4 RESEARCH DATA
Gs 2,2.2,1.9 1.7,1.2,23 | 202 | 15-2.8 2.54
LL - - - 25-35 % 28.40%
PI - - - <12 % 7.34%
va(Pcf) | 90.6,92.2,88.6 | 98.1,989,101 | 115 — 115.98 - 124.64
k (cm/s) 1.38 * 10+ - -~ | 10%6t0 102 5.06 * 10+

R1- R.A. Busch, R. R. Baker, L. A. Atkins (1985)

R2- Files of West Virginia Department of Natural Resources, West Virginia
R3- Hegazy et al. (2004)

R4- MSHA (2009)

Fine Coal Refuse
Table 6.2: FCR Data Comparison
Comparison of Fine Coal Refuse (FCR) DATA
R5 R6 R3 R4 RESEARCH DATA
Gs 1.6,1.7, 1.5 1.8,1.5,1.6 1.52 1.4-2.3 1.875

R3- Hegazy et al. (2004)

R4- MSHA (2009)

R5- R.A. Busch, R. R. Baker, L. A. Atkins (1975)
R6- R.A. Busch, R. R. Baker, L. A. Atkins (1977)
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Grain Size Distribution

Table 6.3: GSD Data Comparison of CCR and FCR

Comparison of Grain Size Distribution DATA

R1 R2 RESEARCH DATA
CCR FCR CCR | CCR BR (80/20) BR (60/40)
Dso 1.23 0.127 0.9 2.2 1.1 0.5
Dis 0.15 | 0.68 0.12 0.086
Dio | <0.075 0.01 0.09 | 0.53 0.045 0.069
o 19.6 | 17.77 | 5.09 35.56 13.04

R1- Hegazy et al. (2004)
R2- MSHA (2009)

Evaluation of this tabulated data tends to indicate the following observations:

The specific gravity of both coarse coal refuse (2.54) and fine coal refuse (1.87) are within the
range of the published references.

The dry density values of coarse coal refuse (115 pcf-124 pcf) are within the published limits.
The Atterberg limits of coarse coal refuse (LL-28.4, PL-21.06 and P1-7.34) are within the range
specified by MSHA.

The average Hydraulic c onductivity values of coarse ¢ oal refuse (5.06 *10™* cm/s) are wi thin
range of published reference.

In Table 6.3, the D5y, D5, Dyo, C, values of coarse coal refuse used for research are larger in
particle d iameter co mpared to the references. C omparison o f the differences indicates that the
CCR used for the research contained less fine particles.

The research data for the fine coal refuse had a higher fines percentage compared with the range

of the published values.
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Unified Soil Classification of CCR and FCR

Soil classification was performed following the Unified Soil Classification System (USCS) (ASTM D-
2487). Results of the classification for the refuse materials used in this study are presented below:

Material Description:

Material Description:

Coarse Coal Refuse as received from field

Group Symbol: GW  Group Name: Well Graded Gravel with Sand
Coarse Coal Refuse passing No. 4 Sieve (laboratory tested material)
Group Symbol: SP Group Name: Poorly Graded Sand

Blended Refuse (% coarse coal refuse + % fine coal refuse)

80/20 mix:

Group Symbol: SC Group Name: Clayey Sand

60/40 mix:

Group Symbol: SC Group Name: Clayey Sand
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Grain-Size Distribution Data Analysis

The initial grain-size distribution of coarse coal refuse material passing No .4 sieve and the two blended

fine coal refuse specimens are illustrated below in Figure 6.1 along with the corresponding data analysis.

PercentFiner

Grain Size Distribution
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Cobbles Cozrse S Fine Cosrse | mdi?nnd Fine Siit or Clay
CCR BR (60% CCR,
BR (80% CCR, 40% FCR passing
20% FCR) No.100)

Dgs 39 3.5 2.9
Dgo 2.7 1.6 0.9
Dso 22 1.1 0.5
Dy 1.3 0.35 0.16
Dys 1.1 0.28 0.14
Dis 0.68 0.12 0.086
Dy 0.53 0.045 0.069
Cy 5.09 35.56 13.04
C. 1.18 1.70 041

Figure 6.1: Initial GSD graphs and data of CCR, BR samples
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6.1.2. Different compaction energies for CCR
Figure 6.2 is a graph presenting the results of four coarse coal refuse compaction density curves. The
curves illustrate the dry d ensity vs. m oisture co ntent p ercentage for t he t ested m aterial r anging from

optimum compaction energy of 13,288 ft-Ib/ft’ to reduced compaction energy of 1,417 ft-1b/ft’.

Various Compaction Energies of CCR

130
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v - - 8Blows, 2 layers (2835 ft-Ib/ft%)
s 4 Blows, 2 layers (1417 ft-Ib/ft®)
Figure 6.2: Different Compaction Energies graphs of CCR
Results:

e The graph for the optimum compaction was plotted as a double peak because the liquid limit (LL)

value was calculated less than 30.

e The reduced compaction curves show a one and one-half peak also consistent with LL<30 soil.
The increase in the full peak is expected because of the capillary tension effect occurring from the

increase in moisture content.
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6.1.3. Different compaction energies for BR (80/20 mix)
Figure 6.3 shows the results of compaction curves of blended refuse (80/20 mix) at optimum and reduced
compaction energy levels. Two different compaction energies were used ranging from optimum 13,288

ft-Ib/ft’ to low compaction energy of 2,658 ft-Ib/ft’.

Various Compaction Curves- Blended Refuse (80/20 Mix)
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—s— Standard Compaction
==wx== 15 blows 1 layer

Figure 6.3: Different Compaction Energies graphs of BR (80/20 mix)

The reduced compaction curves show a one and one-half peak because of the capillary tension occurring

from the increased fine percentage and water content.
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6.1.4. Hydraulic Conductivity Graphs of CCR (combined)

The hydraulic conductivity of coarse coal refuse samples compacted at different compaction energies are

shown in Figure 6.4.

Hydraulic Conductivity Graphs of CCR at Various Compaction Energies

le-4 ¢
le-5 + A -~ /A N
Eoat o T e — e
v v § /w/ﬁ v— /A T Ty \“F—féf 2 \"‘ﬂ—ftwi— .
v Y v M4
é le-6 T °
v C
le-7 -
le-8 +———
0 2 4 6 8 10 12 14 16
Time (hours)
. 25 Blows, 3 Layers (13288)
° 12 Blows, 2 Layers (4252)
v - 8 Blows, 2 Layers (2835)
a 4 Blows, 2 layers (1417)

Figure 6.4: Hydraulic Conductivity Graphs of CCR at Various Compaction Energies

Evaluation of the graphed data in Figure 6.4 tends to indicate the following observations:

e For all compaction densities it appears that no natural filter was formed as evidenced by little to
no reduction in hydraulic conductivity being observed. This trend indicates that the filter fabric
clogging was not occurring.

e AsperRao,etal 1991, the pe rmeability of the opt imum c ompacted r efuse i s one order o f
magnitude (2.35 * 10 m/s) lower than the reduced compaction. The trend in k tends to indicate
an unstable filter condition exists during the test duration and that a stable equilibrium condition
was not reached during the testing period.

e No filter stability appeared to develop even after 10 hour s of permeation for any of the coarse

coal refuse samples.
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6.1.5. Hydraulic Conductivity Graphs of BR (80/20 mix)

The gr aph s howing t he Hydraulic ¢ onductivity of bl ended refuse sa mples wh ich ar e co mpacted at

different compaction energies is shown in Figure 6.5.

Hydraulic Conductivity of Blened Refuse Samples at various Compaction Energies

le-4

le-5 +

le-6 +

k (m/s)

le-7 +

le-8 +

le-9 T T T T T
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Time (hours)

—— 15 Blows, 3 Layers (80/20 mix)
—— 15 blows, 1 Layers (80/20 mix)

Figure 6.5: Hydraulic Conductivity Graphs of BR samples at Different Compaction Energies
The Figure 6.5 tends to indicate the following observations:
e Reduction in hydraulic conductivity of the blended refuse 80/20 mix samples was not observed
which indicates that no filter stability developed even with a 20% increase in fines.

e No change in hydraulic conductivity of the blended r efuse sa mples developed even at 1 ower

compaction e nergies t ending t o i ndicate minimal movement o f particle fines for t he s elected

hydraulic gradient.
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6.1.6. Hydraulic Conductivity Graphs of BR (60/40 mix)

Hydraulic conductivity of blended refuse 60/40 mix samples is shown in Figure 6.6

k (m/s) vs Time for F15

le-5 r

le-6

k (m/sec)
&
~
|

le-8 *;
—&— F15
—— Fit Curve
le-9 Y
0 50 100 150 200 250 300 350

Time (hours)

Figure 6.6: Hydraulic Conductivity Graph of BR 60/40 mix sample.

Evaluation of the graph in the Figure 6.6 leads to following observations:

A stable filter was formed after 75 hours of test and continued at the same rate for approximately

350 hours at which time the test ended.
Hydraulic co nductivity values r educe from an initial value on the order of 1 * 10° m/s and

stabilize to a value of 1 * 107 m/s.

Filter stability was achieved due to the increase in fines percentage.
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6.1.7. Hydraulic Conductivity testing with Acid as Permeant

Hydraulic conductivity for E15, E15A-1, E15A-11
E15 E15A-1 E15A-10
Dry Density, kN/m’ (pcf) 16.08 (102.36) 14.84 (94.48) 14.66 (93.31)
Compaction Energy, kJ/m’ (ft-Ib/ft’) 67.84 (1417) 67.84 (1417) 67.84 (1417)
Number of Blows/Layer 4 Blows,2layers 4 Blows,2layers 4 Blows,2layers
Geotextile NW 6 NW 6 NW 6
AOS (mm) 0.212 0.212 0.212
Gradient 5 5 5
Test Duration (hours) 13.77 3.60 8.55
Average k (m/sec) 6.73 e-6 1.38 e-5 1.69 e-5
Standard Deviation for k 1.65 e-6 1.47 e-6 2.15e-5
Void Ratio, e 0.54 0.67 0.69
Porosity, n 0.35 0.40 0.41
Cumulative Permeant Volume (ml) 13310 7258 12390
Pore volume, pV (ml) 306.80 353.31 359.76
E15 with water and Acid as permeant
le-3 ¢
le-4 T *
. . o =4 -o .00 ** *
— 1e_5 7;0* ek *
(8} = *
] * *
R
E
< le6 +
le-7 = —————  E15(Water)
f . E15A-1 (Acid)
* E15A-II (Acid)
le-8 +——— 1 | | e
0 2 4 6 8 10 12 14 16

Time (hours)

Figure 6.7: HC Data and Graphs of CCR samples with Water and Acid permeants
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Hydraulic conductivity for F11A,

F11A-1, F11A-11

F11 F11A-1 FI11A-II
Dry Density, kN/m’ (pcf) 14.84 (94.49) 14.11 (89.84) 14.47 (92.11)
Compaction Energy, ki/m” (ft-Ib/ft’) 127.26 (2658) 127.26 (2658) 127.26 (2658)
Number of Blows/Layer 15 Blows,1layer 15 Blows,1layer 15 Blows,1layer
Geotextile NW 16 NW 16 NW 16
AOS (mm) 0.150 0.150 0.150
Gradient 15 13.68 13.68
Test Duration (hours) 8.25 5.75 4.77
Average k (m/sec) 5.96 e-7 7.97 e-6 6.31 e-6
Standard Deviation for k 1.05 e-7 2.68 e-6 9.52 e-7
Void Ratio, e 0.52 0.59 0.55
Porosity, n 0.34 0.37 0.35
Cumulative Permeant Volume (ml) 2113 17465 15040
Pore volume, pV (ml) 298.18 327.175 313.33

F11 with water and Acid as permeant

le-4 ¢
le-5 - ) ' :
F e e - *°.* ° FxP ex
o
3
= 1le-6 ¢
£ F
> W
le-7 s
F F11 (Water)
. F11A-1 (Acid)
* F11A-1I (Acid)
le-8 ————— 1 1 1
0 2 4 8

Time (hours)
Figure 6.8: HC Data and Graphs of BR samples with Water and Acid permeants
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Hydraulic conductivity for F15A (with beads)

F15

F15A-1

Dry Density, kN/m” (pcf)

13.56 (86.34)

13.22 (84.14)

Compaction Energy, kJ/m’ (ft-1b/ft’)

102.17 (2134)

102.17 (2134)

Number of Blows/Layer 4 Blows,3layers 4 Blows,3layers
Geotextile NW 6 NW 6
AOS (mm) 0.212 0.212
Gradient 32,5 32.5
Test Duration (hours) 342.33 170.72
Average k (m/sec) 2.44 e-7 5.46 e-7
Standard Deviation for k 3.56 e-7 6.25 e-7
Void Ratio, e 0.57 0.61
Porosity, n 0.36 0.38
Cumulative Permeant Volume (ml) 29359 31408
Pore volume, pV (ml) 318.91 338.62

F15 with water and acid as permeant (with beads)

le-4 +

le-5 -

k (m/sec)

le-7 -

le-8 +

F15 (water)

F15A-1 (Acid)

le-9 —
0 100

200

300

Time (hours)
Figure 6.9: HC Data and Graphs of BR samples with Water and Acid permeants (with beads)
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The results of these permeability tests shown in Figures 6.7 to 6.9 indicate an increase in the hydraulic
conductivity. T his increase is attributed to the low pH value causing flocculation of the fine particles

consistent with previous research (Bowders, 1989)
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6.1.8. Post Grain Size Distribution
Post grain-size distribution of coarse coal refuse samples was performed for the compacted samples. Post
grain si ze sieve analysis was performed in F igures 6. 11 to 6.20 to an alyze t he p ercentage o f f ines

increased due to compaction.

Coarse coal refuse samples

The post GSD of coarse coal refuse samples are shown from Figure 6.10 to Figure 6.19.
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Figure 6.10: Post GSD Data and graphs of E7 Sample
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Post GSD by layers for CCR Sample E12 [y,= 119.49 pcf, 12Blows 2Layers]

Figure 6.11: Post GSD Data and graphs of E12 Sample
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Post GSD by layers for CCR Sample E13 [y,= 120.88 pcf, 12Blows 2Layers]

Figure 6.12: Post GSD Data and graphs of E13 Sample
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Post GSD by layers for CCR Sample E14 [y,= 118.55 pcf, 12Blows 2Layers]
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Figure 6.13: Post GSD Data and graphs of E14 Sample
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Post GSD by layers for CCR Sample E15 [y,= 102.36 pcf, 4Blows 2Layers]
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Figure 6.14: Post GSD Data and graphs of E15 Sample
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Post GSD by layers for CCR Sample E16 [y,= 110.16 pcf, 4Blows 2Layers]
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Figure 6.15: Post GSD Data and graphs of E16 Sample
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Post GSD by layers for CCR Sample E17 [y,= 110.15 pcf, 4Blows 2Layers]

Figure 6.16: Post GSD Data and graphs of E17 Sample
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Post GSD by layers for CCR Sample E18 [y,= 104.32 pcf, 8Blows 2Layers]
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Figure 6.17: Post GSD Data and graphs of E18 Sample
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Post GSD by layers for CCR Sample E19 [y,= 113.65 pcf, 8Blows 2Layers]
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Figure 6.18: Post GSD Data and graphs of E19 Sample
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Post GSD by layers for CCR Sample E20 [y,=115.06, 8blows 2layers]
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Figure 6.19: Post GSD Data and graphs of E20 Sample
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Grading envelope of CCR
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Analysis of post GSD graphs of coarse coal refuse (CCR) specimens leads to following observations:

e Thereisan o verall an d co nsistent movement i n the g rain-size di stribution c urves f or t he
compacted samples of coarse coal refuse.

o The fines increase range was approximately constant for the different compaction energies.

o There appears to be similar amount of fines percentage between loose compacted samples and the
optimum compacted samples.

e For example, the percentage variation in the particle size is a minimum at 8.82% and a maximum
at 31% for the different particle sizes.

e The shift of post grain-size distribution curve to the right indicates that fines are increased due to

compaction effort which causes a crushing of the particles.

Coal Refuse Particle Disintegration

Observations showing the increases in the fine particle percentages of the compacted refuse occurs due to
the following reasons: 1) inter-granular crushing of the refuse from the compaction effort and ii) slaking of

the fine particles leading to disintegration.

Inter-granular particle crushing of the refuse particles occurs in the coarse and fine fraction. This occurs

from the compaction effort applied to the material causing particle stresses that reduce particle diameters.

Slaking is the crumbling and disintegration of materials when exposed to air or water. Previous research
by D’Appolonia (1980) reported that the mechanisms of slaking occur from breaking of dried clay when
saturated with water due either to compression o f entrapped air by inward migrating capillary water or
progressive swelling. D’ Appolonia discusses that slaking is the short term disintegration process which
occurs in geologic material due to internal stress increases. The physical and chemical characteristics of
the geologic material significantly increase the probability of slaking in common sedimentary materials,
such as coal refuse. The release of confining stresses due to mining and post material processing create
partial openings and cracking along weak planes. F actors affecting s laking include the particle size of

fine-grained sediments.
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Blended refuse samples

The post GSD of coarse coal refuse samples are shown from Figure 6.10 to Figure 6.22.

Post GSD by layers for BR Sample F4 [y,= 102.38 pcf, 15blows 3layers]
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Figure 6.20: Post GSD Data and graphs of F4 Sample
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Post GSD by layers for BR Sample F5 [y,= 106.74pcf, 15blows 3layers]

Figure 6.21: Post GSD Data and graphs of F5 Sample
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Post GSD by layers for BR Sample F6 [yd= 105.94pcf, 15blows 3layers]

Figure 6.22: Post GSD Data and graphs of F6 Sample
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Grading envelope of BR (80/20)
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Analysis of Post GSD graphs of blended refuse (80/20 mix) samples lead to following observations:

e The post grain-size distribution of blended refuse (80/20 mix) samples indicate that, aggregation
of fines occurring and due to that the GSD curve shift to a more larger particle size arrangement
occurring because of binding of particles with fines.

e The aggregation of crushed fine particle <Dg to D; as compared to the coarse coal refuse (CCR)
is that the post GSD of blended refuse samples resemble the original GSD of coarse coal refuse.

o The ag gregation o f't he fine p articles i s co nsistent wi th p revious o bservations on t he s laking
effects of the refuse. The slaking produces the fine materials and causes the increase in packing

density leading to hydrological impacts such as reduced porosity.

The analysis of blended refuse 60/40 mix sample was not performed because the sample was analyzed by

the chemistry department for the particle movement tracking experiments.
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Post GSD of Acid permeant Samples

The post grain-size distribution was p erformed on the coarse coal refuse (CCR) samples, blended refuse

80/20 mix samples, and blended refuse 60/40 mix samples.

Figure 6.23: Post GSD Data and graphs of E15 Acid Sample
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Post GSD by layers for CCR Sample E15A [y,= 94.48 pcf, 4Blows 2Layers]
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Post GSD by layers for BR Sample F11A [y,= 92.11 pcf, 15Blows 1Layer]

Figure 6.24: Post GSD Data and graphs of F11 Acid Sample
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Post GSD by layers for BR Sample F15A [y,=81.68pcf, 4Blows 3Layers]

Figure 6.25: Post GSD Data and graphs of F15 Acid Sample
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Post GSD by layers for BR Sample F15A-I [y,=81.13pcf, 4Blows 3Layers]
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Figure 6.26: Post GSD Data and graphs of F15 Acid Sample-I
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Post GSD by layers for BR Sample F15A-II [y,=80.03pcf, 4Blows 3Layers]
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Figure 6.27: Post GSD Data and graphs of F15 Acid Sample-II
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Overall GSD comparisons with Water and Acid Permeants

The post GSD of CCR samples, BR 80/20 mix samples, BR 60/40 mix samples which are permeated with

water and acid are compared for the analysis of acid effects.
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Figure 6.28: Post GSD Comparisons of E15 sample with water and Acid permeants
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F11

Post GSD by layers for Initial BR (80/20), F11A
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Figure 6.29: Post GSD Comparisons of F11 sample with water and Acid permeants
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F15

Figure 6.30: Post GSD Comparisons of F15 sample with Acid permeants
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The post GSD comparison of CCR, BR samples with acid and water permeants which are shown from

Figure 6.23 to Figure 6.30 lead to following observations:

e For the C CR samples which ar e tested using the Acid p ermeant, t he shift of GSD curve o f
compacted sample merges with the original GSD of CCR indicating the acid is flocculating the
samples wh ich cau se t he ag gregation o f materials. T his t rend i s co nsistent wi th f locculation
effects of fine grained soils in the presence of a low pH (acid) environment (Bowders et.al,1989)

e For blended refuse sample both 80/20 mix and 60/40 mix, the post GSD of acid samples indicate

that acid is flocculating the samples leading to an increase in the hydraulic conductivity.
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6.1.9. Geotextile Filtration & Clogging Design Analysis

The p roperties o f g eotextiles an d t he p roperties o f co al r efuse tested were used for the e valuation o f
geotextile d esign. T hreet ypes o fd esign cr iteria wer e co mpared. T hey ar e R etention cr iteria,
Permeability/Permittivity criteria, a nd C logging c riteria. Tw o ty pes o fs amples were used forth e
comparison. T hey ar e co arse co al r efuse (CCR) and blended r efuse ( BR). I n the b lended r efuse t wo
different mix proportions were used for the blending 80% coarse to 20% fine; and 60% coarse to 40%

fine.

The soil parameters required for the design criteria are grain-size distribution, hydraulic conductivity and
other g eotextile p arameters. T he s amples w ere co mpacted an d t hen h ydraulic co nductivity t est was
performed. After hydraulic conductivity test, the sample was divided into three layers and then grain-size
distribution was performed to assess the fine particle movement. The geotextile design will also be
evaluated wi th the p ost grain size o f the soil samples. T he so il samples wer e co mpacted at d ifferent

compaction energies as referenced inFigure 3.3.

1. Coarse coal refuse (Initial GSD)

The following are the parameters of cal refuse and geotextiles required for evaluation of geotextile design.

Table 6.4: Geotextile Filtration Design Parameters

Parameters of Coal Parameters of
Refuse Geotextile

Dgs 3.9 | AOS (mm) 0.212
Dgo 2.7 | k (cm/s) 0.3
Ds 22| ¥ (s 1.5
Dis 0.68
Do 0.53
C, 5.09

a) Retention criteria:

MSHA (2009): AOS (O95) < B * Dgs

Where B= 8/Cu= 8/5.09=1.57, Dgs= 3.9, AOS=0.212

= 0212<157*39
0.212<6.123 PASS
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J.P. Giroud (1988):

0 g5 < Ag Dgs

Where Ag= 18*C, "= 18%(5.09)" "= 1.132,

= 0.212<1.132%3.9
0.212<4.14 PASS

b) Permeability (k) and Permittivity (W) criteria:

MSHA (2009):

Where kgeo= 0.30 cm/s, kyii = (D10)*= (0.53)* = 0.28 cm/s

= 0.30>0.28 PASS
J.P. Giroud (1988):
Where k, ;= 0.28 cm/s

= 0.30>0.28/10

0.30>0.028 PASS
MSHA (2009):
Yoeo= 1.5 sec’!
= 1.5>05 PASS

C) Clogging Criteria:
0.212>3* 0.68,

0.212>2.07 FAIL

kgeotextile = ksoil

kgeotextile = ksoil/lo

Woeo = 0.5 sec”!

AOS (0g5) = 3 * D5
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2. Coarse coal refuse (Post GSD) for compacted sample (E7)

The following are the parameters of cal refuse and geotextiles required for evaluation of geotextile design.

Table 6.5: Geotextile Filtration Design Parameters

Parameters of Parameters of
Coal Refuse Geotextile
Dss 3.7 | AOS (mm) | 0.212
Dgo 2.2 | k (cm/s) ——
Ds 1.75 | ¥ (s 1.3
Dis 0.54
Dyo 0.32
C, 6.87
a) Retention criteria:
MSHA (2009): A0S (0g5) < B * Dgs
Where B= 8/Cu= 8/6.875=1.16, Dgs= 3.7, AOS=0.212
= 0.212<1.16*3.7
0212<429 PASS
J.P. Giroud (1988): 0 g5 < Ag Dgs

Where Ag= 18*C, "= 18*(6.87)" "= 0.6786,

= 0.212<0.6786*3.7
0.212<2.51 PASS

b) Permeability (k) and Permittivity (W) criteria:

MSHA (2009): kgeotextite = Ksoit
= PASS
J.P. Giroud (1988): Kgeotextite = Ksoit/10

Where ky;= 5.82 *10™ cm/s
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= 0.30>5.82 *10%/10
0.30>5.82 *10° PASS

MSHA (2009): Woeo > 0.5 sec”
Yoeo=1.3 sec’!
= 1.3>0.5 PASS

C) Clogging Criteria: AOS (0g5) = 3 * D45

0.212>3*0.54,

0.212>1.62 FAIL
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3. Blended coal refuse 80/20 mix (Initial GSD)

The following are the parameters of cal refuse and geotextiles required for evaluation of geotextile design.

Table 6.6: Geotextile Filtration Design Parameters

Parameters of Blended | Parameters of
Refuse (80/20 mix) Geotextile

Dgs 3.5 | AOS (mm) |0.212
D60 1.6 | k (Cl’l’l/S) 0.3
Dso 1.1 | ¥ 6 1.5
Dis 0.12
Dio 0.045
C, 35.56

a) Retention criteria:

MSHA (2009): A0S (0g5) < B * Dgs

Where B=1, Dgs= 3.9, AOS=0.212

= 0212<1*35
0.212<35 PASS

J.P. Giroud (1988): 0 o5 < Ag Dgs
Where Ag= 18*%C, "= 18%(35.56) "= 0.041, D¥= 7+ D%

= 0.212<0.041*13.39
0.212<0.54 PASS

b) Permeability (k) and Permittivity (W) criteria:

MSHA (2009): kgeotextile = ksoil
Where ko = (D1o)>= (0.045)*= 2%107 cm/s
= 03>2%*10° PASS

J.P. Giroud (1988): kgeotextite = Ksoi1/10
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Where ky;= 2*10° cm/s

= 0.30>2*%10"/10
0.30>2*10" PASS

MSHA (2009): Yoo > 0.5 sec”
Pyeo= 1.5 sec”
= 15>05 PASS
C) Clogging Criteria: A0S (0g5) = 3 * Dq5

0.212>3*%0.12,

0.212>036 FAIL
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4. Blended coal refuse 80/20 mix (Post GSD) for compacted sample (F4)

The following are the parameters of cal refuse and geotextiles required for evaluation of geotextile design.

Table 6.7: Geotextile Filtration Design Parameters

Parameters of Blended | Parameters of
Refuse (80/20 mix) Geotextile

Dss 3.5 | AOS (mm) |0.212
D60 1.9 k (cm/s) 0.3
Ds 1.1 | ¥ (s 1.5
Dis 0.32
Dy 0.23
Cy 8.26

a) Retention criteria:

MSHA (2009): A0S (0g5) < B * Dgs

Where B=1, Dgs= 3.5, AOS=0.212

= 0212<1*35
0.212<3.5 PASS

J.P. Giroud (1988): 0 o5 < Ag Dgs
Where A\g= 18*C,""= 18*(8.26)"'= 0.497, D¥= Cy®7*pP

= 0.212<0.497%4.82
0.212<239 PASS

b) Permeability (k) and Permittivity (W) criteria:

MSHA (2009): kgeotextite = Ksoil
= PASS
J.P. Giroud (1988): Kgeotextite = Ksout/10
PASS
MSHA (2009): Yoo > 0.5 sec”
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Pye= 1.3 sec”
= 1.3>0.5 PASS

C) Clogging Criteria: AOS (Og5) = 3 * D5

0.212>3%0.32

0.212>0.96  FAIL
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5. Blended coal refuse 60/40 mix (Initial GSD)

The following are the parameters of cal refuse and geotextiles required for evaluation of geotextile design.

Table 6.8: Geotextile Filtration Design Parameters

Parameters of Blended | Parameters of
Refuse (60/40 mix) Geotextile

Dss 2.9 | AOS (mm) | 0.212
Deo 0.9 | k (cm/s) 0.3
Dso 0.5 | ¥ (s 1.5
Dis 0.086
Dy 0.069
Cu 13.04

a) Retention criteria:

MSHA (2009): AOS (O95) < B * Dgs

Where B=1, Dgs=2.9, AOS=0.212

= 0212<1*29
0212<29 PASS

J.P. Giroud (1988): 0 g5 < A Dgs
Where Ag= 18*C,"’=0.229, D¥= Cp® 7+ D%

= 0.212 <0.229*3.017
0.212<0.69 PASS

b) Permeability (k) and Permittivity (W) criteria:

MSHA (2009): kgeotextite = Ksoir
Where kqoii = (D1o)*= (0.069)*= 4.7%10 cm/s
=2 0.3>4.7¥10° PASS
J.P. Giroud (1988): kgeotextite = Kgoi1/10
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Where ky;= 2*10° cm/s

= 0.30>4.7%107/10
0.30>4.7%10° PASS

MSHA (2009): Yoo > 0.5 sec”
Pyeo= 1.5 sec”
= 15>05 PASS
C) Clogging Criteria: A0S (0g5) = 3 * Dq5

0.212 >3*0.086,

0.212>0.25 FAIL
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6. Blended coal refuse (Post GSD) for compacted sample (F15A-1)

The following are the parameters of cal refuse and geotextiles required for evaluation of geotextile design.

Table 6.9: Geotextile Filtration Design Parameters

Parameters of Blended | Parameters of
Refuse (60/40 mix) Geotextile
Dgs 3| AOS (mm) | 0.212
Dgo 1.35 | k (cm/s) 0.3
Ds, 0.88 | ¥ (s 1.5
Dis 0.09
Do 0.04
C, 33.75
a) Retention criteria:
MSHA (2009): AOS (Og5) < B * Dgs
Where B= 1, Dgs= 3, AOS=0.212
= 0212<1*3
0.212<3 PASS
J.P. Giroud (1988): 0 o5 < Ag Dgs
Where Ag= 18*%C, "= 18%(33.75)""= 0.497, D¥= Cu*"*D*

= 0.212 <0.045*10.33
0.212<0.46 PASS

b) Permeability (k) and Permittivity (W) criteria:

MSHA (2009): kgeotextite = Ksoir
= PASS
J.P. Giroud (1988): kgeotextite = Kgoi1/10
PASS
MSHA (2009): Yoo > 0.5 sec”
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Woeo= 1.3 sec”!
= 1.3>0.5 PASS

C) Clogging Criteria: AOS (Og5) = 3 * D5

0.212>3*0.07
0.212>0.21 PASS

The above analysis shows the geotextile design comparison for the selected samples of coarse coal refuse
and blended refuse. The complete analysis of geotextile design comparison of all the coarse coal refuse

and blended refuse samples is shown in the following pages:
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Overall design comparison for Coal Refuse

The f ollowing an alysis was b ased o n ev aluation of't he co al refuse properties i ncluding: gr ain-size
distribution, hydraulic ¢ onductivity and the geotextile properties. The geotextile filtration analysis was
performed mostly using the geotextile NW6 which has an apparent opening size (Oys) of 0.212 mm. It
was reasoned that the geotextile NW6 has the highest apparent opening size when compared to the other

geotextile which would promote clogging.

1. Initial non-compacted CCR Analysis:

Table 6.10: Initial CCR non-compacted samples Filtration Design Analysis

Comparison Criteria for CCR Initial GSD [Non-critical Conditions]
Sample |Compaction effort |Geotextile Retention Criteria k, W Cirteria Clogging Criteria
MSHA: J.P.Giroud: MSHA: MSHA: Ogs 2
ki/m3 (ft-Ib/ft%) Ogs < B*Dgg 095 < 1;*D85 Kgeo2 Keo (CM/5) 3*Dys
E7 636.21 (13288) Geotex 601 (0.212) | P (0.212<6.12) | P (0.212<4.14) | P (0.3020.28), (W>0.5) | F(0.212>2.07)
E8 636.21 (13288) Geotex 401 (0.212) | P (0.212<6.12) | P (0.212<4.14) | P (0.3020.28), (W>0.5) | F(0.212>2.07)
E9 636.21 (13288) Geotex 801 (0.180) | P (0.212<6.12) | P (0.212<4.14) | P (0.3020.28), (W>0.5) | F(0.212>2.07)
E10 636.21 (13288) GSENW 6(0.212) | P(0.212<6.12) | P(0.212<4.14) | P (0.3020.28), (¥>0.5) | F(0.2122>2.07)
E11 636.21 (13288) GSE NW 16 (0.150) | P (0.212<6.12) | P (0.212<4.14) | P (0.3020.28), (W>0.5) | F(0.212>2.07)
E12 203.58 (4252) GSENW 6(0.212) | P(0.212<6.12) | P(0.212<4.14) | P (0.3020.28), (¥>0.5) | F(0.212>2.07)
E13 203.58 (4252) GSENW 6(0.212) | P(0.212<6.12) | P (0.212<4.14) | P (0.3020.28), (W>0.5) | F(0.212>2.07)
E14 203.58 (4252) GSENW 6(0.212) [P (0.212<6.12) | P(0.212<4.14) | P (0.3020.28), (¥>0.5) | F(0.212>2.07)
E15 67.84 (1417) GSENW 6(0.212) | P(0.212<6.12) | P (0.212<4.14) | P (0.3020.28), (W>0.5) | F(0.212>2.07)
E16 67.84 (1417) GSENW 6(0.212) | P(0.212<6.12) | P (0.212<4.14) | P (0.3020.28), (W>0.5) | F(0.212>2.07)
E17 67.84 (1417) GSENW 6(0.212) | P(0.212<6.12) | P (0.212<4.14) | P (0.3020.28), (W>0.5) | F(0.212>2.07)
E18 135.73(2835) GSENW 6(0.212) | P(0.212<6.12) | P (0.212<4.14) | P (0.3020.28), (W>0.5) | F(0.212>2.07)
E19 135.73(2835) GSENW6(0.212) | P(0.212<6.12) | P(0.212<4.14) | P (0.30>0.28), (¥>0.5) | F(0.212>2.07)
E20 135.73(2835) GSENW 6(0.212) | P(0.212<6.12) | P (0.212<4.14) | P (0.3020.28), (W>0.5) | F(0.212>2.07)

Where, P-passes the test, F-fails the test.
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For th e initial n on-compacted co arse ¢ oal r efuse, t he R etention cr iteria 1 ead to t he following
observations:

e The CCR which had No .4 sieve passing requirement, the material p assed the retention
criteria established by MSHA and J.P.Giroud which specifies the range of 0.212 < 6.12
(MSHA) and 0.212 < 4.14 (J.P.Giroud).

For th e in itial n on-compacted C CR t he Pe rmeability/Permittivity c riteria ( k/W) i ndicated t he

following observations:

The C CR m aterial p assing No .4 si eve p assed t he p ermittivity cr iteria sp ecified b y
MSHA.

The permeability of the coal refuse was calculated using the formula k = (D;)*

e For the permeability criterion which is specified by MSHA, the initial CCR just passes
the test. F or examples, the C CR had kg of 0.28 compared w ith k o, of 0.30 with a
percentage difference of 6.67%.

For the initial non-compacted CCR the Clogging criteria lead to following observations:

o All ofthe coarse coal refuse passing the No.4 sieve material failed the clogging criteria
required by MSHA.
e For example, the geotextile AOS 0.212 > 2.07 (3*D;5). The D5 criterion is based on the

increase in fines tending more towards slurry (FCR) particle grain sizes.
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2. CCR Compacted samples Analysis:

Table 6.11: CCR Compacted samples Filtration Design Analysis

Comparison Criteria for CCR Post GSD [Non-critical Condititons]
Sample |Compaction effort |Geotextile Retention Criteria k, W Cirteria Clogging Criteria
MSHA: J.P.Giroud:

ki/m? (ft-Ib/ft3) Ogs<B*Dgs | 095<2:*D85 Kgeo > Keon (CM/S) MSHA: Ogs > 3*D;5
E7 636.21 (13288) Geotex 601 (0.212) | P (0.212<4.29) | P (0.212<2.51) | P (0.30>5.06*10%), (W>0.5)| F(0.21221.62)
E8 636.21 (13288) Geotex 401 (0.212) Rk ok ook ook
E9 636.21 (13288) Geotex 801 (0.180) kA ok kAR Rk
E10 636.21 (13288) GSE NW 6 (0.212) porRRK rorkkk HoHAAK HoHAAK
E11 636.21 (13288) GSE NW 16 (0.150) kKRR Rk HHAAK HHAAK
E12 203.58 (4252) GSENW 6(0.212) | P(0.212<4.66) | P (0.212<4.80) | P (0.30>5.82*10%), (W>0.5)| F(0.2122>1.62)
E13 203.58 (4252) GSENW6(0.212) | P(0.212<7.99) | P (0.212<5.52) | P (0.30>5.82*10%), (W>0.5)| F(0.21221.74)
E14 203.58 (4252) GSENW6(0.212) | P(0.212<5.56) | P (0.212<4.88) | P (0.30>5.82*10%), (W>0.5)| F(0.2122>1.86)
E15 67.84 (1417) GSENW6(0.212) | P(0.212<4.17) | P(0.212<2.42) | P (0.3021.43*107), (W>0.5)| F(0.21221.38)
E16 67.84 (1417) GSE NW 6 (0.212) P (0.212<4.80) [ P (0.212<4.76) | P (0.30> 1.43*10’3), (W>0.5) F (0.212 > 1.50)
E17 67.84 (1417) GSENW 6(0.212) | P(0.212<4.26) | P (0.212<4.76) | P (0.3021.43*10°), (W>0.5)| F (0.212 20.90)
E18 135.73(2835) GSENW6(0.212) | P(0.212<4.26) | P (0.212<3.94) | P (0.30>1.05*10), (W>0.5)| F (0.212>1.26)
E19 135.73(2835) GSENW 6(0.212) | P(0.212<5.96) | P (0.212<4.28) | P (0.3021.05*107), (W>0.5)| F(0.21221.41)
E20 135.73(2835) GSENW 6(0.212) | P(0.212<4.62) | P(0.212<2.94) | P (0.3021.05*10°), (W>0.5)| F (0.212 2 1.50)

Where,

P-passes the test,

F-fails the test, and

w*#x%- Did not perform GSD on samples
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For the compacted CCR the Retention criteria lead to following observations:

For the compacted CCR samples at varying compaction energies from 1, 417 ft-Ib/ft’ to
13,288 ft-Ib/ft’, all of the specimens passed both the M SHA and J.P.Giroud R etention
criteria.

For ex ample t he M SHA retention cr iteria wa s r anging as 0 .212 < 4.17mm (low) to
7.99mm (high), and J.P.Giroud retention criteria was ranging as 0.212 < 2.42mm (low) to
5.22 mm (high).

The da ta of the c ompacted C CR s howed a n i ncrease f rom 6. 12mm ( non-compacted
sample) to 7.99mm (compacted sample) and decrease from 6.12 to lowest value 4.17mm.

The percentage change for the low and high values would be 31.8% decrease and 23.4%

increase change. This reflects a wide performance range change.

For the compacted CCR the Permeability/Permittivity Criteria lead to the following observations:

The post grain-size distributions of the co mpacted C CR samples are shown in figures
6.12 to 6.21. The previous observations of shifting in the graphs have its performance
effects realized in the permeability criteria.

All o ft he co mpacted C CR sp ecimens p assed t he p ermittivity cr iteria sp ecified b y
MSHA.

All o ft he co mpacted C CR sp ecimens ( low t o h igh co mpaction) p assed t he M SHA
permeability criteria effectively. This is due to the increase compaction effort lowers the
hydraulic conductivity of samples which makes the permeability criteria to pass easily.
For example the various compaction energies produce the hydraulic conductivity ranging

from 1.43*10~ cm/s to 5.82*%10™ cm/s and these values are lower than Keeo (0.30cm/s).

For the compacted CCR the Clogging criteria lead to following observations:

All of the compacted CCR specimens failed the clogging criteria as per MSHA clogging
criteria.

For the different compaction energies, the criteria (3*D;5) values varies from a high value
1.86 to a low value of 0.90.

The p ercentage ch ange for cl ogging criteria v alues for n on-compacted an d co mpacted
specimens varied from 2.07 to 0.90 with a percentage ¢ hange of 56.5%. The clogging

criteria value was as close as from 2.07 to 1.86 with a percentage change of 10.1%.
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3. Initial non-compacted BR (80/20) mix Analysis

The design analysis of BR (80/20) mix non-compacted samples was based on the Table 6.12 which lead

to following observations:

Table 6.12: Initial non-compacted BR (80/20 mix) samples Filtration Design Analysis

Comparison Criteria for BR (80/20) Initial GSD [Non-critical Conditions]

Sample [Compaction effort |Geotextile Retention Criteria k, W Cirteria Clogging Criteria
MSHA: J.P.Giroud: MSHA:

ki/m® (ft-Ib/ft%) Ogs <B*Dgs | 095 < A*D85 Kgeo2 ksoi (cM/s) Ogs 2 3*Dy5
F4 381.73(7973) GSENW 6(0.212) | P(0.212<3.5) |P(0.212<0.54)| P (0.30 2 2*107), (W>0.5)| F(0.21220.36)
F5 381.73 (7973) GSENW 6(0.212) | P(0.212<3.5) |P(0.212<0.54)| P (0.30 2 2*107), (W>0.5)| F(0.21220.36)
F6 381.73(7973) GSENW 6(0.212) | P(0.212<3.5) | P (0.212<0.54)| P (0.30 2 2*107), (W>0.5)| F(0.21220.36)
F7 127.26 (2658) GSENW 6(0.212) | P(0.212<3.5) |P(0.212<0.54)| P (0.30 2 2*10%), (W>0.5)| F(0.21220.36)
F8 127.26 (2658) GSENW 6(0.212) [ P(0.212<3.5) | P(0.212<0.54)| P (0.3022*107), (¥>0.5)| F(0.21220.36)
F9 127.26 (2658) GSENW 6(0.212) | P(0.212<3.5) |P(0.212<0.54)| P (0.30 2 2*10%), (W>0.5)| F (0.212>0.36)
F10 127.26 (2658) GSENW 6(0.212) | P(0.212<3.5) |P(0.212<0.54)| P (0.30 2 2*10%), (W>0.5)| F (0.212>0.36)
F11 127.26 (2658) GSENW 6(0.212) | P(0.212<3.5) |P(0.212<0.54)| P (0.30 2 2*10°), (W>0.5)| F(0.212>0.36)
F12 127.26 (2658) GSENW 6(0.212) | P(0.212<3.5) |P(0.212<0.54)| P (0.30 2 2*107), (W>0.5)| F(0.21220.36)

Where, P-passes the test,

F-fails the test, and

*EkxdkERR* - did not perform post GSD on the samples.
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For the initial blended refuse (80/20) non-compacted samples, evaluation of the Retention criteria
leads to the following observations:

e All B lended r efuse ( 80/20 m ix) non -compacted samples p ass t he r etention cr iteria
specified by MSHA and J.P.Giroud. T he sp ecific range o f v alues for retention criteria
being 0.212 <3.5mm (MSHA) and 0.212 < 0.54mm (J.P.Giroud).

e The BR (80/20 mix) samples have less values o f 3.5mm when compared to value o f
6.12mm for CCR samples as per MSHA and have 0.54mm when compared to 4.14mm as
per J.P.Giroud. so the geotextile may fail retention criteria when they have soil sample

with more percentage of fines

For th e initial bl ended r efuse ( 80/20) non -compacted s amples, th e Pe rmeability/Permittivity

criteria lead to following observations:

e All the BR material passed the permittivity criteria specified by MSHA.

e The value of permeability of BR non-compacted sample was 2*107 cm/s, which is less
than kg, and passes the permeability criteria. The permeability of the initial CCR was
0.28 cm/sec and the initial BR (80/20 mix) was 2*10~ cm/s which tend to indicate that
the compaction effort resulting in the crushing of the fines results in a benefit by reducing

the D15 particle size and enables the permeability criteria to be met.

For t he i nitial bl ended r efuse ( 80/20) non -compacted s amples, t he C logging c riterial ead t o

following observations:

e All B lended r efuse n on-compacted s ample f ailed t he ¢ logging c riteria mentioned by
MSHA.

e For example, geotextile AOS 0.212 > 0.36mm (3*D;s5). The CCR value being 2.07mm
which indicates that for the steady refuse material there were insufficient fine particles to

satisfy the clogging criteria.
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4. Compacted BR (80/20 mix) Samples Analysis

The design analysis of BR (80/20) mix compacted samples was based on the Table 6.13 which lead to

following observations:

Table 6.13: BR (80/20 mix) Compacted samples Filtration Design Analysis

Comparison Criteria for BR (80/20) Post GSD [Non critical Conditions]
Sample |Compaction effort Retention Criteria k, W Cirteria [Clogging Criteria
MSHA: J.P.Giroud: MSHA:
ki/m? (ft-b/ft’) Ogs < B*Dgs 095 < A¢*D85  [Kgeo ke (cm/s) Ogs 2 3*Dys
F4 381.73 (7973) P (0.212<3.5) P (0.212<2.39) P F (0.212 > 0.96)
F5 381.73 (7973) P (0.212<3.5) P (0.212<2.63) P F (0.212 > 0.99)
F6 381.73 (7973) P(0.212<3.5) |P(0.212<1.98) P F (0.212>0.87)
F7 127.26 (2658) I R - R
F8 127.26 (2658) Fokokok K Kok KKK Hok kKK Kok KKK
F11 127.26 (2658) — I - -

Where, P-passes the test,

F-fails the test, and

wFkHsEx* - did not perform post GSD on the samples
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The pos t gr ain-size di stribution of ¢ ompacted s amples of bl ended r efuse ( 80/20 m ix) w as
performed on three samples only.
For compacted blended refuse samples, the Retention criteria lead to following observations:
e The Dgs of the compacted samples did not change significantly which lead to the same
observations as for non-compacted samples, that the material had a larger coarse fraction.
e The values being 0.212 > 3.5mm as per MSHA and low of 1.98mm to a high of 2.63mm
as per J.P.Giroud.

For the compacted blended refuse compacted samples, the Permeability/Permittivity criteria lead

to following observations:

e Allthe b lended r efuse co mpacted sa mples p assed b oth p ermeability an d permittivity
criteria.
o Theincrease in fines p ercentage o f't he sa mples d ecreases t he h ydraulic ¢ onductivity

which rate as a pass.

For the compacted blended refuse samples, the Clogging criteria lead to following observations:

e All the blended refuse (80/20 mix) compacted samples failed the clogging criteria given
by MSHA.

e Due to the particle binding and aggregation, the D;s value of BR compacted sample came
close to the C CR non-compacted sample. The lowest value being 0.87mm and hi ghest
value being 0.99mm.

e The clogging criteria v alues f or compacted BR samples i ncreases wh en co mpared to
non-compacted BR samples because of particle crushing and between the initial and final

particle size aggregation of the materials increase.
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5. BR (60%CCR., 40% passing No.100 sieve) samples analysis

The design analysis of BR (60/40) mix samples was based on the Table 6.14 which lead to following

observations:

Table 6.14: Initial non-compacted BR (60/40 mix) samples Filtration Design Analysis

Comparison Criteria for BR (60/40) Initial GSD [Non-critical Conditions]

Sample [Compaction effort |Geotextile Retention Criteria k, W Cirteria Clogging Criteria
MSHA: J.P.Giroud: MSHA:
ki/m? (ft-b/ft’) Ogs <B*Dgs | 095 < A;*D85 Kgeo Keon (cM/3) Ogs 23*Dys
F15 381.73 (7973) Gse NW 6(0.212) |P(0.212<2.9)[P (0.212<0.69) P (0.30>4.7*107) F (0.212>0. 25)

Where, P-passes the test, F-fails the test, and ******* _ did not perform post GSD on the samples.

For t he i nitial bl ended r efuse ( 60/40 mix) s amples, t he R etention c riteria | ead t o f ollowing
observations:

e All B lended r efuse ( 60/40 m ix) non -compacted samples p ass t he r etention cr iteria
specified by MSHA and J.P.Giroud. T he sp ecific range o f v alues for retention criteria
being 0.212 <2.9mm (MSHA) and 0.212 < 0.69mm (J.P.Giroud).

o The retention criteria values of 60/40 mix being less then compared to the 80/20 mix and
CCR material. T his i ndicates an i ncrease o f fines may cau se failure o f't he r etention
criteria of the geotextiles.

e For example, the value for 60/40 mix is 2.9mm, for 80/20 mix is 3.5mm and for CCR is
6.12mm as per M SHA. A ccording to J .P.Giroud, the value for 6 0/40 mixis 0.69mm
whereas for 80/20 mix is 0.54mm and for CCR is 4.14mm. J.P.Giroud criteria was based

on C, values.

For the BR (60/40 mix) non -compacted s amples, th e Pe rmeability/Permittivity criteria lead to

following observations:

e Forall 60/40 mix B R non -compacted s amples p ermeability a nd p ermittivity c riteria
passed.
o The f ines p ercentage makest he p ermeability v alue o £ 6 0/40 m ix d ecrease wh en

compared to 80/20 mix and CCR samples which make the samples easily pass the test.
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Fort he B R ( 60/40 m ix) non -compacted s amples, t he C logging c riteria |l ead t o f ollowing

observations:

e All the BR (60/40 mix) non-compacted samples failed the clogging criteria as mentioned
by MSHA.

e The clogging criteria value for BR 60/40 mix non-compacted samples is 0.25. While for
BR 80/20 mix samples being 0.36 and for CCR being 2.07.
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6. Acid Samples Analysis

The d esign an alysis o f A cid P ermeant samples was based on the Table 6.15 which lead to following

observations:
Table 6.15: Design Criteria Comparison of all Acid Permeant samples
Acid Permeant Samples [Non-Critical Conditions]
Comparison Criteria Initial GSD Comparison Criteria Post GSD
Sample Compaction effort |Geotextile Retention Criteria k, W Cirteria Clogging Criteria Retention Criteria k, W Cirteria |Clogging Criteria
MSHA: J.P.Giroud: MSHA: MSHA: J.P.Giroud: MSHA:
ki/m? (ft-Ib/ft%) 045 <B*Dgs | 095<2;*D85 Kgeo> Koo (CM/5) Ogs 2 3*Dys Oy <B*Dg; | 095<0,*D85 | Kyeo2kegy(cm/s) 04523*Dy5
E15A (CCR) 67.84 (1417) Geotex 601 (0.212) [P (0.212<6.12)| P (0.212<4.14) | P (0.30>0.28), (W>0.5) F (0.21222.07) P (0.212<5.25)| P (0.212 < 7.089) P F(0.212>1.95)
F11A (BR-80/20)  |127.26 (2658) GSENW 6(0.212) | P(0.212<3.5) | P(0.212<0.54) | P (0.3022*107), (W>0.5)| F(0.21220.36) | P (0.212<3.5) | P (0.212<2.09) 3 F (0.212>0.84)
F15A-1 (BR-60/40) |381.73 (7973) Gse NW6(0.212) | P(0.212<2.9) | P (0.212<0.69) P (0.30>4.7*10°) F(0.212>0.25) | P(0.212<0.9) | P (0.212<0.65) p P (0.212>0.21)
F15A-1| (BR-60/40) |381.73 (7973) Gse NW6(0.212) | P(0.21252.9) | P(0.212<0.69) P (0.3024.7¥10°) F(0.21220.25) |P(0.212<0.95)| P (0.212<0.46) 3 F(0.21220.25)
F15A-111 (BR-60/40) |381.73 (7973) Gse NW6(0.212) | P(0.212<2.9) | P (0.212<0.69) P (0.3024.7*10°) F (0.212>0.25) P P P F(0.212>0.42)
CCR

For the compacted coarse coal refuse sample tested with the Acid permeant, the Retention criteria

lead to following observations:

e Passes the retention criteria as per MSHA and J.P.Giroud.

e The Acid permeant sample retention criteria value is 5.25 whereas the water permeant

sample retention criterion is 4.17. This is due to the change in the Dgs value of the sample

and is a result of the particle aggregate flocculation.

For the Compacted coarse coal refuse sample the permeability/Permittivity criteria lead to

following observations:

e Passes both permeability and permittivity criteria as per MSHA and J.P.Giroud.

For the Compacted Coarse coal refuse sample that tested with A cid permeant, Clogging criteria

lead to following observations:

e Clogging criteria fails for the acid permeant sample.

e Even with the Acid permeant and at different compaction energy condition the clogging

criteria fails for the CCR as per design.

BR (80/20 mix)
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For t he C ompacted b lended r efuse sa mple t hat t ested wi th t he Acid p ermeant, t he Retention
criteria lead to following observations:
e Passes the retention criteria as per MSHA and J.P.Giroud.

o The Acid permeant sample retention criteria value is 3.5 as per MSHA and 2.09 as per

J.P.Giroud.

For the Compacted blended refuse sample the permeability/Permittivity criteria lead to following

observations:

e Passes both permeability and permittivity criteria as per MSHA and J.P.Giroud.

For the Compacted blended refuse sample that tested with Acid permeant, Clogging criteria lead

to following observations:

e Clogging criteria fails for the acid permeant sample.
o Even with the Acid permeant and at different compaction energy condition the clogging

criteria fails for the BR (80/20 mix) samples as per design.

BR (60/40 mix)-I

For t he C ompacted b lended r efuse sa mple t hat t ested wi th t he Acid p ermeant, t he R etention
criteria lead to following observations:
o Passes the retention criteria as per MSHA and J.P.Giroud.

e The Acid permeant sample retention criteria value is 2.7 as per MSHA and 0.65 as per

J.P.Giroud.

For the Compacted blended refuse sample the permeability/Permittivity criteria lead to following

observations:

e Passes both permeability and permittivity criteria as per MSHA and J.P.Giroud.

For the Compacted blended refuse sample that tested with Acid permeant, Clogging criteria lead

to following observations:

e Clogging criteria passes for the acid permeant sample.
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6.1.10. Chemistry Data Results

Analysis of the graphs shown from Figure 6.31to Figure 6.36 leads to several observations:

10.

An unknown problem arose with the level 9 samples. T hese were extracted at a different time
using a slightly different procedure as part of the method de velopment and the results do not
appear to follow the trends seen. Although this could be genuine, there are sev eral reasons to
doubt this; all samples extracted at the same time and with the same methods did follow the trend.
Therefore, results for this level were not considered in delineation of apparent trends.

Elements intrinsic to the coal refuse and found at lower concentrations showed relatively stable
quantitative v alues across all o fthe excavated 1 evels i ndicating minimal mobility under these
experimental conditions

Intrinsic e lements found at hi gher c oncentrations did show e vidence of mobility, with relative
concentration pe aks s een around Levels 7a nd 8. This c orresponds to a depth in the cell of
approximate 7-8 cm or about 75% of the way down.

It is reasonable to hypothesize that these trends correlate to solubility of the mineral forms of
these metals under the treatment conditions used rather than being an artifact of the analytical
procedure.

The added metal molybdenum showed maximum concentrations in the upper portion of the cell,
indicating less mobility than the other added metals.

With th e e xception o f Mo, th e a dded metals, lik e th e in trinsic metals, appearedtoreach a
maximum concentration in the lower portions of the cell. The behavior of added nickel and iron
mimicked the pattern see in the intrinsic metals.

The added tungsten and ¢ hromium showed more di stinctive ¢ oncentration pe aks in the 1 ower
region of the cell

It is reasonable to hypothesize that the mobility of the metals in the cell depends on the size of the
metal beads added, their relative d ensity, and intrinsic so lubility in the water used to treat the
cells.

The use of metal beads appears to have excellent potential as a p articulate tracking method that
could be applied to evaluation of clogging of geotextile fabrics.

Of the metal beads added, the tungsten (W), molybdenum (Mo), and chromium (Cr) showed the

most promise based on where the concentrations were maximized.
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Figure 6.31: Concentration (lower) of elements in coal refuse without metals

Metals that were not constituents of the beads, lower concentration range
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Figure 6.32: Concentration (higher) of elements in coal refuse without metals

Metals that were not constituents of the beads, higher concentration range
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Figure 6.33: Concentration (higher) of elements in coal refuse with addition of metal beads

Added metals, higher concentration range
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Figure 6.34: Concentration (higher) of elements in coal refuse with metal beads

Added metals, lower concentration range
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Original sample, all added metals with associated range based on 95% confidence interval
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pH and Specific Conductance Results

pH and Specific Conductance tests were conducted on the acid permeants prior to the start of the test and after the test for sample E15A and F11A.
The Initial pH and Specific Conductance of Acid permeant used for test are 2.0 and 3.38 respectively. The results are shown below:

Table 6.16: pH and Specific Conductance of permeants for test E15A, F11A, and F11A-11

Batch F- Batch Batch
F11A Batch F11A-II E15A Batch F-F11A Batch F11A-II E15A
Sample pH Specific conductivity mS/cm
Raw 1.67 1.83 NA 6.39 6.00 NA
1 1.82 2.00 1.94 4.48 6.18 4.46
2 1.94 2.20 1.83 4.76 3.36 4.76
3 1.87 2.17 1.86 4.88 2.59 4.85
4 1.94 1.80 1.86 5.36 4.79 4.65
5 1.85 1.81 1.88 5.60 5.13 4.83
6 1.82 1.88 1.87 5.49 5.18 4.89
7 1.91 1.75 1.91 5.19 5.64 4.78
8 1.95 1.83 1.98 4.82 5.13 4.88
9 1.95 1.76 1.93 5.17 4.92 4.69
10 1.91 1.71 1.84 5.22 5.25 5.02
11 1.90 1.80 1.92 5.20 5.40 5.02
12 1.85 NA NA 5.24 NA NA
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The statistical Analysis for the above tests is performed and the results are shown below:
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Figure 6.37: Statistical test results for pH of Acid Permeants
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Figure 6.38: Statistical test results for Specific Conductance of Acid Permeants
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7. CONCLUSIONS AND RECOMMENDATIONS

7.1. Conclusions

The m ain o bjectives o f this r esearch i nvolved i nvestigating the effects o f coarse and fine co al r efuse
blends as t hey impact the field application of nonwoven geotextiles used in non-critical applications at
coal waste impoundments under standard and reduced compaction energies. The significant conclusions

of this research are as follows:

7.1.1. Coarse Coal Refuse

Grain Size Distribution Changes

1. During the compaction of the rigid wall p ermeameter samples the refuse ex periences crushing
and slaking effects which for a coarse grained refuse will produce an increase in the percentage of
fines. T his effect occurs at compaction en ergies ranging from optimum to reduced (13,288 to
1,417 ft-1b/ft’). The percentage of fines produced appeared to be a consistent percentage increase
of approximately 32%.

2. The post grain size distribution curves for the coarse coal refuse samples identified this trend as
does MSHA (MSHA, 2009). T he characteristics o f the grain size shift can result in filtration

concerns when evaluating the D5 criteria used in the clogging evaluations.

Hydraulic Conductivity

3. Graphs of t he h ydraulic ¢ onductivity ve rsus t ime i ndicated that t here wa s n o st able f ilter
developed within the coarse coal refuse specimens. The absence of this filter development may be
due to the following reasons: i) limited percentage of fine particles occurring within the testing
material, ii) low hydraulic gradients (5 to 7), iii) limited test durations and pore volumes of fluid,

and iv) the use of the rigid wall permeameters may have permitted side wall leakage.

Geotextile Filtration Design Criteria

4. The GSE Lining Corporation’s NW 6 nonwoven geotextile was selected as the “worst case” filter
for c omparison of the soil-geotextile s ystem because it has the largest Ap parent Op ening Size
(AOS) 0of 0.212 mm.

5. Results in dicated th at f or b oth th e in itial ( non-compacted) an d t he co mpacted r efuse atall
compaction density ranges that the R etention and P ermeability Criteria were met (passed) both

the MSHA and Giroud design criteria.
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The ¢ orresponding r esults of the Clogging criteria indicated t hat t he r efuse failed under non -
critical conditions. Ev aluation of the refuse particle sizes and the MSHA and Giroud clogging
criteria indicate that the refuse gradation passing the D5 size is insufficient to establish a stable

filter.

7.1.2. Fine Coal Refuse (Blended Refuse)
Grain Size Distribution Changes (80/20)

Blends o f fine and c oarse ¢ oal r efuse were de veloped in the laboratory w hich provided for a
uniformly graded grain size distribution. This distribution was at 80% coarse to 20% fines
(80/20) and at 60% coarse to 40% fines (60/40) which passed the No. 100 sieve. These mix
proportions were selected as it would provide the most ad verse grain size to evaluate p otential
refuse hy draulic ¢ onductivity r eductions alone or reductions due to fine particles clogging the
geotextile.

Results of the post compaction grain size distributions identified that the crushed particles formed
aggregates and produced a shift in the shape of the curve which resembled more of a coarse
refuse material.

The ag gregation o f't he fine p articles was co nsistent acr oss al 1 t ested sa mples an d ex hibited

similar ranges of increases to the Dgs, Dgo, D5 and Dy particle sizes.

Hydraulic Conductivity (80/20)

10. Considering t he F CR 80 /20 m ix, no a pparent r eduction i n t he hydr aulic ¢ onductivity or

11.

development of a stable filter media was observed under the ranges of the test parameters. T he
reasons for this effect may be similar to the coarse coal refuse test results.

The FCR 80/20 mix evaluation of the refuse particle sizes and the MSHA and Giroud clogging
criteria i ndicate t hat t he r efuse g radation p assing t he D |5 size, while it increased in p article

diameter due to aggregating, showed insufficient capability to establish a stable filter.

Hydraulic Conductivity (60/40)

12. For 60/40 FCR material passing No.100 sieve, a stable filter was formed after 75 hours of testing

and the stable filter was continued throughout the end of the test.
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Geotextile Filtration Design Criteria (80/20)

13.

14.

Results indicated that for both the initial (non-compacted) and the compacted 80/20 refuse blend
at all compaction density ranges that the R etention and Permeability Criteria were met (passed)
both the MSHA and Giroud design criteria. For the compacted 80/20 refuse blend the formation
of the ag gregated particles changes the Dgs particle diameter to a coarser particle size whereby
minimizing the retention criteria range for acceptance.

The c orresponding results of the Clogging criteria indicated that the 80/20 refuse failed under

non-critical conditions.

Geotextile Filtration Design Criteria (60/40)

15.

16.

The 60/40 FCR material passing No.100 sieve passes the retention criteria, permeability criteria,
however it fails the clogging criteria as per the MSHA design under non-critical conditions. The
samples show a reduction in the hydraulic conductivity along with the formation of a stable filter.
This indicates that clogging potential is more influenced by the increase in fines percentage.

The R etention Criteria value for the 6 0/40 bl ended mix showed that de creases in the particle

diameters narrow the difference between the passage or failure of this criteria.

7.1.3. Acid Permeability

17.

18.

19.

20.

For the Coarse Coal Refuse the acid permeant resulted in the geotextile passing the retention and
permeability criteria and failing th e c logging criteria. T his was t he same effect as t he water
permeability tests on the CCR.

The post GSD of Acid samples indicates that low pH H,SO, acid resulted in flocculating the fine
grained particles contributing to increasing the voids which increased the permeability rates by
one order of magnitude overall. The flocculation was apparent for both CCR and BR samples.

For t he 80/ 20 B lended R efuse mix t he a cid pe rmeant r esulted i n t he ge otextile pa ssing t he
retention and permeability criteria and failing the clogging criteria. T his was the same effect as
the water permeability tests.

For the 6 0/40 Blended Refuse, the acid permeant resulted in the geotextile passing all criteria:

retention, permeability, and clogging.
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7.1.4. Chemical Analysis and Particle Tracking

The objectives of this research were to investigate the chemical composition of the coal refuse and to

attempt to track the fine particle movements o f r efuse a mended wi th fine p article metal beads. T his

research attempted to develop a particle tracking method for coal refuse and determine geosynthetic filter

clogging ch aracteristics. P hoto m icroscopy was u sed t o o btain v isual i mages o f sa mple n onwoven

geotextile filters impacted with coal refuse material.

The conclusions of this research are as follows.

21.

22.

23.

24.

25.

Based on t he use of [CPMS analysis, el ements intrinsic to the coal refuse and found at lower
concentrations showed relatively stable quantitative values across all of the excavated levels
indicating minimal mobility under these experimental conditions

Results of the particle tracking identified that the added metal molybdenum showed maximum
concentrations in t he upp er por tion of the c ell, i ndicating | ess mobility t han t he ot her a dded
metals. With the exception of Mo, the added metals, like the intrinsic metals, appeared to reach a
maximum concentration in the lower portions of the cell. The behavior of added nickel and iron
mimicked the pattern see in the intrinsic metals.

The results further indicate that the mobility of the metals in the cell depends on the size of the
metal beads added, their relative d ensity, and intrinsic so lubility in the water used to treat the
cells.

The use of metal beads appears to have excellent potential as a p articulate tracking method that
could be applied to evaluation of clogging of geotextile fabrics.

Of the metal beads added, the tungsten (W), molybdenum (Mo), and chromium (Cr) showed the

most promise based on where the concentrations were maximized.
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7.2. Recommendations & Comments

Based on the evaluation of the research presented here, the following recommendations are presented to

support the use of non-woven geotextile application in the field.

Recommendation #1: Retention Criteria

ii.

Post grain size distribution tests should be performed on s pecimens at the optimum compaction
level to observe changes in Dgs for meeting the Retention Criteria requirements. This will take the
particle crushing and slaking effects into consideration. It should be noted that the continued or
repetitive co mpaction o fthe C CR material may r educe t he p article diameter to 1 ess than the
geotextile’s Apparent Opening Size (AOS) which then renders potential failure in achieving the
Retention Criteria.

Review of the fine particle percentages should be performed to identify potential changes in the

retention criteria because the values may decrease in Dgs which affects the retention criteria.

Recommendation #2: Permeability Criteria

ii.

ii.

Installation o f the ge otextile in a field application having only Coarse Coal Refuse should be
performed at the optimum compaction (energy value 13,288 ft-Ib/ft’) level. This is preferred over
areduced c ompaction ( end dum p) c ondition i n or der t 0 i ncrease t he pot ential t o s atisfy the
permeability criteria due to the increase in fines.

If the permeability criteria is a critical parameter for the geotextile installation then percentage of
fines may be increased in order to decrease the refuse hydraulic conductivity to pass the
permeability criteria (Kgeotexile > Ksoit)-

It is suggested to use a geotextile having a permittivity value greater than 0.5 s™ in order to pass

the Permittivity Criteria.

Recommendation #3: Clogging Criteria

Post grain size distribution tests should be performed on specimens at the optimum compaction level
to observe changes in D ;s for meeting the Clogging Criteria r equirements. This will take the soil
particle size into co nsideration wh en c omparing t o the fabric AOS, (AOS > 3*D;s) (N on-critical
Conditions). The increase in refuse fines percentage tends to develop a stable internal filter thereby

tending to reduce potential geotextile clogging.
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Comment #1: Acidic Groundwater Conditions

ii.

If an acidic groundwater condition exists within a co arse coal refuse site, such as an acid mine
drainage e nvironment, the ge otextile c ould be expected to pass the retention and pe rmeability
criteria; and fail the clogging criteria.

The combination of an acidic groundwater and a high fine particle refuse grain size distribution
placed at optimum compaction increases the likely hood of passing the clogging criteria. This
can result in Retention Criteria failure due to the increase in fines at the Dgs particle size (Non-

Critical Condition).

Comment #2: Particle Tracking

ii.

The results indicate that the mobility of the metals in the cell depends on the size of the metal
beads added, their relative density, and intrinsic solubility in the water used to treat the cells.

The use of metal beads appears to have excellent potential as a p articulate tracking method that
could be applied to evaluation of clogging of geotextile fabrics. Of the metal beads added, the
tungsten (W), molybdenum (Mo), and chromium (Cr) showed the most promise based on where

the concentrations were maximized.
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9. APPENDICES

Appendix | Hydraulic Conductivity Tables

Hydraulic Conductivity tables

Coarse Coal refuse without geotextile

Standard compaction density sample

Hydraulic Conductivity without Fabric (25B, 3 L)
Sample- CCR : Test Started on 3/7/10
Time |Vo|(ml)| time |At (sec)|AV(cm3)| i |Area(cm2)|qout(cm3/sec)| k (cm/sec) | k(m/sec) Pore Volume

ApV |Cumulative |t(Hours)
2.24 P.M. 0 0 0 - 5 81.03 - - -
2.29 P.M. 50 300 300 50 5 81.03 0.17 4.11E-04 4.11E-06 0.24 0.24 0.08
2.48 P.M. 200( 1440 1140 150 5 81.03 0.13 3.25E-04 3.25E-06 0.72 0.95 0.40
3.00 P.M. 320( 2160 720 120 5 81.03 0.17 4.11E-04 4.11E-06 0.57 1.53 0.60
3.10 P.M. 420| 2760 600 100 5 81.03 0.17 4.11E-04 4.11E-06 0.48 2.00 0.77
3.18 P.M. 530| 3240 480 110[ 5 81.03 0.23 5.66E-04| 5.66E-06 0.52 2.53 0.90
3.24 P.M. 600| 3600 360 70| 5 81.03 0.19 4.80E-04| 4.80E-06 0.33 2.86 1.00
3.37 P.M. 780 4380 780 180 5 81.03 0.23 5.70E-04 5.70E-06 0.86 3.72 1.22
3.43 P.M. 840| 4740 360 60 5 81.03 0.17 4.11E-04 4.11E-06 0.29 4.01 1.32
3.56 P.M. 1000 5520 780 160 5 81.03 0.21 5.06E-04 5.06E-06 0.76 4.77 1.53
4.05 P.M. 1120 6060 540 120 5 81.03 0.22 5.48E-04 5.48E-06 0.57 5.34 1.68
4.15P.M. 1250 6660 600 130 5 81.03 0.22 5.35E-04 5.35E-06 0.62 5.96 1.85
4.30 P.M. 1460( 7560 900 210 5 81.03 0.23 5.76E-04 5.76E-06 1.00 6.96 2.10
4.36 P.M. 1520 7920 360 60 5 81.03 0.17 4.11E-04 4.11E-06 0.29 7.25 2.20
4.53 P.M. 1720| 8940 1020 200 5 81.03 0.20 4.84E-04 4.84E-06 0.95 8.20 2.48
5.00 P.M. 1800| 9360 420 80| 5 81.03 0.19 4.70E-04| 4.70E-06 0.38 8.59 2.60
5.13 P.M. 1960( 10140 780 160 5 81.03 0.21 5.06E-04 5.06E-06 0.76 9.35 2.82
5.18 P.M. 2000| 10440 300 40 5 81.03 0.13 3.29E-04 3.29E-06 0.19 9.54 2.90
5.29 P.M. 2160| 10980 540 160 5 81.03 0.30 7.31E-04 7.31E-06 0.76 10.30 3.05
5.37 P.M. 2280| 11460 480 120 5 81.03 0.25 6.17E-04 6.17E-06 0.57 10.87 3.18
5.42 P.M. 2350| 11760 300 70 5 81.03 0.23 5.76E-04 5.76E-06 0.33 11.21 3.27
5.50 P.M. 2470| 12240 480 120 5 81.03 0.25 6.17E-04 6.17E-06 0.57 11.78 3.40
6.01 P.M. 2640| 12900 660 170 5 81.03 0.26 6.36E-04 6.36E-06 0.81 12.59 3.58
6.07 P.M. 2740| 13260 360 100f 5 81.03 0.28 6.86E-04| 6.86E-06 0.48 13.07 3.68
6.32 P.M. 3090| 14760 1500 350 5 81.03 0.23 5.76E-04 5.76E-06 1.67 14.74 4.10
6.40 P.M. 3190|/15840| 1080 100| 5 81.03 0.09 2.29E-04| 2.29E-06 0.48 15.21 4.40
6.55 P.M. 3380| 16740 900 190 5 81.03 0.21 5.21E-04 5.21E-06 0.91 16.12 4.65
7.16 P.M. 3640| 18000 1260 260 5 81.03 0.21 5.09E-04 5.09E-06 1.24 17.36 5.00

AVG 5.06E-04 5.06E-06
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Reduced compaction (12blows 2layers) sample

Hydraulic Conductivity without Fabric (12B, 2L)
Sample- CCR : Test Started on 3/9/10
Time |Vo|(m|)| time |At (sec)|AV(cm3)| i |Area(cm2) | qout(cm3/sec)| k (cm/sec) | k(m/sec) Pore Volume

ApV |Cumulative |t(Hours)
1.17 P.M. 0 0 0 5 81.03 - -
1.20 P.M. 50 180 180 50 5 81.03 0.28 6.86E-04 6.86E-06 0.17 0.17 0.05
1.29 P.M. 200( 720 540 150 5 81.03 0.28 6.86E-04 6.86E-06| 0.51 0.68 0.20
1.36 P.M. 300| 1140 420 100 5 81.03 0.24 5.88E-04 5.88E-06| 0.34 1.03 0.32
1.39 P.M. 360| 1320 180 60| 5 81.03 0.33 8.23E-04 8.23E-06| 0.21 1.23 0.37
1.45 P.M. 460| 1680 360 100 5 81.03 0.28 6.86E-04 6.86E-06 0.34 1.57 0.47
2.00 P.M. 680| 2580 900 220 5 81.03 0.24 6.03E-04 6.03E-06 0.75 2.33 0.72
2.06 P.M. 770 2940 360 90 5 81.03 0.25 6.17E-04 6.17E-06 0.31 2.63 0.82
2.14 P.M. 890( 3420 480 120 5 81.03 0.25 6.17E-04 6.17E-06 0.41 3.04 0.95
3.23 P.M. 1695| 7560 4140 805 5 81.03 0.19 4.80E-04 4.80E-06 2.75 5.80 2.10
4.08 P.M. 2295(10260 2700 600 5 81.03 0.22 5.48E-04 5.48E-06 2.05 7.85 2.85
4.48 P.M. 2695(12660 2400 400 5 81.03 0.17 4.11E-04 4.11E-06 1.37 9.22 3.52
5.29 P.M. 3375(15120 2460 680 5 81.03 0.28 6.82E-04 6.82E-06 2.33 11.55 4.20
6.52 P.M. 3665(20100 4980 290 5 81.03 0.06 1.44E-04 1.44E-06 0.99 12.54 5.58

AVG 5.82E-04 5.82E-06
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Reduced compaction (4blows 2layers) sample

Sample- CCR : Test Started on 3/11/10
Time |Vol(m|)| time |At (sec) | AV(cm3)| i |Area(cm2) qou.(cmslsec)| k (cm/sec) | k(m/sec) Pore Volume

ApV |Cumulative |t(Hours)
3.02 P.M. 0 0 0 5 81.03 - -
3.06 P.M. 110 240 240 110 5 81.03 0.46 1.13E-03 1.13E-05 0.31 0.31 0.07
3.13 P.M. 240 660 420 130 5 81.03 0.31 7.64E-04 7.64E-06 0.37 0.68 0.18
3.20 P.M. 360| 1080 420 120 5 81.03 0.29 7.05E-04 7.05E-06 0.34 1.02 0.30
3.27 P.M. 490( 1500 420 130 5 81.03 0.31 7.64E-04 7.64E-06 0.37 1.39 0.42
3.30P.M. 560| 1680 180 70 5 81.03 0.39 9.60E-04 9.60E-06 0.20 1.58 0.47
3.39P.M. 700| 2220 540 140 5 81.03 0.26 6.40E-04 6.40E-06 0.40 1.98 0.62
3.47 P.M. 810| 2700 480 110 5 81.03 0.23 5.66E-04 5.66E-06 0.31 2.29 0.75
3.52 P.M. 930| 3000 300 120 5 81.03 0.40 9.87E-04 9.87E-06 0.34 2.63 0.83
3.57 P.M. 1020| 3300 300 90 5 81.03 0.30 7.40E-04 7.40E-06 0.25 2.89 0.92
4.04 P.M. 1130| 3720 420 110 5 81.03 0.26 6.46E-04 6.46E-06 0.31 3.20 1.03
4.14 P.M. 1310| 4320 600 180 5 81.03 0.30 7.40E-04 7.40E-06 0.51 3.71 1.20
4.27 P.M. 1510 5100 780 200 5 81.03 0.26 6.33E-04 6.33E-06 0.57 4.27 1.42
4.35P.M. 1620| 5580 480 110 5 81.03 0.23 5.66E-04 5.66E-06 0.31 4.58 1.55
4.48 P.M. 1815| 6360 780 195 5 81.03 0.25 6.17E-04 6.17E-06 0.55 5.14 1.77
4.56 P.M. 1930| 6840 480 115 5 81.03 0.24 5.91E-04 5.91E-06 0.33 5.46 1.90
5.00 P.M. 1970 7080 240 840 5 81.03 3.50 8.64E-03 8.64E-05 2.38 5.57 1.97
5.13 P.M. 2180| 7860 780 210 5 81.03 0.27 6.65E-04 6.65E-06 0.59 6.17 2.18
5.19 P.M. 2260( 8220 360 750 5 81.03 2.08 5.14E-03 5.14E-05 2.12 6.39 2.28
5.25P.M. 2360| 8580 360 390 5 81.03 1.08 2.67E-03 2.67E-05 1.10 6.68 2.38
5.25 P.M. 2460( 9000 420 100 5 81.03 0.24 5.88E-04 5.88E-06 0.28 6.96 2.50
5.57 P.M. 3250| 10500 1500 790 5 81.03 0.53 1.30E-03 1.30E-05 2.24 9.20 2.92

AVG 1.43E-03 1.43E-05
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Reduced compaction (8blows 2layers) sample

Hydraulic Conductivity without Fabric (8B, 2L)
Sample- CCR : Test Started on 3/14/10
Time |Vo|(m|)| time |At (sec) | AV(cm3)| i |Area(cm2) qout(cmslsec)| k (cm/sec) | k(m/sec) Pore Volume

ApV |Cumulative [t(Hours)
8.05 P.M. 0 0 0 - 7.14 81.03 - -
8.10 P.M. 120 300 300 120] 7.14 81.03 0.40 6.91E-04 6.91E-06 0.38 0.38 0.08
8.16 P.M. 240 660 360 120] 7.14 81.03 0.33 5.76E-04 5.76E-06 0.38 0.77 0.18
8.22 P.M. 380| 1020 360 140| 7.14 81.03 0.39 6.72E-04 6.72E-06 0.45 1.21 0.28
8.34 P.M. 620| 1740 720 240( 7.14 81.03 0.33 5.76E-04 5.76E-06 0.77 1.98 0.48
8.40 P.M. 760| 2100 360 140| 7.14 81.03 0.39 6.72E-04 6.72E-06 0.45 2.43 0.58
8.47 P.M. 900 2520 420 140| 7.14 81.03 0.33 5.76E-04 5.76E-06 0.45 2.87 0.70
8.54 P.M. 1050| 2940 420 150| 7.14 81.03 0.36 6.17E-04 6.17E-06 0.48 3.35 0.82
9.01 P.M. 1230| 3360 420 180| 7.14 81.03 0.43 7.41E-04 7.41E-06 0.57 3.93 0.93
9.13 P.M. 1480| 4080 720 250| 7.14 81.03 0.35 6.00E-04 6.00E-06 0.80 4.73 1.13
9.26 P.M. 1780( 4860 780 300| 7.14 81.03 0.38 6.65E-04 6.65E-06 0.96 5.68 1.35
9.36 P.M. 1960| 5460 600 180| 7.14 81.03 0.30 5.19E-04 5.19E-06 0.57 6.26 1.52
9.38 P.M. 2000 5580 120 40( 7.14 81.03 0.33 5.76E-04 5.76E-06 0.13 6.39 1.55
9.49 P.M. 2280| 6120 540 280| 7.14 81.03 0.52 8.96E-04 8.96E-06 0.89 7.28 1.70
10.02 P.M. 2570 6900 780 290( 7.14 81.03 0.37 6.43E-04 6.43E-06 0.93 8.21 1.92
10.14 P.M. 2850 7620 720 280 7.14 81.03 0.39 6.72E-04 6.72E-06 0.89 9.10 2.12
10.19 P.M. 2950 7920 300 1170| 7.14 81.03 3.90 6.74E-03 6.74E-05 3.74 9.42 2.20
10.26 P.M. 3130 8340 420 180| 7.14 81.03 0.43 7.41E-04 7.41E-06 0.57 10.00 2.32
10.40 P.M. 3400 9180 840 1400| 7.14 81.03 1.67 2.88E-03 2.88E-05 4.47 10.86 2.55
10.58 P.M. 3780(10260 1080 830( 7.14 81.03 0.77 1.33E-03 1.33E-05 2.65 12.07 2.85
11.14 P.M. 4050| 11220 960 270 7.14 81.03 0.28 4.86E-04 4.86E-06 0.86 12.93 3.12
11.28 P.M. 4350| 12060 840 300( 7.14 81.03 0.36 6.17E-04 6.17E-06 0.96 13.89 3.35
11.41P.M. 4620| 12840 780 270 7.14 81.03 0.35 5.98E-04 5.98E-06 0.86 14.75 3.57

AVG 1.05E-03 1.05E-05
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Coarse Coal Refuse with geotextile

Coarse Coal Refuse (E7-E9)

Hydraulic Conductivity with Fabric
Sample- E7 : Test Started on 5/5/09 at 10:45A.M.
Time |Vo|(m|)| time |at (sec)|m.r‘(cm3)‘ i |Area(cm2)|qoul(cmglsec)|k(cm;’sec)|k(mlsec) Pore Volume Time
ApV |Cumulative | t(Hours) | t,Cumulative
10:45 A.M. 0 0 0 - 5 81.03 - - -
11:45 A.M. 60| 3600 3600 60|5 81.03 0.02| 4.11E-05|4.11E-07|0.33 0.33 1.00 1.00
12:45P.M. 125| 7200 3600 65|5 81.03 0.02| 4.46E-05|4.46E-07)|0.36 0.69 2.00 3.00
1:45P.M. 190| 10800 3600 65|5 81.03 0.02| 4.46E-05|4.46E-07|0.36 1.05 3.00 6.00
3:45 P.M. 295( 18000 7200 105|5 81.03 0.01| 3.60E-05|3.60E-07]|0.58 1.64 5.00 11.00
4:20 P.M. 330(20100 2100 35/5 81.03 0.02| 4.11E-05|4.11E-07|0.19 1.83 5.58 16.58
5:20 P.M. 360(23700 3600 30/5 81.03 0.01| 2.06E-05|2.06E-07|0.17 2.00 6.58 23.17
5:45 P.M. 380(25200 1500 20/5 81.03 0.01| 3.29E-05|3.29E-07|0.11 2.11 7.00 30.17
6:45 P.M. 430|28800| 3600 50/5 81.03 0.01| 3.43E-05|3.43E-07|0.28 238  8.00 38.17
Hydraulic Conductivity with Fabric
Sample- E8 : Test Started on 5/5/09 at 10:46A.M.
Time |Vo|(m|)| time |6t (sec)|AV(cm3)‘ i |Area(cm2)‘qout(cmslsec)|k(cm/sec)| k{m/sec)| Pore Volume Time
ApV |Cumulative |t(Hours) | t,Cumulative
10:46 A.M. 0 0 0 - 5 81.03 - - -
11:46 A.M. 350( 3600 3600 350|5 81.03 0.10| 2.40E-04| 2.40E-06|1.71 1.71 1.00 1.00
12:46 P.M. 668 7200 3600 318|5 81.03 0.09| 2.18E-04| 2.18E-06|1.55 3.26 2.00 3.00
1:46 P.M. 796( 10800 3600 128|5 81.03 0.04| B.78E-05| 8.78E-07|0.63 3.89 3.00 6.00
3:46 P.M. 1370| 18000 7200 574|5 81.03 0.08| 1.97E-04| 1.97E-06|2.80 6.69 5.00 11.00
4:21 P.M. 1770]| 20100 2100 400|5 81.03 0.19| 4.70E-04| 4.70E-06|1.95 8.65 5.58 16.58
5:21 P.M. 1920( 23700 3600 150|5 81.03 0.04| 1.03E-04| 1.03E-06|0.73 9.38 6.58 23.17
5:46 P.M. 1990| 25200 1500 70|15 81.03 0.05| 1.15E-04| 1.15E-06|0.34 9.72 7.00 30.17
6:46 P.M. 2150| 28800 3600 160|5 81.03 0.04| 1.10E-04| 1.10E-06|0.78 10.50 8.00 38.17
8:20 P.M. 2420(34440 5640 270|5 81.03 0.05| 1.18E-04| 1.18E-06|1.32 11.82 9.57 4773
9:05 P.M. 2690|37140 2700 270|5 81.03 0.10| 2.47E-04| 2.47E-06|1.32 13.14 10.32 58.05
9:35 P.M. 2750| 38940 1800 60|5 81.03 0.03| 8.23E-05| 8.23E-07|0.29 13.43 10.82 68.87
Hydraulic Conductivity with Fabric
Sample- £9 : Test Started on 5/5/09 at 10:47A.M.
Time |Vo|(m|)| time |M (sec)|ﬁV(cm3)| i |Area(cm2)|qout(cmafsec)|k(cmfsec)| k{m/sec)| Pore Volume Time
ApV |Cumulative |t(Hours) | t,Cumulative
10:47 A.M. 0 0 0 - 5 81.03 - - -
11:47 A.M. 440( 3600 3600 440(5 81.03 0.12| 3.02E-04| 3.02E-06(2.10 2.10 1.00 1.00
12:47 P.M. 865 7200 3600 425|5 81.03 0.12| 2.91E-04| 2.91E-06|2.02 4.12 2.00 3.00
1:47 P.M. 1230( 10800 3600 365|5 81.03 0.10| 2.50E-04| 2.50E-06|1.74 5.86 3.00 6.00
3:47 P.M. 1835| 18000 7200 605(5 81.03 0.08| 2.07E-04| 2.07E-06|2.88 8.74 5.00 11.00
4:22 P.M. 2010| 20100 2100 175|5 81.03 0.08| 2.06E-04| 2.06E-06|0.83 9.57 5.58 16.58
5:22 P.M. 2090| 23700 3600 80|5 81.03 0.02| 5.48E-05| 5.48E-07(0.38 9.95 6.58 23.17
5:47 P.M. 2210|25200 1500 120|5 81.03 0.08| 1.97E-04| 1.97E-06|0.57 10.52 7.00 30.17
6:47 P.M. 2610| 28800 3600 400(5 81.03 0.11| 2.74E-04| 2.74E-06|1.90 12.43 8.00 38.17
8:20 P.M. 3270|34380 5580 660(5 81.03 0.12| 2.92E-04| 2.92E-06(3.14 15.57 9.55 47.72
9:05 P.M. 3605|37080 2700 335(5 81.03 0.12| 3.06E-04| 3.06E-06|1.60 17.17 10.30 58.02
9:35 P.M. 3755|38880 1800 150|5 81.03 0.08| 2.06E-04| 2.06E-06(0.71 17.88 10.80 68.82
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Coarse Coal Refuse (E7-E9) Duplicate

Hydraulic Conductivity with Fabric
Sample- E7-11 : Test Started on 5/10/09 at 2:50 P.M.
Time‘VoI(mI)‘ time ‘ﬂt (sec)‘AV(cm3)|i‘Area(cmZ) qwt(cmsfsec)‘k(cm/sec)‘k(m/sec) Pore Volume Time
ApV |Cumulative |t(Hours) | t,Cumulative
2:50 0 0 0 5/  81.03 - -
3:50 485| 3600 3600 485|5 81.03 0.13| 3.33E-04|3.33E-06|2.68 2.68 1.00 1.00
4:42 1000| 6720 3120 515|5 81.03 0.17| 4.07E-04|4.07E-06|2.85 5.53 1.87 2.87
5:50( 1910(10800 4080 910|5 81.03 0.22| 5.51E-04|5.51E-06|5.04 10.57 3.00 5.87
6:35( 2460(13500 2700 550|5 81.03 0.20| 5.03E-04|5.03E-06|3.04 13.61 3.75 9.62
7:02| 2810/15120] 1620]  350[5  81.03 0.22| 5.33E-04|5.33E-06|1.94 15.55]  4.20 13.82
7:35| 3190[17100| 1980 380(5 81.03 0.19| 4.74E-04|4.74E-06(2.10 17.65]  4.75 18.57
8:08| 3575|19080 1980 385|5 81.03 0.19| 4.80E-04|4.80E-06|2.13 19.78 5.30 23.87
8:39 3920(20940 1860 345|5 81.03 0.19| 4.58E-04|4.58E-06|1.91 21.69 5.82 29.68
8:56 4110(21960 1020 190(5 81.03 0.19| 4.60E-04|4.60E-06|1.05 22.74 6.10 35.78
Hydraulic Conductivity with Fabric
Sample- E8-11 : Test Started on 5/10/09 at 2:50 P.M.
Time‘\:‘ol(ml)| time ‘ﬂt (sec)‘ﬁ\f{cmsl‘ i ‘Area(cmzl qout(cmslsec)‘k(cm/sec)‘ kim/sec)| Pore Volume Time
ApV |Cumulative |t{Hours) | t,Cumulative
2:50 0 0 0 5 81.03 - -
3:50 450| 3600| 3600 450|5 81.03 0.13| 3.09E-04| 3.09E-06|2.20 2.20 1.00 1.00
4:34) 1034| 6240 2640 584|5 81.03 0.22| 5.46E-04| 5.46E-06|2.86 5.06 1.73 2.73
5:34| 1884 9840| 3600 850|5 81.03 0.24| 5.83E-04| 5.83E-06(4.16 9.22 2.73 5.47
6:22| 260912720 2880 725|5 81.03 0.25| 6.21E-04| 6.21E-06|3.55 12.77 3.53 9.00
7:02| 32559(15120| 2400 650(5 81.03 0.27| 6.68E-04| 6.68E-06(3.18 15.95 4.20 13.20
7:34) 3734117040 1920 475|5 81.03 0.25| 6.11E-04| 6.11E-06|2.32 18.27 4,73 17.93
8:08| 4224119080 2040 490|5 81.03 0.24| 5.93E-04| 5.93E-06|2.40 20.67 5.30 23.23
Hydraulic Conductivity with Fabric
Sample- E9-I1 : Test Started on 5/10/09 at 2:50 P.M.
Time‘VoI(ml)‘time‘ﬁt (sec)‘ﬂ\r‘(cma)‘ i ‘Area(cmz) qout(cmslsec)|k(cm/sec)‘ k(m/sec) | Pore Volume Time
ApV |Cumulat t(Hours) | t,Cumulative
2:50 0 0 0 - 5 81.03 - -
3:13 5001380 1380 500(5 81.03 0.36| 8.94E-04| 8.94E-06|2.36 2.36 0.38 0.38
3:25 79412100 720 294|5 81.03 0.41| 1.01E-03| 1.01E-05|1.39 3.76 0.58 0.97
3:48| 1316|3480 1380 522|5 81.03 0.38| 9.34E-04| 9.34E-06|2.47 6.22 0.97 1.93
3:57| 1578|4020 540 262|5 81.03 0.49( 1.20E-03| 1.20E-05|1.24 7.46 1.12 3.05
4:13] 2160|4980 960 582|5 81.03 0.61| 1.50E-03| 1.50E-05(2.75( 10.22 1.38 4.43
4:20|1 2410|5400 420 250|5 81.03 0.60| 1.47E-03| 1.47E-05(1.18| 11.40 1.50 5.93
4:36| 2910|6360 960 500|5 81.03 0.52| 1.29E-03| 1.29E-05|2.36| 13.76 1.77 71.70
4:54| 3458(7440| 1080 548|5 81.03 0.51| 1.25E-03| 1.25E-05(2.59( 16.36 2.07 9.77
5:11] 3988|8460 1020 530(5 81.03 0.52| 1.28E-03| 1.28E-05|2.51 18.86 2.35 12.12
5:201 4293|5000 540 305|5 81.03 0.56 1.39E-03| 1.39E-05(1.44( 20.30 2.50 14.62
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Coarse Coal Refuse (E7-E9) Triplicate

Hydraulic Conductivity with Fabric

Sample- E7-111 : Test Started on 5/13,/09 at 10:00AM

Time ‘Vol(ml)‘ time ‘L’\t (sec)‘ﬁ\f{cmsl‘ i ‘Area(cmzl qout(cmsisec)‘k(cmlsec)‘ k(m/sec)| Pore Volume Time

ApV |Cumulative |t(Hours)| t,Cumulative
10:00 0 0 0 - 5 81.03 - - -
10:20 205| 1200 1200 205|5 81.03 0.17| 4.22E-04| 4.22E-06|1.13 1.13 0.33 0.33
11:00 860| 3600| 2400 655|5 81.03 0.27| 6.74E-04| 6.74E-06|3.60 4.72 1.00 1.33
11:08( 1000| 4080 480 140|5 81.03 0.29| 7.20E-04| 7.20E-06|0.77 5.49 1.13 2.47
11:30( 1470| 5400 1320 470|5 81.03 0.36| 8.79E-04| 8.79E-06|2.58 8.07 1.50 3.97
11:42( 1725| 6120 720 255|5 81.03 0.35| 8.74E-04| 8.74E-06|1.40 9.47 1.70 5.67
12:00( 2125| 7200 1080 400|5 81.03 0.37| 9.14E-04| 9.14E-06|2.20 11.67 2.00 7.67
12:31 2725| 9060 1860 600|5 81.03 0.32| 7.96E-04| 7.96E-06|3.29 14.96 2.52 10.18
1:01| 3385|10860 1800 660|5 81.03 0.37| 9.05E-04| 9.05E-06|3.62 18.59 3.02 13.20
1:18| 3750|11880 1020 365|5 81.03 0.36| 8.83E-04| 8.83E-06|2.00 20.59 3.30 16.50

Hydraulic Conductivity with Fabric
Sample- E8-111 : Test Started on 5/13/09 at 10.00 A.M

Time |Vol(ml)| time |At (sec) |AV(cm®)| i |Area(cm?)| g, (cm®/sec) |k (em/sec)| k(m/sec)| Pore Volume Time

ApV |Cumulative [t(Hours) | t,Cumulative
10:00 0 0 0 - 5 81.03 - - -
10:20 290| 1200 1200 290|5 81.03 0.24| 5.96E-04| 5.96E-06|1.41 1.41 0.33 0.33
10:34 500| 2040 840 210|5 81.03 0.25| 6.17E-04| 6.17E-06|1.02 2.43 0.57 0.90
11:00 895| 3600 1560 395|5 81.03 0.25| 6.25E-04| 6.25E-06|1.92 4.36 1.00 1.90
11:30( 1415| 5400 1800 520|5 81.03 0.29| 7.13E-04| 7.13E-06|2.53 6.89 1.50 3.40
12:00{ 2050| 7200 1800 635|5 81.03 0.35| 8.71E-04| 8.71E-06|3.09 9.98 2.00 5.40
12:27| 2488| 8820 1620 438|5 81.03 0.27| 6.67E-04| 6.67E-06|2.13 12.11 2.45 7.85
1:02| 3158(10920| 2100 670|5 81.03 0.32| 7.87E-04| 7.87E-06|3.26 15.37 3.03 10.88
1:19| 3508|11940 1020 350|5 81.03 0.34| 8.47E-04| 8.47E-06|1.70 17.08 3.32 14.20

Hydraulic Conductivity with Fabric
Sample- E9-111 : Test Started on 5/13/09 at 10:00 A.M

Time ‘Vol(ml]|time‘ﬁt (sec]‘ﬁ\t‘(cmsl‘ i ‘Area(cmzl qwt(cmslsec)‘k(cm/sec]‘ k(m/sec)| Pore Volume Time

ApV |Cumulative [t(Hours) | t,Cumulative
10:00 0 0 0 - 5 81.03 - - -
10:17 390| 1020 1020 390|5 81.03 0.38| 9.44E-04| 9.44E-06|1.87 1.87 0.28 0.28
10:35 9300|2100 1080 510|5 81.03 0.47| 1.17E-03| 1.17E-05|2.45 4.32 0.58 0.87
10:50( 1325|3000 900 425|5 81.03 0.47| 1.17E-03| 1.17E-05|2.04 6.36 0.83 1.70
11:00( 1500|3600 600 175|5 81.03 0.29| 7.20E-04| 7.20E-06|0.84 7.20 1.00 2.70
11:13| 1900(4380 780 400(5 81.03 0.51] 1.27E-03| 1.27E-05|1.92 9.12 1.22 3.92
11:27| 2400(5220 840 500(5 81.03 0.60| 1.47E-03| 1.47E-05|2.40 11.52 1.45 5.37
11:41) 2900|6060 840 500(5 81.03 0.60| 1.47E-03| 1.47E-05|2.40 13.93 1.68 7.05
12:03| 3540|7380 1320 640|5 81.03 0.48| 1.20E-03| 1.20E-05|3.07 17.00 2.05 9.10
12:16( 3900|8160 780 360|5 81.03 0.46| 1.14E-03| 1.14E-05|1.73 18.73 2.27 11.37
12:30 4325|5000 840 425|5 81.03 0.51| 1.25E-03| 1.25E-05|2.04 20.77 2.50 13.87
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Coarse Coal Refuse (E10-E11)

E10
Time  |Vol(ml)| time |t (sec)|AV(cm) | i| Arealem’)| g, ,(cm’ fsec) |k [cm/sec)| k{m/sec) | Pore Volume Time
ApV |Cumulative [t(Hours)
3:15:00 AM 00 0 0 5 8103
JA500AM] 45| 1800] 1800( 4455 8103 0.247) 6.10E-04| 6.10E-06 2.19 219 0,50
415 905 3600{ 1800[ 4605  81.03 0.256| 6.31E-04| 6.31E-06 221 446 1.00
5000 1779 6300{ 2700 8745  81.03 0.324 7.99E-04| 7.99E-06 431 8.77) L75
5:13] 2054| 7080] 780 2755 8103 0.353| 8.70E-04| 8.70E-06 135 1012 197
0:10 2899/10500{ 3420 8455 81.03 0.247) 6.10E-04| 6.10E-06 416 1428 292
0:48| 3454112780 2280| 555|5]  81.03 0.243] 6.01E-04| 6.01E-06 13 17.02f 355
131 4054{15360] 2580 6005 8103 0.233 5.74E-04) 5.74E-06 29| 1997 4N
[57) 4404116920{ 1560| 3505  81.03 0.224] 5.54E-04| 5.54E-06 L2 21700 470
E1l
Time  |Vol(mi)| time |At (sec)|AV(em’)| i |Area(cm’)| q,q(cm’/sec) |k (cm/sec) | kim/sec) | Pore Volume Time
ApV  |Cumulative |t(Hours)
3:15:00 AM 0 0 0 5| 8103 - - -
3:45:00 AM 95| 1800 1800 95|15 81.03 0.053| 1.30E-04| 1.30€-06 0.46 0.46| 0.50
4:15)  190| 3600{ 1800 95|15 81.03 0.053| 1.30E-04| 1.30€-06 0.46 092 1.00
5:02| 350 6420( 2820 160]5 81.03 0.057| 1.40E-04| 1.40E-06 0.78 170 178
6:11)  600({10560| 4140f  250|5|  81.03 0.060| 1.49t-04| 1.49E-06 1.22 292 293
6:50[  760(12900{ 2340 160]5 81.03 0.068| 1.69E-04| 1.69E-06 0.78 370 3.58
7:33]  955/15480 2580 195]5 81.03 0.076| 1.87t-04| 1.87t-06 0.95 465 4.30
7:40) 1000(15900] 420 45/5] 8103 0.107| 2.64E-04| 2.64E-06 0.22 487 4.4
8:11| 1160(17760[ 1860 160]5 81.03 0.086 2.12E-04| 2.12E-06 0.78 565/ 493
9:37| 1835/22920f 5160 6755 81.03 0.131| 3.23E-04] 3.23E-06 3.29 893 6.37
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Coarse Coal Refuse (E10-E11) Duplicate

E10-11
Time  |Vol(ml)| time |At (sec) AV(em’)| i |Area(em’)|q,.(cm’/sec) |k {cm/sec) | k{m/sec) Pore Volume Time
ApV Cumulative |t(Hours) | t,Cumulative

10:00:00 AM 0 0 0 5 81.03 - -

10:30:00 AM 100| 1800{ 1800 100| 5 81.03 0.056| 1.37E-04|1.37E-06 0.55 0.55 0.50 0.50
11:01 190| 3660{ 1860 30| 5 81.03 0.048| 1.19E-04|1.19E-06 0.50 1.05 1.02 1.52
11:31)  280| 5460 1800 a0 &5 81.03 0.050( 1.23E-04|1.23E-06 0.50 1.55 1.52 3.03
12:00 3601 72000 1740 80 5 81.03 0.046| 1.13E-04|1.13E-06 0.44 2.00 2.00 5.03
12:29 430| 8%940| 1740 700 5 81.03 0.040| 9.93E-05|9.93E-07 0.39 2.38 2.48 1.52

1:01 490/10860| 1920 60| 5 81.03 0.031| 7.71E-05|7.71E-07 0.33 2.72 3.02 10.53
1:31)  550{12660| 1800 60| 5 81.03 0.033| 8.23E-05|8.23E-07 033 3.05 3.52 14.05
2:01 605]14460| 1800 550 5 81.03 0.031| 7.54E-05|7.54E-07 0.30 3.35 4.02 18.07
2:31 660]16260| 1800 55 5 81.03 0.031| 7.54E-05|7.54E-07 0.30 3.66 452 22.58
3:01 705]18060| 1800 45/ 5 81.03 0.025| 6.17E-05|6.17E-07 0.25 391 5.02 27.60
3:30 760(19800| 1740 55 5 81.03 0.032| 7.80E-05|7.80E-07 0.30 421 5.50 33.10
4:00 80521600 1800 45/ 5 81.03 0.025| 6.17E-05|6.17E-07 0.25 4.46 6.00 39.10
4:31 840123460 1860 35 5 81.03 0.019| 4.64E-05|4.64E-07 0.19 4.66 6.52 45.62
5:02 875125320 1860 35 5 81.03 0.019| 4.64E-05|4.64E-07 0.19 4.85 1.03 52.65
531 910(27060| 1740 35 5 81.03 0.020| 4.96E-05|4.96E-07 0.19 5.05 1.52 60.17
6:00 940|28800| 1740 300 5 81.03 0.017| 4.26E-05|4.26E-07 0.17 521 8.00 68.17
8:29| 1110137740 8940 170/ 5 81.03 0.019| 4.69E-05|4.69E-07 0.94 6.15| 10.48 78.65
E11-11
Time  |Vol{ml)| time | At (sec) | AV(em®) | i |Area(em®)| g, (cm’/sec) k (em/sec)| kim/sec) Pore Volume Time
ApV Cumulative |t(Hours) | t,Cumulative

10:00:00 AM 0 0 0 5 81.03 - -

10:30:00 AM 185| 1800 1800 185|5 81.03 0.103| 2.54E-04| 2.54E-06 1.01 1.01 0.50 0.50
11:02 450 3720| 1920 265(5 81.03 0.138| 3.41E-04| 3.41E-06 1.44 2.45 1.03 1.53
11:29 720| 5340| 1620 270|5 81.03 0.167| 4.11E-04| 4.11E-06 1.47 392 1.48 3.02
11:57| 1000) 7020f 1680 280(5 81.03 0.167| 4.11E-04| 4.11E-06 1.52 5.44 1.95 497
12:30| 1330 9000 1980 330(5 81.03 0.167| 4.11E-04| 4.11E-06 1.79 7.23 2.50 147

1:01| 161010860 1860 280(5 81.03 0.151| 3.72E-04| 3.72E-06 1.52 8.76 3.02 10.48
1:31| 1870(12660( 1800 260(5 81.03 0.144| 3.57E-04| 3.57E-06 141 10.17 3.52 14.00
1:47| 2000|13620 960 130(5 81.03 0.135| 3.34E-04| 3.34E-06 0.71 10.88 3.78 17.78
2:02| 212014760 1140 120(5 81.03 0.105| 2.60E-04| 2.60E-06 0.65 11.53 4.10 21.88
2:30| 2350|16440| 1680 230(5 81.03 0.137| 3.38E-04| 3.38E-06 1.25 12.78 457 26.45
2:59| 2600|18180| 1740 250(5 81.03 0.144| 3.55E-04| 3.55E-06 1.36 14.14 5.05 31.50
3:29| 2840|19980| 1800 240(5 81.03 0.133| 3.29E-04| 3.29E-06 1.31 15.44 5.55 37.05
3:50| 3000|21240| 1260 160|5 81.03 0.127| 3.13E-04| 3.13E-06 0.87 16.31 5.90 42.95
4:00) 307021840 600 70(5 81.03 0.117| 2.88E-04| 2.88E-06 0.38 16.70 6.07 49.02
4:30| 3300|23640| 1800 230(5 81.03 0.128| 3.15E-04| 3.15E-06 1.25 17.95 6.57 55.58
5:00| 3510|25440| 1800 210(5 81.03 0.117| 2.88E-04| 2.88E-06 114 19.09 7.07 62.65
5:30| 3720|27240| 1800 210(5 81.03 0.117| 2.88E-04| 2.88E-06 1.14 20.23 7.57 70.22
6:02| 3930|29160| 1920 210(5 81.03 0.109| 2.70E-04| 2.70E-06 1.14 21.37 8.10 78.32
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Coarse Coal Refuse (E10-E11) Triplicate

E10-111
Time Vol{ml)| time |At(sec) aviem®)| i |Area(cm?) Uourlem®fsec) |k (em/sec) | kim/sec) Pore Volume Time
ApV Cumulative [t(Hours) | t,Cumulative

11:00:00 AM 0 0 0 - 5 81.03 - - -

11:30:00 AM 145 1800 1800 145|5 81.03 0.081| 1.99E-04| 1.99E-06 0.80 0.80 0.50 0.50
12:00 255 3600| 1800 110|5 81.03 0.061| 1.51E-04| 1.51E-06 0.61 1.41 1.00 1.50
12:30 340 5400 1800 85/5 81.03 0.047| 1.17E-04) 1.17E-06 0.47 1.87 1.50 3.00
1:00 420 7200 1800 80|5 81.03 0.044| 1.10E-04| 1.10E-06 0.44 2.32 2.00 5.00
1:30 495 9000 1800 75/5 81.03 0.042| 1.03E-04| 1.03E-06 0.41 2.73 2.50 7.50
2:00 539| 10800 1800 4415 81.03 0.024| 6.03E-05| 6.03E-07 0.24 2.97 3.00 10.50
2:30 569| 12600 1800 3015 81.03 0.017| 4.11E-05| 4.11E-07 0.17 3.14 3.50 14.00
3:00 590| 14400 1800 21|15 81.03 0.012| 2.88E-05| 2.88E-07 0.12 3.25 4.00 18.00
3:30 605| 16200 1800 15|5 81.03 0.008| 2.06E-05| 2.06E-07 0.08 3.34 450 22.50
4:00 625| 18000 1800 20|15 81.03 0.011| 2.74E-05| 2.74E-07 0.11 3.45 5.00 27.50
4:30 640 19800| 1800 15/5 81.03 0.008| 2.06E-05| 2.06E-07 0.08 3.53 5.50 33.00
10:00 810| 39600( 19800 170|5 81.03 0.009| 2.12E-05| 2.12E-07 0.94 4.47 11.00 44,00
7:13| 1170{ 72780| 33180 360|5 81.03 0.011| 2.68E-05| 2.68E-07 1.98 6.45 20.22 64.22
8:27| 1215| 77220 4440 45]5 81.03 0.010{ 2.50E-05| 2.50E-07 0.25 6.70 21.45 85.67
9:59| 1675| 82680| 5460 460(5 81.03 0.084| 2.08E-04| 2.08E-06 2.54 9.23| 22.97 108.63
12:00| 1745| 93540 10860 70|15 81.03 0.006| 1.59E-05| 1.59E-07 0.39 9.62 25.98 134.62
2:44| 1835[103380 9840 90|5 81.03 0.009| 2.26E-05| 2.26E-07 0.50 10.12 28.72 163.33
3:57| 1865(107760 4380 30|5 81.03 0.007| 1.69E-05| 1.69E-07 0.17 10.28 29.93 193.27
4:20( 1885|109140| 1380 20|5 81.03 0.014| 3.58E-05| 3.58E-07 0.11 10.39| 30.32 223.58
7:08| 2240{119220( 10080 355|5 81.03 0.035| 8.69E-05| 8.69E-07 1.96 12.35 33.12 256.70
9:56| 2300{129300( 10080 60|5 81.03 0.006| 1.47E-05| 1.47E-07 0.33 12.68 35.92 292.62
12:36| 2357(138900 9600 57|5 81.03 0.006| 1.47E-05| 1.47E-07 0.31 12.99 38.58 331.20

E11-111
Time Vol(ml)| time |At (sec)|AV{em®)| i|Area(em?)|q,.{cm’/sec) |k (em/sec)| kim/sec) Pore Volume Time
ApV Cumulative |t(Hours) | t,Cumulative

11:00:00 AM 0 0 0 - 5 81.03 - - -

11:30:00 AM 16 1800) 1800 16|5 81.03 0.009| 2.19E-05| 2.19E-07 0.08 0.08 0.50 0.50
12:00 34| 3600| 1800 18|5 81.03 0.010| 2.47E-05| 2.47E-07 0.09 0.18 1.00 1.50
12:28 50 5280| 1680 16|5 81.03 0.010| 2.35E-05| 2.35E-07 0.08 0.26 1.47 2.97

0:58 66 7080| 1800 16|5 81.03 0.009| 2.19E-05| 2.19E-07 0.08 0.34 1.97 493
1:28 82| 8880| 1800 16|5 81.03 0.009| 2.19E-05| 2.19E-07 0.08 0.43 2.47 7.40
1:58 92| 10680| 1800 10|5 81.03 0.006| 1.37E-05| 1.37E-07 0.05 0.48 2.97 10.37
2:28 108| 12480| 1800 16|5 81.03 0.009| 2.19E-05| 2.19E-07 0.08 0.56 3.47 13.83
2:58 123| 14280 1800 15|5 81.03 0.008| 2.06E-05| 2.06E-07 0.08 0.64 3.97 17.80
3:28 138| 16080 1800 15|5 81.03 0.008| 2.06E-05| 2.06E-07 0.08 0.72 4.47 22.27
3:58 154 17880 1800 16|5 81.03 0.008| 2.19E-05| 2.19E-07 0.08 0.80 497 27.23
4:28 168| 19680 1800 14|5 81.03 0.008| 1.92E-05| 1.92E-07 0.07 0.87 5.47 32.70
10:00 324| 39600| 19920 324|5 81.03 0.016| 4.01E-05| 4.01E-07 1.69 2.56| 11.00 43.70
7:15 210| 72900| 33300 210|5 81.03 0.006| 1.56E-05| 1.56E-07 1.09 3.66| 20.25 63.95
8:28 240| 77280| 4380 30|15 81.03 0.007| 1.69E-05| 1.69E-07 0.16 3.81| 21.47 85.42
10:00 270| 78420| 5520 30|15 81.03 0.005| 1.34E-05| 1.34E-07 0.16 3.81 2178 85.73
12:00 310| 85620| 7200 40|15 81.03 0.006| 1.37E-05| 1.37E-07 0.21 402 23.78 109.52
2:45 362| 95520| 9900 52|5 81.03 0.005| 1.30E-05| 1.30E-07 0.27 4.29| 26.53 136.05
3:56 385| 99780| 4260 23|5 81.03 0.005| 1.33E-05| 1.33E-07 0.12 441 27.72 163.77
7:07 665|111240| 11460 2805 81.03 0.024| 6.03E-05| 6.03E-07 1.46 5.87| 30.90 194.67
9:52 712|121140| 9900 47|5 81.03 0.005| 1.17E-05| 1.17E-07 0.24 6.11] 33.65 228.32
0:37 760|131040| 9900 48|5 81.03 0.005| 1.20E-05| 1.20E-07 0.25 6.36| 36.40 264.72
6:57| 1050(153840| 22800 2905 81.03 0.013| 3.14E-05| 3.14E-07 1.51 7.87| 42.73 307.45
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Coarse Coal Refuse (E12-E14)

Sample- E12 : Test Started on 5/29/09 at 7:45 A.M.

Time |Vol{ml)| time |At(sec)|AV(cm®)|i|Area(cm?)| g, (em’/sec) |k (cm/sec) | k{m/sec) | Pore Volume Time
ApV Cumulative |t(Hours) | t,Cumulative
7:45 AM. 0 0 0 5 81.03 - - -
8:09 A.M. 70| 1440 1440 70|15 81.03 0.049( 1.20E-04| 1.20E-06 0.33 0.33 0.40 0.40
8:46 AM. 210| 3660] 2220 140|5 81.03 0.063| 1.56E-04| 1.56E-06 0.66 0.99 1.02 1.42
9:23 AM. 400| 5880| 2220 190|5 81.03 0.086( 2.11E-04| 2.11E-06 0.90 1.89 1.63 3.05
10:17 ALM. 730 9120 3240 330(5 81.03 0.102| 2.51E-04| 2.51E-06 1.56 3.45 2.53 5.58
11:02 A.M. 1000|11220{ 2100 270(5 81.03 0.129| 3.17E-04| 3.17E-06 1.27 472 3.12 8.70
11:39 A.M. 1210| 13440 2220 210(5 81.03 0.095| 2.33E-04| 2.33E-06 0.99 571 3.73 12.43
12:21 P.M. 1430(15840| 2400 220|5 81.03 0.092| 2.26E-04| 2.26E-06 1.04 6.75 4.40 16.83
1:36 P.M. 180020340 4500 370(5 81.03 0.082| 2.03E-04| 2.03E-06 1.75 8.50 5.65 22.48
2:29P.M 2030(23520] 3180 230(5 81.03 0.072| 1.79E-04| 1.79E-06 1.09 9.59 6.53 29.02
5:17 P.M. 2730|33600| 10080 700|5 81.03 0.069| 1.71E-04| 1.71E-06 3.31 12.89 9.33 38.35
5:45P.M. 2830(35220 1620 100|5 81.03 0.062| 1.52E-04| 1.52E-06 0.47 13.36 9.78 48.13
10:50 P.M. 3650(53520| 18300 820(5 81.03 0.045( 1.11E-04| 1.11E-06 3.87 17.23 14.87 63.00
Sample- E13 : Test Started on 5/28/09 at 8:20 A.M.
Time |Vol(ml)| time |At (sec) AV(em®) | i|Area(em?) Qoutlcm’fsec)| k(cm/sec) | k(m/sec) Pore Volume Time
ApV Cumulative t(Hours) |t,Cumulative
8:20 A.M. 0 0 0 - 5 81.03 - -
8:54 AM. 360 2040{ 2040 360|5 81.03 0.18 4.36E-04| 4.36E-06 1.76 1.76 0.57 0.57
9:30 A.M. 750( 4200 2160 390(5 81.03 0.18 4.46E-04| 4.46E-06 1.91 3.68 1.17 1.73
9:55 A.M. 1000 5700 1500 250(5 81.03 0.17 4.11E-04| 4.11E-06 1.23 4,90 1.58 3.32
11:25 AM. 177011100 5400 770(5 81.03 0.14 3.52E-04| 3.52E-06 3.77 8.68 3.08 6.40
12:04p.M.| 2050{13440( 2340 280|5 81.03 0.12 2.95E-04| 2.95E-06 1.37 10.05 3.73 10.13
1:12 P.M. 2530( 16560 3120 480|5 81.03 0.15 3.80E-04| 3.80E-06 2.35 12.40 4.60 14.73
2:00 P.M. 2818(19440( 2880 288|5 81.03 0.10 2.47E-04| 2.47E-06 1.41 13.81 5.40 20.13
2:35 P.M. 3000|21540{ 2100 182|5 81.03 0.09 2.14E-04| 2.14E-06 0.89 14.70 5.98 26.12
4:20 P.M. 3480|24240| 2700 480(5 81.03 0.18 4.39E-04| 4.39E-06 2.35 17.06 6.73 32.85
5:20 P.M. 3680|27840| 3600 200(5 81.03 0.06 1.37E-04| 1.37E-06 0.98 18.04 7.73 40.58
7:10 P.M. 4250(34440( 6600 570|5 81.03 0.09 2.13E-04| 2.13E-06 2.79 20.83 9.57 50.15
Sample- E14 : Test Started on 5/28/09 at 8:20 A.M.
Time  |Vol(ml)| time |At (sec)|AV(cm®)| i|Area(em’) | gouilcm®/sec)| k(cm/sec) | k(m/sec) Pore Volume Time
ApV Cumulative | t(Hours) |t,Cumulative
8:20AM. 0 0 0 5 81.03 - -
8:52AM. 650 1920{ 1920 6505 81.03 0.34 8.36E-04| 8.36E-06 2.99 2.99 0.53 0.53
9:19AM. 1000| 3540 1620 350(5 81.03 0.22 5.33E-04| 5.33E-06 1.61 461 0.98 1.52
9:57 A M. 1790| 5820 2280 790|5 81.03 0.35 8.55E-04| 8.55E-06 3.64 8.25 1.62 3.13
10:11AM.| 2000| 6660 840 210|5 81.03 0.25 6.17E-04| 6.17E-06 0.97 9.21 1.85 4.98
11:18 AM.| 3000{10680| 4020{ 1000{5 81.03 0.25 6.14E-04| 6.14E-06 4.61 13.82 2.97 7.95
12:07P.M.| 3610[{13620] 2940 610|5 81.03 0.21 5.12E-04| 5.12E-06 2.81 16.63 3.78 11.73
12:39P.M.| 4000(15540] 1920 390|5 81.03 0.20 5.01E-04| 5.01E-06 1.80 18.43 4.32 16.05
1:10P.M. 4515/17400{ 1860 515|5 81.03 0.28 6.83E-04| 6.83E-06 2.37 20.80 4.83 20.88
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Coarse Coal Refuse (E15-E17)
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Coarse Coal Refuse (E18-E20)

80°ST IAM=1 o 5870 90-309°¢€ (FO-309°€E (80C0 €0°18 r1°L [0SC 00¢T 00£trS [0S9ET PO TT
SLWT 6C°St 8E'E 90-300°F% (FPO-300°F (T€C0 €0°18 ¥1°L [0O00T OCetl 0O0TES |[0OOFET |CS'6
SSET 16°1F 8E'E 90-30€¥ (PO-30EF (6FC0 €0°18 ¥1°L [0O00T 0cov 08.8% [0OFCT |St:8
EVCT €5°8¢€ 8E'E 90-39€¥ (FPO-39EF ([€ESCO €0°18 ¥1°L [0O00T 096¢€ 09LtF [OOFTT |6EL
€EETT S1°S€E AR5 90-3TL Y (PO-ITL YV [€LC70 €0°18 r1°L [006 0oge 0080F% (0OFOT |¥F:9
0T T1°¢e 01T 90-30%'S (FO-30¥'S [ETEO €0°18 r1°L [00€E 096 00SLE [00SE 8¢9
ST0T 0T 1E 8970 90-3e¥’¥ (FPO-IEV ¥ (95270 €0°18 r1°L [00C 08L 0O¥S9€E [00C6 rcie
£6°6 [4 s 8E'E 90-3¢T¥ (FPO-3CTF (BECO €0°18 ¥1°L [0O00T 00ct 09.9€ (0006 19
LL°8 O LE 8E'E 90-3FC¥ (PO-3IFPC ¥ [SPCO €0°18 ¥1°L [0O00T 080t 09STE (0008 T0:S
€9°L 99°€EC 8E€°E 90-308't% (PO-308'F (8LCO €0°18 v1°L |000T 009€ 08¥LC (000L €9E
£9°9 8C°0¢ 8E'E 90-3€€°S |FO-JEE’S [60E°0 €0°18 ¥1°L [0O00T orce 088€¢ (0009 €5°¢C
€L°S 06791 90’1 90-39€°€ |FO-39€°E (F6T°0 €0°18 1L [STE 0791 0¥90¢ [000S 65T
8¢S ¥8°ST | Xaxd 90-3€9°€ |FO-3E9°E [0OTC0 €0°18 1L [SS9 0¢TE 0C06T [S891 CET
vy C9°ET 8F'€ 90-30SF (FO-30S°F (09C°0 €0°18 ¥1°L |0O€0T 096¢€ 006ST (00t Or:Zl
CE'E 10T 8670 90-3T6'v¥ (FPO-3T6°F (F8C0 €0°18 1L [06C 0Z0T OFr61T [000E FETT
E0'E 91’6 (0] ard 90-359't% (FO0-359°'F (69C°0 €0°18 v1°L |OTL or9¢ 0Z60T |[0OTLE LTTT
og'¢ 9.9 8E'E 90-368°¢€ |FO-I68°E (SCC0 €0°18 ¥1°L [0O00T 0] arar) 08¢8 |[000¢ €E0T
LO°T 8E'E CE'T 90-389'F (FO-389F (TLC°0 €0°18 F1°L [06E oriT o¥8€ |(000T 616
£9°0 90°¢ 90°¢ 90-36E¥ |FO-I6EVF (FSCO €0°18 r1°L [OT9 ootre ootr¢ |[0T9 NV 00:55:8
- - €0°18 ri'L - 0 0 0 NV 00:ST:8
(sanoH)1| sAnenwind Ady
awig awnjop aiod (0as/w)y | (28s/wd) 3 | (2@s/ _Wd)*"°b (Lwo)easy| 1 (Lwo)Aw (o@s) 1w | swn |(jw)on awi]
813

218



LL°6 96°'vS €8°0|90-3r¢’'s |FO-IFC'S |€E0E0 €018 viL ooe 099 09T1S€E |SCZFET |TO9
8576 rivs 60°% |90-300°9 |¥0-300°9 |LFEO €018 1L 000T 088¢ 00StE |SZCET 0SS
8/°8 S0°0S 60°% |90-304°9 |F0-30L°9 |88£°0 €018 viL 000t 085¢ 0¢91€ |S¢CLT |C0'S
£0°8 5675t 60°F |90-36€°L |FO-I6EL |LZFO €018 FiL 000T ofeC Otr06C |SCCTT |61:F
L 98’1 60°F |90-3€C'8 |FO-IEC'8 |9LF0 €018 viL 000t 0ot1¢ 00£9¢ |SCCOT |OF:€
£8°9 9L LE 8L°0|90-3LF'S |FO-ILF'S [LTE0 €018 viL 06T 009 009t |S¢i6 |S0'E
£9°9 66°9¢ CEE|90-3L99 |FO-3£L9°9 |98E£70 €018 viL ot18 0ot1¢ 000FZ |S€06 |SS'C
8079 L9°EE 60°% |90-30%'9 |FO0-30¥'9 |0LE°0 €018 viL 000t ooLe 0061¢ |S¢Z8 |0¢:¢
£E°S 85°6¢ 0€¥ |90-3495°L |F0-395°L |8eRO €018 viL 0sOoT oove 00¢6T |SC€cL  |SET
L9°F 8¢°S¢ CE¥ |90-309°L |FO-309°L |OFFO €018 viL SS0T oove 0089T |SLT9 |SSCT
00t 96°0¢ 79°¢ |90-38€°8 |¥0-IBE'R8 |S8F 0 €018 i/ ovr9 0ZET 00F+T |0Z1S |ST:ZT
£9°E FE8T 96°T |90-394°S |F0-39L°S |EEE0 €018 viL o8t (8)rarl 080€T |08FF |ES'TT
£ETE LE9T 90°T (903’9 |FO-IFCT'9 |19£°0 €018 1L 09¢ oTL o911 |000F |6C°TT
€0°€E TE'ST €0°E |90-3LC'9 |FO-ILE9 |E9E0 €018 viL ovL 0)rord 0¢60T |OFFLE  |LTTT
L¥°C 8T'CT ¢8°0|90-30%'9 |YO-30¥'9 |0LEO €018 viL 0ot ors 0888 |000E |EVOT
CE'¢C 91T LT°E|90-3T0°S |FO-3TO'S |06C°0 €018 viL oog 09L¢ OFrE8 |008C¢ |FE0OT
SS°T 61'8 60°% |90-300'9 |¥0-300°9 |LFEO €018 viL 000t 088¢ 085S |000Z |8F6
SL0 60°'F% 6%°0|90-394°S |F0-39L°S |EEE0 €018 viL 0¢T 09¢ 00L¢ |00OOT (006
S9°0 09°¢ 09°€ |90-305'9 |¥0-305°9 |9L£7°0 €018 viL 088 oreC Or€EC |088 NV 00758
- - - €018 viL - 0 0 0 NV 00:ST:8
(sanoH)a| ananenwin) | Ady
S awnjop 240d (oos/w)y [(2os/wd) y ﬁuwmxm_.:u“.zon_ ANEuvmw..d_. 1 FE&.}Q (dos)w| swnn [(ju)on awil

613

219



LT9T |£89% €Tl 90-300'9 |¥0-300'9 |LFE'O €0'18 ¥1°L |000T 088¢ |00C8S|0SFET |LT°T
LEST  |¥9'CS S8°0 90-30¢°€ |¥0-30C°€ |S8T°0 €0'18 ¥T'L |00C 080T |0CeSS|0SPCT (LCTT
L0°ST  |08'1S €Tl 90-395°¢€ |¥0-395°€ |90CT°0 €0'18 ¥1°L |000T 098F |OFT¥S |0SCCT |60°TT
CLET  |LS'LY €Ty 90-3¢Tv |¥0-3CT'¥ |BECO €0'18 ¥1°L |000T 00t |08c6Y¥ |[0SZTT (876
S9°CT  |FEEFR €Tl 90-30€¥ |¥0-30€¥ |6FCO €0'18 ¥1°L |000T 0cZo¥ |08TSY¥ |0SCOT |BE:8
€P'IT  |TT'6E ITe 90-34S5°C |¥0-3LS°C |6FT°0 €0'18 ¥1°L |00S 09€E |09TT¥ |0S¢6 |TE€L
0S°0T |00°LE LT'E 90-3¢€€ |¥0-3CEE |C6T0 €0'18 'L |0SL 006E |008LE|0SL8 |SP9
e £8'EE €y 90-3TS°€ |¥O-3TS'E |€0C0 €0'18 ¥1°L |000T O¢6l |006E€E (0008 |OF:S
S0°8 09'6¢ €TV 90-356°€ [¥0-356'€ |8ZC0O €0'18 ¥1°L |000T 08€r |0868T|000L |8T1F
€89 FAS:Y4 £y 90-3L6'F (¥0-3L6'F |L8C0 €0'18 ¥1°L |000T 08¥E |009%<C (0009 |SO€
£8°S vT'TC 06'T 90-30£°€ [¥0-30L°€ |¥TICO €0'18 rT°L  |0SF 00T¢ |0OCTTC|000S |L0:C
8C’S reel EEC 90-30€°€ |¥0-30€°€ |T6T'O €0'18 ¥T°L |0SS 088¢ |0CO6T (0SSt |TET
8’ 1691 €Y 90-390'% [¥0-390'%F |SECO €0'18 ¥1°L |000T 09¢v |Ov19T (00OF |PP:CT
0E'E 89'¢T 10T 90-3¢€¥ |¥O-ICEF |0STO €0'18 ¥T°L  |OFC 096 088TT |000E |EE°TT
€0°E L9°TT TCE 90-395v ([¥0-395'% |¥9C°0 €0'18 ¥T°L  |09L 088¢ |0¢60T (09LC (LT'TT
€T’C 9¥'8 €Tl 90-356°¢€ |¥0-356°€ |8CZC'O €0'18 ¥1°L |000T 08¢k |O¥08 (000C |6C:0T
T €Ty 191 90-386'% |¥0-386'% |88C°0 €0'18 ¥T°L |08€E 0¢eT |099¢€ |00OT (916
S9°0 9'c 9'c 90-385v |¥0-38S9'% |S9C°0 €0'18 'L |0C9 Ove€C |OvecC |0T9 NV 00758
- - - €0'18 YL - 0 0 0 NV 00:ST:8
(sanoy)a| ennenwny ANV
awny awnjop alod (2as/wa)y | (23s/wd) 3| (33s/ Wd)"°b (;un)esuy 1 (wo)Av (oos) 1w | awny |(jw)on awi)

0cd

220



Blended Refuse (F13-F14) without geotextile

8L'€9 EEEEOTT|TVOT 6/'7|£0-306'7 |50-306'7 (900 €0T8  |ST|OvZ  |00°096Z7 |00:LT:E |0TVTT |LS8T |TTTT60/LT/L
S8'TS €EEBY |09 8C°0(£0-300'% |S0-300'7 (SO0 €0T8  |ST|EL 00'0¥S0€  |00:ST:0 |00ST |L11T  |wb:L160/LT/L
LEEY £599908 |S€'L SyT|L0-9€C°S |S0-3ET°S (900 €0T8  |ST|S8E€ 0007067 |00:THT (0909 |P¥0T |6T:LT 60/LT/L
0E'aE EEEBED |68'S 15°0{£0-3v8'7 |S0-3987 (900 €0T8  |ST|VET 0008677 |00:8€:0 |08TT |6S9T |8€:ST 60/LT/L
(6'8C £9991°9 |SL'S 9€'0(£0-3£€°5 |S0-3LT'S (900 €018 |ST|96 0000227 |00:S7:0 (00ST |SZST  |00:ST 60/LT/L
SL7TC 000845 |6E'S 8€°0(£0-3vST |50-395T |C0°0 €0T8  |ST|00T  |00°00/0T |00:6CT:T |OVES |6TYT |SET 60/LT/L
00°LT £999Ty |10°9 90°T|90-3€T°C (W0O-3ETT (970 €0T8  |ST|08Z  |00'09€ST |00:8T:0 080T |6TET |90:ET 60/LT/L
ELT £9996°¢ |96°€ 18'0(£0-3v9°S |50-395°S |£0°0 €018  |ST|¥TZ  |00°08ZYT |00:€S:0 0STE |6¥0T |81 60/LT/L
LL'8 €EE80E |9T¢ €v'0|£0-3v8'S |50-398°S |L0°0 €0T8  |ST|STT  |00°00TTT |00:LT:0 0791 |S€8  |SS'TT 60/LT/L
899 EEEE9T |ULTC €5°0(£0-378'G |50-38'S |L0°0 €0T8  |ST|OYT  |00°08¥6  |00:€€0 (0861 |0TL  |8TTT60/LT/L
50°€ EEEBOT |6T'C €UT|L0-3vT°9 |S0-39T9 |L0°0 €078  |ST|00E  |00°00S. |00-L0:T |0TOF |08  |SS:0160/LT/L
(60 £9996'0 [90'T 90'T|£0-379°9 (503799 (800 €018  |ST|08Z  |00°08PE  |00:8S:0 |08¥E 08T  |8t7660/LT/L
- - - Q18 |ST| - 0 |05'860/L7/L
BAIe|WN)Y | (SINOH)Y | sAnenwn)| Ady
Bl awnjop8iod | (das/wy |(9as/wa)y (2es/ waf"b (woeaty| ! |(Wa)Ay (09s)3 'win) |(utw) 3y | (29s) 17| (jw)jon swiL

Rnanpuo) JlnespAy €4

221



80601 £999€°€C|90°9T vET|L0-358'F [S0-958'F |90°0 €018 9T |0S€ 0007178 |00:6ET |OV6S |TLTY  |9€:860/8T/L
(AR L9911 |CLvT OF'L|£0-3vSF (S0-9¥ST (900 €018 ST|SE61  |00°0818L |00:St:6 |00TSE |TT6E |15:960/87/L
00%9 £9996°1T |CE'L vEC|L0-3€0°F [S0-9€0F (SO0 €018 ST (C19 00'080€7 |00:8Z:€ [08¥CT (9861 |T1:TZ60/LT/L
€07¢S 000098 |86'F 1C0|£0-396°C [90-396°C |#0°0 €018 ST |¥S 00'0090€ |00:SZ:0 [00ST  |VLET  |v¥LT 60/LT/L
€9EY €EE80'8 |8LF 90°T|L0-3LL°€ |S0-LL°E (SO0 €018 ST (8L¢ 0000167 |00:T#:T {0909 |OTET |6T:L160/LT/L
1S 000079 |TLE Q€0 |L0-3CEE |S0eEE |#00 €018 ST |6 00'0v0€Z |00:8E:0 |08 |ZvOT  |8E:ST 60/LT/L
S0°6C £999T1°9 |€9°€ LT°0|£0-300'F {S0-300'% |S0°0 €018 ST (0L 000022 |00-T:0 |0¥PT |0S6  |00:ST 60/LT/L
88'CT £999L°S |9€'€ €C°0|80-3rC’6 (90-3vZ’6 (100 €018 ST |09 0009/07 |00:6Z°T [OVES |088  |9€:WT 60/LT/L
[AYA! EEE8TY |ET'E €£°0|90-398°T [¥0-398'T |€T0 €018 qT (06T 000Z¥ST |00:4T:0 [Ov8  |0T8  |L0:€T60/LT/L
€8¢l 0000t |Th'C £5°0|£0-155°€ |S0-9S5°€ |#0°0 €018 QT (091 0008571 |00:8S:0 [08V€ |0€9  |€S:TT 60/LT/L
8.8 €EE80E €8T LT0|£0-199°€ [S0-9959°€ |#0°0 €018 aT (0L 00'00TTT |00:£Z:0 [0Z9T |087  |SS:TT60/LT/L
0L'S EEEETC |L9T CE0|£0-3v9°€E S0-AV9°E |#0°0 €018 qT |98 000876  |00:Z€:0 [0Z6T |0TF  |8T:TT60/LT/L
JARS 0000T°C VLT £9°0|£0-3ES°E |90-3€5°E€ |#0°0 €018 ST |aLl 00095/  |00:80:T [0807 [STE  |95:0T 60/LT/L
L6'0 £9996°0 |50 £S°0|£0-399°€ |S0-4S5°€ |#00 €018 ST (04T 00°08v€  |00:8S:0 |08FE |0ST |86 60/LZ/L
- - - €018 |ST| - 0 05°860/L7/L
BAlleINWN)‘Y | (SINOH ) | BAnEINWN)| ADY
CINIT awnjop alod | (9as/w)y |(das/wo) ¥ | (28s/ wa)"b (;wo)eauy| 1 |(WI)AV (29s)3 "wing | (uiw) 39| (23s) 17| (jw)joA sy

Rinanpuo) Jnelpiy T4

222



Blended refuse with geotextile
Blended Refuse (F4-F6)

€5°08¢C¢ £9°S6T |69°CT [AN0 80-3r0°¢ [90-3F0°C |FS00°0 €0'18 05°Z€E |0€ 00°00¥¥0OL |0O:E€ET |08SS  [ZPTE  |TS:0T 60/LT/L
£/8'7BOE ZIvel |LFTT 0Tt 80-394°'T (90-39L°T |9+¥00°0 €0'18 0S5°Z€|SLT 00°078869 |00:/7:9T|0776S |/TI€ |8T:660//T//
S94°068¢ L9°LLT |LETTT rc0 80-389°'T (90-389°T |¥#r000 €0'18 05°¢€ |09 00'0096€9 |00:9%:€ [09SET |ev8¢ |1S:9T 60/91/L
80°€TLE 06'€LT |ET'TT [AN0 80-398'T (90-398'T |6¥00°0 €0'18 05°Z€E |0€ 00°0¥09T9 |00:C¥:T |0TT9 |€84T |SO:€T 60/9T/L
8T'6EST 0T'Z/T |TO'TT 900 6038y (L0-38TF% |T100°0 €0'18 0S'ZE|ST 00°076619 |00:Z¥E |OTEET |ZSLT |€TTT 60/9T/1
86°99¢€¢ 09891 |S6°0T €Tl 80-366'T [90-366°T |CS00°0 €0'18 0S°¢E |8 00°009909 |00:£S:¥T |0CBES [LE€LT  |TH:L60/9T/L
8t'861¢ S9'EST |86 110 80-398'T (90-398'T |6¥00°0 €0'18 0s8'Ce|LC 00°08£TSS |00:CET |0TSS  |SSPT  |WFi9T 60/ST/L
€6'r0T ¢0'Zst |TL'e S0°0 80-39¢°'T [90-3SC°T |€€00°0 €0'18 09'ZE |€T 00'09TL¥S |00:90:T |096€ [82FT  |CI:ST 60/ST/L
76'Z681 Z6°09T |99°6 0Z0 80-3/9°'T (90-3/9°T |¥r000 €0'18 05°Z€ |09 00'00€EYS |00:60:€ [OVETT |STWZ  [90:¢T 60/ST/L
00°¢rLT LLIPT |96 120 803TL'T [90-3TL'T |SP000 €0'18 0S°¢E €9 00°096T€S |00:9T:€ [09LTT |[S9€T |£S:0T 60/ST/L
€T'v6ST 0S'vrPT |ST°6 990 80-319'T [90-3T9°T |€r00°0 €0'18 08'ZE|99T 00°00T0TS |00:£¥:0T |0788E |CTET  |T¥:L 60/ST/L
€L6PPT ZLEET 6598 ZE0 80-3TLT [90-3TLT |SP000 €0'18 0S°Z€ |64 00'08€T8Y |00:ES:y [08SLT [LPTT  |PSI0T 60/¥T/L
Z0'9TET €8'8¢T |LC'8 reo 803¢L'T [90-3¢L°T |S¥00°0 €0'18 0S°¢€E |09 00°008€9Y |00:TH:E [09ZET [890T  |T0:9T 60/¥T/L
81°/8T1 ST'SeT |€0'8 S0°0 80-3/T'T [90-3LT'T |T€00°0 €0'18 09'Ze|CT 00'0¥S0SK |00:S0:T |006E (8002  |0T:TT 60/¥T/L
£0°Z901 LOFCT (8674 €20 80-319'T (90-3T9°T |Zr000 €0'18 05°Z€ |8S 00°0¥99%Y |00:8%:€ |[089E€T [966T |ST:TT 60/¥T//
L6°LEB L2°0¢T |SL°L 6’0 803147 [90-3TL'T |S¥000 €018 05°¢e|0eC 00°096CEV |00:CT:vT [OCTTS [8€6T |L2:L60/¥1/L
0L7£18 £0°90T |€8'9 [AN0 80-3LF'T (90-3LF'T |6€00°0 €0'18 05°Z€E |0€ 00'0¥8T8E |00:60:C |OVLL [80LT |ST:LT 60/ET/L
€9°T1L Z6'E0T |TL9 910 80-369°'T (90-369°T |¥#F00°0 €0'18 05°Z€E |OF 00°00T#/€ |00:0€:Z |0006 |8/9T |90:ST 60/ET//
L7409 Cr'10T |S99°9 [40) 803147 [90-3TL°T |S¥000 €018 0s°¢e |08 00'00TS9€ |00:9S:t [094LT [8€9T [9€:¢T 6O/EL/L
0€'90S 87’96 |€T°9 810 80-36¥'T [90-36¥'T |6€00°0 €0'18 0s'Ze|0CT 00'OVELVE |00:82:8 |08VOE [89ST  |OF:L 60O/ET/L
78607 2088 |SL°S £9°0 80-36¥'Z [90-3S¥°T |S900°0 €0'18 05°Z€E|L9T 00°09891€ |00:T1:/ |098SZ |8EFT |ZI:€T 60/TT/L
08'1¢E €808 |80'S 98°0 80-491°T [90-39T°T |T€000 €018 05°¢e|STC 00°000T6¢ |0O:TE6T [09¢0L |14 |T0:9T 60/CL/L
L6'0vE A 5= A 19T 80-3¢9'T [90-3¢9°T |€r00°0 €0'18 0S'Z€E |81k 00°0%¥£0TT |00:60:LT |OVLL6 [950T |0€:0T 60/TT/L
S9'641 LT'FE  |SS°C S0°0 80-38S'T [90-385°T |Z¥00'0 €0'18 0S'ZE |€T 00°000€ZT |00:ZS'0 |0CTE |BE9 17:/1 60/0T/1
'Syl 0g'ee  |09°¢ 9¢0 80-310°¢ (90-3T0°C |€500°0 €0'18 05°¢E |99 00°088611 |00:S¢:€ |00ECT |S¢9 6¢:91 60/0T/L
8T°¢Tl 88'6c |FC'C 110 803€¥'T [90-3IEF'T |€00°0 €0'18 058°¢€E 8¢ 00°08SL0T |00'¥0'C |O¥PL |09S ¥0:€T 60/0T/L
0£'Z8 8ttt €T 120 80-369'T [90-369°T |¥#F00'0 €0'18 0S'ZE|TS 00°0FTOO0T |00:ST:E [00LTIT |ZES 00:TT 60/0T/1
8r'vs L9°vC  |Z6'T 07’1 80-386'T (90-386'T |ZS00°0 €0'18 05°Z€ |00E 00°0¥¥88 |00:00:9T |[009LS |08F St 60/0T/L
Z6'6C JASH:; Lo [AN0 80-318'T (90-318'T |8¥00°0 €0'18 0S'¢E |0€ 00°0¥80€ |00'S¥'T [00€9 08T St:ST 60/6/L
SE'TE 78’9 090 0T0 80-3r9°¢ (90-3¥9°C |6900°0 €0'18 058°Ze |S¢C Q0'0oFsS¥C |00°00°T [009€ |0ST 00:%T 60/6/L
€971 Z8'S 050 800 80-30€°¢ [90-30€°C |T900°0 €0'18 05°Z€ |0¢C 00°0¥60Z |00:59'0 |0Ote |STT 00:€T 60/6/L
8 oe't oo 010 803re’C (90-3FEC |C900°0 €0'18 08°¢E |FC 00°0¥9LT |00'SO'T |00O6E  |SOT S0:TT 60/6/L
8t 8’ €0 [0 80-3rd’c (90-3FC’CT |6500°0 €0'18 0s'ze |18 00°0FLET |00'6Y'E |OVLET |18 00:TT 60/6/¢
- - - €018 05'T€ - 0 TT:L60/6/L
aAnenWIND1 | (sinoH)1| aaneinwnd|  Ady
|| awnjop aJiod (das/w)y | (d3s/wd) | (29s/ W2)"b (;um)eaay| 1 |{wo)Av (298)3 "winy | (uiw) 3w |(29%) 37| (Jw)ion awil

“W'd TS:0T 60/£T//- NV TT:Z 18 60/6/L UO PaLIeIS1Sal : 74 -a|dwes

J1ge4 yum Aia1zonpuo) J1nespAH

223



8.°S6T |IFOT S6°0|80-3€C'T |90-I€EC'T |€E000 €0°18 SCE|CTC 0Z810L |00:L0O:8T |0CCS9 |WlEC 85:0T 60/LT/L
L9°LLT 976 €Z'0|80-30%°T |90-40%'T |LEOO'OQ £€0'18 S°CE|0S 0096€9 |00:9%:€ |09SET |ZTTT |[TS:9T1 60/9T/L
06°ELT |FT6 60°0|80-3SC°T |90-IS<'T |€E000 €0°18 SCE |0C 0099 |00 TH+T |0909 90¢ SO'ET 60/9T/4
el |96 81°0|80-3rL°L |90-3dFr1'1T |0E000 €0°L8 S°CE |OF 086619 |00:E-€ |0OBEEL |LvOC v TT 60/9T/L
0S'89T |.6'8 9/.°0|80-30C°T |90-30C€'T |CE000 €0°18 SCE|OLT 009909 |00-LS:#T |OCBES |€00C T 60/9T/1
SS'EST |TT'8 60°0|80-38€°T |90-I8E'T |9€000 €0°T8 S°CE |0C 084755 |00:CET |0€SS CEBT 9T 60/ST/L
¢0'e¢sT |C1°8 #0'0|60-3FL°6 |LO0-dFL'6 |9C00°0 £€0'18 S'¢e|ot 09¢.%S |00:50:'T |006E 7181 |ZT1:ST 60/ST/L
€6°05T |L0'8 €1°0|80-300°T |90-300°T |9C000 €0°18 5°C€E |0E 09€EYrS |00:60E |OFETT |COBT L0%T 60/8T/L
8LV T |FEL 0¢'0|80-3S¥'T |90-4SF'T |BE000Q £€0'18 S°CE |SP 0Z0TES |00:9T:€ |094TT |2LLT |85:0T 60/ST/L
CSPrT |PLL ¥S°0|80-48T°T |90-38T°'T |TE€000 €0°18 SCE |0CT 09¢0ZS |009F 0T |09L8E |LTLT v L 60/5T/1
SLEEL |0CL SC'0|80-481°1 |90-481°'1T |1€000 €0°L8 S°CE |55 00S18¥ |00:-¥S:¥ |OP9LL |L091 95:0¢ 60/¥T/L
S8'8¢T |S69 81°0|80-3ST'T |90-3IST'T |0EOO0 €0°18 SCE |OF 098€9¥ |00:T:€ |09CET |€SST 20:9T 60/¥T/L
LT'SCT |LL9 00 |60-3FL°6 |LO-IFL'6 |9C000 €0°T8 SCE|OT 0090S¥ |00:S0:T |006E 1Sl TT:TT 60/¥T/L
80°FCT |EL9 81°0(80-3TT°T |90-4TT'T |6C00°0 £€0'18 S°CE |OF 00/9%¥ |00:8%:€ |089€T [ZOST |9T:TT 60/¥T/L
8C°0¢T |SS9 €/°0|80-30C°T |90-30C€'T |ZE000 €0°18 SCE |91 0ZCOEEY |00 ET T |OBTTS |€9FT 871 60/¥rT/L
L0901 |Z8'S €1°0|80-3LE°T |90-4LE°T |9€00°0 £€0'18 S°C€|8C OF818€E |00:60:C |OFLL 00E€T |ST:/T 6O/ET/L
C6'E0T |0L°S €1°0|80-3LC°T |90-3LZ'T |FEOOO €0°18 S°CE |0E 00TtLE |00'6CC |OF6R LT 90:ST 60/ET/L
eF'I0T |99°S ST0|80-3LT°T |90-3LT'T |T€000 €018 S°CE |99 09159 |00-L9:F |OCBLT |ZvWCT LETT 60/ET/L
8t°96 [ASA [¥#°0|80-4T€°T |90-3T€'T |FEOOO €0°1I8 SCE |S0T OFELVPE |00:BC:8 |0BFOE |/BTL Ot/ 60/ET/L
0’88 81 8€°0|80-3S5C°T |90-3ISC'T |€EE000 €0°T8 S°CE |58 09891¢€ |00:0T:L |DO0BSC |€80T ZTiET 60/TT/L
5808 Ly €0°'T|80-3IFC°T |90-dFC'T |€E00°0 £€0'18 S°CE|0EC 09016¢ |00-€E-6T [0CE0L |L66 70:19T 60/TT/L
CE'19 e I#'T|80-3€ECT |90-IEC'T |ZEO00O0 €0°18 SCE|STE OF£L0ZC |00TO:LE (09CL6 |£9L 0€:0Z 60/TT/L
0EvE €0°¢ #0'0|{80-3S0°T |90-4S0°'T |8C0O00 £€0'18 S'¢e|ot 08FECT |00:00:T |009€ (4 67:/T 60/0T/L
0g'EE 86T 61°0|80-30€°T |90-30€'T |FEOOO €0°18 SCE | 08861TT |00SCE |DOECT |Evv 67:9T 60/0T/L
88°6¢C 64T OT'0|80-3€ET'T |90-FET'T |0E000 €018 SCE|CC 08S£0T |00:€0-T |0BEL oot v0:€T 60/0T/L
€8°/¢C 691 /T°0|80-4€C°T |90-3€EC'T |CEOOO €0°1I8 S°CE |BE 00¢00T |00:9T:€ |09LTT |8/E TO'1T 60/0T/L
LS ST ¥6°0|80-38€°T |90-I8E'T |9€000 €0°T8 S°CE|0TC OFtr88 |00:00:9T (009LS |OFE StiZ 60/0T/L
LS°8 850 TT°0|80-3TS°T |90-41S°'T |0FOO°0Q £€0'18 S°CE|S¢C Or80¢€ |00:S%#:T |00€9 0O€T St:ST 60/6/L
8’9 L¥0 £0°0|80-38S°T |90-I85'T | 000 €0°18 SCE|ST OFStZ |00:00:T |[009€ SOT 00:+T 60/6/1
€8'sS or'o #0'0|80-3ST°T |90-4ST'T |0E00°0 £€0'18 S'¢e|ot Or60¢ |00:9S°0 |00t€€ 06 00:€T 60/6/¢
06t 9€0 60°0|80-3r0°¢C |90-3Ir0°C |¥SO00 €0°18 SCE|TC 0F9LT |00SO'T |006E 08 S0:TT 60/6/1
(8t 970 9¢°0|80-3€9°T |90-3€E9'T |EFO00 €018 S°CE |BS OFLET |00:6F-€ |OFLET |BS 00:1T 60/6/1
- - - €0'18 STE - 0 11:/ 60/6/1
(sanoH )| sanenwnd| Ady
awi| swnjop a1od | (28s/wy |(28s/wd) 3 | (d9s/ WD) "°h (juwo)easy| 1 |(;wo)Av (09s)1 | (urw) 1y ((o2s) v | (Jw)jon awi]

W'V TT:£ 38 60/60/L UO poslIEISISa] @ G -o|dwes

a1iged Yyim AlAIzonpuo) aijnedpAH

224



LL°S6T |FEL 19'0|60-391°8 |£0-39T'8 |1€00°0 €018 SCeE|ovT 00'09/%0/ |00:90:8T |09TS9 [S/9T |/S:0T 60/LT/L
L9°LLT |EL9 €1°0|60-3FF'8 |L0-IFF'8 |TC00°0 €018 S'TE|0E 00°0096€9 |00:S¥:€ |00SET |SEST |TS:9T 60/9T/L
C6'ELT |69°9 S0°0|60-35%°L |£0-3SF°L |0€00°0 €018 See |t 00'00T979 |00:Z¥:T |0CT9 [SOST |90:€1 60/9T/L
CTLT ([PPSO ¢1'0|60-396°L |£0-356°L |T€00°0 €018 §CE|8¢C 00'086619 |00:EF:€ |08EET |€6FT |WE:TT 60/9T/L
05891 |T¥'9 £€5°0|60-3¥S'8 |£0-3¥S'8 |CTC00°0 €018 STE|TeT 00°009909 |00:£S¥T |0ZBES |S9FT  |Tt:L 60/9T/L
S9°EST |68'S 90'0|80-398°¢ |90-398'¢C |SL00°0 €018 SCE|VT 00'08/7SS |00:TE0 |098T |PPET |v¥:9T 60/ST/L
€0°EST [€8'S €0°0|60-3€5°€ |£0-3CS°E |6000°0 €018 SCE|L 00°0Z60SS |00:90:T |095L |0EET |ET:9T 6O/ST/L
€6°0ST |08'S 0T°0|60-30£°L |£0-304£°L |0200°0 €018 S'TE|ET 00°'09€EPS |00:60:€ |OPETT |€ZET  |L0WT 60/ST//
8L LVT |0L°S T1°0|60-30%'8 |£0-30F'8 |Z€00°0 €018 §CE|9¢C 00'0T0TES |00:9T:€ |09/TT |00ET |8S:0T 60/ST/L
ISPl 89S 6€°0|60-3€L°8 |£0-9¢L’8 |€EC000 €018 SCE |68 00°0970¢S |00:97:0T |0948€ |¥LTT |T¥:L60/ST/L
SLEET |6T'S 81°0|60-304'8 |£0-304£'8 |€EC00°0 €018 sy 00'00ST8Y |00:TS:¥ |09%/T [S8TT |95:0C 60/¥T/L
06'8¢T [C0'S €1°0|60-316'8 |£0-3T6'8 |EC00°0 €018 asyfels 00'0¥0¥9¥ |00:€€:€ |084CT |SPIT |S0:9T 60/¥T/L
SE'SCT |68'F #0°0|60-399°9 |£0-399'9 |[8T00°0 €018 SCE|8 00°097TS¥ |00:9T:T |09SF |STIT |ZECT 6O/¥T/L
80°FCT |S8'F #1'0|60-3€6'8 |£0-3¢6'8 |€EC00°0 €018 SCE|CE 00'00/9%¥ |00:Lt:€ |0C9€ET [L0TT |9T:TT 60/¥T/L
0€0CT |TLF €5°0|60-306'8 |£0-306'8 |€EC00°0 €018 Sce|oeT 00'080€€EY |00:ET:¥T |08TTS [SL0T |6€:L 60/¥L/L
80°90T [8T'F 60°0|60-318°6 |£0-3T8'6 |9200°0 €018 S'TE|0T 00°00618¢ |00:60°C |O¥LL |SS6 9T:/T 60/€T/L
€6°€0T [OT'F 0T'0|60-3£L°6 |£0-3LL°6 |9€00°0 €018 SCE|€T 00°09TvLE |00:6C:C |O¥68 |SE6 L0:ST 60/€T/L
S¥'T0T |00°F 81°0|60-31596'8 |£0-356'8 |¥€00°0 €018 SCE | 00°0¢ZS99€ |00:LS'F |0C8LT |CT6 8€:ZT 6O/ET/L
0596 |I8'E ¢€'0|60-31r0°6 |L0-3¥0'6 |FE00°0 €018 SCe|CL 00°00FLVE |00:¥C:8 |O¥COE |0L8 Ti:L 6O/ET/L
01’88 |09°€E 0€'0|60-3€6'6 |£0-3C6'6 |9€00°0 €018 S°CE|89 00°09TLTE |00:¥T:L |O¥09C |86L LT:€T60/TT/L
£8°08 |0T€E ¥/£°0|60-3£T°6 |£0-3LT'6 |FTO00 €018 STE|OLT 00'0ZTT6T [00EE:6T |08E0L |0EL €0:9T 60/TT/L
CE'T9 | S0°'T|60-3€€°6 |L0-9EE'6 |SC00°0 €018 SCe|ove 00°0¥£0C¢C |00:80:£LC|089.6 |09S 0€:0T 60/T1/L
8TveE |OF'T #0°0|80-361°T |90-36T°T |T€00°0 €018 gce|ot 00°090€¢T |00:€S:0 |081€ |OCE 7T:L1 60/0T/L
0€'€E  |9€T €1°0|60-39T°6 |£0-39C°6 |¥C00°0 €018 S'TE|0€E 00°08861T |00:9C:€ | DOECT |0OTE 6¢:9T 60/0T/L
88'6¢ |[€CT 80°0|60-19¢°6 |£0-39C°6 |¥€00°0 €018 §Ce|8T 00°08S£0T |00:€0:C |08EL |08C ¥0:€T 60/0T/L
€84 |STT #1°0|80-3€0°T |90-3€0'T |L€00°0 €018 SCE|CE 00°00¢00T [00:9T:€ |09LTT |C9¢ TO:TT 60/0T/L
LSFT  |T0'T #9°0|60-369°6 |£0-369°6 [9200°0 €018 STE|LPT 00°0F¥88 |00:00:9T |009.S |0€T St/ 60/0T/L
FASE:] 9€0 60°0|80-3TZ°T |90-3TC'T |ZE00°0 €018 §ce|oe 00°0¥80€ |00:SP:T |00E9 |€8 St:ST 60/6/1
89 87’0 #0°0|80-350°T |90-3S0'T |8¢€00°0 €018 gce|ot 00°0FSvZ |00:00:T |009E |€9 00:¥T 60/6/L
8'S €00 T0°0|60-185°€ |£0-985°€ |6000°0 €018 SCE|€E 00°0¥60C |00:€S:0 |08TE |€S 00:€T 60/6/L
€6'F o S0°0|80-3€ET'T |90-3€T'T |0E00°0 €018 See |t 00°094LT |00:L0:T |OCOF |0S L0:TT 60/6/1
8'€E LT°0 £T°0|80-350°T |90-350'T |8€00°0 €018 S'TE|8€E 00°0OVLET |006V:E |OVLET |8E 00:1T 60/6/L
- - - - - €018 A - 0 11:L60/6/L
(sanoHN ANV
awll | awnjopalod | (oas/wy | (d8s/wo) ¥ | (das/ wo)"°b (;wa)eaay| I |(wo)AV (oesh (unw) 1y | (22s) 1| (Jw)jon awi)

NV TT:£ 18 60/6/L UO pauieI§ise] : 94 -adwes

a1ge4 Yyium AJAIDNpUO) dijnelpAH

225



Blended Refuse (F7-F9)

Hydraulic Conductivity with Fabric
Sample- F7 : Test Started on 7/20/09 at 11:40 A.M.
Time Vol{ml) | At (sec)| At (min) | Cum. t{sec)|AV(cm?)| i |Area(cm?)| g, {cm®/sec) |k (cm/sec)| kim/sec)| Pore Volume Time

ApV |Cumulative | t{Hours) | t,Cumulative
7/20/09 11:40 0 15 81.03
7/20/09 11:50 245| 600.00| 0:10:00 600.00 245|115 81.03 0.41| 3.36FE-04| 3.36FE-06( 0.89 0.89 0.17 0.17
7/20/09 12:10 755 1200( 0:20:00 1800.00 51015 81.03 0.43| 3.50E-04| 3.50E-06| 1.85 2.74 0.50 0.67
7/20/0912:40| 1470 1800 0:30:00 3600.00 715|15 81.03 0.40| 3.27E-04| 3.27E-06| 2.59 5.33 1.00 1.67
7/20/09 13:00| 2470/ 1200| 0:20:00 4800.00 1000|115 81.03 0.83| 6.86E-04| 6.86E-06| 3.62 8.95 1.33 3.00
7/20/09 13:45| 3495| 2700 0:45:00 7500.00 102515 81.03 0.38| 3.12E-04| 3.12E-06| 3.71 12.66 2.08 5.08
7/20/09 14:10| 3995 1500( 0:25:00 9000.00 50015 81.03 0.33| 2.74E-04| 2.74E-06| 1.81 14.47 2.50 7.58
7/20/09 14:36| 4495 1560| 0:26:00| 10560.00 500|15 81.03 0.32| 2.64E-04| 2.64E-06| 1.81 16.28 2.93 10.52
7/20/09 14:40| 4495 15 81.03
7/20/09 15:15| 5265| 2100| 0:35:00| 12660.00 770/ 15 81.03 0.37| 3.02E-04| 3.02E-06| 2.79 19.07 3.52 3.52
7/20/09 15:25| 5495 600| 0:10:00, 13260.00 230|15 81.03 0.38| 3.15E-04| 3.15E-06| 0.83 19.91 3.68 7.20
7/20/09 16:11| 6495 2760| 0:46:00| 16020.00 1000|115 81.03 0.36| 2.98E-04| 2.98E-06| 3.62 23.53 4.45 11.65
7/20/09 16:58| 7495| 2820| 0:47:00| 18840.00 1000/ 15 81.03 0.35| 2.92E-04| 2.92E-06| 3.62 27.15 5.23 16.88
7/20/09 17:45| 8495| 2820| 0:47:00| 21660.00 1000| 15 81.03 0.35| 2.92E-04| 2.92E-06| 3.62 30.78 6.02 22.90
7/20/09 18:01| 8887| 960.00| 0:16:00| 22620.00 392|15 81.03 0.41| 3.36E-04| 3.36E-06| 1.42 32.20 6.28 29.18

Hydraulic Conductivity with Fabric
Sample- F8 : Test Started on 7/20/09 at 11:40 A.M.
Time Vol(ml) | At (sec) |At (min)| t{sec) |AV{em®)| i |Area(em?)|q,u(cm’/sec)|k (em/sec) | kim/sec)| Pore Volume Time
ApV |Cumulative |t(Hours)

7/20/09 11:40 0 15 81.03 - -
7/20/09 11:50 450| 600.00| 0:10:00{ 600.00 450] 15 81.03 0.75| 6.17E-04|6.17E-06|1.36 1.36 0.17
7/20/09 12:00 890 1200( 0:10:00| 1800.00 440| 15 81.03 0.37| 3.02E-04|3.02E-06|1.33 2.69 0.50
7/20/09 12:15| 1530 1800( 0:15:00| 3600.00 640| 15 81.03 0.36| 2.93E-04|2.93E-06|1.94 463 1.00
7/20/09 12:40| 3090 1200| 0:25:00| 4800.00 156015 81.03 1.30| 1.07E-03|1.07E-05(4.72 9.35 1.33
7/20/09 12:53| 3560 2700 0:13:00| 7500.00 470|115 81.03 0.17| 1.43E-04|1.43E-06|1.42 10.77 2.08
7/20/09 13:10| 4250 1500( 0:17:00| 9000.00 690| 15 81.03 0.46| 3.78E-04|3.78E-06|2.09 12.86 2.50
7/20/09 13:35| 4950 1560( 0:25:00| 10560.00 700| 15 81.03 0.45| 3.69E-04|3.69E-06|2.12 14.97 2.93
7/20/09 13:45| 4950 - 15 81.03
7/20/09 13:50, 5130 300| 0:05:00|10860.00 180(15 81.03 0.60| 4.94E-04|4.94E-06|0.54 15.52 3.02
7/20/09 14:10| 5810 1200( 0:20:00|12060.00 680| 15 81.03 0.57| 4.66E-04|4.66E-06|2.06 17.58 3.35
7/20/09 14:42| 6980 2760| 0:32:00|14820.00 1170(15 81.03 0.42| 3.49E-04|3.49E-06|3.54 21.12 412
7/20/09 15:12| 7980| 2820| 0:30:00|17640.00 100015 81.03 0.35| 2.92E-04|2.92E-06|3.03 24.14 490
7/20/09 15:44| 8980| 2820| 0:47:00|20460.00 100015 81.03 0.35| 2.92E-04|2.92E-06|3.03 27.17 5.68
7/20/09 15:50| 9180 360| 0:06:00|{20820.00 200| 15 81.03 0.56| 4.57E-04|4.57E-06|0.61 27.77 5.78
7/20/09 15:55| 9180 - - 15 81.03 - - -
7/20/09 16:11| 10180 960| 0:16:00|{21780.00 100015 81.03 1.04| 8.57E-04|8.57E-06(3.03 30.80 6.05
7/20/09 16:40| 11265 1740| 0:29:00|23520.00 1085(15 81.03 0.62| 5.13E-04|5.13E-06|3.28 34.08 6.53
7/20/09 17:35| 13265| 3300| 0:55:00{26820.00 2000| 15 81.03 0.61| 4.99E-04|4.99E-06|6.05 40.13 7.45
7/20/09 17:46| 13685 660| 0:11:00|27480.00 420] 15 81.03 0.64| 5.24E-04|5.24E-06|1.27 41.40 7.63
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Blended Refuse (F10-F12)
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Blended Refuse F15

Hydraulic Conductivity with Fabric

Sample- F15: Test Started on 8/10/09 at 9:00 A.M.

Time Vol(ml)|At (sec) | At (min) | Cum. t(sec) AV(cm®)| i |Area(cm?) Goutlcm®/sec) |k (cm/sec) | k(m/sec)| Pore Volume Time

ApV |Cumulative | t(Hours) | t,Cumulative
8/10/09 9:00 0
8/10/09 9:19 380 1140( 0:19:00 1140.00 380|31 81.03 0.3333| 1.33E-04|1.33E-06|1.19 1.19 0.32 0.32|Cell 1
8/10/09 9:30 580 660| 0:11:00 1800.00 20031 81.03 0.3030| 1.21E-04|1.21E-06|0.63 1.82 0.50 0.82
8/10/09 9:45 880 900( 0:15:00 2700.00 300(31 81.03 0.3333| 1.33E-04|1.33E-06|0.94 2.76 0.75 1.57
8/10/09 10:00f 1150 900| 0:15:00 3600.00 270(31 81.03 0.3000| 1.19E-04|1.19E-06|0.85 3.61 1.00 2.57
8/10/09 10:15 1438 900| 0:15:00 4500.00 28831 81.03 0.3200| 1.27E-04|1.27E-06|0.90 4.51 1.25 3.82
8/10/09 10:31 1740 960 0:16:00 5460.00 302(31 81.03 0.3146| 1.25E-04|1.25E-06|0.95 5.46 1.52 5.33
8/10/09 10:45 1880 840| 0:14:00 6300.00 140(31 81.03 0.1667| 6.64E-05|6.64E-07|0.44 5.90 1.75 7.08
8/10/09 11:05| 2260 1200( 0:20:00 7500.00 380|31 81.03 0.3167| 1.26E-04|1.26E-06|1.19 7.09 2.08 9.17
8/10/09 11:25[ 2620 1200| 0:20:00 8700.00 360(31 81.03 0.3000| 1.19E-04|1.19E-06|1.13 8.22 2.42 11.58
8/10/09 11:38 2880 780( 0:13:00 9480.00 260|31 81.03 0.3333| 1.33E-04|1.33E-06|0.82 9.03 2.63 14.22
8/10/09 12:00( 3250 1320( 0:22:00 10800.00 370(31 81.03 0.2803| 1.12E-04|1.12E-06|1.16 10.19 3.00 17.22
8/10/09 12:37| 3880 2220( 0:37:00 13020.00 630|31 81.03 0.2838| 1.13E-04|1.13E-06|1.98 12.17 3.62 20.83
8/10/09 12:39( 3880 Cell 2
8/10/09 13:20( 4100 2460| 0:41:00 15480.00 220|31 81.03 0.0894| 3.56E-05|3.56E-07|0.69 12.86 4.30 4.30
8/10/09 13:58 4300 2280| 0:38:00 17760.00 200( 31 81.03 0.0877| 3.49E-05|3.49E-07|0.63 13.48 4.93 9.23
8/10/09 14:49| 4560 3060| 0:51:00 20820.00 260(31 81.03 0.0850| 3.38E-05|3.38E-07|0.82 14.30 5.78 15.02
8/10/09 15:26( 4750 2220| 0:37:00 23040.00 190|31 81.03 0.0856| 3.41E-05|3.41E-07|0.60 14.89 6.40 21.42
8/10/09 15:40( 4820 840| 0:14:00 23880.00 70(31 81.03 0.0833| 3.32E-05|3.32E-07|0.22 15.11 6.63 28.05
8/10/09 15:55 4880 900| 0:15:00 24780.00 60[31 81.03 0.0667| 2.65E-05|2.65E-07|0.19 15.30 6.88 34.93
8/10/09 17:16[ 5310 4860| 1:21:00 29640.00 430(31 81.03 0.0885| 3.52E-05|3.52E-07|1.35 16.65 8.23 43.17
8/10/09 17:44| 5440 1680| 0:28:00 31320.00 130]31 81.03 0.0774| 3.08E-05|3.08E-07|0.41 17.06 8.70 51.87
8/10/09 19:03| 5840| 4740| 1:19:00 36060.00 400|31 81.03 0.0844| 3.36E-05|3.36E-07|1.25 18.31 10.02 61.88
8/10/09 22:20( 6800| 11820| 3:17:00 47880.00 96031 81.03 0.0812| 3.23E-05|3.23E-07|3.01 21.32 13.30 75.18
8/10/09 23:26[ 7120 3960| 1:06:00 51840.00 320(31 81.03 0.0808| 3.22E-05|3.22E-07|1.00 22.33 14.40 89.58
8/10/09 23:53 7240 1620| 0:27:00 53460.00 120]31 81.03 0.0741| 2.95E-05|2.95E-07|0.38 22.70 14.85 104.43
8/11/09 0:28| 7400 2100( 0:35:00 55560.00 160( 31 81.03 0.0762| 3.03E-05|3.03E-07|0.50 23.20 15.43 119.87
8/11/09 1:00{ 7550 1920| 0:32:00 57480.00 150|31 81.03 0.0781| 3.11E-05|3.11E-07|0.47 23.67 15.97 135.83
8/11/09 1:39 7675 2340| 0:39:00 59820.00 125|31 81.03 0.0534| 2.13E-05|2.13E-07|0.39 24.07 16.62 152.45
8/11/09 2:05| 7840 1560 0:26:00 61380.00 165(31 81.03 0.1058| 4.21E-05|4.21E-07|0.52 24.58 17.05 169.50
8/11/09 2:34| 7990 1740( 0:29:00 63120.00 150(31 81.03 0.0862| 3.43E-05|3.43E-07|0.47 25.05 17.53 187.03
8/11/09 2:39 7990 Cell 3
8/11/09 7:13 8690| 16440| 4:34:00 79560.00 700|31 81.03 0.0426| 1.70E-05|1.70E-07|2.19 27.25 22.10 209.13
8/11/09 8:25| 8870 4320| 1:12:00 83880.00 180( 31 81.03 0.0417| 1.66E-05|1.66E-07|0.56 27.81 23.30 232.43
8/11/099:00{ 8970 2100| 0:35:00 85980.00 10031 81.03 0.0476| 1.90E-05|1.90E-07|0.31 28.13 23.88 256.32
8/11/09 10:00 9110 3600( 1:00:00 89580.00 140|31 81.03 0.0389| 1.55E-05|1.55E-07|0.44 28.57 24.88 281.20
8/11/09 11:54| 9410 6840| 1:54:00 96420.00 300|31 81.03 0.0439| 1.75E-05|1.75E-07|0.94 29.51 26.78 307.98
8/11/09 15:27| 9830| 12780| 3:33:00| 109200.00 420|31 81.03 0.0329| 1.31E-05|1.31E-07|1.32 30.82 30.33 338.32
8/11/09 19:19( 10400| 13920| 3:52:00{ 123120.00 570[31 81.03 0.0409| 1.63E-05|1.63E-07|1.79 32.61 34.20 372.52
8/11/09 20:24| 10550 3900( 1:05:00( 127020.00 150]31 81.03 0.0385| 1.53E-05|1.53E-07|0.47 33.08 35.28 407.80
8/11/09 21:18| 10670 3240| 0:54:00| 130260.00 120(31 81.03 0.0370| 1.47E-05|1.47E-07|0.38 33.46 36.18 443.98
8/11/09 21:20{ 10670 Cell 4
8/11/09 22:05( 10710 2700| 0:45:00| 132960.00 40(31 81.03 0.0148| 5.90E-06|5.90E-08|0.13 33.58 36.93 480.92
8/12/09 6:50| 11350| 31500| 8:45:00| 164460.00 640|31 81.03 0.0203| 8.09E-06|8.09E-08|2.01 35.59 45.68 526.60
8/12/09 8:30| 11470 6000| 1:40:00| 170460.00 120(31 81.03 0.0200| 7.96E-06|7.96E-08|0.38 35.97 47.35 573.95
8/12/09 9:39| 11550 4140| 1:09:00| 174600.00 80[31 81.03 0.0193| 7.69E-06|7.69E-08|0.25 36.22 48.50 622.45
8/12/09 10:37| 11628 3480| 0:58:00( 178080.00 78|31 81.03 0.0224| 8.92E-06|8.92E-08|0.24 36.46 49.47 671.92
8/12/09 12:47| 11770 7800| 2:10:00| 185880.00 14231 81.03 0.0182| 7.25E-06|7.25E-08|0.45 36.91 51.63 723.55
8/12/09 14:17| 11885 5400| 1:30:00| 191280.00 115(31 81.03 0.0213| 8.48E-06|8.48E-08|0.36 37.27 53.13 776.68
8/12/09 14:57| 11930 2400| 0:40:00| 193680.00 45]31 81.03 0.0188| 7.46E-06|7.46E-08|0.14 37.41 53.80 830.48
8/12/09 16:00 12008 3780| 1:03:00( 197460.00 78|31 81.03 0.0206| 8.21E-06|8.21E-08|0.24 37.65 54.85 885.33
8/13/09 6:59| 13028| 53940|14:59:00| 251400.00 1020|31 81.03 0.0189| 7.53E-06|7.53E-08|3.20 40.85 69.83 955.17
8/13/09 8:30| 13148 5460| 1:31:00| 256860.00 12031 81.03 0.0220| 8.75E-06|8.75E-08|0.38 41.23 71.35 1026.52
8/13/09 9:40| 13228 4200| 1:10:00| 261060.00 80|31 81.03 0.0190| 7.58E-06|7.58E-08|0.25 41.48 72.52 1099.03
8/13/09 10:31| 13288 3060| 0:51:00| 264120.00 60|31 81.03 0.0196| 7.81E-06|7.81E-08|0.19 41.67 73.37 1172.40
8/13/09 11:36| 13358 3900| 1:05:00| 268020.00 70(31 81.03 0.0179| 7.15E-06|7.15E-08|0.22 41.89 74.45 1246.85
8/13/09 12:49( 13443 4380| 1:13:00{ 272400.00 85[31 81.03 0.0194| 7.73E-06|7.73E-08|0.27 42.15 75.67 1322.52
8/13/09 14:38| 13558 6540( 1:49:00( 278940.00 115|31 81.03 0.0176| 7.00E-06|7.00E-08]|0.36 42.51 77.48 1400.00
8/13/09 15:48| 13638 4200| 1:10:00( 283140.00 80[31 81.03 0.0190| 7.58E-06|7.58E-08|0.25 42.76 78.65 1478.65
8/13/09 16:36] 13706 2880| 0:48:00| 286020.00 68[31 81.03 0.0236| 9.40E-06|9.40E-08|0.21 42.98 79.45 1558.10
8/14/09 7:38| 14678| 54120|15:02:00| 340140.00 972(31 81.03 0.0180| 7.15E-06|7.15E-08|3.05 46.03 94.48 1652.58
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Sample- F15: Continuation on 8/14/09 at 7:41 A.M.

Time Vol(ml)|At (sec) | At (min) | Cum. t(sec) AV(em®)| i |Area(cm?) Goutlcm®/sec) |k (cm/sec) |k(m/sec)| Pore Volume Time
8/14/09 7:41| 14678 Cell 5
8/14/09 9:15( 14778| 5640| 1:34:00| 345780.00 100|31 81.03 0.0177| 7.06E-06|7.06E-08|0.31 46.34| 96.05 1748.63

8/14/09 10:15| 14848| 3600| 1:00:00{ 349380.00 70(31 81.03 0.0194| 7.74E-06|7.74E-08|0.22 46.56| 97.05 1845.68
8/14/09 11:49| 14958 5640| 1:34:00f 355020.00 11031 81.03 0.0195| 7.76E-06|7.76E-08|0.34 46.90 98.62 1944.30
8/14/09 13:45| 15088| 6960| 1:56:00| 361980.00 130|31 81.03 0.0187| 7.44E-06|7.44E-08|0.41 47.31| 100.55 1849.18
8/14/09 14:45| 15156 3600| 1:00:00f{ 365580.00 68|31 81.03 0.0189| 7.52E-06|7.52E-08(0.21 47.52] 101.55 1947.23
8/15/09 6:05 16174| 55200|15:20:00| 420780.00 101831 81.03 0.0184| 7.34E-06|7.34E-08|3.19 50.72| 116.88 2061.18
8/15/09 13:52| 16666| 28020| 7:47:00| 448800.00 492131 81.03 0.0176| 6.99E-06|6.99E-08|1.54 52.26| 124.67 1973.85
8/15/09 19:32| 17044| 20400| 5:40:00| 469200.00 37831 81.03 0.0185| 7.38E-06|7.38E-08|1.19 53.44| 130.33 2077.57
8/16/09 16:21| 18316| 74940(20:49:00| 544140.00 127231 81.03 0.0170| 6.76E-06|6.76E-08[3.99 57.43| 151.15 2212.33
8/16/09 17:34| 18386 4380| 1:13:00| 548520.00 70(31 81.03 0.0160| 6.36E-06|6.36E-08|0.22 57.65| 152.37 2126.22
8/16/09 17:36| 18386 Cell 6
8/17/09 7:16| 19266| 49200|13:40:00| 597720.00 88031 81.03 0.0179| 7.12E-06|7.12E-08|2.76 60.41| 166.03 2292.25
8/17/09 8:45| 19346 5340| 1:29:00f 603060.00 80|31 81.03 0.0150| 5.96E-06|5.96E-08(0.25 60.66| 167.52 2459.77
8/17/09 9:00( 19366 900( 0:15:00| 603960.00 20(31 81.03 0.0222| 8.85E-06|8.85E-08|0.06 60.73| 167.77 2627.53
8/17/09 10:00| 19424| 3600| 1:00:00| 607560.00 58(31 81.03 0.0161| 6.41E-06|6.41E-08|0.18 60.91| 168.77 2796.30
8/17/09 12:23| 19566| 8580| 2:23:00| 616140.00 142|131 81.03 0.0166| 6.59E-06]|6.59E-08|0.45 61.35| 171.15 2967.45
8/17/09 15:25| 19756 10920| 3:02:00| 627060.00 190|31 81.03 0.0174| 6.93E-06|6.93E-08|0.60 61.95| 174.18 3141.63
8/18/09 7:11| 20685| 56760|15:46:00| 683820.00 929|31 81.03 0.0164| 6.52E-06|6.52E-08(2.91 64.86| 189.95 3331.58
8/18/09 10:06| 20846| 10500| 2:55:00| 694320.00 161|31 81.03 0.0153| 6.10E-06|6.10E-08|0.50 65.37| 192.87 3524.45
8/18/09 11:06| 20886 3600| 1:00:00f 697920.00 40(31 81.03 0.0111| 4.42E-06|4.42E-08(0.13 65.49| 193.87 3718.32
8/18/09 12:00| 20954 3240| 0:54:00{ 701160.00 68(31 81.03 0.0210| 8.36E-06|8.36E-08|0.21 65.71| 194.77 3913.08
8/18/09 15:08| 21126| 11280| 3:08:00| 712440.00 172|131 81.03 0.0152| 6.07E-06|6.07E-08|0.54 66.24| 197.90 4110.98
8/19/09 9:40| 22156| 66720[18:32:00| 779160.00 1030(31 81.03 0.0154| 6.15E-06|6.15E-08|3.23 69.47| 216.43 4327.42
8/19/09 11:26| 22251 6360| 1:46:00| 785520.00 95|31 81.03 0.0149| 5.95E-06|5.95E-08(0.30 69.77| 218.20 4545.62
8/19/09 13:03| 22341| 5820| 1:37:00| 791340.00 90|31 81.03 0.0155| 6.16E-06|6.16E-08|0.28 70.05| 219.82 4765.43
8/19/09 15:24| 22466 8460| 2:21:00| 799800.00 125|31 81.03 0.0148| 5.88E-06|5.88E-08(0.39 70.45| 222.17 4987.60
8/19/09 15:30| 22466 Cell 7
8/19/09 17:29| 22606 7140| 1:59:00| 806940.00 140|31 81.03 0.0196| 7.81E-06|7.81E-08|0.44 70.89| 224.15 5211.75
8/20/09 12:09| 23746| 67200|18:40:00| 874140.00 1140(|31 81.03 0.0170| 6.75E-06|6.75E-08|3.57 74.46| 242.82 5454.57
8/20/09 13:16| 23816| 4020| 1:07:00| 878160.00 70(31 81.03 0.0174| 6.93E-06|6.93E-08|0.22 74.68| 243.93 5698.50
8/20/09 14:47| 23906 5460| 1:31:00{ 883620.00 90|31 81.03 0.0165| 6.56E-06|6.56E-08|0.28 74.96| 245.45 5943.95
8/20/09 15:12| 23928 1500 0:25:00| 885120.00 22|31 81.03 0.0147| 5.84E-06|5.84E-08|0.07 75.03| 245.87 6189.82
8/20/09 16:10| 23986 3480| 0:58:00f 888600.00 58|31 81.03 0.0167| 6.64E-06|6.64E-08(0.18 75.21| 246.83 6436.65
8/21/09 13:00| 25204| 75000(20:50:00f 963600.00 121831 81.03 0.0162| 6.47E-06|6.47E-08|3.82 79.03| 267.67 6704.32
8/21/09 13:53| 25246 3180| 0:53:00| 966780.00 42131 81.03 0.0132| 5.26E-06|5.26E-08|0.13 79.16| 268.55 6972.87
8/21/09 14:35| 25286 2520| 0:42:00| 969300.00 40(31 81.03 0.0159| 6.32E-06|6.32E-08(0.13 79.29| 269.25 7242.12
8/21/09 15:21| 25326 2760| 0:46:00| 972060.00 40|31 81.03 0.0145| 5.77E-06|5.77E-08|0.13 79.41| 270.02 7512.13
8/21/09 16:53| 25421 5520| 1:32:00| 977580.00 95|31 81.03 0.0172| 6.85E-06|6.85E-08|0.30 79.71| 271.55 7783.68
8/22/09 1:19| 25899| 30360| 8:26:00| 1007940.00 478|31 81.03 0.0157| 6.27E-06|6.27E-08|1.50 81.21| 279.98 8063.67
8/22/09 1:24| 25899 Cell 8
8/22/09 16:01| 26777| 52620|14:37:00|1060560.00 87831 81.03 0.0167| 6.64E-06|6.64E-08|2.75 83.96| 294.60 8358.27
8/22/09 16:55| 26829 3240| 0:54:00|1063800.00 52|31 81.03 0.0160| 6.39E-06|6.39E-08|0.16 84.13| 295.50 8653.77
8/23/09 15:43| 28097| 82080|22:48:00|1145880.00 1268|31 81.03 0.0154| 6.15E-06|6.15E-08|3.98 88.10| 318.30 8972.07
8/23/09 16:04| 28119 1260( 0:21:00/1147140.00 22|31 81.03 0.0175| 6.95E-06|6.95E-08(0.07 88.17| 318.65 9290.72
8/23/09 21:35| 28429| 19860| 5:31:00|{1167000.00 310(31 81.03 0.0156| 6.21E-06|6.21E-08|0.97 89.14| 324.17 9614.88
8/24/09 7:25| 28939| 35400| 9:50:00|1202400.00 510|31 81.03 0.0144| 5.74E-06|5.74E-08|1.60 90.74| 334.00 9948.88
8/24/09 8:46| 29019| 4860| 1:21:00|1207260.00 80|31 81.03 0.0165| 6.55E-06|6.55E-08|0.25 91.00| 335.35 10284.23
8/24/09 10:55| 29119| 7740| 2:09:00|1215000.00 100|31 81.03 0.0129| 5.14E-06|5.14E-08|0.31 91.31| 337.50 10621.73
8/24/09 12:23| 29199| 5280| 1:28:00|{1220280.00 80|31 81.03 0.0152| 6.03E-06|6.03E-08|0.25 91.56| 338.97 10960.70
8/24/09 13:45| 29259| 4920| 1:22:00|1225200.00 60|31 81.03 0.0122| 4.85E-06|4.85E-08|0.19 91.75| 340.33 11301.03
8/24/09 14:18| 29297 1980| 0:33:00(1227180.00 38|31 81.03 0.0192| 7.64E-06|7.64E-08|0.12 91.87| 340.88 11641.92
8/24/09 15:45| 29359| 5220| 1:27:00|1232400.00 62|31 81.03 0.0119| 4.73E-06|4.73E-08|0.19 92.06| 342.33 11984.25
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Acid samples

E15A-1
E15A-I
Time Vol(ml) [ At (sec) | At (min)| Cum. t(sec)| AV(cm?®) i |Area(cm?®)|k (ecm/sec)| k(m/sec) Time ApV |pV CUM.
t(Hours) | t,Cumulative
9/3/09 12:00 0
9/3/09 12:13 350 780 0:13:00 780.00 350 5 81.03| 1.11E-03| 1.11E-05 0.22 0.22]0.99 0.99
9/3/0912:31| 1000 1080]|0:18:00 1860.00 650 5 81.03| 1.49E-03| 1.49E-05 0.52 0.73|1.84 2.83
9/3/0913:29| 2820| 3480] 0:58:00 5340.00 1820 5 81.03| 1.29E-03| 1.29E-05 1.48 2.22(5.15 7.98
9/3/0913:52| 3520| 1380] 0:23:00 6720.00 700 5 81.03| 1.25E-03| 1.25E-05 1.87 4.08]1.98 9.96
9/3/09 13:56| 3520 0.00 9.96
9/3/09 14:28| 4720| 1920] 0:32:00 8640.00 1200 5 81.03| 1.54E-03| 1.54E-05 2.40 2.40(3.40 13.36
9/3/0915:19| 6528| 3060|0:51:00f 11700.00 1808 5 81.03| 1.46E-03| 1.46E-05 3.25 5.65(5.12 18.48
9/3/09 15:33| 7008 840| 0:14:00( 12540.00 480 5 81.03| 1.41E-03| 1.41E-05 3.48 9.13(1.36 19.84
9/3/09 15:40| 7258 420| 0:07:00f 12960.00 250 5 81.03| 1.47E-03| 1.47E-05 3.60 12.73|0.71 20.54
E15A-11
E15A-11
Time Vol(ml)| At (sec) | At (min) [ Cum. t(sec) AV(cm3) i Area(cmz) k (cm/sec)| kim/sec) [Time ApV |pV CUM
t(Hours)
9/11/09 7:17 0
9/11/09 7:39 420| 1320 0:22:00 1320.00 420 5 81.03| 7.85E-04| 7.85E-06 0.37|1.17 1.17
9/11/09 8:01 800| 1320]0:22:00 2640.00 380 5 81.03| 7.11E-04| 7.11E-06 0.73|1.06 2.22
9/11/09 8:40| 1400 2340( 0:39:00 4980.00 600 5 81.03| 6.33E-04| 6.33E-06 1.38|1.67 3.89
9/11/09 8:59| 1650 1140( 0:19:00 6120.00 250 5 81.03| 5.41E-04| 5.41E-06 1.70/0.69 4.59
9/11/09 9:59| 2650 3600( 1:00:00 9720.00 1000 5 81.03| 6.86E-04| 6.86E-06 2.70(2.78 7.37
9/11/09 10:15| 2900 960| 0:16:00| 10680.00 250 5 81.03| 6.43E-04| 6.43E-06 2.97/0.69 8.06
0.00 8.06
9/11/09 11:05| 2900 0.00 8.06
9/11/09 11:30| 3680| 1500|0:25:00f 16800.00 780 5 81.03| 1.28E-03| 1.28E-05 4.67|2.17| 10.23
9/11/09 11:45| 4170 900/ 0:15:00| 17700.00 490 5 81.03| 1.34E-03| 1.34E-05 4.92|1.36] 11.59
9/11/09 12:06| 4730| 1260|0:21:00f 18960.00 560 5 81.03| 1.10E-03| 1.10E-05 5.27|/1.56( 13.15
9/11/09 12:12| 4900 360( 0:06:00| 19320.00 170 5 81.03| 1.17E-03| 1.17E-05 5.37(0.47( 13.62
9/11/09 12:42| 5740| 1800|0:30:00( 21120.00 840 5 81.03| 1.15E-03| 1.15E-05 5.87[2.33] 15.96
9/11/09 12:46| 5850 240( 0:04:00| 21360.00 110 5 81.03| 1.13E-03| 1.13E-05 5.93/0.31| 16.26
9/11/09 13:05| 6380 1140|0:19:00( 22500.00 530 5 81.03| 1.15E-03| 1.15E-05 6.25(1.47( 17.73
9/11/09 13:24| 6850| 1140|0:19:00( 23640.00 470 5 81.03| 1.02E-03| 1.02E-05 6.57(1.31| 19.04
9/11/09 13:29 0.00f 19.04
9/11/09 13:45| 7230 0.00f 19.04
9/11/09 14:29| 8260| 1200| 0:44:00( 26040.00 1030 5 81.03| 2.12E-03| 2.12E-05 7.2312.86( 21.90
9/11/09 14:50| 8790| 2640|0:21:00( 28680.00 530 5 81.03| 4.96E-04| 4.96E-06 7.97(1.47| 23.38
9/11/09 16:06| 10060 1260(1:16:00( 29940.00 1270 5 81.03| 2.49E-03| 2.49E-05 8.32|3.53| 26.91
9/11/09 16:49| 10690 420| 0:43:00| 30360.00 630 5 81.03| 3.70E-03| 3.70E-05 8.43|1.75| 28.66
9/11/09 17:08| 10690 0.00| 28.66
9/11/09 18:00| 12390 420| 0:52:00| 30780.00 1700 5 81.03| 9.99E-03| 9.99E-05 8.55/4.73| 33.38
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F11A-I

Time At (min)| At (sec) | AV V i A(cm?) | k(cm/s) | k (m/sec) |t (min)|t (hour)| pV | ApV
9/18/09 10:19 0 0.00
9/18/09 10:49 0:30| 1800.00(1120| 1120.00 13.68( 81.03|5.613E-04| 5.613E-06| 0:30 0.50(3.42| 3.42
9/18/09 11:08 0:19| 1140.00| 880| 2000.00 13.68 81.03|6.964E-04| 6.964E-06| 0:49 0.82]2.69| 6.11
9/18/09 11:30 0:22| 1320.00({1000| 3000.00 13.68( 81.03|6.834E-04| 6.834E-06| 1:11 1.18|3.06| 9.17
9/18/09 11:50 0:20| 1200.00( 915| 3915.00 13.68| 81.03|6.879E-04| 6.879E-06| 1:31 1.52|2.80|11.97
9/18/09 11:55 0:05 13.68 0.00]11.97
9/18/09 12:22 0:27| 1620.00(1290| 5205.00 13.68| 81.03|7.184E-04| 7.184E-06| 1:58 1.97|3.94(15.91
9/18/09 12:39 0:17| 1020.00|1290( 6495.00 13.68 81.03|1.141E-03( 1.141E-05 2:15 2.2513.94|19.85
9/18/09 13:00 0:21| 1260.00(1000| 7495.00 13.68| 81.03|7.160E-04| 7.160E-06| 2:36 2.60(3.06]22.91
9/18/09 13:11 0:11 660.00| 540| 8035.00 13.68| 81.03|7.381E-04| 7.381E-06| 2:47 2.78(1.65|24.56
9/18/09 13:21 0:10 13.68 0.00]24.56
9/18/09 13:47 0:26]| 1560.00(1280| 9315.00 13.68| 81.03|7.402E-04| 7.402E-06| 3:13 3.22(3.91|28.47
9/18/09 14:34 0:47| 2820.00|2000{11315.00 13.68| 81.03|6.398E-04| 6.398E-06| 4:00 4.00{6.11|34.58
9/18/09 14:46 0:12 720.00| 890|12205.00 13.68| 81.03|1.115E-03| 1.115E-05| 4:12 4.20(2.72|37.30
9/18/09 14:56 0:10 13.68 0.00(37.30
9/18/09 15:21 0:25| 1500.00|1175{13380.00 13.68| 81.03|7.067E-04| 7.067E-06| 4:37 4.62(3.59(40.90
9/18/09 15:41 0:20| 1200.00({2080|15460.00 13.68| 81.03|1.564E-03| 1.564E-05| 4:57 4.95|6.36(47.25
9/18/09 16:07 0:26| 1560.00(1140|16600.00 13.68| 81.03|6.592E-04| 6.592E-06| 5:23 5.38(3.48|50.74
9/18/09 16:29 0:22| 1320.00| 865|17465.00 13.68| 81.03|5.912E-04| 5.912E-06| 5:45 5.75(2.64|53.38
F11A-II

F11A-11

Time At (min)| At (sec) | AV V i A(cm?) | k(ecm/s) | k (m/sec) |t (min)|t (hour)|ApV| pV
9/25/09 10:14 0 0.00
9/25/09 10:29 0:15( 600.00| 560 560.00 13.68| 81.03|8.420E-04| 8.420E-06| 0.17 0.1711.79| 1.79
9/25/09 10:45 0:16( 960.00| 720| 1280.00 13.68| 81.03|6.766E-04| 6.766E-06| 0.27 0.43(2.30( 4.09
9/25/09 10:56 0:11 660.00| 470| 1750.00 13.68| 81.03|6.424E-04| 6.424E-06| 0.18 0.62(1.50f 5.59
9/25/09 11:11 0:15| 900.00| 650( 2400.00 13.68| 81.03|6.515E-04| 6.515E-06| 0.25 0.87]|2.07| 7.66
9/25/09 11:20 0:09| 540.00| 350( 2750.00 13.68 81.03|5.847E-04| 5.847E-06| 0.15 1.02|1.12] 8.78
9/25/09 11:31 0:11| 660.00| 480( 3230.00 13.68 81.03|6.561E-04| 6.561E-06| 0.18 1.20/1.53]10.31
9/25/09 11:55 0:24]11440.00| 960( 4190.00 13.68| 81.03|6.014E-04| 6.014E-06| 0.40 1.60|3.06|13.37
9/25/09 12:04 0:09| 540.00 0 4190.00 13.68 0.15 0.00]13.37
9/25/09 12:24 0:20/1200.00| 480| 4670.00 13.68| 81.03|3.609E-04| 3.609E-06| 0.33 1.93]1.53|14.90
9/25/09 12:57 0:33|1980.00|1570| 6240.00 13.68| 81.03|7.153E-04| 7.153E-06| 0.55 2.48|5.01|19.91
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F15A-1 (with beads)

Time At (min) At (sec) AV v i A (cm?) k (cm/s) k (m/sec) t (min) t (hour)

10/26/09 11:39 0 0.00
10/26/09 12:15 0:36 2160.00 1430 1430.00 32.57 81.03 2.509E-04| 2.509E-06 0.60 0.60
10/26/09 12:35 0:20 1200.00 610 2040.00 32.57 81.03 1.926E-04| 1.926E-06 0.33 0.93
10/26/09 12:55 0:20 1200.00 630 2670.00 32.57 81.03 1.989E-04| 1.989E-06 0.33 1.27
10/26/09 13:13 0:18 1080.00 370 3040.00 32.57 81.03 1.298E-04| 1.298E-06 0.30 1.57
10/26/09 13:36 0:23 1380.00 810 3850.00 32.57 81.03 2.224E-04| 2.224E-06 0.38 1.95
10/26/09 13:46 0:10 600.00 0 3850.00 32.57 81.03 0.000E+00| 0.000E+00 0.17
10/26/09 14:12 0:26 1560.00 375 4225.00 32.57 81.03 9.108E-05| 9.108E-07 0.43 2.38
10/26/09 14:56 0:44 2640.00 555 4780.00 32.57 81.03 7.966E-05| 7.966E-07 0.73 3.12
10/26/09 15:17 0:21 1260.00 265 5045.00 32.57 81.03 7.969E-05| 7.969E-07 0.35 3.47
10/26/09 15:36 0:19 1140.00 240 5285.00 32.57 81.03 7.977E-05| 7.977E-07 0.32 3.78
10/26/09 16:50 1:14 4440.00 960 6245.00 32.57 81.03 8.193E-05| 8.193E-07 1.23 5.02
10/26/09 17:50 1:00 3600.00 665 6910.00 32.57 81.03 6.999E-05| 6.999E-07 1.00 6.02
10/26/09 18:33 0:43 2580.00 525 7435.00 32.57 81.03 7.710E-05| 7.710E-07 0.72 6.73
10/26/09 18:43 0:10 600.00 0 7435.00 32.57 81.03 0.000E+00| 0.000E+00 0.17
10/26/09 20:53 2:10 7800.00 915 8350.00 32.57 81.03 4.445E-05| 4.445E-07 2.17 8.90
10/26/09 22:55 2:02 7320.00 820 9170.00 32.57 81.03 4.245E-05| 4.245E-07 2.03 10.93
10/26/09 23:04 0:09 540.00 0 9170.00 32.57 81.03 0.000E+00| 0.000E+00 0.15

10/27/09 9:25 10:21 37260.00 2950 12120.00 32.57 81.03 3.000E-05| 3.000E-07 10.35 21.28
10/27/09 11:15 1:50 6600.00 520 12640.00 32.57 81.03 2.985E-05| 2.985E-07 1.83 23.12
10/27/09 12:11 0:56 3360.00 250 12890.00 32.57 81.03 2.819E-05| 2.819E-07 0.93 24.05
10/27/09 13:46 1:35 5700.00 425 13315.00 32.57 81.03 2.825E-05| 2.825E-07 1.58 25.63
10/27/09 14:00 0:14 840.00 0 13315.00 32.57 81.03 0.000E+00| 0.000E+00 0.23
10/27/09 15:19 1:19 4740.00 285 13600.00 32.57 81.03 2.278E-05| 2.278E-07 1.32 26.95
10/27/09 16:33 1:14 4440.00 257 13857.00 32.57 81.03 2.193E-05| 2.193E-07 1.23 28.18
10/27/09 17:49 1:16 4560.00 258 14115.00 32.57 81.03 2.144E-05| 2.144E-07 1.27 29.45
10/27/09 18:53 1:04 3840.00 230 14345.00 32.57 81.03 2.270E-05| 2.270E-07 1.07 30.52
10/27/09 23:08 4:15 15300.00 890 15235.00 32.57 81.03 2.204E-05| 2.204E-07 4.25 34.77
10/28/09 10:24 11:16 40560.00 2170 17405.00 32.57 81.03 2.027E-05| 2.027E-07 11.27 46.03
10/28/09 12:49 2:25 8700.00 378 17783.00 32.57 81.03 1.646E-05| 1.646E-07 2.42 48.45
10/28/09 12:51 0:02 120.00 0 17783.00 32.57 81.03 0.000E+00| 0.000E+00 0.03
10/28/09 14:34 1:43 6180.00 280 18063.00 32.57 81.03 1.717E-05| 1.717E-07 1.72 50.17
10/28/09 15:56 1:22 4920.00 288 18351.00 32.57 81.03 2.218E-05| 2.218E-07 1.37 51.53
10/28/09 16:50 0:54 3240.00 192 18543.00 32.57 81.03 2.245E-05| 2.245E-07 0.90 52.43
10/28/09 19:11 2:21 8460.00 560 19103.00 32.57 81.03 2.508E-05| 2.508E-07 2.35 54.78
10/29/09 10:25 15:14 54840.00 2495 21598.00 32.57 81.03 1.724E-05| 1.724E-07 15.23 70.02
10/29/09 13:31 3:06 11160.00 470 22068.00 32.57 81.03 1.596E-05| 1.596E-07 3.10 73.12
10/29/09 13:43 0:12 720.00 0 22068.00 32.57 81.03 0.000E+00| 0.000E+00 0.20
10/29/09 15:34 1:51 6060.00 290 22358.00 32.57 81.03 1.813E-05| 1.813E-07 1.68 74.80
10/29/09 16:50 1:16 4560.00 240 22598.00 32.57 81.03 1.994E-05| 1.994E-07 1.27 76.07
10/30/09 10:53 18:03 64980.00 3015 25613.00 32.57 81.03 1.758E-05| 1.758E-07 18.05 94.12
10/30/09 11:41 0:48 2880.00 110 25723.00 32.57 81.03 1.447E-05| 1.447E-07 0.80 94.92
10/30/09 13:53 2:12 7920.00 310 26033.00 32.57 81.03 1.483E-05| 1.483E-07 2.20 97.12
10/30/09 14:06 0:13 780.00 0 26033.00 32.57 81.03 0.000E+00| 0.000E+00 0.22
10/31/09 13:21 23:15 83700.00 2525 28558.00 32.57 81.03 1.143E-05| 1.143E-07 23.25 120.37

11/1/09 15:08 25:47:00f 92820.00 1510 30068.00 32.57 81.03 6.164E-06| 6.164E-08 25.78 146.15

11/1/09 15:15 0:07 420.00 0 30068.00 32.57 81.03 0.000E+00| 0.000E+00 0.12

11/2/09 15:49 24:34:00 88440.00 1340 31408.00 32.57 81.03 5.741E-06| 5.741E-08 24.57 170.72
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F15A-1I

John H.
Hagen

F15A-11
Time At (min) At (sec) AV Vv i A (cm?) k (cm/s) k (m/sec) t (min) t (hour)
10/6/09 9:55 0 0.00
10/6/09 11:14 1:19 4740.00 190 190.00 325 81.03 1.522E-05 1.522E-07 1.32 1.32
10/6/09 11:44 0:30 1800.00 70 260.00 325 81.03 1.477E-05 1.477€E-07 0.50 1.82
10/6/09 12:14 0:30 1800.00 60 320.00 32.5 81.03 1.266E-05 1.266E-07 0.50 2.32
10/6/09 13:39 1:25 5100.00 335 655.00 325 81.03 2.494E-05 2.494E-07 1.42 3.73
10/6/09 15:25 1:46 6360.00 415 1070.00 32.5 81.03 2.478E-05 2.478E-07 1.77 5.50
10/6/09 16:07 0:42 2520.00 130 1200.00 325 81.03 1.959E-05 1.959E-07 0.70 6.20
10/6/09 16:56 0:49 2940.00 120 1320.00 325 81.03 1.550E-05 1.550E-07 0.82 7.02
10/6/09 18:35 1:39 5940.00 180 1500.00 32.5 81.03 1.151E-05 1.151E-07 1.65 8.67
10/6/09 21:01 2:26 8760.00 200 1700.00 32.5 81.03 8.670E-06 8.670E-08 2.43 11.10
10/7/09 10:00 12:59 46740.00 700 2400.00 32.5 81.03 5.687E-06 5.687E-08 12.98 24.08
10/7/09 12:14 2:14 8040.00 95 2495.00 32.5 81.03 4.487E-06 4.487E-08 2.23 26.32
10/7/09 14:48 2:34 9240.00 115 2610.00 32.5 81.03 4.726E-06 4.726E-08 2.57 28.88
10/7/09 17:50 3:02 10920.00 135 2745.00 32.5 81.03 4.694E-06 4.694E-08 3.03 31.92
10/8/09 6:30 12:40 45600.00 485 3230.00 32.5 81.03 4.039E-06 4.039E-08 12.67 44.58
10/8/09 8:35 2:05 7500.00 100 3330.00 32.5 81.03 5.063E-06 5.063E-08 2.08 46.67
10/8/09 10:28 1:53 6780.00 50 3380.00 325 81.03 2.800E-06 2.800E-08 1.88 48.55
10/8/09 11:39 1:11 4260.00 30 3410.00 32.5 81.03 2.674E-06 2.674E-08 1.18 49.73
10/8/09 13:48 2:09 7740.00 70 3480.00 325 81.03 3.434E-06 3.434E-08 2.15 51.88
10/8/09 15:55 2:07 7620.00 70 3550.00 325 81.03 3.488E-06 3.488E-08 2.12 54.00
10/8/09 18:54 2:59 10740.00 98 3648.00 325 81.03 3.465E-06 3.465E-08 2.98 56.98
10/8/09 18:58 0:04 240.00 0 3648.00 325 81.03 0.000E+00 0.000E+00 0.07
10/9/09 10:19 15:21 55260.00 570 4218.00 32.5 81.03 3.917E-06 3.917E-08 15.35 72.33
10/9/09 11:54 1:35 5700.00 35 4253.00 325 81.03 2.332E-06 2.332E-08 1.58 73.92
10/9/09 12:08 0:14 840.00 15 4268.00 32.5 81.03 6.781E-06 6.781E-08 0.23 74.15
10/9/09 16:26 4:18 15480.00 110 4378.00 32.5 81.03 2.698E-06 2.698E-08 4.30 78.45
10/10/09 11:04 18:38 67080.00 530 4908.00 32.5 81.03 3.000E-06 3.000E-08 18.63 97.08
10/10/09 18:45 7:41 27660.00 200 5108.00 32.5 81.03 2.746E-06 2.746E-08 7.68 104.77
10/11/09 12:00 17:15 62100.00 420 5528.00 32.5 81.03 2.568E-06 2.568E-08 17.25 122.02
10/11/09 14:50 2:50 10200.00 70 5598.00 32.5 81.03 2.606E-06 2.606E-08 2.83 124.85
10/12/09 10:59 20:09 72540.00 500 6098.00 32.5 81.03 2.617E-06 2.617E-08 20.15 145.00
10/12/09 14:11 3:12 11520.00 75 6173.00 32.5 81.03 2.472E-06 2.472E-08 3.20 148.20
10/12/09 14:39 0:28 1680.00 15 6188.00 325 81.03 3.390E-06 3.390E-08 0.47 148.67
10/12/09 17:06 2:27 8820.00 55 6243.00 325 81.03 2.368E-06 2.368E-08 2.45 151.12
10/13/09 9:10 16:04 57840.00 385 6628.00 32.5 81.03 2.528E-06 2.528E-08 16.07 167.18
10/13/09 11:44 2:34 9240.00 60 6688.00 325 81.03 2.466E-06 2.466E-08 2.57 169.75
10/14/09 11:39 23:55 86100.00 585 7273.00 32.5 81.03 2.580E-06 2.580E-08 23.92 193.67
10/14/09 14:29 2:50 10200.00 72 7345.00 325 81.03 2.680E-06 2.680E-08 2.83 196.50
10/14/09 16:24 0:12 720.00 0 8675.00 325 81.03 0.000E+00 0.000E+00 0.20
10/15/09 10:59 18:35 66900.00 980 9655.00 32.5 81.03 5.563E-06 5.563E-08 18.58 215.08
10/15/09 15:35 4:36 16560.00 130 9785.00 325 81.03 2.981E-06 2.981E-08 4.60 219.68
10/16/09 11:57 20:22 73320.00 550 10335.00 325 81.03 2.848E-06 2.848E-08 20.37 240.05
10/16/09 15:15 3:18 11880.00 75 10410.00 325 81.03 2.397E-06 2.397E-08 3.30 243.35
10/16/09 18:13 2:58 10680.00 65 10475.00 325 81.03 2.311E-06 2.311E-08 2.97 246.32
10/17/09 13:59 19:46 71160.00 475 10950.00 32.5 81.03 2.535E-06 2.535E-08 19.77 266.08
10/19/09 10:30 44:31:00| 160260.00 1055 12005.00 325 81.03 2.500E-06 2.500E-08 44.52 310.60
10/19/09 14:10 3:40 13200.00 90 12095.00 32.5 81.03 2.589E-06 2.589E-08 3.67 314.27
10/19/09 16:38 2:28 8880.00 50 12145.00 32.5 81.03 2.138E-06 2.138E-08 2.47 316.73
10/19/09 17:40 1:02 3720.00 30 12175.00 32.5 81.03 3.062E-06 3.062E-08 1.03 317.77
10/20/09 13:51 20:11 72660.00 502 12677.00 32.5 81.03 2.623E-06 2.623E-08 20.18 337.95
10/20/09 18:04 4:13 15180.00 103 12780.00 32.5 81.03 2.577E-06 2.577E-08 4.22 342.17
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