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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 f ilter 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 f abric t o the e ffects of  l oose compaction conditions, such as direct end dumping, compared with a  
maximum compaction effort, standard Proctor, occurring in field conditions.   

The l aboratory t esting program c onsisted of  pe rforming c ompaction m old pe rmeameter t esting ha ving 
different compaction densities, nonwoven geotextile thicknesses, and different mix proportions of coarse 
and f ine co al r efuse.  Dat a was o btained o n fine p article g rain-size di stribution 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 c omparing t he l 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 Manual: Coal Refuse Disposal Facilities (MSHA, 2009). The 
MSHA manual d etails th e f iltration d esign r equirements f or t he u se 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 t he r esearch i dentified sev eral k ey findings.  During t he c ompaction of  t he r igid w all 
permeameter sa mples t he r efuse ex periences cr ushing an d sl aking ef fects w hich f or a co arse g rained 
refuse wi ll p roduce an  i ncrease i n t he p ercentage of f ines.  T his ef fect o ccurs at  co mpaction en ergies 
ranging from optimum to reduced (13,288 to 1,417 ft-lb/ft3).  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 D15 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 S ize (AOS) o f 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 cr iteria. The corresponding results of  the Clogging criteria 
indicated that the refuse failed under non-critical conditions.   
 
Blends of f ine and coarse coal refuse were developed in the laboratory which provided for a uniformly 
graded gr ain s ize di stribution.  T his di stribution w as a t 80%  coarse t o 20%  fines ( 80/20) a nd a t 60 % 
coarse to 40% fines (60/40) which passed the No. 100 sieve.   Results of the post compaction grain size 
distributions for the b lended refuse samples identified that the crushed particles formed aggregates and 



produced a  s hift i n t he sh ape o f t he cu rve wh ich r esembled more o f a 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 D85, D60, D15 and D10 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  s table 
filter was formed after 75 hour s of testing and the stable filter was continued throughout the end of the 
test.  For t he 80/ 20 a nd 6 0/40 bl ended r efuse s amples pa ssed t he R etention C riteria 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 us ing a  s trong pH 2, s ulfuric a cid.  R esults o f t he C oarse Coal R efuse an d t he 
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 t he wat er permeated sa mples at  similar t esting p arameters.  F or t he aci d 
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 D85 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.  

 
It i s s uggested t o us e a  ge otextile ha ving a  pe rmittivity va lue gr eater t han 0. 5 s -1 in or der t o pa ss t he 
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-lb/ft3) level.  T his 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 C logging C riteria, th e p ost g rain si ze d istribution t ests sh ould b e p erformed o n sp ecimens at  t he 
optimum compaction l evel to observe changes i n D 15. This w ill ta ke th e soil particle si ze i nto 
consideration when comparing to the fabric AOS, (AOS ≥ 3*D15) (Non-critical Conditions).  The increase 
in r efuse f ines p ercentage t ends t o d evelop a st able i nternal f ilter t hereby t ending t o r educe p otential 
geotextile clogging.  

Research w as p erformed to i nvestigate the ch emical co mposition o f t he co al r efuse and t o determine 
alternative ap proaches t o track t he f ine p article movements o f r efuse a mended wi th fine particle metal 
beads.  T his attempted to develop a particle tracking method for coal refuse and determine geosynthetic 
filter clogging characteristics.  P hoto 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 cel l depends on the s ize 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 I nez, Kentucky o n O ctober 11,  2000 t 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 t he 

Coal Slurry Impoundment Project.  

This project investigated aspects o f g eosynthetic geotextile f ilter c logging due to  c oal s lurry p article 

intrusion a nd f ilter b linding.  Th e p roject w as d esigned in to m ultiple ta sks.  The f irst ta sk in cluded a  

literature r eview o f cu rrent i ndustry an d r egulatory practices f or g eotextile sel ection an d performance 

evaluation; followed by a  second task that involved limited bench testing investigating geotextile f ilter 

clogging b y fine pa rticle intrusion a nd f abric bl inding.  T he t hird t ask e xplored t he us e o f a nalytical 

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 f t his r esearch 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 c oal i mpoundments. T he geotextile c logging p otential was 

evaluated by pe rforming va rious l aboratory t ests a nd c orrelating t he data wi th actual f ield 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 ef fort i n t he f ield. Di fferent mix p roportions o f co arse co al r efuse an d f ine co al 

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 (H2SO4) 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 f iltration an d sep aration ap plications wh ere r ock d rain st ructures ar e u sed f or 

reducing p iezometric h ead l evels wi thin e mbankments.  T his r esearch wi ll i nvestigate t he 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 c logging b y f ine pa rticle i ntrusion.  T he 

chemical t esting wi ll i nvestigate p hysical ch anges o f co 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 specifications o f geotextiles that have been applied for coarse coal mine r efuse f iltration.  S pecific 

information t o be  s ought includes publ ished da ta c oncerning c ompaction va lues of  c oarse c oal r efuse 

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 pr oject t est pl an w ill be  de veloped a s a  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 F irst T ier 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 
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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: 

This research involved establishing the base-line index parameters of the coarse coal refuse following the 

ASTM testing p rocedures. The physical index p roperty t ests to be performed are l isted below in 

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

Table 

1.1.  T he co arse coal r efuse sp ecimens were obtained from t wo w orking c oal i mpoundments i n W est 

Virginia.   

Selection of the coarse coal refuse was based on t he ASTM requirements for each individual test.  Th e 

maximum particle size tested was the fine-gravel size ranging ¾ “ (20mm) to No. 4 sieve (4mm), then to 

include other f ine 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. 

Performance testing wi ll be p erformed o n sel ected non-woven g eotextiles wi th co arse coal r efuse t o 

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 

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

fabrics will be tested. 

Sample f ilter m edia was ev aluated pre- and pos t- exposure t o t he co arse co al r efuse t o i nvestigate 

entrained particle weight changes and f iltration 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 i n o rder to evaluate material p roperty changes due to permeant influences o r particle f iltration and 

piping effects occurring.   

The third t ier testing program focused on the chemical deterioration o f the refuse and armoring ef fects 

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 (H2SO4) 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 p ermeant was t o assist wi th i nvestigating a weat hered /  ag ed r efuse which may ex ist i n an  aci d 

mine drainage (AMD) environment. 

Tier Three Testing: Chemically Enhanced Permeant Performance Testing 

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.  P hysical 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.  
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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 f iltration and t he p roblems a ssociated wi th i t. L iterature al so f ocuses o n t he d esign criteria of t he 

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. Var ious p hysical an d g eotechnical t ests w ere p erformed. H ydraulic co nductivity t esting was 

conducted on coal refuse samples with selected non-woven geotextiles to find the filtration performance. 

Different percentages of f ine coal refuse were b lended wi th 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 f rom l aboratory ex periments was r educed u sing si gma p lot. Dat a r educed f rom t he l 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.  
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2. LITERATURE REVIEW 
This l iterature r eview f ocused on i dentifying t he c urrent s tate of  pr actice used f or t he de sign a nd 

specification of geotextiles for separation and f iltration applications at  coal slurry impoundments.  T his 

review wa s performed an d i s p resented i n t hree st ages. T he f irst st age co ncentrates i n d efining co al 

refuse; the m aterials physical, g eotechnical p roperties, an d p rocessed p roperties af fecting i ts placement 

and u se i n en 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 l iterature r eview f ocused on  i dentifying the t ypes a nd 

specifications o f g eotextiles t hat h ave been applied to coal m ine r efuse f iltration designs and t hat ar e 

referenced by both federal and state regulatory agencies permitting impoundments. This review was also 

focused on the a pplications of  geotextiles i n c oal r efuse e mbankments a nd i n 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. S tewart and W .L. Dan iels d efined co al refuse as  material wh ich i s cleaned f rom 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: i). 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 f ine 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 b y th e material us ed f or c onstruction. M SHA ( 2009) st ates t hat coal r efuse i s 
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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 r efuse i s t he b y-product of  coal processing. Coal i s a sedimentary rock co nsisting o f el ements of 

carbon, hydrogen a nd ox ygen. M SHA ( 2009) p rovides d etails of t he 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, m inerals a nd c oal u navoidably r emoved f rom 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 a re f rom t he 

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 f ailure 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 t hat are g enerally u sed. Dep ending o n m ethod of  r efuse t ransport a nd di sposal, the 

geotechnical characteristics o f co al r efuse v aries. T he co mpaction ef fort u sed f or t he d isposal o f co al 

refuse is one of the main points to be considered.  

Transport of  the coal refuse i s generally done by t rucks, scrapers, and conveyors.  F or the t ransport 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 t he uniformity of  c oal r efuse in di sposal 

facility. The c ompaction e ffort t hat i s used for t he r efuse p lacement is critical b ecause i t controls t he 

material’s density a nd the asso ciated strength of  the p iles as w ell as the hydr aulic c onductivity. The 

compaction e ffort ch anges t he g rain si ze d istribution o f p articles wh ich i s a primary co ncern during 
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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 c logging e ffect of  f ilter i s a lso ba sed on t 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.  

Coal r efuse will h ave s everal p roperties s imilar to  th e properties of  the p arent coal s eam. T he r ocks 

present i n coal wast es include sedimentary rocks su ch as san d st one, q uartz, cl ay co mposed r ocks an d 

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.  

Physical and chemical properties 

Chemical p roperties are considered important because they may produce adverse environmental ef fects 

and, o r 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 (SiO2) and alumina (Al2O3). 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 co al r efuse. 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 
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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.   

Geotechnical properties 

Y. A.  Heg azy, A. G. C ushing an d C .J. L ewis provide discussions on t he physical, mechanical an d 

hydraulic p roperties and r elationships of co al r efuse used for t 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) . T he variability of  e ach material pr operties 

were evaluated using the coefficient of variation (COV) and then a si mple f irst order statistical method 

was u sed t o determine t he r eliability u sing t he av erage material p roperties f or 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 

D10 (mm) < 0.075  0.010 

D30 (mm) 0.35  0.037 

D50 (mm) 1.23  0.127 

D60 (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 f ine coal refuse that are being 

disposed into impoundments. The grain size distribution of both coarse and fine coal refuse is important 

because i t wi ll affect the clogging nature and the f ine particle intrusion into the f ilter. 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 si lty, clayey sand with gravel to clayey, 
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silty g ravel with san d. F ine co al r efuse typically has p article si zes less t han 1  m m a nd f ines c ontent 

ranging 30 to 80 pe rcent. S amples of  FCR c ollected c lose t o t he di scharge point or delta ar ea o n a n 

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. 

 

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, γd(KN/m3) 19.7 0.93 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, γd(KN/m3) 9 1.46 0.162 
Specific Gravity, Gs 1.52 0.25 0.165 
LL 31.20% 5.2 0.17 
PL 20.10% 3.4 0.17 
PI 11.2 3.1 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 0.43 

 

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 10-6 to 10-2 cm/sec.  

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 roperties i s a major so urce o f u ncertainty 

encountered b y t he g eotechnical en gineers during th e 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 ef ficient disposal o f r efuse. The t raditional approach to the asse ssment o f the safety o f a 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 u ncertainty of the true value (S.C. Cheng and M.A. Usmen). Recently, 
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considerable interest has been focused on t he use of probability and statistics (P. Lumb, 1974 and M. E. 

Harr, 1984)  i n t he a nalysis a nd de sign of  ge otechnical s tructures t o a ccount f or t he va riabilities 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 p resent; geologic process such as erosion, weathering, t ransportation, depositional changes, which 

cause he terogeneity a nd a nisotropy ( property which c 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 da ta reduction and determining the following s tatistical parameters: the average, s tandard deviation 

(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% a re c onsidered a s hi gh ( Harr, 1987) . Table 2.5 indicates t he n atural w ater co ntent has “high” 

coefficients o f variation for both coarse coal refuse (CCR) and f ine coal refuse (FCR), specific g ravity 

and in-situ dry density ha ve moderate c 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. 

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 l ine) an d the disposal facility g eometry. The factor o f saf ety 

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.  

Reliability and risk assessment of coal refuse 
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Table 2.5 Variability of Coal Refuse Properties 

Type 
of 

Refuse 

Natural Water 
Content, % 

Specific 
Gravity 

In-situ Dry 
Density, pcf 

Permeability 10-4 
cm/sec References 

X COV N X COV n X COV n X COV n 

Coarse 
Coal 

Refuse 

6.1 22 9 2 10 9 90.6 9.8 9 1.38 105.6 10 
R1 5.5 26 6 2.2 2.7 6 92.2 18 6       

7.2 14 5 1.9 9 5 88.6 9.8 5       
9.6 35 122 1.7 1 21 98.1 11 122       

R2 5.9 51 80 1.2 5.7 8 98.9 8.4 80       
10 59 93 2.3 - 1 101 13 93       
      2 14 47 93.2 14 47         

Fine 
Coal 

Refuse 

54 8.6 15 1.6 4.4 15 52.1 5.2 15 0.07 209.2 15 
R3 49 32 13 1.7 10 13 52.5 7.9 13 4.22 244.3 13 

30 42 19 1.5 7.3 19 53.9 13 19       
31 23 11 1.8 9.7 11 62.4 11 11 8.7 221.7 19 R4 
13 29 4 1.5 3.6 10 49.7 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 sa mple size, mean, standard deviation, the Factor o f Safety (FS) is determined using the 

point e stimate method (PEM) (E. R osenblueth, 1975).  The Reliability index is a term us ed for t he 

determining th e r eliability of th e g eotechnical s tructure.  The Reliability index (β) 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 β value, the higher the reliability of the geotechnical structure. It is generally 

agreed t hat a  minimum d eterministic f actor o f saf ety of 1 .5 m ust b e at tained i n 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 f actor of  s afety f or t he c oal e mbankment design pr ovided b y M SHA i s 1. 3. T he 

factor of safety was based on strength properties of coal refuse.  

  



14 
 

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 pr ocesses. T he saf ety o f t hese coal r efuse d isposal f acilities is m ajor 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 t iered 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 r efuse i mpoundments. Af ter t hat i ncident, co al r efuse d isposal facilities wer e 

upgraded i n terms of  de sign, i nspection a nd 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 c ell f acilities, a nd 4 . 

Underground i njection f acilities. A n i mpounding f acility i s de fined as a structure which will h ave t he 

potential f or holding w ater a nd s lurry to a  specified h eight. A non -impounding f acility will h ave the 

embankment f ill such t hat no l 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: 

• Seepage 

• Slope stability 

• Drainage 

Design cr iteria and methodology a re similar for earthen d ams 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 t o uncontrolled seep age and d rainage 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 t he de sign of  e mbankment w ith a n i mpoundment. S eepage t hrough t he f oundation m aterials i s a lso 
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very i mportant wh ich n eeds t o b e co ntrolled. 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 

a pi pe, 4)  f ormation of  br each. S uffusion i s t he ot her phe nomenon de velops due  t o t he s eepage a nd 

internal erosion. Suffusion i s wash ing away  of f iner particles due t o i nternal instability of the soils. 

FEMA presents the different types of models for the development of failure by piping and internal 

erosion. T hey a re: 1)  B ackward e rosion pi ping i n t he e mbankment, 2)  c oncentrated l eak piping i n t he 

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

Seepage i n t 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 f ilters. T he reason for installing drains i s 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 f oundation 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.  

Methods of controlling seepage 

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 f ilters 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 a nd b y reducing the p hreatic l 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 ass ociated wi th g eotextiles used in co al waste impoundment applications can  i nclude t he 

following items: 

Problems associated with filters (geotextiles) in coal impoundments 

1. Damage during installation 

2. Long-term reliability of Geotextile to function without clogging.  

3. Geotextile placement location – geotextile should be placed where it is accessible to repair.  

4. A difference in compaction efforts cause damages to geotextiles.  

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

Geotextiles which are byproduct of geosynthetics are used for the separation of  granular drain material 

from t he co al r efuse and al so as  a r eplacement o f graded g ranular f ilters. Nation Da m S afety R eview 

Board c urrently r ecommends t hat ge otextiles not  be  us ed as f ilters i n 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 l ong-term cap ability o f t he 

geotextile t o f unction w ithout de terioration or  c logging. B ut i n most of  t he dr ainage and f iltration 

applications, g eotextiles ar e u sed as a replacement of g raded g ranular f ilters 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.  

Installation of geotextiles  

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: 

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

• Picture 2: Filter fabric (geotextile) placement. 

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

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

• Picture 5: 24-inch metal corrugated pipe installed, filter fabric and coarse fill material.  

• Picture 6: Fine filter material placement (looking upstream).  

• Picture 7: complete filling of fine material.  

• Picture 8: Main center drain looking downstream.  
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• Picture 9: wrapping of geotextile prior to soil placement.  

• 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 I 
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Figure 2.3: Installation of Geotextile in the foundation drain of Hughes Hollow slurry impoundment 
(Reproduced from WVDEP) - part II 
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2.3. Photo microscopy 
Overview of instrumental and analytical methods 

Three t ypes of microscopy wer e u tilized f or t his p roject.  F irst was st ereomicroscopy utilizing a C riac 

QDSII sy stem capable o f v ariable magnification f rom 5 -57x.  I mages were captures u sing 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 f th e c ells.  Fo r th e th in s ections o f th e te xtiles, a  

transmission microscope was used (Olympus CX31) and images were captured using a Canon Powershot 

A620.  

Microscopy 

The th ird and f inal t ype of m icroscope u sed was a  JOE L JS M6490LV scan ning el ectron microscope 

(SEM) ope rating i n t he l ow va cuum m ode.  T he S EM ha s a  f unctional m agnification r ange up  t o ~  

1,000,000x a lthough such extreme magnifications were not  needed or  utilized in the p roject.  The lo w 

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 l iquid s amples ( prepared by  a cid 

digestion) i nto t he pl asma w here a tomization a nd i onization oc curs.  I ons, principally a tomic s uch a s 

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 uantitative 

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 est imates.  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 l isted 

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 

                    Semi-Quantitation Report - Detailed (Text Only)  

File Name    : 006SMPL.D 

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

Method       : 

c:\ICPCHEM\1\DATA\09E08p00.B\SemiQNT.M 

Acq Time     : Feb 9 2010  06:44 pm  

Sample Name  : 020310 D2 

Sample Type  : Sample 

Comments     : HCl 1:10 

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           

 C    12        16,000 ppb        192,795.3            ---      0.1           

 N    14             No Data            ---            ---      ---           

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

 Mg   24         5,200 ppb        24,375.16            ---      0.1           

 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            ---      0.1           

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

 Sc   45         120.0 ppb        1,420.355            ---      0.1           

 
 Ti   47         460.0 ppb         360.0457            ---      0.1  

DCHARGE  

 V    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            ---      0.1           

 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            ---      0.1           

 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            ---      0.1           

 Ag  107         9.700 ppb         150.0079            ---      0.1           

 Cd  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            ---      0.1           
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 I   127         71.00 ppb         250.0174            ---      0.1           

 
 Cs  133         28.00 ppb         490.0703            ---      0.1           

 Ba  137         7,900 ppb        22,355.98            ---      0.1           

 La  139         220.0 ppb        7,453.552            ---      0.1           

 Ce  140         570.0 ppb        22,525.83            ---      0.1           

 Pr  141         86.00 ppb        3,473.229            ---      0.1           

 
 Nd  146         340.0 ppb        2,621.946            ---      0.1           

 Sm  147         130.0 ppb         800.1904            ---      0.1           

 Eu  153         26.00 ppb         560.0949            ---      0.1           

 Gd  157         110.0 ppb         930.2805            ---      0.1           

 Tb  159         17.00 ppb         780.1967            ---      0.1           

 
 Dy  163         100.0 ppb        1,060.388            ---      0.1           

 Ho  165         12.00 ppb         520.0975            ---      0.1           

 Er  166         37.00 ppb         510.0883            ---      0.1           

 Tm  169         4.300 ppb         180.0204            ---      0.1           

 Yb  172         25.00 ppb         240.0258            ---      0.1           

 
 Lu  175         5.900 ppb         160.0107            ---      0.1           

 Hf  178         15.00 ppb         150.0091            ---      0.1           

 Ta  181        <1.300 ppb         30.00162            ---      0.1           

 W   182         510.0 ppb        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        <7.600 ppb         20.00109            ---      0.1           
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 Au  197        <6.000 ppb         10.00054            ---      0.1           

 Hg  202        <21.00 ppb         40.00217            ---      0.1           

 
 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 f or 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 c onversions. Fo r th e statistical analysis a lso, 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 an alysis was p rimarily b ased o n t he two t ests, h ydraulic co nductivity and g rain 

size distribution. Figure 3.1 shows the picture of the complete research based on h ydraulic conductivity 

and g rain s ize d istribution. H ydraulic conductivity t esting program is ex plained in t he f igure 3. 2 as a 

flowchart. ASTM D  5856 r igid wall c ompaction mold pe rmeameter t est i s us ed for t he hy draulic 

conductivity testing. Post grain size distribution tests are performed on hydraulic conductivity specimens. 

After t he analysis o f t he l aboratory te sting, appropriate p arameters are u sed f or t he geotextile de sign 

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

FILTRATION TESTING 

PERMEABILITY 

(Chapter 3) 

GRAIN SIZE 

DISTRIBUTION 

(GSD)  

MATERIAL 

• 100%CCR 
• 80/20 mix 
• 60/40 mix 

ASTM D 5856 

Rigid wall Test 

 Obtain “k vs t” 
 

 Determine Filter 
behavior 

Pre GSD (Chapter3) 

• Baseline condition 
• Compaction study  

for γd, e, n 

Post GSD (Chapter 6) 

• Effects of crushing 
• Grading envelopes 
• Slaking, aggregating 

 

Geotextile Filtration Design 

following MSHA 2009 chapter 6; 

pp150-154 (Chapter 4) 

MSHA Criteria vs Lab Results 
(Chapter 6) 

 Permeability Criteria 
 Retention Criteria 
 Clogging Criteria 

 
ASSESS PASS/FAIL 

Figure 3.1: Research plan depending on permeability and GSD tests 
26 

 



27 
 

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 f co al r efuse i n wh ich v arious p hysical p roperties an d 

engineering properties were determined. Second phase o f l aboratory t esting was performed in d ifferent 

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 t ested i n f irst 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  t he g eotextile f abric i nterface was al so ev aluated b y u sing aci d as p ermeant for h ydraulic 

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 t hird p hase t esting w as p erformed i n ch emistry d epartment lab i n Og lebey h all i n W est Vi rginia 

University.  

3.1.1. Phase-I:  
In t his st age, Geotechnical material p roperty t esting was car ried o ut t o f ind o ut t he physical an d 

engineering properties of the sample that were necessary for the research on geotextile testing. The 

materials t ested in this r esearch include both coarse coal r efuse and fine coal r efuse. Physical p roperty 

testing of  c oal r efuse w as pe rformed at t he be ginning a nd e nding of  t he e ach t est of the hydr aulic 

conductivity testing in second phase in order t o 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 r efuse t o f ind the f iltration 

performance of the geotextile. The geotextiles that are used all along this project are non-woven 

geotextiles. Different g eotextiles i.e., having d ifferent o penings were u sed T he co al r efuse u sed i n t his 

stage i s coarse coal r efuse and b lended refuse wh ich i s mix o f coarse coal r efuse and f ine coal r efuse. 

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 al lowed to flow through the specimen. The 

hydraulic conductivity of coal refuse geotextile system was calculated by measuring the outflow at certain 

intervals o f t ime. Di fferent co mpaction en ergies ( or d ifferent co mpaction d ensities) w ere used f or t he 

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 c onductivity s amples w as 

performed i n t his p hase. Di fferent cr iteria r elating t o g eotextile such as r etention cr iteria, 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. Th e geotextiles w ere made in to th in-sections o f f ilters 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  

  

Physical properties of 
coal refuse 

 

Engineering properties of 
coal refuse 

 

Phase-I 

Geotechnical material properties 
testing of coal refuse 

 

Phase-II 

Coal refuse hydraulic conductivity 
testing with geotextile to find 

filtration performance 

 
Stage-I 

100% CCR testing 
with geotextile at 

standard and reduced 
compaction energies 

Stage-II 

Blended refuse (BR) 
testing with geotextile 

at standard and 
reduced compaction 

energies 

Stage-III 

CCR and BR testing 
with geotextile at 

standard and reduced 
compaction energies 

using acid as permeant 

Stage-IV 

Introduction of beads 
into sample and of 

execution of stage II 
and stage IV set of tests 

Phase-III 

Analytical microscopy is performed on 
the samples from phase-II 

Figure 3.2: Summary of hydraulic conductivity laboratory research plan 
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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) f ine coal refuse 

(FCR). Both CCR a nd FCR were obtained f rom underground mining in Boone County, West Virginia, 

USA. T he sa mples o f co al r efuse wer e o btained f rom r andomly p laced en d d ump p iles an d f ine co al 

refuse was obtained from the preparation plant prior to pumping to the coal refuse impoundment at the 

mine. On e set o f co arse co al r efuse was p rovided b y W VDEP ( West Virginia De partment o f 

Environmental Protection) and one set of fine co al r efuse 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 3.3: Coarse Coal refuse 

 

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 n on-woven g eotextiles t hat wer e u sed for t his r esearch ar e l isted below in t he 

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 AS TM requirements. The filter papers were 

bought f rom Fisher S cientific C ompany. T he por ous s tones were obtained f rom t he soils l ab i n 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 n t hree p hases. The f irst p hase was t he execution o 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 a t t he be ginning a nd e nding of t he e ach t est i n o rder 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. I n a ddition t o t he ab ove t ests, h ydrometer an alysis t est was al so 

performed t o i dentify cohesive pa rticle properties. These t ests were p erformed b ased o n the r espective 

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 ¾” (20mm) 

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

1. 

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 110oC for 24 hour s a nd t hen t he dr y w eight m easurements were t aken. Moisture c ontent t est was 

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

Moisture Content 

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 f ield 

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 l aboratory.  Samples were ai r-dried f or 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 i llustrated 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 is defined as the ratio of unit weight of given material to the unit weight of distilled water 

at 4oC. 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, t he t est wa s d one b y wei ghing t he p ycnometer containing co al r efuse p articles suspended i n 

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 

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 i t i s d ifferent f rom so ils. Generally i t i s l ower because o f the p resence o f the carbon in 

higher percentages. As the carbon content increases, the specific gravity decreases which results in lower 

densities. So the specific gravity for f ine 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 lim its a re th e lim its o f w ater c ontent used to  d efine 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 a nd f inally liquid s tates r espectively. T he lim its th at a re u sed to  d efine th e 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 r olled 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.  

Atterberg Limits 

The ASTM D 4318 method was used to determine the Atterberg Limits for this research. Coal refuse 

samples f or testing was  s elected as p er t he method. C ertain water co ntents were t aken t o b lend wi th 

sample. The blend is placed in liquid limit apparatus and a standard width groove was made using the tool 

and t he c up i s dr opped u ntil t he gr oove c loses and t he num ber 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 w hen r olled in to 1 /8 in ch diameter is  p lastic li mit. Pl asticity I ndex ( PI) is  a nother 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 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 t aken and it was si eved at least 

five minutes. T he sco pe o f t his r esearch g ives 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. 

Grain-size distribution and Hydrometer analysis 

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

Grain-size di stribution c an be  us ed t o de sign t he f ilters t o pr event pi ping i n w ater-retaining st ructures 

(MSHA 2 009) s uch a s c oal i mpoundments. U niformity of  s oil i s de fined us ing t erms uni formity 

coefficient (Cu) and coefficient of curvature (Cc). Cu is defined as the ratio of D60 to D10, where D60 is the 

particle diameter at which 60 percent of soil weight is finer and D10 is the particle diameter at which 10 

percent of soil weight is finer. Cc is expressed in terms of D10, D60 and D30. 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 

Sieve No. 
Particle 

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 u sed 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 p er ASTM method. Specific gravity was o ne 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 s ieve and measuring the suspension of the particles in that 

blend using calibrated hydrometer. Dispersing agent sodium meta phosphate was used in hydrometer test. 

Two 1000m l f lasks w ere used f or t he t est. A fter each r eading t he hydr ometer s hould be  k ept i n ot her 

1000ml f lask a nd s tirred so t hat p articles at tached t o i t g o o ut. 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. 

In coal refuse impoundments, coal refuse is compacted to in design densities and used as s tructural fill. 

Compaction helps i n reducing the seepage, constructing the earth dams. In coal refuse impoundments, 

compaction c an be  done  by using rollers. Compaction t est was a lso u sed t o d etermine t he 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 c ontent a nd m aximum dr y density of  c 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.  

Compaction 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  1 2,400 ft-lb/ft3 (600 kN -mm3) for t he 

compaction of t he c oal refuse. T he a pparatus us ed f or t he s tandard c ompaction t est was 4 ” d iameter 

compaction mold with r emovable c ollar a nd ba se, rammer, and m ixer f or mixing t he c oal r efuse w ith 

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, t he soil at opt imum water content can be  squeezed into lump and s tick together when hand 

pressure i s r eleased an d b reaks i nto sect ions wh en b ent. At  l east f ive 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 r efuse was measured i n t erms o f i ts d ry density. S ame p rocedure was  

followed with other water contents and t hen 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 cu rve w as also d etermined an d p rovides a check to t he co mpaction r esults 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 l 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 t aken 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 bot tom 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 t he samples i n rigid-wall p ermeameter. T o evaluate the cl ogging ef fect and al so f ine 

particle movement o f th e s ample in  th e r igid-wall so metimes under co mpaction en ergy i s u sed. T he 

compactive effort for the 95 pe rcent density compacted samples and the under compacted samples was 

calculated us ing t he c ompactive e nergy f ormula. T he c ompaction e nergy f ormula us es t he 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 experimental 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 t he r ate at  wh ich wat er o r an y o ther p ermeant f lows t hrough the soil of u nit c ross-section ar ea o f 

porous m edium under particular head ( pressure) and s tandard t 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 c ondition of  ge otextile a nd r efuse i nterface c ontact pr omoting c logging. 

Moreover, ASTM D-5856 applies to one-dimensional, laminar f low of permeant (water or acid) wi thin 

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 t echnique. The Third s tage illu strates th e hydraulic c onductivity t esting of  bot h CCR a nd B R 

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 c onductivity te sting 

specimen.  
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Hydraulic c onductivity w as measured in t he l aboratory b y percolating pe rmeant t hrough a coal r efuse 

sample of  know n density a nd volume. Th e te sting in  th is s tage f ollows A STM D -5856 w ithout a ny 

deviation. Prior to the hydraulic conductivity experimentation various physical property and engineering 

property t ests w ere p erformed in Phase-I. Th e main p roperties t hat a ssist i n t his st age are g rain-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.  

 Stage I: Geotextile Testing with Coarse coal refuse 

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

are shown below: 

Apparatus  

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 f low measurement system includes the measuring st ructures for inflow and outflow of the system. 

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

are shown in Figure 3.14.  

 

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 c onsists o f r igid-wall p ermeameter i n wh ich t he coal r efuse i 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 ¼” 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 u ntil the water st opped yielding b ubbles. After d e-airing, the reservoir was closed i n order to 

prevent the dissolution of air back into the water.  

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 f ilter p apers wer e u sed; o ne was  p laced at  t he t op o f t he 

compacted s ample b etween sp ecimen and t he t op porous st one an d t he o ther f ilter p aper was p laced 

between ge otextile a nd t he bot tom por ous s tone.  T he s etup of  t he pe rmeability cell f ollowed A STM 

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

Procedure: 

Figure 3.16.  

 

Figure 3.16 Permeability cell setup 
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An u pset test was p erformed on the experimental se tup t o check the head losses in the system ( tubes, 

porous stones, f ilter paper). The upset t est was performed by assembling the permeameter cel l wi thout 

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 wel l p rior t o t he co mpaction. T o co mpensate f or t he 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 r efuse materials were co mpacted 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) wa s d etermined b y su btracting t he mass o f t he compaction mold f rom t he mass o f t he 

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: 

𝐸𝐸 = [(𝑁𝑁𝑁𝑁 .𝑜𝑜𝑜𝑜  𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  𝑝𝑝𝑝𝑝𝑝𝑝  𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 )∗(𝑁𝑁𝑁𝑁 .𝑜𝑜𝑜𝑜  𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 )∗(𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡  𝑜𝑜𝑜𝑜  ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 )∗(𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑡𝑡  𝑜𝑜𝑜𝑜  ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 )]
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉  𝑜𝑜𝑜𝑜  𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

…… (3.1) 

The w eight of  t he ha mmer a nd t he he ight o f t he hammer wer e co nstant f or an y sp ecimen. S o t 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 t he t est sp ecimen ( V) was cal culated u sing t he l ength ( L), r adius ( R) o f t he sp ecimen a s 

follows: 

𝑉𝑉 =  𝛱𝛱 𝑅𝑅2𝐿𝐿……………………........…………………………………..… (3.2) 

The dry density (γd) and the porosity (n) of the compacted specimen was calculated using the formulae 
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𝛾𝛾𝑑𝑑 = 𝑀𝑀
(1+𝑤𝑤)𝑉𝑉

………………….…………………………………….………. (3.3) 

𝑛𝑛 = 1 − 𝛾𝛾𝑑𝑑
𝐺𝐺𝑠𝑠𝛾𝛾𝑤𝑤

…………….………………………………….……………… (3.4) 

Where, 

 γw= unit weight of water 

Gs= specific gravity of the coarse coal refuse 

The pore volume in the test specimen was calculated using the formula as shown below: 

𝑉𝑉𝑝𝑝 = 𝑛𝑛𝑛𝑛 …………………………………………………………………. (3.5) 

Where,  

n= porosity 

V= total volume of the test specimen 

Vp= 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 t he e ntrained a ir. Af ter s aturation, t he t est was st arted with h ydraulic gradients in itially 

ranging from 5 t o 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 r eservoir vol ume which i s a bout 4300 m l.  The hydraulic conductivity apparatus s etup i s 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: 

𝑘𝑘 = 𝑄𝑄𝑄𝑄
𝐴𝐴𝐴𝐴ℎ

…….…………………………………………………………………. (3.6) 

Where: 

k= hydraulic conductivity, m/s, 

Q= volume of outflow, m3, 

L= length of the specimen, m,  

A= cross-sectional area specimen, m2,  

t= interval of time in which Q occurs, s,  

h= hydraulic gradient 

After t he experimentation of  t he CCR a t standard compaction energies t he C CR wa s t ested 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  t o mobilized or  p iping of  t he 

fines. Several d ifferent 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 

 

 

 

 

 

 

The g rain size d istribution of t he co al refuse wi thin t he p ermeameter was ev aluated at  t he en d o f t he 

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 s t he potential o f f ine p article 

movement within the specimen matrix in the direction of seepage flow. The post grain size distribution 

depends on t he dr ying t ime of  t he s pecimen a nd t he compaction effort u sed. The c rushing e ffort o n 

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). 

The experimentation performed in this stage was similar to Stage I.  The difference between Stages I and 

II was t hat a  blended re fuse (BR)  was u sed for hydr aulic c onductivity t est. 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 co arse co al r efuse wi th increasing p ercentages o f fine coal r efuse. The f ine co al r efuse 

(FCR) w as o btained fro m a co al p reparation p lant at  t he sl urry l ine ci rcuit prior t o pumping up to the 

impoundment. The f ine coal r efuse wa s transported to the WVU Civil and Environmental Engineering 

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

Stage II: Geotextile testing with blended refuse 

The candidate slurry used for bl ending was wel l stirred i n t he bucket then dried. The d ried sl urry wa s 

pulverized into small grain sizes using a pestle and then sieved.  

Configuration of Permeameter 
Compaction 

Compaction Energy  

kJ/m3 (ft-lb/ft3) 

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) 
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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 FCR with CCR 

Blending of 80% CCR and 20% FCR: 

Blended r efuse pr oportions f ollowed m ethod pr esented b y W indisch ( 1996) w ith pr oportions of 80% 

(CCR) and 2 0% (fi nes). This method w as s elected i n or der t o obt ain a  uni form gr adation t hat w ould 

provide percentages of different sized fines to promote piping and clogging. Windisch (1996) discussed 

the procedure wh ich was simple, r apid an d efficient t o blend different aggregates. 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 Ai in terms of fractions passing given sieves: 

[𝐴𝐴𝑖𝑖] = [𝑎𝑎𝑖𝑖1,𝑎𝑎𝑖𝑖2, … … … ,𝑎𝑎𝑖𝑖𝑖𝑖 ], 𝑖𝑖 = 1 𝑡𝑡𝑡𝑡 𝑚𝑚………………………………… (3.7) 

Where 

aij= percentage of material i finer than sieve size j, j= 1 to n, 

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: 

[𝑋𝑋] = [𝑥𝑥1, 𝑥𝑥2, … … … , 𝑥𝑥𝑚𝑚 ] ……………………………………………….… (3.8) 

x1 will be the proportion of material 1 t o be combined and x2 will be the proportion of material 2 t o be 

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

𝑐𝑐𝑗𝑗 =  ∑ 𝑎𝑎𝑖𝑖𝑖𝑖𝑚𝑚
𝑖𝑖=0 𝑥𝑥𝑗𝑗……………………………………………..….…….. (3.9) 

The C  v ector i s r epresented as [𝐶𝐶] = [𝑐𝑐1, 𝑐𝑐2, … … , 𝑐𝑐𝑛𝑛 . To g et t he 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. 

[𝐷𝐷] = [𝑑𝑑1,𝑑𝑑2, … … . ,𝑑𝑑3] ……………………………………………….… (3.10) 

Where d j = desired p ercentage o f material f iner t han si eve si ze j .  To ge t t he de sired gr adation, t he 

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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𝑧𝑧 =  ∑ (𝑐𝑐𝑗𝑗 − 𝑑𝑑𝑗𝑗 )2𝑛𝑛
𝑗𝑗=1 ……………………………………………….…… (3.11) 

Table 3.6 presents example for the grain size distribution of blended refuse. Where a1, a2 are the percent 

of m aterials passing f or co arse an d f ine co al r efuse r espectively. C 1 is t he 8 0 p ercent b lend f or co arse 

refuse and C2 is the 20 percent for fine refuse and C is the gradation of the combined refuse.  There was a 

minimal d ifference in t he cal culated g radation an d the actual g radation because o f t he percent of f ines 

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 

a1 5.81 11.08 16.26 27.83 61.89 99.55 

a2 15.61 46.3 52.51 67.12 93.86 100 

C1 4.648 8.864 13.008 22.264 49.512 79.64 

C2 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 o.4 sieve), 40%  FCR ( passing N o.100 s ieve) w as mixed a nd t hen sample w as 

compacted.  

The h ydraulic c onductivity t esting of  blended r efuse f ollow t he same method A STM D  5 856 used i n 

Stage-I. A standard Proctor curve was developed for the 80-20 mix proportion to obtain the maximum dry 

density va lue of  blended refuse. The b lended refuse hydraulic conductivity specimens wer e co mpacted 

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

Procedure: 

To i ncrease t he cl ogging effect an d t o t rack f ine p article migration w ithin th e blended r efuse lower 

compaction energy was u sed. 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 co mpaction 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 

Configuration of Permeameter 

Compaction 

Compaction Energy 

kJ/m3 (ft-lb/ft3) 

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 r efuse with f ine co al r efuse at  d ifferent 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 f or Stage I. The f ormula f or calculating th e 

specific gravity for blended refuse samples are shown below: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐺𝐺𝑠𝑠 = ∑ 𝑃𝑃𝑖𝑖𝑛𝑛
𝑖𝑖=1 ∑ � 𝑃𝑃𝑖𝑖

𝐺𝐺𝐺𝐺𝑖𝑖
�𝑛𝑛

𝑖𝑖=1� …………………………………….… (3.12) 

Where  

Pi= percentage of the material used for the proportion  

Gsi= specific gravity of the material used for proportion.  
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Stage I II r eflects o n t he t esting o f co al r efuse g eotextile sy stem u sing aci d a s p ermeant. The r esearch 

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 wi th Acid and 

other l 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 II. 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 l eachate. The l ow pH  s olution was i ntended t o em ulate a h arsh sat urated 

environment and accelerate refuse de terioration by minimizing buffering through constant pore volume 

exchanges i n t he p ermeameters. The acid s olution w as pr epared b y m ixing de -ionized wat er wi th the 

concentrated H2SO4. Volumetric calculations were performed to get the H2SO4 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: 

Stage III- Geotextile testing of CCR and BR using Acid as permeant: 

𝑉𝑉𝐴𝐴 = (𝑀𝑀𝐷𝐷𝐷𝐷 ∗𝑀𝑀𝑀𝑀)
𝐷𝐷

……………………………………………………………… (3.13) 

VA= Volume of Concentrated H2SO4 Acid (mL)  

MW= Molecular weight of H2SO4 Acid (gram/mol) 

D= Density of H2SO4 Acid (g/mL) 

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

 

𝑀𝑀𝐷𝐷𝐷𝐷 =  (𝑉𝑉𝑤𝑤 ∗ 𝑝𝑝𝑝𝑝𝑐𝑐) ……………………………………………….……… (3.14) 

Vw= Volume of De-ionized water (L) 

pHc= 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: 

𝑀𝑀 = 𝑛𝑛
(𝑉𝑉𝐴𝐴∗𝑉𝑉𝑤𝑤 )

∗ 1000……………………………………………….………. (3.15) 

M= Molarity of the Acid 

VA= Volume of Concentrated H2SO4 Acid (mL) 

Vw= Volume of De-ionized water (L) 

n= number of moles 

𝑛𝑛 = � 𝑚𝑚𝐴𝐴
𝑀𝑀𝑀𝑀𝐴𝐴

�…………………………………….………………….… (3.16) 

mA= Mass of Acid 

𝑚𝑚𝐴𝐴 =  𝑉𝑉𝐴𝐴 ∗ 𝐷𝐷………………………………………………………… (3.17) 

MWA= 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 t he t est, t he p ermeant f luid was co llected i n v iles at  t he out let t o pe rform t he pH  a nd s pecific 

conductivity testing. T he pH an d sp ecific C onductance v alues o f f luid b efore an d af ter t he t est wer e 

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 ex tents. This was ach ieved by car rying the g rain-size di stribution on the r efuse 

material.  

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 c 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 lb-ft/ft3 and the mode of compaction was 4 blows 3 layers.  

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

Three t ypes of  be ads w ere i ntroduced ont o t he t op of  e ach s ample l ayer i n b etween t he r espective 

compaction layer. Metal beads were spaced (from the top of compaction cel l towards) at  the top of the 

coal r efuse, next a t a pproximately 1. 5 i nch, t hen a gain a t a pproximately 3i nches f rom t he t op of  t he 

sample. The beads used are listed as follows: 
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• Tungsten  

• Mixture of Tantalum and Molybdenum 

• 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 l ayer (bottom) of compaction; 1 gram of T antalum/Molybdenum beads were p laced at t he s econd 

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. 

 

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 su lfuric aci d wi th p H 2  as p ermeant. T he method o f t esting f or t hese s amples wa s t he 

hydraulic conductivity which follows t he methods described i n stages I , I I and I II. After t he 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  c logging be havior a ccordingly.   T hree opt ions w ere e xplored: v isible a nd pol arizing l ight 

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 m edia.  I n ge neral, t hese media a re 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 f or s lide mounts.   B ecause th e p olymer f lows g ently in to th e f abric matrix, p articulate 

displacement was expected to be minimized. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19: Slices of geotextile with Aluminum foil wrapped 
 

Figure 3.20: Polymerized material from the geotextile 

5  
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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 c ircles were la id on a luminum foil and 

placed in a foil pan to which the mixture was added to the fabric and allowed to gently permeate.  T his 

procedure minimized the disturbance of embedded particles.  The pan was placed in an oven overnight at 

60°C.  T he n ext da y, t he pan w as r emoved a nd a llowed t o c ool, yielding t he pol ymerized m aterial a s 

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 



58 
 

Attempts were also made to image the mounted textiles using scanning electron microscopy (SEM) 

operating un der l ow va cuum c onditions.   T his a pproach w ould a fford gr eater de pth of  f ield, t hus 

eliminating t he n eed for t hin sect ions.  A mounted q uarter sect ion was p laced i n t he SEM an d images 

were successfully obtained, but under the electron beam, the polymer appeared opaque rather than clear 

as shown below in Figure 3.23.  

 

Figure 3.23: Scanning Electron Microscopy images of Geotextile 

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

below in the section describing the particle tracking experiments. 



59 
 

Laboratory Measurements 

Liquid sam ples d elivered to t he l aboratory wer e t ested f or p H and sp ecific conductance.  S tandard 

instrumentation, cal ibration, an d p erformance check p rotocols were u tilized.  The i nstrumentation u sed 

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

pH and Specific Conductance 

Analysis o f r efuse f rom t wo cel ls 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 wh ile 

trends and general observations are possible, the values should not be interpreted as ex act values with a 

defined uncertainty.  

ICPMS 

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 f r efuse.   A so lution o f 1 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.  

 

 

 

 

 

 

 



60 
 

 

Particle tracking experiments 

 

 

 

 

 

 

 

 

 

 

The goal of  this work was to a ttempt 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 cel l and analyzing  using ICP-MS.  B ecause the metals are soluble 

using the ex traction method described above, the concentration o f these metals wi ll be el evated 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 wa s b ased on a  ser ies of d issolution ex periments an d the metals m ost soluble in the acid 

extraction system described above were used.     

Round 1: Cell NW 6 

For t he f irst round, a  s oil s ampling t ube w as dr iven dow n i nto t he c enter o f t he c ell and us ed a s a 

reference point.   The cylinder was marked such that 6 roughly equal sections were created as shown in 

Figure 3.24: Picture representing the particle tracking experiment concept 
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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 l 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 
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Initial set-up; driving in of the center reference tube Completed excavation 

  

  

  

 
 

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 i s sh own i n 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.  I f so, 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 assi st i n t he v isual i dentification p rocess, i mages o f each  o f the m etals w ere o btained and u sed 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.  I n the filter images, there are particles seen that are consistent with the 

appearance o f the metal particles, b ut t he r efuse 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.  

 



66 
 

 
Molybdenum (Mo) 

 
Nickel (Ni) 

 
Stainless steel (Fe, Co, Ni) 
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Figure 3.30: Picture representing the visual concentration of metals 

 

 

 

 

 

 

 
Tantalum (Ta) 

 
Tungsten (W) 
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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.  

The an alysis o f refuse f rom t wo cells spike wi th metal b eads (hereafter, “original” and “d uplicate”) 

produced a n enormous a mount of  da ta f or ne arly 100 s amples a nd d ozens of  e lemental c onstituents.  

From i nitial ch aracterizations o f the c oal r efuse al one, a su bset o f el ements was sel ected f or st udy a s 

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 i n t he co al r efuse, t he a mount of  be ads a dded i nsures t hat a ny s uch 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 

ICP-MS Results of Particle Tracking Experiments 

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 

Elements in coal refuse only Elements in beads added to cells 

Magnesium (Mg) Chromium (Cr) 

Aluminum (Al) Iron (Fe) 

Titanium (Ti) 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 t he r efuse an d f rom the ad ded metal b eads, as a f unction o f d epth.  T he r esults are summarized 

graphically below.  For the metals added, one set of graphs depicts the associated error bars based on the 

95% co nfidence i nterval.  T he d ata u sed t o g enerate t hese q uantities wer e t he el emental data f or all 

sectors an d levels co nsolidated i nto four l evels.  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 t he t ungsten ( W) was p redominately located i n sect or D.   Such i nformation can  be u sed t o map 

lateral flow to complement the vertical flow measurements described in the previous section.   In this 

instance, the tungsten appears to sp read out wi th 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. 

Two ad ditional p rocedures were ex plored t o assi st i n ch aracterization o f the coal r efuse c ells t o wh ich 

metal b eads were added.  F irst wa s se paration b y d ensity i n wh ich t he ex cavated r efuse samples were 

placed in a separatory funnel containing a dense organmetallic liquid as shown in 

Miscellaneous Procedures 

Figure 3.34.  Separation 

of the particulates occurs based on r elative 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.  I n this approach, the refuse was placed in 

device t hat sh ook t he sam ple wh ile d irecting i t 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 c hemical pr ocessing pr ior t o I 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.  

 

 

 

 

 

 

 

 

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 t ests o f coarse coal refuse and b lended refuse. The main experimentation o f this research was 

performed i n s econd pha se, w hich i ncludes t he h ydraulic c onductivity t esting of c oal r efuse-geotextile 

system. Different mix pr oportions, va rious ge otextiles a nd di fferent c ompaction e nergies a nd 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.  

  

Figure 3.35: Magnetic separation for coal refuse characterization 
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4. SEEPAGE CRITERIA AND FILTRATION ANALYSIS 

4.1. Seepage Analysis 
A pr imary 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 an d water seepage. MSHA st ates the reasons f or the seep age co ncern i n coal r efuse 

impoundments, particularly i n e mbankments a nd f oundations of  coal impoundments, ar e: 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 a nisotropy r atios. The t ypical profile of co al r efuse e mbankments i s similar t o earthen d ams. The 

seepage an alysis f or co al r efuse e mbankments is p erformed by f low-net an alysis and analyzed u sing 

graphical m ethods to i dentify z ones of di ffering hydraulic c onductivity, s eepage f low l 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. 

𝑞𝑞 = 𝑘𝑘 ℎ (𝑁𝑁𝑓𝑓
𝑁𝑁𝑑𝑑

) …………………………………………….………………… (4.1) 

Where:  

q= seepage flow per unit width (length2/time) 

k= permeability of the embankment material (length/time) 

h= total head across the system (length) 

Nf= Number of flows 

Nd= Number of drops 

The eq uation u sed f or t he seep age analysis t hrough t he por ous media s uch as c oal r efuse i s gi ven b y 

Darcy’s equation:  

𝑄𝑄 = 𝑘𝑘 𝑖𝑖 𝑎𝑎 ……….………………………………………….………….. (4.2) 

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 (length2) 

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. 

Seepage Control  

Geotextile filter f abrics h ave b een u sed t he interface b etween the coal r efuse and d rains surface. Th e 

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 systems i s same as t he design of the graded granular 

filters. FEMA a nd M SHA s uggest t hat one  w ay of c ontrolling s eepage a nd i nternal e rosion i s b y 

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; i) 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 s ize 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 cr iteria,  and 5) be 

resistant to segregation and breaking during installation.  

Seepage f low i n c oal r efuse e mbankments c an be  controlled b y r educing t he internal phreatic su rface 

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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The ch aracteristics o f g eotextiles that af fect the f iltration p erformance o f t he g eotextiles relative to  the 

soil are ap parent opening size (AOS), percent o pen area (POA), pore opening si ze distribution (PSD), 

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

Characteristics of geotextiles 

1. Apparent opening size (AOS): I t is defined as t he pore diameter measure in the geotextile. I t is  

denoted b y “ O95”, w hich m eans 95 % of  t he ope ning s izes of  t he ge otextile a re s maller than 

apparent opening size (O95).  

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 a t w hich th e g eotextile a llows th e s oil particles o n it to  pass th rough 

perpendicular or cross-plane to the flow.   

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

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

Problems associated with filters (geotextiles) in coal impoundments 

1. Damage during installation 

2. Long-term reliability of Geotextile to function without clogging.  

3. Geotextile placement location – geotextile should be placed where it is accessible to repair.  

4. A difference in compaction efforts cause damages to geotextiles.  

5. 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 cr iteria given b y Holtz e t a l., (1998), J .P. G iroud ( 1988) a nd F HWA ( 1985) depends 

mainly on ratios o f cer tain apparent opening size parameters and the grain s ize distribution of  the soil. 

Geotextiles act as  a  t ransition zone between an embankment material and a drainage zone. Geo textiles 

prevent t he movement of fine pa rticles and embankment materials into the drainage zone reducing the 

clogging potential. When the grain-size distribution of the embankment material varies widely, the f ine 

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: 

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

opening size of geotextile.  

• 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.  

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

survive for long time.  

4.2.1. Filter design criteria  
The f ilter d esign cr iteria described h ere ar e f or 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 

D85, D60, D10, D50, D15  of soil AOS (O95) of geotextile 

ksoil kgeotextile 

Coefficient of Uniformity (Cu) Permittivity (Ψ) of geotextile 

Percent passing No.200 Sieve Porosity (n) of geotextile 
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1.  

RETENTION CRITERIA: 

1.1  Steady state flow conditions: 
MSHA: 

𝑨𝑨𝑨𝑨𝑨𝑨 (𝑶𝑶𝟗𝟗𝟗𝟗) ≤  𝑩𝑩 ∗ 𝑫𝑫𝟖𝟖𝟖𝟖……………………………………….… (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 ≤ 2 or ≥ 8 B=1 

2 ≤ Cu ≤ 4 B= 0.5 Cu 

4 < Cu < 8 B=8/Cu 

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:  

𝑨𝑨𝑨𝑨𝑨𝑨 (𝑶𝑶𝟗𝟗𝟗𝟗) ≤  𝟎𝟎.𝟓𝟓 ∗ 𝑫𝑫𝟖𝟖𝟖𝟖 ………………………………….… (4.4) 

2. 

𝑶𝑶 𝟗𝟗𝟗𝟗 <  𝝀𝝀𝑹𝑹 𝑫𝑫𝟖𝟖𝟖𝟖 ……………………….…………………….… (4.5) 

J.P. Giroud’s and FHWA:  

  Where D85= Cu0.7 D50 (Giroud’s definition) 

  

 

   

   

 

 

  

J.P. Giroud Criteria for  λR 

 Loose soil Dense soil 

1 < Cu < 3 λR= Cu
0.3 λR=9 Cu

-1.7 

Cu >3 λR= 2 Cu
0.3 λR=18 Cu

-1.7 

FHWA Criteria for  λR 

1 < Cu < 2 λR= 1 

2 < Cu < 4 λR= 0.5 Cu 

4 < Cu < 8 λR= 8/Cu 

Cu > 8 λR=1 
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  1.  

PERMEABILITY OR PERMITTIVITY CRITERIA:  

MSHA: 

    For less critical applications and less severe conditions, 

       1.1 Permeability: 

 𝒌𝒌𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈  ≥  𝒌𝒌𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔………………………………………….. (4.6) 

    For critical applications and severe conditions, 

 𝒌𝒌𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈  ≥  𝟏𝟏𝟏𝟏 𝒌𝒌 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔….………………………………….… (4.7) 

    1.2 Permittivity: 

    Ψ ≥ 0.5 sec-1 for <15% passing 0.075 mm sieve 

    Ψ ≥ 0.2 sec-1 for 15 to 50% passing 0.075 mm sieve 

    Ψ ≥ 0.1 sec-1 for >50% passing 0.075 mm sieve 

  2. J.P. Giroud’s and FHWA

 

: 

 

 

 

  

Giroud FHWA 

kgeotextile ≥ k soil/10 kgeotextile > k soil for small gradients and stable soils 

 kgeotextile > 10 k soil for high gradients and unstable soils 
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CLOGGING RESISTANCE: 

  1. MSHA: 

For non-critical conditions, and for soils with Cu > 3 

𝐴𝐴𝐴𝐴𝐴𝐴 (𝑂𝑂95) ≥  3 ∗ 𝐷𝐷15……………………………………………...….. (4.8) 

    For soils with Cu ≤ 3, select geotextile from retention criteria.  

𝑘𝑘𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ≥ 10 ∗ 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ………………………………………...….. (4.9) 

When flow capacity is sufficient and there is no pr oblem pertaining to flow conditions, 

the h ydraulic co nductivity cr iteria ch anges. T his i s t he co ndition where g eotextiles ar e 

wrapped along drainage pipes.  

𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  𝑞𝑞𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ∗ (𝐴𝐴𝑔𝑔
𝐴𝐴𝑡𝑡

) …………………………………….… (4.10) 

Where:  

 Ag= geotextile area available for flow 

 At= total geotextile area 

 2. FEMA:  

  𝑘𝑘𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 10 𝑡𝑡𝑡𝑡 100 ∗ 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ……………………………….. (4.11) 

 3. WVDEP:  

𝑂𝑂95 < 𝐵𝐵85…………………………..…………………….. (4.12) 
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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 f or t ests a re pr ovided 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 Propex 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-1) 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, f ine 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.  E1 E2 E3 
Container Mass(g), Mc 33.55 26.58 32.02 
Container+Moist Specimen Mass(g), Mcms 100.06 98.6 66.89 
Oven Temperature 110o C 110o C 110o C 
Date/Time in Oven  3/20/2009 3/20/2009 3/20/2009 
Initial Container+Oven Dry Specimen Mass(g), Mcds  97.67 95.81 65.28 
Date/Time out of Oven  3/21/2009 3/21/2009 3/21/2009 
Mass of Water(g), Mw= Mcms-Mcds  2.39 2.79 1.61 
Mass of Solids(g), Ms= Mcds-Mc 64.12 69.23 33.26 
Water Content, % W= (Mw/Ms)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) 
  E1 E2 E3 
Wt. of Pycnometer(g) 166.15 167.80 163.68 
Sample+Pycnomter+Water(g) 715.29 717.45 703.73 
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 
Sieve 
No. Particle dia Wt Retained+ pan Wt Retained % Retained Cumulative % Percent Finer 

    Test 1 Test 2 Test 1 Test 2 Test 1 Test 2 Test 1 Test 2 Test 1 Test 2 

3/4" 19.05 713.51 607.40 158.46 52.35 14.18 5.08 14.18 5.08 85.82 94.92 

No. 4 4.75 1122.60 992.47 612.28 482.16 54.79 46.83 68.97 51.92 31.03 48.08 

No. 10 2.00 671.36 711.23 199.42 239.29 17.85 23.24 86.82 75.16 13.18 24.84 

No. 30 0.60 578.36 655.88 96.96 174.49 8.68 16.95 95.49 92.11 4.51 7.89 

No. 50 0.30 394.44 412.33 22.98 40.87 2.06 3.97 97.55 96.08 2.45 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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Results- Sample E Sieve Analysis 
  Raw Sample 
  Test 1 Test 2 

D90 - 17 
D60 10 6.9 
D50 8 5 
D30 4.7 2.6 
D25 3.9 2 
Effective Size, D10 1.6 0.72 
Uniformity Coefficient, Cu 6.25 9.58 
Coefficient of Curvature, Cc 1.38 1.36 

 

Figure 5.1: Sieve Analysis Graph and Data of Coarse Coal refuse 
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Results- sieve analysis for CCR Initial GSD for passing 

No.4 sieve 
D85 3.9 

D60 2.7 

D50 2.2 

D30 1.3 

D25 1.1 

D15 0.68 

D10 0.53 

Cu 5.09 

Cc 1.18 

   

Figure 5.2: Sieve Analysis Graph and Data of CCR material Passing No.4 (4.75mm) Sieve 
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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 5.3 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) 

Sample 
Wt Time(T) 

Hydrometer 
reading 

Meniscus 
Correction, 

Cm Corrected 
R 

Eff 
Depth, L 

Correction 
Factor(K) 

Dia(mm) Cd R-
Cd Temp 

Correction, 
m 

R-
Cd+m 

Percent 
Finer 

Adjusted 
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 23.5 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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BR Initial GSD (80%CRR, 20% FCR)- Results 

    

D85 3.5 

D60 1.6 

D50 1.1 

D30 0.35 

D25 0.28 

D15 0.12 

D10 0.045 

Cu 35.56 

Cc 1.70 
 

Figure 5.3: Sieve Analysis graph and Data of Blended Refuse material (80/20 mix) 
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Blended Refuse (60% CCR- 40 % FCR passing No.100 sieve) 

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

Sieve Analysis- Blended Refuse (60% CCR, 40% FCR passing No.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) 

Sample 
Wt Time(T) 

Hydrometer 
reading 

Meniscus 
Correction, Cm Corrected 

R 
Eff Depth, 

L 
Correction 
Factor(K) 

Dia(mm) Cd R-
Cd 

Temp 
Correction, 

m 
R-

Cd+m 
Percent 

Finer 

50 2 23.5 0.1 23.6 12.4296 0.01357 0.033829 3 20.6 1.3 21.9 43.80 

50 4 22 0.1 22.1 12.6756 0.01357 0.024157 3 19.1 1.3 20.4 40.80 

50 12 19 0.1 19.1 13.1676 0.01357 0.014215 3 16.1 1.3 17.4 34.80 

50 15 18.5 0.1 18.6 13.2496 0.01357 0.012754 3 15.6 1.3 16.9 33.80 

50 30 16.5 0.1 16.6 13.5776 0.01357 0.009129 3 13.6 1.3 14.9 29.80 

50 65 14 0.1 14.1 13.9876 0.01357 0.006295 3 11.1 1.3 12.4 24.80 

50 125 12 0.1 12.1 14.3156 0.01357 0.004592 3 9.1 1.3 10.4 20.80 
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BR (60% CCR, 40% FCR passing No.100)-Results  
D85 2.9 
D60 0.9 
D50 0.5 
D30 0.16 
D25 0.14 
D15 0.086 
D10 0.069 
Cu 13.04 
Cc 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), Mc 30.34 37.22 37.36 37.11 33.08 37.32 

Container+Moist Specimen Mass(g), Mcms 39.42 43.44 45.33 39.14 36.21 40.26 

Container+Oven Dry Specimen Mass(g), Mcds  37.51 42.04 43.45 38.76 35.75 39.71 

Mass of Water(g), Mw= Mcms-Mcds  1.91 1.4 1.88 0.38 0.46 0.55 

Mass of Solids(g), Ms= Mcds-Mc 7.17 4.82 6.09 1.65 2.67 2.39 

Water Content, % W= (Mw/Ms)x100 26.64 29.05 30.87 23.03 17.23 23.01 

No. of Blows 30 23 13 PL = 21.09   
 

Coarse Coal 
Refuse (E) 

LL PL PI 
28.40 21.09 7.31 

 

 

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. E1 E2 E3 E4 E5 

Water Content, % W 4.00 5.00 6.00 7.00 8.00 
Mold Weight(g), Mmd 2075.30 2075.30 2075.30 2075.30 2075.30 
Specimen+Mold Weight(g), Mt 3846.50 3919.00 3945.52 4006.52 3889.00 

Volume of Mold(cm3), V 904.00 904.00 904.00 904.00 904.00 
Specific Gravity of Soil, Gs 2.530 2.530 2.530 2.530 2.530 

Unit Weight of Water @ 20oC(KN/m3), γw 9.79 9.79 9.79 9.79 9.79 

Moist Unit Weight of Compacted Specimen(g/cm3), γm 1.96 2.04 2.07 2.14 2.01 

Dry Unit Weight of Compacted Specimen(g/cm3), γd 1.88 1.94 1.95 2.00 1.86 

Dry Unit Weight of Compacted Specimen(KN/m3), γd 18.48 19.05 19.14 19.58 18.22 

Dry Unit Weight of Compacted Specimen(lb/ft3), γd 117.61 121.26 121.85 124.64 115.98 
Void Ratio, e=((Gs*γw)/γd)-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 

Wsat 13.46 11.86 11.62 10.47 14.21 
 

Standard Compaction Curve- Sample 'E'

Water content (%)
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Dry Density vs Water %
 

Figure 5.6: Standard Compaction test results and Graph of CCR material passing No.4 sieve 
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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), Mmd 2048.94 2048.94 2048.94 2048.94 2048.94 

Specimen+Mold Weight(g), Mt 3693.00 3868.00 3875.00 3900.00 3911.00 

Volume of Mold(cm3), V 904.00 904.00 904.00 904.00 904.00 

Specific Gravity of Soil, Gs 2.530 2.530 2.530 2.530 2.530 

Unit Weight of Water @ 20oC(KN/m3), γw 9.79 9.79 9.79 9.79 9.79 

Moist Unit Weight of Compacted Specimen(g/cm3), γm 1.82 2.01 2.02 2.05 2.06 

Dry Unit Weight of Compacted Specimen(g/cm3), γd 1.73 1.86 1.85 1.86 1.84 

Dry Unit Weight of Compacted Specimen(KN/m3), γd 16.97 18.20 18.18 18.25 18.05 

Dry Unit Weight of Compacted Specimen(lb/ft3), d 108.02 115.86 115.71 116.21 114.88 

Void Ratio, e=((Gs*γw)/γd)-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 

Wsat 18.17 14.26 14.33 14.10 14.72 
 

Reduced Compaction Curve (CCR)- 12 Blows 2layers
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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), Mmd 2049.32 1917.22 1888.41 1921.85 2049.32 

Specimen+Mold Weight(g), Mt 3642.00 3482.50 3623.00 3707.50 3884.00 

Volume of Mold(cm3), V 904.00 874.00 874.00 874.00 904.00 

Specific Gravity of Soil, Gs 2.530 2.530 2.530 2.530 2.530 

Unit Weight of Water @ 20oC(KN/m3), γw 9.79 9.79 9.79 9.79 9.79 

Moist Unit Weight of Compacted Specimen(g/cm3), γm 1.76 1.79 1.98 2.04 2.03 

Dry Unit Weight of Compacted Specimen(g/cm3), γd 1.68 1.67 1.82 1.84 1.82 

Dry Unit Weight of Compacted Specimen(KN/m3), γd 16.50 16.40 17.87 18.09 17.86 

Dry Unit Weight of Compacted Specimen(lb/ft3), γd 105.05 104.40 113.75 115.16 113.67 

Void Ratio, e=((Gs*γw)/γd)-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 

Wsat 19.80 20.16 15.26 14.59 15.30 
 

Reduced Compaction Curve (CCR)- 8 Blows 2layers
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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), Mmd 2048.96 616.73 614.05 619.22 

Specimen+Mold Weight(g), Mt 3597.00 2156.82 2298.72 2335.58 

Volume of Mold(cm3), V 904.00 874.00 874.00 874.00 

Specific Gravity of Soil, Gs 2.530 2.530 2.530 2.530 

Unit Weight of Water @ 20oC(KN/m3), γw 9.79 9.79 9.79 9.79 

Moist Unit Weight of Compacted Specimen(g/cm3), γm 1.71 1.76 1.93 1.96 

Dry Unit Weight of Compacted Specimen(g/cm3), γd 1.62 1.64 1.77 1.77 

Dry Unit Weight of Compacted Specimen(KN/m3), γd 15.93 16.09 17.32 17.35 

Dry Unit Weight of Compacted Specimen(lb/ft3), γd 101.44 102.45 110.25 110.44 

Void Ratio, e=((Gs*γw)/γd)-1 0.55 0.54 0.43 0.43 

Degree of Saturation (%), S=Gs*w/e 24.60 34.64 53.81 65.15 

Wsat 21.91 21.30 16.99 16.90 
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Figure 5.9: Reduced Compaction (4 blows 2layers) test results and Graph  
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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), Mmd 2049.27 2049.27 2049.27 2049.27 2049.27 2049.27 
Specimen+Mold Weight(g), Mt 3772.00 3811.00 3901.00 3920.00 3899.00 3839.00 
Volume of Mold(cm3), V 904.00 904.00 904.00 904.00 904.00 904.00 
Specific Gravity of Soil, Gs 2.300 2.300 2.300 2.300 2.300 2.300 

Unit Weight of Water @ 20oC(KN/m3), γw 9.79 9.79 9.79 9.79 9.79 9.79 

Moist Unit Weight of Compacted Specimen(g/cm3), γm 1.91 1.95 2.05 2.07 2.05 1.98 

Dry Unit Weight of Compacted Specimen(g/cm3), γd 1.80 1.81 1.87 1.86 1.83 1.76 

Dry Unit Weight of Compacted Specimen(KN/m3), γd 17.63 17.73 18.33 18.27 17.91 17.23 

Dry Unit Weight of Compacted Specimen(lb/ft3), γd 112.24 112.88 116.70 116.27 114.01 109.66 
Void Ratio, e=((Gs*γw)/γd)-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 
Wsat 12.05 11.72 9.92 10.12 11.18 13.35 

 

Standard Compaction Curve- Blended Refuse (80/20 Mix)
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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), Mmd 2049.36 2049.39 2049.36 2049.36 2049.36 2049.36 
Specimen+Mold Weight(g), Mt 3547.00 3547.00 3642.00 3733.00 3771.00 3298 

Volume of Mold(cm3), V 904.00 904.00 904.00 904.00 904.00 904.00 
Specific Gravity of Soil, Gs 2.300 2.300 2.300 2.300 2.300 2.300 

Unit Weight of Water @ 20oC(KN/m3), γw 9.79 9.79 9.79 9.79 9.79 9.79 

Moist Unit Weight of Compacted Specimen(g/cm3), γm 1.66 1.66 1.76 1.86 1.90 1.38 

Dry Unit Weight of Compacted Specimen(g/cm3), γd 1.57 1.54 1.60 1.68 1.70 1.22 

Dry Unit Weight of Compacted Specimen(KN/m3), γd 15.35 15.11 15.71 16.43 16.67 11.98 

Dry Unit Weight of Compacted Specimen(lb/ft3), γd 97.71 96.18 100.03 104.58 106.14 76.27 
Void Ratio, e=((Gs*γw)/γd)-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 
Wsat 20.30 21.31 18.82 16.11 15.23 38.23 

 

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

 k vs t for CCR w/o Geotextile (25B, 3L)

Time (hours)

0 1 2 3 4 5 6

k 
(m

/s
)

1e-8
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1e-4

k vs t

 

Figure 5.12: HC test data of CCR sample (standard compaction) and k vs. t graph  

  CCR 
Dry Density, kN/m3 (pcf) 18.83 (119.84) 

 Compaction Energy, kJ/m3 (ft-lb/ft3) 636.21 

 Number of Blows/Layer 25 Blows,3layers 

  Geotextile --------- 
AOS (mm) --------- 
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 
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Hydraulic conductivity for CCR without geotextile (12blows 2layers) 

 

 

 

 

 

 

 

 

 

 

 k vs t for CCR w/o Geotextile (12B, 2L)
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Figure 5.13: HC test data of CCR (12blows 2layers) W/O Geotextile and k vs. t graph  

  CCR 

Dry Density, kN/m3 (pcf) 16.49 (104.94) 

 Compaction Energy, kJ/m3 (ft-lb/ft3) 203.58 (4252) 

Number of Blows/Layer 12 Blows, 2layers 

  Geotextile --------- 

AOS (mm) --------- 

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 



103 
 

Hydraulic conductivity for CCR without geotextile (4blows 2layers) 

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

  CCR 

Dry Density, kN/m3 (pcf) 14.76 (93.97) 

 Compaction Energy, kJ/m3 (ft-lb/ft3) 67.84 (1417) 

Number of Blows/Layer 4 Blows, 2layers 

  Geotextile --------- 

AOS (mm) --------- 

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 
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Hydraulic conductivity for CCR without geotextile (8blows 2layers) 
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Figure 5.15: HC test data (8blows 2layers) W/O Geotextile and k vs. t graph of CCR 

  CCR 

Dry Density, kN/m3 (pcf) 15.90 (101.23) 

 Compaction Energy, kJ/m3 (ft-lb/ft3) 135.73 (2835) 

Number of Blows/Layer 8 Blows, 2layers 

  Geotextile --------- 

AOS (mm) --------- 

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

 

  E7 E8 E9 

Dry Density, kN/m3 (pcf) 19.66 (125.14) 

 

18.97 (120.79) 

 

18.82 (120.02) 

 Compaction Energy, kJ/m3 (ft-lb/ft3) 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 2.35 e -6 

Standard Deviation for k 7.96 e-8 1.14 e-6 7.35 e -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 
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Hydraulic conductivity for E7, E8, E9 (Duplicate) 
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Figure 5.17: Hydraulic conductivity data and graph of sample E7-E9 (Duplicate) 

  E7-II  E8-II E9-II 

Dry Density, kN/m3 (pcf) 19.65 (125.06) 

 

18.98 (120.83) 

 

18.78 (119.56) 

 
Compaction Energy, kJ/m3 (ft-lb/ft3) 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 e -5 

Standard Deviation for k 6.57 e-7 1.18 e-6 2.14 e -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 
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Hydraulic conductivity for E7, E8, E9 (Triplicate) 
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Figure 5.18: Hydraulic conductivity data and graph of sample E7-E9 (Triplicate) 

  E7-III E8-III E9-III 

Dry Density, kN/m3 (pcf) 19.61(124.82) 

 

18.95 (120.60) 

 

18.87 (120.10) 

 
Compaction Energy, kJ/m3 (ft-lb/ft3) 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) 3.30 3.32 2.50 
Average k (m/sec) 7.85 e-6 7.16 e-6 1.18 e -5 
Standard Deviation for k 1.60 e-7 1.07 e-6 2.23 e -6 
Void Ratio, e 0.26 0.31 0.31 
Porosity, n 0.21 0.23 0.24 
Cumulative Permeant Volume (ml) 3750 3508 4293 
Pore volume, pV (ml) 182.12 205.43 208.25 
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Overall Hydraulic Conductivity graphs of E7-E9 
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5.19: Overall HC graphs of samples E7-E9 
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Hydraulic conductivity for E10, E11 

k vs t for E10- E11

Time (hours)

0 1 2 3 4 5 6 7

k 
(m

/s
ec

)

1e-7

1e-6

1e-5

1e-4

 E10
 E11

 
Figure 5.20: Hydraulic conductivity data and graph of sample E10-E11 

Hydraulic conductivity for E10, E11 (Duplicate) 

 

  E10 E11 

Dry Density, kN/m3 (pcf) 19.02 (121.11) 

 

18.95 (120.63) 

 
Compaction Energy, kJ/m3 (ft-lb/ft3) 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 
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Figure 5.21: Hydraulic conductivity data and graph of sample E10-E11 (Duplicate) 

  E10-II  E11-II 

Dry Density, kN/m3 (pcf) 19.66 (125.13) 

 

19.56 (124.54) 

 
Compaction Energy, kJ/m3 (ft-lb/ft3) 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 3.30 e-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 
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Overall Hydraulic Conductivity graphs of E10-E11 

k vs t for E10- E11
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Figure 5.22: Overall HC graphs of samples E10-E11 
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Hydraulic conductivity for E10, E11 (Triplicate) 
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Figure 5.23: Hydraulic conductivity data and graph of sample E10-E11 (Triplicate) 

  E10-III E11-III 

Dry Density, kN/m3 (pcf) 19.63 (124.97) 

 

19.33 (123.05) 

 Compaction Energy, kJ/m3 (ft-lb/ft3) 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 2.15 e-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 
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Hydraulic conductivity for E12, E13, E14 
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Figure 5.24: Hydraulic conductivity data and graph of sample E12-E14 

  E12 E13 E14 
Dry Density, kN/m3 (pcf) 18.77 (110.49) 

 

18.99 (120.88) 

 

18.62 (118.55) 

 
Compaction Energy, kJ/m3 (ft-lb/ft3) 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 e-6 3.24 e-6 6.44 e -6 
Standard Deviation for k 5.87 e-7 1.09 e-6 1.39 e -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 
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Hydraulic conductivity for E15, E16, E17 
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Figure 5.25: Hydraulic conductivity data and graph of sample E15-E17 

  E15 E16 E17 
Dry Density, kN/m3 (pcf) 16.08 (102.36) 

 

17.30 (110.16) 

 

17.33 (110.15) 

 Compaction Energy, kJ/m3 (ft-lb/ft3) 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 e -6 
Void Ratio, e 0.54 0.43 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 
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Hydraulic conductivity for E18, E19, E20 

k vs t for E18- E20
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Figure 5.26: Hydraulic conductivity data and graph of sample E18-E20 

  E18 E19 E20 

Dry Density, kN/m3 (pcf) 16.39 (104.32) 

 

17.85 (113.65) 

 

18.07 (115.06) 

 Compaction Energy, kJ/m3 (ft-lb/ft3) 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) 295.85 244.28 236.51 
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5.3.2. Blended Refuse (BR) Samples 
Hydraulic conductivity for F4, F5, F6 
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Figure 5.27: Hydraulic conductivity data and graph of sample F4-F6 

  F4  F5  F6 
Dry Density, kN/m3 (pcf) 16.08 (102.38) 

 

16.77 (106.74) 

 

16.64 (105.94) 

 Compaction Energy, kJ/m3 (ft-lb/ft3) 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 e-9 2.12 e-9 3.93 e-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 
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Hydraulic conductivity for F7, F8, F9 
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Figure 5.28: Hydraulic conductivity data and graph of sample F7-F9 

  F7 F8 F9 
Dry Density, kN/m3 (pcf) 15.41(98.09)  

 

14.92 (94.95) 

 

15.27( 97.24) 

 
Compaction Energy, kJ/m3 (ft-lb/ft3) 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 
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Hydraulic conductivity for F10, F11, F12 
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Figure 5.29: Hydraulic conductivity data and graph of sample F10-F12 

  F10 F11 F12 
Dry Density, kN/m3 (pcf) 14.75 (93.88) 

 

14.84 (94.49) 

 

14.86 (94.57) 

 Compaction Energy, kJ/m3 (ft-lb/ft3) 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 2.32 e-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 
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Hydraulic conductivity for F13, F14 (No Geotextile) 
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Figure 5.30: HC data and graph of Blended Refuse sample W/O Geotextile F13-F14 

  F13 F14 
Dry Density, kN/m3 (pcf) 15.69 (99.87) 

 

15.78 (100.48) 

 Compaction Energy, kJ/m3 (ft-lb/ft3) 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 0.43 
Porosity, n 0.30 0.30 
Cumulative Permeant Volume (ml) 2857 4271 
Pore volume, pV (ml) 265.15 261.66 
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Hydraulic conductivity for F15 
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Figure 5.31: Hydraulic conductivity data and graph of BR (60/40) sample F15  

  F15 
Dry Density, kN/m3 (pcf) 13.56 (86.34) 

 
Compaction Energy, kJ/m3 (ft-lb/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 e-7 
Void Ratio, e 0.57 
Porosity, n 0.36 
Cumulative Permeant Volume (ml) 29359 
Pore volume, pV (ml) 318.91 
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6. DATA ANALYSIS & RESULTS 

6.1. Results  
6.1.1. Coal Refuse Properties 
The g eotechnical material p roperty l aboratory r esults f or t he co arse co al r efuse (CCR) and fi ne 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, 2.3 2.02 1.5-2.8 2.54 
LL -- -- -- 25-35 % 28.40% 
PI -- -- -- < 12 % 7.34% 

γd (Pcf) 90.6, 92.2, 88.6  98.1, 98.9, 101 115 -- 115.98 - 124.64 

k (cm/s) 1.38 * 10-4 -- --  10-6 to 10-2 5.06 * 10-4 
  

    
  

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) 

D50 1.23 0.127 0.9 2.2 1.1 0.5 

D15 --- --- 0.15 0.68 0.12 0.086 

D10 < 0.075 0.01 0.09 0.53 0.045 0.069 

Cu --- 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 f ine coal refuse (1.87) are wi thin 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 PI-7.34) are within the range 

specified by MSHA.  

• The a verage Hydraulic c onductivity va lues of  c oarse c oal r efuse ( 5.06 *10-4 cm/s) are wi thin 

range of published reference. 

• In Table 6.3, th e D50, D15, D10, Cu values o f co arse coal r efuse used for research are larger in 

particle d iameter co mpared t o t he r eferences. C omparison o f t he d ifferences i ndicates t hat t he 

CCR used for the research contained less fine particles.  

• The research data for the fine coal refuse had a h igher 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: 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 

Material Description: 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.   

 

  

CCR 
BR (80% CCR, 

20% FCR) 

BR (60% CCR, 
40% FCR passing 

No.100) 
D85 3.9 3.5 2.9 
D60 2.7 1.6 0.9 
D50 2.2 1.1 0.5 
D30 1.3 0.35 0.16 
D25 1.1 0.28 0.14 
D15 0.68 0.12 0.086 
D10 0.53 0.045 0.069 
Cu 5.09 35.56 13.04 
Cc 1.18 1.70 0.41 

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  gr aph presenting t he r esults o f f our coarse co al r efuse co mpaction d ensity c urves. T he 

curves i llustrate t he d ry d ensity vs. m oisture co ntent p ercentage f or t he t ested m aterial r anging f rom 

optimum compaction energy of 13,288 ft-lb/ft3 to reduced compaction energy of 1,417 ft-lb/ft3.  
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Figure 6.2: Different Compaction Energies graphs of CCR 

Results: 

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

value was calculated less than 30.  

• 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-lb/ft3 to low compaction energy of 2,658 ft-lb/ft3.  
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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
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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: 

• 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 f ilter fabric 

clogging was not occurring. 

• As pe r R ao, e t.al 1991,  t he pe rmeability of  t he opt imum c ompacted r efuse i s on e o rder o f 

magnitude (2.35 * 10 -6 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.  

• No f ilter s tability appeared to develop even a fter 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 c 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
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Figure 6.5: Hydraulic Conductivity Graphs of BR samples at Different Compaction Energies 

The Figure 6.5 tends to indicate the following observations: 

• 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.  

• No c hange i n h ydraulic conductivity of the blended r efuse sa mples developed even at l ower 

compaction e nergies t ending t o i ndicate minimal movement o f particle f ines f or 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  
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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 f rom an  i nitial v alue o n t he order of 1 * 10-6 m/s an d 

stabilize to a value of 1 * 10-7 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-I, E15A-II 
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Figure 6.7: HC Data and Graphs of CCR samples with Water and Acid permeants 

  E15 E15A-I E15A-II 
Dry Density, kN/m3 (pcf) 16.08 (102.36) 

 

14.84 (94.48) 

 

14.66 (93.31) 

 
Compaction Energy, kJ/m3 (ft-lb/ft3) 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 2.15 e-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 
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Hydraulic conductivity for F11A, F11A-I, F11A-II 
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Figure 6.8: HC Data and Graphs of BR samples with Water and Acid permeants 

  F11 F11A-I F11A-II 
Dry Density, kN/m3 (pcf) 14.84 (94.49) 

 

14.11 (89.84) 

 

14.47 (92.11) 

 Compaction Energy, kJ/m3 (ft-lb/ft3) 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 
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Hydraulic conductivity for F15A (with beads) 

 

F15 with water and acid as permeant (with beads)
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Figure 6.9: HC Data and Graphs of BR samples with Water and Acid permeants (with beads) 

  F15 F15A-I 
Dry Density, kN/m3 (pcf) 13.56 (86.34) 

 

13.22 (84.14) 

 Compaction Energy, kJ/m3 (ft-lb/ft3) 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 
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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 i ncrease i s attributed t o t he l ow pH va lue causing f locculation of  t he f ine p articles 

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 t o 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.  

 

  

CCR Initial 
GSD CCR Post GSD (E7) 

    Top Middle Bottom 

D85 3.9 3.7 3.7 3.7 

D60 2.7 2.2 2.2 2.1 

D50 2.2 1.75 1.75 1.7 

D30 1.3 0.93 0.93 0.87 

D25 1.1 0.79 0.79 0.72 

D15 0.68 0.54 0.52 0.56 

D10 0.53 0.36 0.33 0.29 

Cu 5.09 6.11 6.67 7.24 

Cc 1.18 1.09 1.19 1.24 
Figure 6.10: Post GSD Data and graphs of E7 Sample 

0

10

20

30

40

50

60

70

80

90

100

0.010.1110

Pe
rc

en
t F

in
er

Sieve Size(mm)

Post GSD by layers for CCR Sample E7 [γd= 125.14 pcf, 25Blows 
3Layers]  

CCR Initial GSD
Top Layer
Middle layer
Bottom Layer



135 
 

 

 

  CCR Initial GSD CCR Post GSD (E12) 

    Top Middle Bottom 

D85 3.9 3.7 3.7 3.6 

D60 2.7 2.2 2 2 

D50 2.2 1.7 1.65 1.65 

D30 1.3 0.9 0.9 0.89 

D25 1.1 0.76 0.75 0.75 

D15 0.68 0.55 0.52 0.52 

D10 0.53 0.33 0.36 0.32 

Cu 5.09 6.67 5.56 6.25 

Cc 1.18 1.12 1.13 1.24 
Figure 6.11: Post GSD Data and graphs of E12 Sample 
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  CCR Initial GSD CCR Post GSD (E13) 
    Top Middle Bottom 

D85 3.9 3.6 3.6 3.6 

D60 2.7 2.2 2.2 2.2 

D50 2.2 1.75 1.75 1.75 

D30 1.3 1.2 1.2 1.2 

D25 1.1 0.93 0.93 0.93 

D15 0.68 0.62 0.62 0.62 

D10 0.53 0.40 0.40 0.40 

Cu 5.09 5.50 5.50 5.50 

Cc 1.18 1.64 1.64 1.64 
Figure 6.12: Post GSD Data and graphs of E13 Sample 
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  CCR Initial GSD CCR Post GSD (E14) 
    Top Middle Bottom 

D85 3.9 3.8 3.8 3.8 

D60 2.7 2.5 2.5 2.5 

D50 2.2 2 2 2 

D30 1.3 0.95 0.95 0.95 

D25 1.1 0.69 0.69 0.69 

D15 0.68 0.57 0.57 0.57 

D10 0.53 0.47 0.47 0.47 

Cu 5.09 5.32 5.32 5.32 

Cc 1.18 0.77 0.77 0.77 
Figure 6.13: Post GSD Data and graphs of E14 Sample 
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  CCR Initial GSD CCR Post GSD (E15) 
    Top Middle Bottom 

D85 3.9 3.8 3.7 3.6 

D60 2.7 2.5 2.2 2 

D50 2.2 2 1.7 1.6 

D30 1.3 1.2 0.95 0.84 

D25 1.1 0.95 0.81 0.7 

D15 0.68 0.66 0.57 0.46 

D10 0.53 0.52 0.40 0.29 

Cu 5.09 4.81 5.50 6.90 

Cc 1.18 1.11 1.03 1.22 
Figure 6.14: Post GSD Data and graphs of E15 Sample 
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  CCR Initial GSD CCR Post GSD (E16) 
    Top Middle Bottom 

D85 3.9 3.7 3.6 3.6 

D60 2.7 2.4 2.1 2.1 

D50 2.2 1.85 1.6 1.6 

D30 1.3 1.1 0.89 0.89 

D25 1.1 0.89 0.75 0.75 

D15 0.68 0.62 0.50 0.50 

D10 0.53 0.49 0.35 0.35 

Cu 5.09 4.90 6.00 6.00 

Cc 1.18 1.03 1.08 1.08 
Figure 6.15: Post GSD Data and graphs of E16 Sample 

0

10

20

30

40

50

60

70

80

90

100

0.010.1110

Pe
rc

en
t F

in
er

 

Sieve Size (mm)

Post GSD by layers for CCR Sample E16 [γd= 110.16 pcf, 4Blows 2Layers]  

CCR Initial GSD

Top layer

Middle layer

Bottom layer



140 
 

 

 

  

CCR Initial 
GSD CCR Post GSD (E17) 

    Top Middle Bottom 

D85 3.9 3.7 3.6 3.6 

D60 2.7 2.4 2.1 2.3 

D50 2.2 1.85 1.6 1.75 

D30 1.3 1.1 0.89 0.94 

D25 1.1 0.89 0.75 0.79 

D15 0.68 0.62 0.50 0.30 

D10 0.53 0.49 0.35 0.34 

Cu 5.09 4.90 6.00 6.76 

Cc 1.18 1.03 1.08 1.13 
Figure 6.16: Post GSD Data and graphs of E17 Sample 
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  CCR Initial GSD CCR Post GSD (E18) 
    Top Middle Bottom 

D85 3.9 3.6 3.5 3.4 

D60 2.7 2.1 1.95 1.85 

D50 2.2 1.65 1.55 1.4 

D30 1.3 0.9 0.83 0.77 

D25 1.1 0.78 0.71 0.66 

D15 0.68 0.54 0.48 0.42 

D10 0.53 0.37 0.30 0.29 

Cu 5.09 5.68 6.50 6.38 

Cc 1.18 1.04 1.18 1.11 
Figure 6.17: Post GSD Data and graphs of E18 Sample 
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  CCR Initial GSD CCR Post GSD (E19) 
    Top Middle Bottom 

D85 3.9 3.6 3.6 3.6 

D60 2.7 2.2 2.2 2.05 

D50 2.2 1.7 1.7 1.6 

D30 1.3 0.92 0.89 0.85 

D25 1.1 0.78 0.76 0.72 

D15 0.68 0.54 0.51 0.47 

D10 0.53 0.35 0.33 0.30 

Cu 5.09 6.29 6.67 6.83 

Cc 1.18 1.10 1.09 1.17 
Figure 6.18: Post GSD Data and graphs of E19 Sample 
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  CCR Initial GSD CCR Post GSD (E20) 
    Top Middle Bottom 

D85 3.9 3.5 3.5 3.5 

D60 2.7 2 2 2 

D50 2.2 1.6 1.6 1.6 

D30 1.3 0.88 0.88 0.88 

D25 1.1 0.75 0.75 0.75 

D15 0.68 0.55 0.52 0.50 

D10 0.53 0.36 0.35 0.33 

Cu 5.09 5.56 5.71 6.06 

Cc 1.18 1.08 1.11 1.17 
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: 

• There i s an  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.  

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

• There appears to be similar amount of fines percentage between loose compacted samples and the 

optimum compacted samples.  

• 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.  

• 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: i) 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 wi th water due either to compression of entrapped ai r 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 ope nings a nd c racking a long weak planes. F actors af fecting s laking include t he particle si ze 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. 

 

 

  BR Initial GSD BR Post GSD (F4) 
    Top Middle Bottom 

D85 3.5 3.5 3.5 3.6 

D60 1.6 1.9 1.9 2.3 

D50 1.1 1.5 1.6 1.8 

D30 0.35 0.7 0.9 0.88 

D25 0.28 0.6 0.8 0.7 

D15 0.12 0.32 0.59 0.39 

D10 0.045 0.23 0.36 0.23 

Cu 35.56 8.26 5.28 10.00 
Cc 1.70 1.12 1.18 1.46 

Figure 6.20: Post GSD Data and graphs of F4 Sample 
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  BR Initial GSD BR Post GSD (F5) 
    Top Middle Bottom 

D85 3.5 3.5 3.5 3.5 

D60 1.6 1.9 2.2 2.2 

D50 1.1 1.5 1.7 1.7 

D30 0.35 0.7 0.8 0.8 

D25 0.28 0.6 0.65 0.65 

D15 0.12 0.30 0.33 0.33 

D10 0.045 0.19 0.19 0.19 

Cu 35.56 10.00 11.58 11.58 

Cc 1.70 1.36 1.53 1.53 
Figure 6.21: Post GSD Data and graphs of F5 Sample 
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  BR Initial GSD BR Post GSD (F6) 
    Top Middle Bottom 

D85 3.5 3.6 3.6 3.5 

D60 1.6 2.2 2.1 1.9 

D50 1.1 1.7 1.6 1.4 

D30 0.35 0.84 0.76 0.7 

D25 0.28 0.69 0.62 0.59 

D15 0.12 0.38 0.30 0.29 

D10 0.045 0.23 0.16 0.15 

Cu 35.56 9.57 13.13 12.67 

Cc 1.70 1.39 1.72 1.72 
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: 

• 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.  

• The aggregation of crushed fine particle <D60 to D10 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.  

• The ag gregation o f t he f ine 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.  

 

  



151 
 

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.  

 

 

  

CCR Initial 
GSD CCR Post GSD (E15A) 

    Top Middle Bottom 
D85 3.9 4 4 4 
D60 2.7 2.9 2.8 2.8 
D50 2.2 2.5 2.3 2.4 
D30 1.3 1.55 1.3 1.4 
D25 1.1 1.3 1.1 1.1 
D15 0.68 0.76 0.65 0.65 
D10 0.53 0.59 0.46 0.46 
Cu 5.09 4.92 6.09 6.09 
Cc 1.18 1.40 1.31 1.52 

Figure 6.23: Post GSD Data and graphs of E15 Acid Sample 
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  BR Initial GSD BR Post GSD (F11A) 
    Top Middle Bottom 

D85 3.5 3.5 3.5 3.5 

D60 1.6 1.9 1.8 1.8 

D50 1.1 1.5 1.4 1.4 

D30 0.35 0.69 0.64 0.66 

D25 0.28 0.65 0.6 0.65 

D15 0.12 0.27 0.26 0.28 

D10 0.045 0.13 0.13 0.15 

Cu 35.56 14.62 13.85 12.00 

Cc 1.70 1.93 1.75 1.61 
Figure 6.24: Post GSD Data and graphs of F11 Acid Sample 
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  BR Initial GSD BR Post GSD (F15A) 
    Top Middle Bottom 

D85 2.9 2.9 2.9 2.7 

D60 0.9 1.3 1.4 1.1 

D50 0.5 0.89 0.95 0.8 

D30 0.16 0.33 0.49 0.3 

D25 0.14 0.21 0.35 0.2 

D15 0.086 0.70 0.14 0.70 

D10 0.069   0.075   

Cu 13.04   18.67   

Cc 0.41   2.29   
Figure 6.25: Post GSD Data and graphs of F15 Acid Sample 
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  BR Initial GSD BR Post GSD (F15A-I) 
    Top Middle Bottom 

D85 2.9 3 3 3 

D60 0.9 1.35 1.5 1.35 

D50 0.5 0.88 1 0.88 

D30 0.16 0.35 0.46 0.35 

D25 0.14 0.27 0.35 0.27 

D15 0.086 0.085 0.17 0.09 

D10 0.069   0.08   

Cu 13.04   18.75   

Cc 0.41   1.76   
Figure 6.26: Post GSD Data and graphs of F15 Acid Sample-I 
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  BR Initial GSD BR Post GSD (F15A-II) 
    Top Middle Bottom 

D85 2.9 3 3 3 

D60 0.9 1.5 1.45 1.5 

D50 0.5 1.05 1 1.05 

D30 0.16 0.5 0.46 0.53 

D25 0.14 0.38 0.33 0.38 

D15 0.086 0.26 0.13 0.26 

D10 0.069 0.13   0.11 

Cu 13.04 11.54   13.64 

Cc 0.41 1.28   1.70 
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.  

E15 

 

  

CCR Initial 
GSD 

E15 
(Water) 

E15A 
(Acid) 

D85 3.9 3.7 4.1 
D60 2.7 2.3 2.8 
D50 2.2 1.8 2.3 
D30 1.3 0.97 1.4 
D25 1.1 0.8 1.2 
D15 0.68 0.57 0.68 
D10 0.53 0.40 0.50 
Cu 5.09 5.75 5.60 
Cc 1.18 1.02 1.40 

Figure 6.28: Post GSD Comparisons of E15 sample with water and Acid permeants 
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F11 

 

  

BR(80/20) Initial 
GSD F11A (Acid) 

D85 3.5 3.5 

D60 1.6 1.8 

D50 1.1 1.4 

D30 0.35 0.65 

D25 0.28 0.53 

D15 0.12 0.27 

D10 0.045 0.14 

Cu 35.56 12.86 

Cc 1.70 1.68 
Figure 6.29: Post GSD Comparisons of F11 sample with water and Acid permeants 
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F15 

 

 

 

  BR (60/40)Initial GSD F15A (Acid) 

D85 2.9 2.85 

D60 0.9 1.3 

D50 0.5 0.89 

D30 0.16 0.37 

D25 0.14 0.26 

D15 0.086 0.86 

D10 0.069   

Cu 13.04   

Cc 0.41   
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: 

• For the C CR sa mples which ar e tested using t he Acid p ermeant, t he shift of GS D cu rve o f 

compacted sample merges with the original GSD of CCR indicating the acid is f locculating 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)  

• 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 we re used f or t he e valuation o f 

geotextile d esign. T hree t ypes o f d 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 f s amples were used f or th e 

comparison. T hey ar e co arse co al r efuse ( CCR) and blended r efuse ( BR). I n t he b lended r efuse t wo 

different mix proportions were used for the blending 80% coarse to 20% f ine; 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 t he p ost g rain si ze o f t he so il sa mples. T he so il sa mples 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 
Refuse 

Parameters of   
Geotextile  

D85 3.9 AOS (mm) 0.212 
D60 2.7 k (cm/s) 0.3 

D50 2.2 Ψ (s-1) 1.5 
D15 0.68     
D10 0.53     
Cu 5.09     

                     

a) Retention criteria:  

MSHA (2009):    𝑨𝑨𝑨𝑨𝑨𝑨 (𝑶𝑶𝟗𝟗𝟗𝟗) ≤  𝑩𝑩 ∗ 𝑫𝑫𝟖𝟖𝟖𝟖 

Where B= 8/Cu= 8/5.09= 1.57,  D85= 3.9,  AOS= 0.212 

 0.212 ≤ 1.57 * 3.9 

0.212 ≤ 6.123 PASS 
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J.P. Giroud (1988):  𝑶𝑶 𝟗𝟗𝟗𝟗 <  𝝀𝝀𝑹𝑹 𝑫𝑫𝟖𝟖𝟖𝟖 

Where λR= 18*Cu
-1.7= 18*(5.09)-1.7= 1.132,  

 0.212 < 1.132*3.9 

0.212 < 4.14 PASS 

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

MSHA (2009):   𝒌𝒌𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈  ≥  𝒌𝒌𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 

 Where kgeo= 0.30 cm/s, ksoil ≈ (D10)2= (0.53)2 = 0.28 cm/s 

 0.30 ≥ 0.28 PASS 

J.P. Giroud (1988):  𝒌𝒌𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈  ≥  𝒌𝒌𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔/𝟏𝟏𝟏𝟏 

Where ksoil= 0.28 cm/s 

 0.30 ≥ 0. 28/10 

0.30 ≥ 0.028 PASS 

MSHA (2009):   Ψgeo ≥ 0.5 sec-1 

Ψgeo= 1.5 sec-1 

 1.5 ≥ 0.5 PASS 

C) Clogging Criteria:   𝑨𝑨𝑨𝑨𝑨𝑨 (𝑶𝑶𝟗𝟗𝟗𝟗) ≥  𝟑𝟑 ∗ 𝑫𝑫𝟏𝟏𝟏𝟏 

0.212 ≥ 3* 0.68,  

0.212 ≥ 2.07 FAIL 
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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 
Coal Refuse 

Parameters of   
Geotextile  

D85 3.7 AOS (mm) 0.212 
D60 2.2 k (cm/s) ---- 

D50 1.75 Ψ (s-1) 1.3 
D15 0.54     
D10 0.32     
Cu 6.87     

 

a) Retention criteria: 

MSHA (2009):    𝑨𝑨𝑨𝑨𝑨𝑨 (𝑶𝑶𝟗𝟗𝟗𝟗) ≤  𝑩𝑩 ∗ 𝑫𝑫𝟖𝟖𝟖𝟖 

Where B= 8/Cu= 8/6.875= 1.16,  D85= 3.7,  AOS= 0.212 

 0.212 ≤ 1.16 * 3.7 

0.212 ≤ 4.29 PASS 

J.P. Giroud (1988):  𝑶𝑶 𝟗𝟗𝟗𝟗 <  𝝀𝝀𝑹𝑹 𝑫𝑫𝟖𝟖𝟖𝟖 

Where λR= 18*Cu
-1.7= 18*(6.87)-1.7= 0.6786,  

 0.212 < 0.6786*3.7 

0.212 < 2.51 PASS 

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

MSHA (2009):   𝒌𝒌𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈  ≥  𝒌𝒌𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔  

 PASS 

J.P. Giroud (1988):  𝒌𝒌𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈  ≥  𝒌𝒌𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔/𝟏𝟏𝟏𝟏 

Where ksoil= 5.82 *10-4 cm/s  
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 0.30 ≥ 5.82 *10-4 /10 

0.30 ≥ 5.82 *10-5   PASS 

MSHA (2009):   Ψgeo ≥ 0.5 sec-1 

Ψgeo= 1.3 sec-1 

 1.3 ≥ 0.5 PASS 

C) Clogging Criteria:   𝑨𝑨𝑨𝑨𝑨𝑨 (𝑶𝑶𝟗𝟗𝟗𝟗) ≥  𝟑𝟑 ∗ 𝑫𝑫𝟏𝟏𝟏𝟏 

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 
Refuse (80/20 mix) 

Parameters of   
Geotextile  

D85 3.5 AOS (mm) 0.212 
D60 1.6 k (cm/s) 0.3 

D50 1.1 Ψ (s-1) 1.5 
D15 0.12     
D10 0.045     
Cu 35.56     

                     

a) Retention criteria:  

MSHA (2009):    𝑨𝑨𝑨𝑨𝑨𝑨 (𝑶𝑶𝟗𝟗𝟗𝟗) ≤  𝑩𝑩 ∗ 𝑫𝑫𝟖𝟖𝟖𝟖 

Where B= 1,  D85= 3.9,  AOS= 0.212 

 0.212 ≤ 1 * 3.5 

0.212 ≤ 3.5 PASS 

J.P. Giroud (1988):  𝑶𝑶 𝟗𝟗𝟗𝟗 <  𝝀𝝀𝑹𝑹 𝑫𝑫𝟖𝟖𝟖𝟖 

Where λR= 18*Cu
-1.7= 18*(35.56)-1.7= 0.041,  D85= Cu0.7*D50 

 0.212 < 0.041*13.39 

0.212 < 0.54 PASS 

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

MSHA (2009):   𝒌𝒌𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈  ≥  𝒌𝒌𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 

 Where ksoil ≈ (D10)2= (0.045)2= 2*10-3 cm/s 

 0.3 ≥ 2* 10-3  PASS 

J.P. Giroud (1988):  𝒌𝒌𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈  ≥  𝒌𝒌𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔/𝟏𝟏𝟏𝟏 
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Where ksoil= 2*10-3 cm/s 

 0.30 ≥ 2*10-3/10 

0.30 ≥ 2*10-4 PASS 

MSHA (2009):   Ψgeo ≥ 0.5 sec-1 

Ψgeo= 1.5 sec-1 

 1.5 ≥ 0.5 PASS 

C) Clogging Criteria:   𝑨𝑨𝑨𝑨𝑨𝑨 (𝑶𝑶𝟗𝟗𝟗𝟗) ≥  𝟑𝟑 ∗ 𝑫𝑫𝟏𝟏𝟏𝟏 

0.212 ≥ 3* 0.12,  

0.212 ≥ 0.36 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 
Refuse (80/20 mix) 

Parameters of   
Geotextile  

D85 3.5 AOS (mm) 0.212 
D60 1.9 k (cm/s) 0.3 

D50 1.1 Ψ (s-1) 1.5 
D15 0.32     
D10 0.23     
Cu 8.26     

                

a) Retention criteria: 

MSHA (2009):    𝑨𝑨𝑨𝑨𝑨𝑨 (𝑶𝑶𝟗𝟗𝟗𝟗) ≤  𝑩𝑩 ∗ 𝑫𝑫𝟖𝟖𝟖𝟖 

Where B= 1,  D85= 3.5,  AOS= 0.212 

 0.212 ≤ 1 * 3.5 

0.212 ≤ 3.5 PASS 

J.P. Giroud (1988):  𝑶𝑶 𝟗𝟗𝟗𝟗 <  𝝀𝝀𝑹𝑹 𝑫𝑫𝟖𝟖𝟖𝟖 

Where λR= 18*Cu
-1.7= 18*(8.26)-1.7= 0.497,  D85= Cu0.7*D50 

 0.212 < 0.497*4.82 

0.212 < 2.39 PASS 

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

MSHA (2009):   𝒌𝒌𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈  ≥  𝒌𝒌𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔  

 PASS 

J.P. Giroud (1988):  𝒌𝒌𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈  ≥  𝒌𝒌𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔/𝟏𝟏𝟏𝟏 

 PASS 

MSHA (2009):   Ψgeo ≥ 0.5 sec-1 
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Ψgeo= 1.3 sec-1 

 1.3 ≥ 0.5 PASS 

C) Clogging Criteria:   𝑨𝑨𝑨𝑨𝑨𝑨 (𝑶𝑶𝟗𝟗𝟗𝟗) ≥  𝟑𝟑 ∗ 𝑫𝑫𝟏𝟏𝟏𝟏 

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 
Refuse (60/40 mix) 

Parameters of   
Geotextile  

D85 2.9 AOS (mm) 0.212 
D60 0.9 k (cm/s) 0.3 

D50 0.5 Ψ (s-1) 1.5 
D15 0.086     
D10 0.069     
Cu 13.04     

                     

a) Retention criteria:  

MSHA (2009):    𝑨𝑨𝑨𝑨𝑨𝑨 (𝑶𝑶𝟗𝟗𝟗𝟗) ≤  𝑩𝑩 ∗ 𝑫𝑫𝟖𝟖𝟖𝟖 

Where B= 1,  D85= 2.9,  AOS= 0.212 

 0.212 ≤ 1 * 2.9 

0.212 ≤ 2.9 PASS 

J.P. Giroud (1988):  𝑶𝑶 𝟗𝟗𝟗𝟗 <  𝝀𝝀𝑹𝑹 𝑫𝑫𝟖𝟖𝟖𝟖 

Where λR= 18*Cu
-1.7= 0.229,  D85= Cu0.7*D50 

 0.212 < 0.229*3.017 

0.212 < 0.69 PASS 

 

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

MSHA (2009):   𝒌𝒌𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈  ≥  𝒌𝒌𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 

 Where ksoil ≈ (D10)2= (0.069)2= 4.7*10-3 cm/s 

 0.3 ≥ 4.7* 10-3  PASS 

J.P. Giroud (1988):  𝒌𝒌𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈  ≥  𝒌𝒌𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔/𝟏𝟏𝟏𝟏 
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Where ksoil= 2*10-3 cm/s 

 0.30 ≥ 4.7*10-5/10 

0.30 ≥ 4.7*10-5 PASS 

MSHA (2009):   Ψgeo ≥ 0.5 sec-1 

Ψgeo= 1.5 sec-1 

 1.5 ≥ 0.5 PASS 

C) Clogging Criteria:   𝑨𝑨𝑨𝑨𝑨𝑨 (𝑶𝑶𝟗𝟗𝟗𝟗) ≥  𝟑𝟑 ∗ 𝑫𝑫𝟏𝟏𝟏𝟏 

0.212 ≥ 3* 0.086,  

0.212 ≥ 0.25 FAIL 

 

 

 

 

 

 

  



170 
 

6. Blended coal refuse (Post GSD) for compacted sample (F15A-I) 

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 
Refuse (60/40 mix) 

Parameters of   
Geotextile  

D85 3 AOS (mm) 0.212 
D60 1.35 k (cm/s) 0.3 

D50 0.88 Ψ (s-1) 1.5 
D15 0.09     
D10 0.04     
Cu 33.75     

                     

a) Retention criteria: 

MSHA (2009):    𝑨𝑨𝑨𝑨𝑨𝑨 (𝑶𝑶𝟗𝟗𝟗𝟗) ≤  𝑩𝑩 ∗ 𝑫𝑫𝟖𝟖𝟖𝟖 

Where B= 1,  D85= 3,   AOS= 0.212 

 0.212 ≤ 1 * 3 

0.212 ≤ 3 PASS 

J.P. Giroud (1988):  𝑶𝑶 𝟗𝟗𝟗𝟗 <  𝝀𝝀𝑹𝑹 𝑫𝑫𝟖𝟖𝟖𝟖 

Where λR= 18*Cu
-1.7= 18*(33.75)-1.7= 0.497,  D85= Cu0.7*D50 

 0.212 < 0.045*10.33 

0.212 < 0.46 PASS 

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

MSHA (2009):   𝒌𝒌𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈  ≥  𝒌𝒌𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔  

 PASS 

J.P. Giroud (1988):  𝒌𝒌𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈  ≥  𝒌𝒌𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔/𝟏𝟏𝟏𝟏 

 PASS 

MSHA (2009):   Ψgeo ≥ 0.5 sec-1 
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Ψgeo= 1.3 sec-1 

 1.3 ≥ 0.5 PASS 

C) Clogging Criteria:   𝑨𝑨𝑨𝑨𝑨𝑨 (𝑶𝑶𝟗𝟗𝟗𝟗) ≥  𝟑𝟑 ∗ 𝑫𝑫𝟏𝟏𝟏𝟏 

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, h ydraulic c onductivity a nd th e g eotextile properties. Th e g eotextile f iltration a nalysis w as 

performed mostly using the geotextile NW6 which has an apparent opening size (O95) of  0.212 mm. I t 

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 

 

Where, P-passes the test, F-fails the test.  

 

 

Sample Compaction effort Geotextile k, Ψ  Cirteria Clogging Criteria

kJ/m3 (ft-lb/ft3)
MSHA:                  

O95 ≤ B*D85

J.P.Giroud:               

O95 < λR*D85

MSHA:                              

kgeo ≥ ksoil (cm/s)

MSHA:              O95 ≥ 

3*D15

E7 636.21 (13288) Geotex 601 (0.212) P (0.212 ≤ 6.12) P (0.212 < 4.14) P (0.30 ≥ 0.28), (Ψ>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 (0.30 ≥ 0.28), (Ψ>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 (0.30 ≥ 0.28), (Ψ>0.5) F (0.212 ≥ 2.07)

E10 636.21 (13288) GSE NW 6 (0.212) P (0.212 ≤ 6.12) P (0.212 < 4.14) P (0.30 ≥ 0.28), (Ψ>0.5) F (0.212 ≥ 2.07)

E11 636.21 (13288) GSE NW 16 (0.150) P (0.212 ≤ 6.12) P (0.212 < 4.14) P (0.30 ≥ 0.28), (Ψ>0.5) F (0.212 ≥ 2.07)

E12 203.58 (4252) GSE NW 6 (0.212) P (0.212 ≤ 6.12) P (0.212 < 4.14) P (0.30 ≥ 0.28), (Ψ>0.5) F (0.212 ≥ 2.07)

E13 203.58 (4252) GSE NW 6 (0.212) P (0.212 ≤ 6.12) P (0.212 < 4.14) P (0.30 ≥ 0.28), (Ψ>0.5) F (0.212 ≥ 2.07)

E14 203.58 (4252) GSE NW 6 (0.212) P (0.212 ≤ 6.12) P (0.212 < 4.14) P (0.30 ≥ 0.28), (Ψ>0.5) F (0.212 ≥ 2.07)

E15 67.84 (1417) GSE NW 6 (0.212) P (0.212 ≤ 6.12) P (0.212 < 4.14) P (0.30 ≥ 0.28), (Ψ>0.5) F (0.212 ≥ 2.07)

E16 67.84 (1417) GSE NW 6 (0.212) P (0.212 ≤ 6.12) P (0.212 < 4.14) P (0.30 ≥ 0.28), (Ψ>0.5) F (0.212 ≥ 2.07)

E17 67.84 (1417) GSE NW 6 (0.212) P (0.212 ≤ 6.12) P (0.212 < 4.14) P (0.30 ≥ 0.28), (Ψ>0.5) F (0.212 ≥ 2.07)

E18 135.73(2835) GSE NW 6 (0.212) P (0.212 ≤ 6.12) P (0.212 < 4.14) P (0.30 ≥ 0.28), (Ψ>0.5) F (0.212 ≥ 2.07)

E19 135.73(2835) GSE NW 6 (0.212) P (0.212 ≤ 6.12) P (0.212 < 4.14) P (0.30 ≥ 0.28), (Ψ>0.5) F (0.212 ≥ 2.07)

E20 135.73(2835) GSE NW 6 (0.212) P (0.212 ≤ 6.12) P (0.212 < 4.14) P (0.30 ≥ 0.28), (Ψ>0.5) F (0.212 ≥ 2.07)

Retention Criteria

Comparison Criteria for CCR Initial GSD [Non-critical Conditions] 
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For th e initial n on-compacted co arse c oal r efuse, t he R etention cr iteria l ead to t he f ollowing 

observations: 

• The C CR wh ich h ad No .4 si eve p assing r equirement, t he material p assed t he r etention 

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/Ψ) 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 ≈ (D10)2 

• For the permeability criterion which is  specified by MSHA, the initial CCR just passes 

the test. F or examples, t he C CR h ad ksoil of 0.28 compared w ith k geo of 0.30 with a 

percentage difference of 6.67%.  

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

• All of the coarse coal refuse passing the No.4 sieve material failed the clogging criteria 

required by MSHA.  

• For example, the geotextile AOS 0.212 ≥ 2.07 (3*D15). The D15 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 

 

Where,  

P-passes the test,  

F-fails the test, and  

*****- Did not perform GSD on samples  

 

Sample Compaction effort Geotextile k, Ψ  Cirteria Clogging Criteria

kJ/m3 (ft-lb/ft3)
MSHA:                     

O95 ≤ B*D85

J.P.Giroud:            

O95 ≤ λR*D85 kgeo ≥ ksoil (cm/s) MSHA: O95 ≥ 3*D15

E7 636.21 (13288) Geotex 601 (0.212) P (0.212 ≤ 4.29) P (0.212 < 2.51) P (0.30 ≥ 5.06*10-4), (Ψ>0.5) F (0.212 ≥ 1.62)

E8 636.21 (13288) Geotex 401 (0.212) ***** ***** ***** *****

E9 636.21 (13288) Geotex 801 (0.180) ***** ***** ***** *****

E10 636.21 (13288) GSE NW 6 (0.212) ***** ***** ***** *****

E11 636.21 (13288) GSE NW 16 (0.150) ***** ***** ***** *****

E12 203.58 (4252) GSE NW 6 (0.212) P (0.212 ≤ 4.66) P (0.212 < 4.80) P (0.30 ≥ 5.82*10-4), (Ψ>0.5) F (0.212 ≥ 1.62)

E13 203.58 (4252) GSE NW 6 (0.212) P (0.212 ≤ 7.99) P (0.212 < 5.52) P (0.30 ≥ 5.82*10-4), (Ψ>0.5) F (0.212 ≥ 1.74)

E14 203.58 (4252) GSE NW 6 (0.212) P (0.212 ≤ 5.56) P (0.212 < 4.88) P (0.30 ≥ 5.82*10-4), (Ψ>0.5) F (0.212 ≥ 1.86)

E15 67.84 (1417) GSE NW 6 (0.212) P (0.212 ≤ 4.17) P (0.212 < 2.42) P (0.30 ≥ 1.43*10-3), (Ψ>0.5) F (0.212 ≥ 1.38)

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), (Ψ>0.5) F (0.212 ≥ 1.50)

E17 67.84 (1417) GSE NW 6 (0.212) P (0.212 ≤ 4.26) P (0.212 < 4.76) P (0.30 ≥ 1.43*10-3), (Ψ>0.5) F (0.212 ≥ 0.90)

E18 135.73(2835) GSE NW 6 (0.212) P (0.212 ≤ 4.26) P (0.212 < 3.94) P (0.30 ≥ 1.05*10-3), (Ψ>0.5) F (0.212 ≥ 1.26)

E19 135.73(2835) GSE NW 6 (0.212) P (0.212 ≤ 5.96) P (0.212 < 4.28) P (0.30 ≥ 1.05*10-3), (Ψ>0.5) F (0.212 ≥ 1.41)

E20 135.73(2835) GSE NW 6 (0.212) P (0.212 ≤ 4.62) P (0.212 < 2.94) P (0.30 ≥ 1.05*10-3), (Ψ>0.5) F (0.212 ≥ 1.50)

Comparison Criteria for CCR Post GSD [Non-critical Condititons]

Retention Criteria
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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 f t-lb/ft3 to 

13,288 ft-lb/ft3, al l of t he specimens p assed b oth t he M SHA an d 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) t o 

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 pos t gr ain-size d istributions of t he co mpacted C CR sa mples ar e sh own in f igures 

6.12 t o 6.21. The previous observations of shifting in the graphs have its performance 

effects realized in the permeability criteria.  

• All o f t he co mpacted C CR sp ecimens p assed t he p ermittivity cr iteria sp ecified b y 

MSHA.  

• All o f t 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*10-3 cm/s to 5.82*10-4 cm/s and these values are lower than kgeo (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*D15) values varies from a high value 

1.86 to a low value of 0.90.  

• The p ercentage ch ange f or cl ogging cr iteria v alues f or n on-compacted an d co mpacted 

specimens va ried f rom 2. 07 t o 0.90 w ith a  pe rcentage c 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 

 

 

Where, P-passes the test,  

F-fails the test, and 

 ******* - did not perform post GSD on the samples.  

.  

 

Sample Compaction effort Geotextile k, Ψ  Cirteria Clogging Criteria

kJ/m3 (ft-lb/ft3)
MSHA:                  

O95 ≤ B*D85

J.P.Giroud:               

O95 < λR*D85 kgeo ≥ ksoil (cm/s)

MSHA:                                 

O95 ≥ 3*D15

F4 381.73 (7973) GSE NW 6 (0.212) P (0.212 ≤ 3.5) P (0.212 < 0.54) P (0.30 ≥ 2*10-3), (Ψ>0.5) F (0.212 ≥ 0.36)

F5 381.73 (7973) GSE NW 6 (0.212) P (0.212 ≤ 3.5) P (0.212 < 0.54) P (0.30 ≥ 2*10-3), (Ψ>0.5) F (0.212 ≥ 0.36)

F6 381.73 (7973) GSE NW 6 (0.212) P (0.212 ≤ 3.5) P (0.212 < 0.54) P (0.30 ≥ 2*10-3), (Ψ>0.5) F (0.212 ≥ 0.36)

F7 127.26 (2658) GSE NW 6 (0.212) P (0.212 ≤ 3.5) P (0.212 < 0.54) P (0.30 ≥ 2*10-3), (Ψ>0.5) F (0.212 ≥ 0.36)

F8 127.26 (2658) GSE NW 6 (0.212) P (0.212 ≤ 3.5) P (0.212 < 0.54) P (0.30 ≥ 2*10-3), (Ψ>0.5) F (0.212 ≥ 0.36)

F9 127.26 (2658) GSE NW 6 (0.212) P (0.212 ≤ 3.5) P (0.212 < 0.54) P (0.30 ≥ 2*10-3), (Ψ>0.5) F (0.212 ≥ 0.36)

F10 127.26 (2658) GSE NW 6 (0.212) P (0.212 ≤ 3.5) P (0.212 < 0.54) P (0.30 ≥ 2*10-3), (Ψ>0.5) F (0.212 ≥ 0.36)

F11 127.26 (2658) GSE NW 6 (0.212) P (0.212 ≤ 3.5) P (0.212 < 0.54) P (0.30 ≥ 2*10-3), (Ψ>0.5) F (0.212 ≥ 0.36)

F12 127.26 (2658) GSE NW 6 (0.212) P (0.212 ≤ 3.5) P (0.212 < 0.54) P (0.30 ≥ 2*10-3), (Ψ>0.5) F (0.212 ≥ 0.36)

Retention Criteria

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



177 
 

For the initial blended refuse (80/20) non-compacted samples, evaluation of the Retention criteria 

leads to the following observations: 

• All B lended r efuse ( 80/20 m ix) non -compacted samples p ass t he r etention cr iteria 

specified b y MSHA an d J .P.Giroud. T he sp ecific r ange o f v alues f or r etention cr iteria 

being 0.212 ≤ 3.5mm (MSHA) and 0.212 ≤ 0.54mm (J.P.Giroud).  

• The B R ( 80/20 m ix) s amples h ave l ess v alues o f 3 .5mm when co mpared t o 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 so il 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: 

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

• The value of permeability of BR non-compacted sample was 2*10-3 cm/s, which is less 

than kgeo and passes the permeability criteria. The permeability of the initial C CR was 

0.28 cm/sec and the initial BR (80/20 mix) was 2*10-3 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 riteria l ead t o 

following observations: 

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

MSHA.  

• For example, geotextile AOS 0.212 ≥ 0.36mm (3*D15). The CCR va lue be ing 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 

 

Where, P-passes the test, 

F-fails the test, and 

******* - did not perform post GSD on the samples 

 

 

 

Sample Compaction effort k, Ψ  Cirteria Clogging Criteria

kJ/m3 (ft-lb/ft3)
MSHA:                     

O95 ≤ B*D85

J.P.Giroud:            

O95 ≤ λR*D85 kgeo ≥ ksoil (cm/s)

MSHA:                                   

O95 ≥ 3*D15

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) ***** ***** ***** *****

F8 127.26 (2658) ***** ***** ***** *****

F9 127.26 (2658) ***** ***** ***** *****

F10 127.26 (2658) ***** ***** ***** *****

F11 127.26 (2658) ***** ***** ***** *****

F12 127.26 (2658) ***** ***** ***** *****

Retention Criteria

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



179 
 

The pos t gr ain-size di stribution of  c 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: 

• The D 85 of the compacted samples did not change s ignificantly which lead to the same 

observations as for non-compacted samples, that the material had a larger coarse fraction.  

• 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: 

• All t he b lended r efuse co mpacted sa mples p assed b oth p ermeability an d permittivity 

criteria.  

• The i ncrease i n f ines p ercentage o f t he sa mples d ecreases t he h ydraulic c onductivity 

which rate as a pass.  

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

• All the blended refuse (80/20 mix) compacted samples failed the clogging criteria given 

by MSHA.  

• Due to the particle binding and aggregation, the D15 value of BR compacted sample came 

close t o t he CCR non -compacted s ample. T he l owest va lue be ing 0.87mm a nd highest 

value being 0.99mm.  

• The cl ogging cr iteria v alues  f or co mpacted B R sa mples i ncreases wh en co mpared t o 

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 d esign an alysis o f BR ( 60/40) m ix samples w as b ased o n t he Table 6.14 which l ead t o following 

observations: 

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

 

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 l ead t o f ollowing 

observations: 

• All B lended r efuse ( 60/40 m ix) non -compacted samples p ass t he r etention cr iteria 

specified b y MSHA an d J .P.Giroud. T he sp ecific r ange o f v alues f or r etention cr iteria 

being 0.212 ≤ 2.9mm (MSHA) and 0.212 ≤ 0.69mm (J.P.Giroud). 

• 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 f ines may cau se f ailure o f t he r etention 

criteria of the geotextiles.  

• 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 pe r M SHA. A ccording t o J .P.Giroud, t he va lue f or 6 0/40 m ix i s 0.69mm 

whereas for 80/20 mix is 0.54mm and for CCR is 4.14mm. J.P.Giroud criteria was based 

on Cu values.   

For t he B R ( 60/40 m ix) non -compacted s amples, th e Pe rmeability/Permittivity c riteria l ead t o 

following observations: 

• For a ll 60/ 40 m ix B R non -compacted s amples p ermeability a nd p ermittivity c riteria 

passed.  

• The f ines p ercentage makes t he p ermeability v alue o f 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. 

Sample Compaction effort Geotextile k, Ψ  Cirteria Clogging Criteria

kJ/m3 (ft-lb/ft3)
MSHA:                  

O95 ≤ B*D85

J.P.Giroud:               

O95 < λR*D85 kgeo ≥ ksoil (cm/s)

MSHA:                                         

O95 ≥ 3*D15

F15 381.73 (7973) Gse NW 6 (0.212) P (0.212 ≤ 2.9) P (0.212 ≤ 0.69) P (0.30 ≥ 4.7*10-3) F (0.212 ≥ 0. 25)

Retention Criteria

Comparison Criteria for BR (60/40) Initial GSD [Non-critical Conditions]
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For t he B R ( 60/40 m ix) non -compacted s amples, t he C logging c riteria l ead t o f ollowing 

observations: 

• All the BR (60/40 mix) non-compacted samples failed the clogging criteria as mentioned 

by MSHA.  

• 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 sa mples was b ased o n t he Table 6.15 which l ead t o f ollowing 

observations: 

Table 6.15: Design Criteria Comparison of all Acid Permeant samples 

 

CCR 

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

lead to following observations: 

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

• The Aci d p ermeant sample r etention cr iteria v alue i s 5 .25 wh ereas the water permeant 

sample retention criterion is 4.17. This is due to the change in the D85 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: 

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

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

lead to following observations: 

• Clogging criteria fails for the acid permeant sample.  

• 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) 

Sample Compaction effort Geotextile k, Ψ  Cirteria Clogging Criteria k, Ψ  Cirteria Clogging Criteria

kJ/m3 (ft-lb/ft3)
MSHA:                  

O95 ≤ B*D85

J.P.Giroud:               

O95 < λR*D85 kgeo ≥ ksoil (cm/s)

MSHA:                                         

O95 ≥ 3*D15

MSHA:                     

O95 ≤ B*D85

J.P.Giroud:            

O95 ≤ λR*D85 kgeo ≥ ksoil (cm/s)

MSHA:                      

O95 ≥ 3*D15

E15A (CCR) 67.84 (1417) Geotex 601 (0.212) P (0.212 ≤ 6.12) P (0.212 < 4.14) P (0.30 ≥ 0.28), (Ψ>0.5) F (0.212 ≥ 2.07) P (0.212 ≤ 5.25) P (0.212 < 7.089) P F (0.212 ≥ 1.95)

F11A (BR-80/20) 127.26 (2658) GSE NW 6 (0.212) P (0.212 ≤ 3.5) P (0.212 < 0.54) P (0.30 ≥ 2*10-3), (Ψ>0.5) F (0.212 ≥ 0.36) P (0.212 ≤ 3.5) P (0.212 < 2.09) P F (0.212 ≥ 0.84)

F15A-I (BR-60/40) 381.73 (7973) Gse NW 6 (0.212) P (0.212 ≤ 2.9) P (0.212 ≤ 0.69) P (0.30 ≥ 4.7*10-3) F (0.212 ≥ 0. 25) P (0.212 ≤ 0.9) P (0.212 ≤ 0.65) P P (0.212 ≥ 0. 21)

F15A-II (BR-60/40) 381.73 (7973) Gse NW 6 (0.212) P (0.212 ≤ 2.9) P (0.212 ≤ 0.69) P (0.30 ≥ 4.7*10-3) F (0.212 ≥ 0. 25) P (0.212 ≤ 0.95) P (0.212 ≤ 0.46) P F (0.212 ≥ 0. 25)

F15A-III (BR-60/40) 381.73 (7973) Gse NW 6 (0.212) P (0.212 ≤ 2.9) P (0.212 ≤ 0.69) P (0.30 ≥ 4.7*10-3) F (0.212 ≥ 0. 25) P P P F (0.212 ≥ 0. 42)

Acid Permeant Samples [Non-Critical Conditions]

Comparison Criteria Post GSD

Retention Criteria Retention Criteria

Comparison Criteria Initial GSD
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For t he C ompacted b lended r efuse sa mple t hat t ested wi th t he Aci d p ermeant, t he Retention 

criteria lead to following observations: 

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

• The Acid permeant sample retention cr iteria value is 3 .5 as p er MSHA and 2 .09 as p er 

J.P.Giroud.   

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

observations: 

• 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: 

• Clogging criteria fails for the acid permeant sample.  

• 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 Aci d p ermeant, t he R etention 

criteria lead to following observations: 

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

• The Acid permeant sample retention cr iteria value is 2 .7 as p er MSHA and 0 .65 as p er 

J.P.Giroud.   

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

observations: 

• 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: 

• 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: 

1. An unknown problem arose with the level 9  samples.  T hese were extracted at a  different time 

using a  s lightly different pr ocedure a s pa rt of  t he m ethod de velopment a nd t he r esults do not  

appear t o follow the trends seen .  Al though t his could be genuine, t here ar e sev eral r easons 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. 

2. Elements intrinsic to the coal refuse and  f ound at lower concentrations showed relatively stable 

quantitative v alues acr oss al l o f t he excavated l evels i ndicating minimal mobility u nder t hese 

experimental conditions 

3. Intrinsic e lements f ound at hi gher c oncentrations di d s how e vidence of  m obility, w ith r elative 

concentration pe aks s een around L evels 7 a nd 8.   This c orresponds t o a  de pth i n the c ell of  

approximate 7-8 cm or about 75% of the way down.   

4. It i s r easonable t o hypot hesize t hat t hese t rends correlate t o solubility of  t he m ineral f orms of  

these metals under t he treatment conditions used rather than being an artifact of the analytical 

procedure. 

5. The added metal molybdenum showed maximum concentrations in the upper portion of the cell, 

indicating less mobility than the other added metals.   

6. With th e e xception o f Mo, th e a dded metals, lik e th e in trinsic metals, appeared t o r each 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. 

7. The a dded t ungsten a nd c hromium showed more di stinctive c oncentration pe aks i n t he l ower 

region of the cell 

8. It is reasonable to hypothesize that the mobility of the metals in the cell depends on the size of the 

metal b eads added, t heir r elative d ensity, an d i ntrinsic so lubility i n t he wat er used t o t reat the 

cells. 

9. 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. 

10. 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 
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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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Figure 6.35: Concentration of Cr, Fe, Ni, Mo, W per level 

Original sample, all added metals with associated range based on 95% confidence interval 
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Figure 6.36: Concentration of Cr, Fe, Ni, Mo, W per level in Duplicate sample 

Duplicate 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-II 

  
Batch F-

F11A Batch F11A-II  
Batch 
E15A Batch F-F11A Batch F11A-II  

Batch 
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: 

 

Figure 6.37: Statistical test results for pH of Acid Permeants  

 

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 t his r esearch i nvolved i nvestigating t he effects o f co arse an d f ine co al r efuse 

blends as t hey impact the field application of  nonwoven geotextiles used in non-critical applications a t 

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 t he co mpaction o f t he r igid wal l p ermeameter sa mples t he r efuse ex periences cr ushing 

and slaking effects which for a coarse grained refuse will produce an increase in the percentage of 

fines.  T his e ffect o ccurs at co mpaction en ergies r anging f rom opt imum t o r educed (13,288 t o 

1,417 ft-lb/ft3).  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 M SHA (MSHA, 2 009).  T he ch aracteristics o f t he g rain si ze sh ift can  r esult i n f iltration 

concerns when evaluating the D15 criteria used in the clogging evaluations. 

Hydraulic Conductivity 

3. Graphs of  t he h ydraulic c 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) l imited percentage of f ine 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  t he s oil-geotextile s ystem b ecause i t h as t he l argest Ap parent Op ening S ize 

(AOS) of 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 at al l 

compaction density ranges that the Retention and Permeability Criteria were met (passed) both 

the MSHA and Giroud design criteria. 
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6. The c orresponding r esults of  t he C logging c riteria indicated t hat t he r efuse f ailed unde r non -

critical conditions.  Ev aluation of the refuse particle sizes and the MSHA and Giroud clogging 

criteria indicate that the refuse gradation passing the D15 size is insufficient to establish a stable 

filter. 

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

7. Blends o f f ine an d c oarse c oal r efuse were de veloped i n t he l aboratory w hich pr ovided f or a  

uniformly graded grain size distribution.  This distribution was at 80% coarse to 20% fines 

(80/20) and a t 60% coarse t o 40% f ines (60/40) which p assed t he No . 1 00 si eve.   T hese m ix 

proportions were selected as i t would p rovide the most adverse g rain si ze to evaluate potential 

refuse hy draulic c onductivity r eductions a lone or  r eductions du e t o f ine pa rticles c logging t he 

geotextile.  

8. Results of the post compaction grain size distributions identified that the crushed particles formed 

aggregates a nd pr oduced a s hift i n t he s hape of  t he c urve w hich r esembled m ore of  a  c oarse 

refuse material.  

9. The ag gregation o f t he f ine p articles was co nsistent acr oss al l t ested sa mples an d ex hibited 

similar ranges of increases to the D85, D60, D15 and D10 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 c onductivity or  

development of a st able 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. 

11. 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 15 size, while i t i ncreased i n 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. Results indicated that for both the initial (non-compacted) and the compacted 80/20 refuse blend 

at al l compaction density ranges that the Retention and Permeability Criteria were met (passed) 

both the MSHA and Giroud design criteria. For the compacted 80/20 refuse blend the formation 

of the aggregated particles changes the D85 particle d iameter to a coarser particle size whereby 

minimizing the retention criteria range for acceptance.  

14. The c orresponding r esults of  t he C logging c riteria i ndicated t hat t he 80/ 20 r efuse f ailed u nder 

non-critical conditions.   

Geotextile Filtration Design Criteria (60/40) 

15. 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.  

16. The R etention C riteria va lue f or t he 6 0/40 bl ended mix showed t hat de creases i n t he pa rticle 

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

7.1.3. Acid Permeability 
 

17. For the Coarse Coal Refuse the acid permeant resulted in the geotextile passing the retention and 

permeability criteria a nd f ailing th e c logging c riteria.  T his was t he sa me ef fect as t he wat er 

permeability tests on the CCR. 

18. The post GSD of Acid samples indicates that low pH H2SO4 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.  

19. 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 t he same effect as 

the water permeability tests. 

20. For t he 6 0/40 B lended Refuse, t he a cid p ermeant r esulted i n t he g eotextile passing all cr iteria: 

retention, permeability, and clogging. 
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7.1.4. Chemical Analysis and Particle Tracking 
The objectives of this research were t o investigate t he chemical composition of the coal refuse and to 

attempt t o t rack t he f ine particle movements o f r efuse a mended wi th f ine 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. Based on t he use o f ICPMS analysis, el ements intrinsic to the coal r efuse and  f ound at  lower 

concentrations showed relatively stable quantitative values across all of the excavated levels 

indicating minimal mobility under these experimental conditions 

22. Results o f t he particle t racking identified that t he added metal molybdenum showed maximum 

concentrations i n t he upp er por tion of t he c ell, i ndicating l 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. 

23. The results further indicate that the mobility of the metals in the cell depends on the size of the 

metal b eads added, t heir r elative d ensity, an d i ntrinsic so lubility i n t he wat er used t o t reat the 

cells. 

24. 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. 

25. 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 

i. Post grain size distribution tests should be performed on s pecimens at the optimum compaction 

level to observe changes in D85 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 f t he C CR material may r educe t he p article diameter t o l ess t han t he 

geotextile’s Apparent Opening Size (AOS) which then renders potential failure in achieving the 

Retention Criteria.  

ii. Review of the fine particle percentages should be performed to identify potential changes in the 

retention criteria because the values may decrease in D85 which affects the retention criteria. 

Recommendation #2: Permeability Criteria 

i. Installation o f t he ge otextile i n a  f ield a pplication having o nly Coarse C oal Refuse s hould be  

performed at the optimum compaction (energy value 13,288 ft-lb/ft3) level.  This is preferred over 

a r educed c ompaction ( end dum p) c ondition i n or der t o i ncrease t he pot ential t o s atisfy the 

permeability criteria due to the increase in fines. 

ii. 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 (kgeotextile ≥ ksoil).  

iii. It is suggested to use a geotextile having a permittivity value greater than 0.5 s-1 in order to pass 

the Permittivity Criteria.    

Recommendation #3: Clogging Criteria 

i. Post grain size distribution tests should be performed on specimens at the optimum compaction level 

to obs erve c hanges i n D 15 for m eeting t he C logging Criteria r equirements. Th is w ill ta ke th e soil 

particle si ze into co nsideration wh en c omparing t o t he f abric AOS , ( AOS ≥ 3*D15) (N on-critical 

Conditions).  The increase in refuse fines percentage tends to develop a st able internal filter thereby 

tending to reduce potential geotextile clogging.  
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Comment #1: Acidic Groundwater Conditions 

i. If an  acidic groundwater condition exists wi thin a co arse coal refuse si te, such as an  acid mine 

drainage e nvironment, t he ge otextile c ould be  e xpected t o pa ss the r etention a nd pe rmeability 

criteria; and fail the clogging criteria. 

ii. The combination of an acidic groundwater and a high fine particle refuse grain size distribution 

placed a t opt imum compaction increases the l ikely hood of  passing the c logging c riteria.  This 

can result in Retention Criteria failure due to the increase in fines at the D85 particle size (Non-

Critical Condition). 

Comment #2: Particle Tracking 

i. The results indicate that the mobility of the metals in the cel l depends on the size of the metal 

beads added, their relative density, and intrinsic solubility in the water used to treat the cells. 

ii. 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 I Hydraulic Conductivity Tables 

 

Hydraulic Conductivity tables 
Coarse Coal refuse without geotextile 

Standard compaction density sample 

 

 

 

 

Time Vol(ml) time Δt (sec) ΔV(cm3) i Area(cm2) qout(cm3/sec) k (cm/sec) k(m/sec)
∆pV 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
4.15 P.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 360 100 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

Hydraulic Conductivity without Fabric (25B, 3 L)
Sample- CCR  : Test Started  on 3/7/10

Pore Volume T
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Reduced compaction (12blows 2layers) sample 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Time Vol(ml) time Δt (sec) ΔV(cm3) i Area(cm2) qout(cm3/sec) k (cm/sec) k(m/sec)
∆pV 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

Hydraulic Conductivity without Fabric (12B, 2L)
Sample- CCR  : Test Started  on 3/9/10

Pore Volume T
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Reduced compaction (4blows 2layers) sample 

 

 

 

 

 

 

 

 

 

 

 

Time Vol(ml) time Δt (sec) ΔV(cm3) i Area(cm2) qout(cm3/sec) k (cm/sec) k(m/sec)
∆pV 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
3.30 P.M. 560 1680 180 70 5 81.03 0.39 9.60E-04 9.60E-06 0.20 1.58 0.47
3.39 P.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
4.35 P.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
5.25 P.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

Sample- CCR  : Test Started  on 3/11/10

Pore Volume T
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Reduced compaction (8blows 2layers) sample 

 

 

 

 

 

 

 

 

 

 

Time Vol(ml) time Δt (sec) ΔV(cm3) i Area(cm2) qout(cm3/sec) k (cm/sec) k(m/sec)
∆pV 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
11.41 P.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

Hydraulic Conductivity without Fabric (8B, 2L)
Sample- CCR  : Test Started  on 3/14/10

Pore Volume T
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Coarse Coal Refuse with geotextile  

Coarse Coal Refuse (E7-E9) 
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Coarse Coal Refuse (E7-E9) Duplicate 
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Coarse Coal Refuse (E7-E9) Triplicate 

 

 

 



211 
 

Coarse Coal Refuse (E10-E11) 
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Coarse Coal Refuse (E10-E11) Duplicate 
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Coarse Coal Refuse (E10-E11) Triplicate 
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Coarse Coal Refuse (E12-E14) 
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Coarse Coal Refuse (E15-E17) 
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Coarse Coal Refuse (E18-E20) 
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Blended Refuse (F13-F14) without geotextile 
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Blended refuse with geotextile 

Blended Refuse (F4-F6) 
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Blended Refuse (F7-F9) 
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Blended Refuse (F10-F12) 
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Blended Refuse F15 

 

Time Vol(ml) Δt (sec) Δt (min) Cum. t(sec) ΔV(cm3) i Area(cm2) qout(cm3/sec) k (cm/sec) k(m/sec)
∆pV 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 1800.00 200 31 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 10:00 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 4500.00 288 31 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 47880.00 960 31 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
8/11/09 9:00 8970 2100 0:35:00 85980.00 100 31 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 185880.00 142 31 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 256860.00 120 31 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

Pore Volume Time

Hydraulic Conductivity with Fabric
Sample- F15: Test Started  on 8/10/09 at 9:00 A.M.
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Time Vol(ml) Δt (sec) Δt (min) Cum. t(sec) ΔV(cm3) i Area(cm2) qout(cm3/sec) k (cm/sec) k(m/sec)
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 1:34:00 355020.00 110 31 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 1:00:00 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 1018 31 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 448800.00 492 31 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 469200.00 378 31 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 1272 31 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 597720.00 880 31 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 1:29:00 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 31 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 1:00:00 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 31 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 0:58:00 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 20:50:00 963600.00 1218 31 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 42 31 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 1060560.00 878 31 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

Sample- F15: Continuation  on 8/14/09 at 7:41 A.M.

Pore Volume Time
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Acid samples 

E15A-I 

 

 

E15A-II 

 

Time Vol(ml) Δt (sec) Δt (min) Cum. t(sec) ΔV(cm3) i Area(cm2) k (cm/sec) k(m/sec) ΔpV 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
9/3/09 12:31 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
9/3/09 13:29 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
9/3/09 13:52 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
9/3/09 15:19 6528 3060 0:51:00 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 0:07:00 12960.00 250 5 81.03 1.47E-03 1.47E-05 3.60 12.73 0.71 20.54

Time

E15A-I

Time Vol(ml) Δt (sec) Δt (min) Cum. t(sec) ΔV(cm3) i Area(cm2) k (cm/sec) k(m/sec) Time ΔpV 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 0:25:00 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 0:21:00 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 0.00 19.04
9/11/09 13:45 7230 0.00 19.04
9/11/09 14:29 8260 1200 0:44:00 26040.00 1030 5 81.03 2.12E-03 2.12E-05 7.23 2.86 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

E15A-II
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F11A 

 

F11A-II 

 

 

 

 

Time Δt (min) Δt (sec) ΔV V i A (cm2) k (cm/s) k (m/sec) t (min) t (hour) pV ΔpV

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 2.25 3.94 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-I

Time Δt (min) Δt (sec) ΔV V i A (cm2) k (cm/s) k (m/sec) t (min) t (hour) ΔpV 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 0.17 1.79 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 1.50 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 1440.00 960 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-I (with beads) 

 

Time Δt (min) Δt (sec) ΔV V i A (cm2) 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 25:47:00 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



236 
 

F15A-II

 

Time Δt (min) Δt (sec) ΔV V i A (cm2) 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 32.5 81.03 1.522E-05 1.522E-07 1.32 1.32

10/6/09 11:44 0:30 1800.00 70 260.00 32.5 81.03 1.477E-05 1.477E-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 32.5 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 32.5 81.03 1.959E-05 1.959E-07 0.70 6.20

10/6/09 16:56 0:49 2940.00 120 1320.00 32.5 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 32.5 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 32.5 81.03 3.434E-06 3.434E-08 2.15 51.88

10/8/09 15:55 2:07 7620.00 70 3550.00 32.5 81.03 3.488E-06 3.488E-08 2.12 54.00

10/8/09 18:54 2:59 10740.00 98 3648.00 32.5 81.03 3.465E-06 3.465E-08 2.98 56.98

10/8/09 18:58 0:04 240.00 0 3648.00 32.5 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 32.5 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 32.5 81.03 3.390E-06 3.390E-08 0.47 148.67

10/12/09 17:06 2:27 8820.00 55 6243.00 32.5 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 32.5 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 32.5 81.03 2.680E-06 2.680E-08 2.83 196.50

10/14/09 16:24 0:12 720.00 0 8675.00 32.5 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 32.5 81.03 2.981E-06 2.981E-08 4.60 219.68

10/16/09 11:57 20:22 73320.00 550 10335.00 32.5 81.03 2.848E-06 2.848E-08 20.37 240.05

10/16/09 15:15 3:18 11880.00 75 10410.00 32.5 81.03 2.397E-06 2.397E-08 3.30 243.35

10/16/09 18:13 2:58 10680.00 65 10475.00 32.5 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 32.5 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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