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High Volume-High Value Usage of Flue Gas Desulfurization (FGD) By-products in 
Underground Mines. 

Phase I: Laboratory Investigations 

Cooperative Agreement No. DE-FC2 1 -93MC3025 1 

Quarterly Report for the Period July 1, 1994 to September 30, 1994 

Summary of Progress for the Period July 1,1994 to September 30,1994 

During the quarter a second series of samples were collected (Subtask 2.1) and partially 
characterized chemically and mineralogically (Subtask 2.2). The samples were collected at the 
disposal site operated by Freeman United Coal Co. The second collection was necessary because 
of deterioration due to hydration of the original samples. 

A study of the hydration characteristics was completed during the quarter as part of 
Subtask 2.2. Important reactions included the immediate formation of ettringite and portlandite. 
The hydration and transformation was found to be a slow process. A second phase of gypsum 
formation from ettringite deterioration was identified. The slow hydration of anhydrite with its 
resultant swell is a potential problem which will be addressed further. 

Progress on Subtask 2.3, geotechnical characterization, during the quarter included 
completion of the preliminary characterization, analysis of the findings, experimentation with 
sample preparation for the final characterizatiodmk design, and design of the find experimental 
program. 

The analysis of the coals collected during the core driUing and hydrologic planning were 
completed (Subtask 4.2). Also during the quarter a meeting was held with representatives of the 
shotcrete indusby to discuss transport systems for emplacement (Subtask 4.3). The pros and cons of 
pneumatic and hydraulic systems were discussed and plans formulated for further investigations. 

TASK 2 LABORATORY STUDIES 
Subtask 2.1 Materials Acquisition 

The CFBC fly ash samples originally acquired for the project directly b m  the Archer Daniel 
Midlands (ADM) co-generation fluidized bed plant where found to be very reactive. The material 
adsorbed considerabe quantites of water through the bags and shrink wrapping used to contain it. 
Many of the bags ruptured after only a few months of storage. The gain in moisture and resultant 
change in physical character were also noted in the labomtory experiments. 
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To assure the highest quality samples, it was decided to make a second collection. Four drums 

of materials were collected on September 9,1994. These samples were placed in sealed plastic drums 
which were fitted with heavy plastic liners. The materials were transported to the lab and aliquots 
removed for analysis. 

TASK 2 LABORATORY STUDIES 
SUBTASK 2.2a Chemical and Mineralogical Characterization of the Materials-Chemical 
Analysis 

Some of the chemical and mineralogical analysis of the new ADM samples were completed 
during the quarter, including most of the mineralogy and major element analysis. The X-ray difEaction 
results were very similar to those reported for the first sample collected (Figure 1). The primary 
minerals present are all anhydrous and include anhydrite (CaSO.,), lime (CaO) and quartz (Si@). 

Table 1. Chemical Major Element Analysis of Fiy Ash coilected fi-om Freeman United Facifity 
ADMl ADM2 ADM3 ADM4 Mean Mean 
M39992 M3993 M3994 M3995 First 

Samples 

18.46 
6.03 
0.32 
6.62 

41 -74 
6.77 
0.92 

16.92 
0.09 
4.03 

18.39 
6.13 
0.31 
6.64 

41.61 
6.64 
0.92 

16.80 
0.09 
3.68 

18.37 
5.99 

' 0.32 
6.64 

41.89 
6.72 
0.92 

16.92 
0.09 
3.48 

18.16 
6.29 
0.31 
6.52 

40.85 
6.59 
0.91 

17.00 
0.09 
4.73 

18.35 
6.1 1 
0.32 
6.61 

41 -52 
6.68 
0.92 

16.91 
0.09 
3.98 

16.45 
4.83 
0.20 
3.86 

42.35 
1.65 
0.73 

nd 
0.15 

nd 

Total 1 02 101 101 101 

The samples were found to have similar chemical compositions to those collected previously 
with the exception of having significantly higher MgO and Al& (Table 1). The higher MgO content 
is suggestive of a higher dolomite content in the feedstock. 
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TASK 2 Laboratory Studies 
Subtask 2.2b Chemical and Mineralogical Characterization-The Hydration Reactions of 
Dry FGD Materials 

Introduction 

Goals of this study phase are to investigate potential applications for FGD materials as 
cement substitutes during mine emplacement. Objectives are to investigate immediate and long- 
term geotechnical behavior of mixes prepared using FGD by-products and other admimres. To 
optimize the geotechnical behavior of these mixes, chemical and mineralogical investigations were 
performed to characterize the effect of mix proportions to ultimately allow a recommendation for 
a mix design. 

The main mineral ingredients in the raw ADM sample are illustrated in Figure 2 and are 
anhydrite (CAS04), fiee lime (CaO), minor portlandite (Ca(OH)2), minor calcium carbonate 
(CaCO,), and quartz. 

The objectives of the chemical and mineralogical investigations focused on immediate and 
long-term reactions that lead to (I) cementitious reactions; (U) strength and swell formation; and 
(III) intilling of available pore space to decrease permeability. Strength and swell are desired 
properties-for the Haulback scenario to provide roof support during web recovery. 

The material's geotechnical performance was tested for prehydrated and non-prehydrated 
samples which were cured at 85% relative humidity. Mineralogical changes were monitored 
before and after curing of the materials. Samples were taken at various time intervals and 
subjected to chemical and geotechnical investigations. To observe long-term effects, experiments 
were designed that allowed the materials to be submerged in water for the entire curing period. 

This phase of the study will demonstrate that the type of hydration of the FBC-ash is very 
critical in controlling the rate of mineralogical reactions. The rate of mineralogical reactions, in 
turn, affects the rate of swell and strength development, both of which are critical parameters 
during the emplacement of the FGD by-products in the mine shaft. If swell-causiig mineral 
reactions take place too early during hydration of the materials, the mixture may not swell enough 
to provide sufficient roof support after emplacement. - 
Analytical procedures 

Proximate and ultimate analyses were performed after ASTM standards. X-ray dfiaction 
was carried out on the CFBC materials after sampling and after curing of the materials. The X- 
ray diffraction patterns were collected fiom powder mounts using CuKa radiation (7-60 2 theta). 
Scanning electron microscopic energy-dispersive X-ray (SEM-EDX) analyses were conducted on 
a Ntachi S-2700 SEM (x104 magnification). 
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Discussion of Results 

I During the emplacement of the materials, temperature rise and workability of the materials 
need to be within safe and practical limits. Additions of fly ash and water were shown to be 
usem in controlling the range of mixing temperatures observed in the materials. Additions of fly 
ash, however, will also affect the chemical performance of the materials, as silica and alumina 
from the fly ash particles will be incorporated into important mineral reactions. 

~ 

In this study period emphasis was given to three different sets of samples. The first set 
dealt with non-prehydrated materials. The second set of samples dealt with materials that were 
pre-hydrated prior to curing. Both types of samples were cured at 85% relative humidity on 
shelves. The third set of samples included both prehydrated and non-prehydrated ADM materials 
that were cured under submerged conditions to simulate an accelerated aging process. The non- 
prehydrated samples experienced a very early temperature rise that was caused by the heat of 
hydration in the reaction of CaO to Ca(OI.I)2. The compressive strengths of the non-prehydrated 
materials are summarized in Figure 3. The materials that were cured under 85% humidity on the 
shelf had good 30 and 60 day strengths (up to 1200 psi), while those that cured submerged 
exhibited rather poor strength development on the order of - 50 psi. In comparison, samples that 
were prehydrated overall developed greater compressive strengths, including those that were 
cured submerged. Shelfcured pre-hydrated samples reached 30 day strengths of up to 2000 psi, 
and submerged samples developed compressive strengths of - 200 psi. (Fig. 4). 

In all samples new mineral formations included calcium hydroxide, ettringite and gypsum. 
Figure 5 illustrates the formation of calcium hydroxide and ettringite crystals within 14 days of 
Curing at 85% humidity. Pre-hydrated materials (total added water = 3 1%) developed networks 
of interlocked ettringite crystals inside available pore space (Figure 6). These crystals are in part 
responsible for the strength gain illustrated in Figure 4. 

The CBR molds that were prepared from the non-rehydrated and pre-hydrated samples 
were dissected and samples were collected for XRD and SEM studies of the mineral 
tran&ormation. Figure 7 illustrates the results obtained for the non-prehydrated sample. Swell 
occurred preferentially at the upper areas, while less swell occurred in the bottom area of the 
mold. XRD data of the top and bottom samples indicated that in the top area more gypsum 
crystals formed at the expense of anhydrite. The hydration of anhydrite to gypsum is 
accompanied by a relatively large mlar volume increase (-78 vol%), which can be held 
responsible for the swell development observed in the samples. Figure 8 shows the results from 
the SEM study of the top sample which was dominated by large gypsum crystals. In the 
immediate neighborhood of gypsum crystals, destructive crack formation was observed. 

- 

The molds that were prepared fiom prehydrated samples did not show impressive 
differences in the swell development in the top and bottom as was observed for the non- 
prehydrated materials. SEM and XRD analyses of the prehydrated sample (Figure 9) show only 



small differences in the amounts of gypsum. However, fractures had developed preferentially in 
the top areas and were filled with gypsum crystals. The crystallization pressure may be held 
responsible for the fracture formation. Ettringite crystals were also present in all samples. The 
presence of lime enhances the formation of ettringite. However, the solubility of CaO is 
depressed when too much calcium sulfate goes into solution. Anhydrite, the main calcium sulfate 
phase in the raw ADM material, is much less soluble than gypsum. Added lime will help to buffer 
the pore fluid pH to be within the stability field of ettringite. 

Interpretalion of Results 

During curing anhydrite did not hydrate to spontaneously form gypsum. 
Thermodynamically, the transformation of anhydrite to gypsum would be favored under the 
current curing conditions, however, the type of anhydrite that formed in the ADM materials may 
cause retarded reaction mechanisms. This will be referred to as “delayed hydration reaction”. 
Delayed hydration of anhydrite may be caused by various reactions, the most probable cause 
being the degree of crystallinity of the calcium sulfate phases. Anhydrite crystals produced in 
different fluidized bed operations can exhibit different degrees of crystallinity which may be a 
function of the operating conditions. Anhydrite crystals that react faster in the presence of 
moisture to form gypsum would be best suited for the haulback project. It was this study’s 
experience that the ADM material readily hydrates, which makes it a suitable source for mine 
emplacement. Under ideal circumstances, however, a raw material should have no residual 
anhydrite. This study will look into alternative ways of accelerating the rate of hydration of 
anhydrite to gypsum, for example, by using steam rather than added moisture. Experiments to 
identify optimum hydration conditions for the materials are scheduled for the next period. Fast 
hydration could prevent the detainment associated with hydration-related expansion. Volume 
gain or expansion at a late stage &er the ADM material already hardened in the mine sh& will be 
a detrimental step towards disintegration of the material‘s structure and strength. 

To allow a detailed understanding of the various hydration processes and their immediate 
effects on the material’s geotechnical performance, a model was developed that suggests the 
different pathways of hydration reactions that occur in the wetted ADM material during curing. 
Hydration reactions are responsible for the bulk of the expansive properties of the materials, 
strength gain, and long term durability. The temporal relationships of the various hydration 
reactions and hydration products are illustrated in Figure 10. Potential swell can be subdivided 
into three main phases: Phase I relates to the swell caused by hydration of the free lime in the 
sample which can be controlled by a prehydration step of the materials. Phase 11 relates to the 
swell caused by formation of ettringite crystals. Ettringite has been shown in XRD analyses to 
form very early during the hydration of the materials, and its formation continues as long as there 
are nutrients for ettringite crystals to grow. The type and size distribution of the ettringite 
crystals, which also will determine the degree of swell, seem to be related to the kinds of substrate 
suff$ces which act as nucleation sdaces for the ettrhgite crystals. In this study it was 
determined that ettringite crystals prefer to nucleate on C-S-H gel surfaces and continue to grow 

5 



into available pore space (Figure 11). Ideally, crystals will infill all pores and minimize the 
permeability of the materials. 

Continued growth of ettringite, and, in the presence of COZ, thaumasite, depends on the 
availability of sulfur, aluminum and silica as well as on the equilibrium pH. Greater amounts of 
ettringite and thaumasite may be formed upon additions of fly ash. Phase I11 relates to the swell 
caused by the hydration of anhydrite to gypsum. This hydration reaction may be the most difficult 
to predict since it strongly depends on the character (degree of crystallinity) of the anhydrite 
crystals which was discussed earlier. 

The model introduced in Figure 10 suggests that there exists an early time period, referred 
to as delta t in Figure 10, when anhydrite is non-reactive. During delta t, only phase I and phase 
11 hydration reactions are taking place. The formation of gypsum starts after the delta t time 
period and contributes immensely to the swell of the materials (compare Figure 7). With 
increasing time, the simultaneous formation of gypsum and ettringite continues, contributing to 
increased swell, but also strength gain due to the interlocking of the needlelike ettringite crystals. 
The hydration model further indicates that there are Merent types of gypsum crystals to be 
considered (Figure 11). Primary gypsum refers to the kind of crystals that develop during 
transformation (hydration) of anhydrite. Secondary gypsum forms in the reaction of dissolved 
SO4 and Ca ions from pore solutions and may contribute to gypsum channels and crack fillings. 
A third type of gypsum is observed when ettringite crystals disintegrate. Those are typically 
found in close spatial relationship with weathered ettringite needles and calcium carbonate 
crystals. 

TASK 2 LABORATORY STUDIES 
SUBTASK 2.3 Geotechnical Characterization 

Findings Of Preliminary Study 

As summarized in the previous quarterly report, the preliminary characterization found 
that the prehydrated FGD materials exhibited 30 day unconfined compressive strengths greater 
than 1,000 psi when cured in an 85 percent relative humidity environmental chamber. Thirty day, 
laterally confined, fiee vertical swell on the order of 1 to 2 percent was observed for the 
prehydrated specimens when submerged with free access to water at the specimen top and - 
bottom. Mixtures consisting of non-prehydrated FGD materials with and without conventional 
midwest fly ash exhibited much lower 30-day strengths and higher 30-day swells under similar 
testing conditions. A study of the effect of curing conditions conducted in the preliminary 
characterization consisted of stripping the forming mold after 3 days' curing and then submerging 
the cylinders of FGD mixture in a water bath for subsequent curing. The unconfined compressive 
strengths for curing under these conditions were approximately an order of magnitude lower and 
the volumetric swell was much higher than for Curing in 85% relative humidity. 

Subsequent to the previous quarterly report, the 60-day strengths and swells of the 
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mixtures cured in 85 percent relative humidity were obtained. This data indicated little strength 
gain over the 30-day data for the non-prehydrated and prehydrated FGD mixtures, but improved 
strengths, on the order of 600 to 900 psi were found for the fly ash/FGD mixtures. These 
strengths may be sufficient for the project, but the extended period required to achieve these 
strengths reduces the viability of the mix for use in this project. Even so, recent activities have 
included re-examination of the findings of the preliminary study. 

A summary of the findings of the preliminary characterization is shown in Table 2. On the 
basis of the preliminary characterization, the prehydrated FGD mixture was identified in the 
previous quarterly report as the most desirable for the find mix design to provide high early 
strength with some swell under the expected in situ curing conditions. The chemical 
characterization, performed independently of the geotechnical characterization, came to similar 
conclusions. 

Preliminary Modulus Measurements 

Previous reports omitted the modulus measurements taken during some of the Preliminary 
characterization. Although the emphasis during the preliminary testing was on the unconfined 
compressive strength and swell, as described in earlier reports, some deformation measurements 
were taken during testing of the prehydrated specimens. The results of these measurements 
indicated an average Young's modulus spanning the range fiom approximately 25 to 75 percent of 
the ultimate load of on the order of 300 to 500 ksi. More detailed modulus measurements will be 
completed in the coming months. 

Comments On Planning Of Final Mix Design Program 

Examination of the preliminary findings has indicated that for a given mix, the unconfined 
compressive strength generally decreases as the swell increases. It is believed that for the FGD 
materials studied in this project, the formation of gypsum over the long term causes excessive 
swell that fractures the cemented structure of the cured mix. It is believed that the inherent 
structure may tolerate some swell, but unconfined swell will be detrimental to the strength. Mer  
in situ placement, the filled adit will experience fiee vertical swell until coming into contact with 
the mine ceiling, and then additional swell will be prevented so that hrther strength loss due to 
swell may be greatly reduced. - 

It is evident that the access of water to the mixture during curing substantially affects the 
engineering performance. The infiltration rate of additional water into the filled adit during curing 
will significantly affect the swell rate and strength gain. It is believed the preliminary curing 
conditions consisting of submergence of stripped cylinders with all around fiee access to water 
and unlimited volumetric swell represents worst case conditions not likely to occur in the adit 
afker careful fill placement. Conversely, the 85 percent humidity curing environment likely 
resulted in reduced swell and high unconfined compressive strengths due to lack of fiee water on 
the specimens. The in situ conditions are likely to fall between these two cases. The final 
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characterization will include development of laboratory curing conditions more in keeping with 
the actual in situ environment, and will provide guidelines for accounting for the likely worst case 
conditions in the adit. 

Despite evidence suggesting that reduced unconfined compressive strength can be 
attributed directly to increased swell, it is suspected that under confined conditions after adit 
closure, the long teml strengths and compressibility will be tolerable for design under those 
conditions. However, it is also expected that significant deterioration of the mix will occur 
despite having confinement that prevents swell. It is necessary to characterize this behavior in the 
final phase, as much as is practically possible in the time fi-ame available. It is likely that this 
behavior will also result in reduced permeability, a desirable characteristic, due to the formation of 
ettringite in the voids during long term curing. 

The next phase of experimentation will attempt to clari@ the above issues. The final 
experimental program is still under development, and some brief studies of material behavior and 
specimen preparation are currently under way to assure a successfbl final characterization. For 
example, in order to model the condition of IateralIy confined, free vertical swell up to a limited 
extent, followed by confined curing, 3 inch diameter by 10 inch long PVC sample molds have 
been constructed with top and bottom perfbrations to allow access of water to the ends of the 
specimens, and to allow approximately 5 percent fke vertical swell before reaching vertical 
confinement. Specimens prepared in these molds are currently curing for testing in the coming 
weeks. Swell pressure tests, preliminary permeabiiity tests, and confined triaxial tests to assess 
behavior under more specifically controlled environmental conditions are under development. 

TASK 4.0 BACKGROUND FOR PHASE II 
Subtask 4.2 Hydrologic Monitoring Plan 

Three core holes were drilled in April to determine the stratigraphy and fracture 
distribution in the immediate vicinity of the proposed entries. The hole locations are shown on 
Figure 12. Core hole B 1 was drilled on the bench on the centerline of the web, approximately 68 
feet fiom the highwall. This hole is 100 feet deep and extends through the Magotfin horizon. No 
coals were recovered from this hole. Core hole HW-2 is located approximately 100 feet behind 
the highwall and is 118.5 feet deep and extends 50 feet below the Princess No. 3 coal (seam to be 
mined and backfilled). This hole was drilled about 40 feet off the west edge of entry #l. This 
location will minimize any potential impacts to future monitoring wells. Core hole HW-3 is 
located approximately 220 feet behind the highwall along the centerline of the web. This hole is 
159 feet deep and also extends 50 feet below the Princess No. 3 coal bed. 

The Princess No. 3 coal bed was sampled fiom the cores and at the face (see Quarterly 
Report for the period October 1, 1993 to December 3 1, 1993) and analyzed at the CAER. The 
results of the ultimate analysis, major oxides, minor elements, and maceral analysis are shown in 
Tables 3 to 6. The sample numbers are keyed to the coal or rock lithologies as indicated in Figure 
12. 



Certain lithologies, notably those above the shale and clay parting, are high sulfur and high 
pyritic sulfur. Sample 1165, bench 4 of 7 &om the HW-3 site, has over 10% pyritic sulfur. Some 
of the same lithotypes are also high in liptinite macerals (samples 1145 and 1164 are the highest). 
The combination of high pyrite and high liptinites was noted in a previous quarterly report as a 
warning sign of spontaneous combustion potential. The hi& volatile C bituminous rank, 
however, as indicated by the vitrinite maximum reflectance of 0.58% Rmax, may place the coal 
bed out of the most critical zone. The ash geochemistry is dominated by Si02, Al2O3, and 
FqO3 with low levels of some minor elements (compared to other eastern Kentucky coals) 
notably Cu, Cr, and Ba. The levels of Zn are reIatively high in the portion of the coal beneath the 
parting. The increased levels of V and Cr in the basal coal lithotypes is similar to trends observed 
elsewhere in the region and can be attributed to the association of those elements with detrital 
clays. 

TASK 4.0 BACKGROUND FOR PHASE IT 
Subtask 4.3 Selection and Testing of a Materials Transport System 

RevieW of Trunsport System Options: Technical Review Meeting 

An extensive literature review of the current state of the art of transport systems was 
conducted earlier (see January 1 to March 31,1994 Quarterly Report). The second step in the 
selection process is discussions with people having operational experience. A technicaf workshop was 
set up by Dr. Donn Hancher of UK Civil Engineering. Discussions were held with William Snow of 
Palmetto Gunnite and Thomas Hendrix of Southeastern fi Ash Co. 

The focus of our discussion was on the engineering aspects of pneumatic and hydraulic 
transport systems and emplacement methods. Fundamentally, the systems canbe divided into an air 
transport with water addition at point of emplacement @e. wetting node and mix system) or hydraulic 
transport with pneumatic injection at the point of emplacement. 

Each approach has disadvantages. The pneumatic systems have been proven in applications 
such as the one proposed. However, the pneumatic systems cannot handle the same rate of mated 
movement as hydraulic systems because so much air is transported. A second disadvantage is a 
tendency of the line matefials to cake in the feed system. Ofthe two types of guns used in shotcreting, 
the rotary type was strongly rmmmended over the chambered type fi>r our application. W~ the 
chamber type system, caking in the feed hopper where the solids enter the chamber is often a serious 
problem. In actual practice the use of an would remedy? at least in part, caking problems. 
This problem will likely be compounded ifthe fly ash is prehydrated. 

Because we are not planning, as of now, to use an aggregate, Mr. Snow recomMended that 
hydraulic emplacement be considered more seriously as caking d d  be a serious and perhaps 
unsolvable problem. 
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Discussions were continued with Air Placement Equipment Co., Inc. (AIRPLACO) in 
Cicinnati, Ohio. A recent personnel change has taken place and our current contact is Tim Myer. 
Recent conversahns have focused on the general haulback concept and the details of the highwall 
mine application. Mr. Myer also suggested more serious consideration of hydraulic emplacement. 
AIRPLACO man~&ctures both pneumatic and hydraulic systems, so there is no apparent marketing 
bias from this particulir supplier. Approximately 50 pounds of the ADM fly ash was shipped to 
AIRPLACO along with pertinent analyses on 4 November 1994. Their technical service personnel will 
evaluate the material and report back to us with their findings so that we can proceed with the process 
of selecting and testing a delivery system. 
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Figure 1. X-Ray Diffkaction Pattern for Sample ADM-1 



Materials 

Mode of Operation: 
Circulating Fluidized Bed 
(CFBC Ash) 

Mid-Western Power Plant 
'1 WCD I'hetra ( U s g r c o a s )  Chemical Composition 

SiO, 16.5 % L = Lime CaO 
A1203 4.85 % P = Hydrated Lime Ca(OH), 
F e A  3.88 % A = Anhydrite CaSO, 
CaO 42.5 % C = Calcium Carbonate CaCO, 
Free Lime 31.5 % Q = Quartz / Glass SiO, 
Total Sulfur 13.1 % 

f 

Figure 2. Mineralogy of ADM Samples (First Collection). 



Non-Prehydrated FGD: Unconfined Compressive Strength 
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Figwe 3. Unconfined Compressive Strength as a Function of Water Addition. 



Prehydrated FGD: Unconfined Compressive Strength 
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Figure 4. Uiconfined Compressive Strength as a Function of Water Addition 
for Pre-Hydrated Materials. 



Hydration of CFBC - Ash 
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Figure 5. Crystal Development of Non-Rehydrated Samples. 
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pore space. 

Ettringite crystals provide strength 
and cause some swell. 

Figure 6. Crystal Development for Prehydrated Materials Illustrating 
Interlocking Nature of Minerals. 
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Maximum swell occurs when large 
amounts of gypsum are observed 
in XRD pattern. 
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Figure 8. SEM Photo of Sample from Top of Mold. 



Prehydrated CFBC [ 12 %] 
69 % CFBC - 31 % added water - 60 days curing 
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Figure 9. X-ray Data for Top and Bottom Samples fkom Molds of Pre- 
Hydrated Samples. 



Growth of Gypsum 

Primary Gypsum 
from Anhydrite 

Secondary Gypsum from 
Disintegration of Ettringitc 

Figure 10. Hydration Reactions and the Formation of Gv~sum. 



Hydration of CFBC - Ash 
40 % Water Added 

60 Days Curing 

K-AI-Si Hydro-Gels 

Formation of Strength 
Developing CSH = Fibers 

Figure 11. Development of C-S-H and KASH Hydrogels and Ettringite in 
Samples. 



50 

an 

P m 

3 

1144 

1145 
1146 
1147 
'1 148 

1150 

1151 

Princess No. 3 coal bed 

HW.2 

1155 

1156 

1159 
1 

Bench (Princess No. 3 previously mined) 

Princess Highwall Site, 
Greenup County, Kentucky 

1161, U 

HW-3 e- 
---,- 1162 

163 

164 

165 

169 

170 

Figure 12. Map Of Mine Site Showing Planned Mine Adits, Location Of Bore Holes And The Simplified Coal Lithology For The 
Princess No. 3 Coal Bed. The Coal Lithologies Are From Boreholes HW-2 And HW-3 As Well As From The Coal Face Channel 
Sample. The "Pond" Site Where The Princess No. 3 "Leader" Coal Was Sampled Is Just To The Southwest Off The Map. 



Summary of 
Preliminary Findings 

Mix 
Temp 
(e) 

30 Day 60 Day 
Unconf. Unconf. 
Strength Strength 

(Psi) (Psi) 

Short Long 
30Day term term 

Str. after Free Free 
sat. Vert. Vert. 

curing Swell Swell 
(Psi) (%) .(%) 

GOAL <60 1000 1000 1000 7 >7 

FGD 80 300-600 500-800 10 5 1 o+ 

ash 40 , N/A 3-4 8+ 

non-Prehydmted 

nPH FGD w/fly 

Prehydrated 
FGD 20 1000-1 500 1000-1 500 100-200 1 5+ 

Table 2. Summary Of Preliminary Strength Data. 



lhch llidatess(an) Mow 
f.cc 1143 roof 209 

1144 in 13.0 2.58 
1145 2/7 4.0 4.47 
1146 3fl 6.0 6.98 
I147 4fl 5.0' 3.10 
1148 5fl 9.0 1.19 
1149 p d n g  31.0 1.83 
1 150 6n 18.0 639 
1151 7fl 16.0 3.74 
1152 noof 1 5 0  

1154 kda 13.0 5.22 
HW-2 1155 16 19.6 4.69 

t 156 215 15.9 3.18 
1157 mate 11.0 333 
1158 b Y  16A 1.63 
1159 3K 6 5  

1160 4 6  20.0 4.83 

1161 5/5 17.8 3.62 

Hw-3 1162 lfl 10.0 3.91 

1163 2/1 4.5 3.96 
1164 3/1 10.0 4.91 
1165 4fl 13.8 3-01 

1166 shale 14.7 3.23 

1167 cl.y 105 1.65 

1168 5P 4.5 4.06 
1169 6fl 21.7 5-71 

1170 7 n  19.8 5.93 

pond 1153 ledamof 0.83 

Q y G  
JWI S(t) S(W) C H N O  

35.95 3.77 HI55 339 1.11 523 
11.21 7.83 5.70 70.77 438 1.29 452 
6.19 332 1.78 76.60 5.11 132 7.46 
835 5-96 3.49 74.27 4.57 1.40 5.45 

25.12 3.20 206 58.79 3.46 1.18 8.06 
77.42 5.49 4.60 13.69 O.% 0.63 1.881 
76.91 a44 14.46 1.20 0.67 6.32 

9.51 249 1.66 72.56 4.46 1A5 933 
84-26 0.92 . 6.89 0.82 0.62 6.47 
92.87 131 1.85 030 0 5 1  3.16 
9.63 5.60 3.64 71.85 4.66 139 6.86 
6.41 4.25 220 7634 5.12 1.47 6.42 
30.85 1-94 0.86 55.28 3.51 1.34 7.08 
8234 035 0.23 9.18 0.94 094 6.25 
8854 0.16 0.16 3.22 0.77 0.88 6-42 

7.58 1.69 om 75.88 4.95 1-46 a43 

38.36 1.87 0.69 76.91 5.W 1.52 Om 
8.09 3.67 1.56 73.78 4.78 153 8.45 

8.66 

6.14 

4.71 
36-00 

84.84 

88.87 

51.80 

11.48 

6.87 

654 
3.658 

253 
13.83 

051 
0.14 

0.66 

152 

251 

3.80 74.4% 4.45 137 4.50 

1.93 78.17 4.76 154 5.72 
1.05 78.76 4.92 1.57 7.51 

10.15 46.16 291 128 0.00 

0.44 7.00 0.77 0.95 5.93 

0.13 3.13 0.66 0.93 6.28 

0.26 3751 258 1.18 6.27 

056 72.02 4.99 152 8.48 

1.49 75.47 5.04 1.59 853 

Table 3. Proximate And Ultimate Analysis Of Collected Coal And Shale 
Samples (See Figure 12 For Locations). 

" L  



s i  I w e  Barh ThicknesJ(an) 
face 1143 rwf 

1144 1J-l 13.0 
1145 2n 4.0 
1146 3 n  6.0 
1147 4 n  5.0 
1148 sn 9.0 
1149 parting 31.0 

' 1150 611 18.0 
I151 7 n  16.0 
1152 floa 

ppnd 1153 k.daroof 
1154 kadcx 13.0 

Hw-2 115s 1 IS 19.6 
1156 26 I 5.9 
1157 shale 11.0 
1158 day 16.0 
1 159 315 6.5 
1160 415 20.0 
1161 515 17.8 

Hw-3 1162 In 10.0 
1163 2n 4.5 
1164 3J-l 10.0 
1165 417 13.8 

' 1166 shak 14.7 
1167 day 10.5 
1168 sn 4.5 
1169 6n 21.7 
1 im 7J-l 19.8 

MgO Na20 FCnn T I  Si02 CaO K20 P205 A1203 SO3 
0.88 0.18 11.46 1.63 55.66- 0.65 2.22 0.15 25.08 0.10 
0.65 0.42 66.6< 0.32 16.07 1.25 0.42 0.07 7.31 0.36 
0.56 0.13 40.76 095 34-60 1.52 0.28 0.57 17.24 0.40 
0.54 0.27 56-35 0.28 22.26 1.29 0.39 0.10 11.79 0.27 
0.71 0.26 12.95 1.68 56.27 0.76 1.64 0.23 23.99 0.11 
1.31 a . 1  11.28 1.08 57.60 0.64 3.34 0.24 21.41 029 
1.08 0.26 2.86 1.79 58.30 O S 6  2.96 0.09 28.92 0.03 
0.86 0.23 14.79 0.88 44.99 1-54 1.32 0.48 29.80 0.29 
0.75 0.22 23.06 0.78 43.05 1.20 1.26 0.53 24.32 0.26 
1-10 037 4.13 1.26 54.98 0 . ~ 4  3.73 0.09 29-71 0.03 
1.61 0.29 6.79 1.07 63.89 0.49 3.53 0.14 19.85 0.16 
0.61 0.21 53.14 0.48 24.57 1.42 0.67 0.21 11.32 0.44 
0.52 0.07 50.92 0.40 21.04 1.33 0.46 0.1 12.55 0.49 
0.95 0.14 6.78 1-72 56.89 0.46 2.30 0.18 27.27 0.06 
1.13 0.23 280 2.07 58.84 0.36 2.95 0.09 28.06 0.01 
1.04 0.19 2.64 1.65 55.88 0.35 3.06 0.07 28.65 0.02 

0.63 0.12 
0.57 0.15 
0.69 0.09 
0.70 0.10 
0.61 0.13 
0.50 0.08 
1.00 0.23 
1.07 0.21 
1.01 0.16 
1.00 0.19 
0.64 0.11 

19.22 
39.79 
63.61 
45.45 
33.87 
41.48 
289 
2.74 
284 
8.12 

28.65 

- 
0.89 40.24 1-29 1.07 0.50 29.09 0.03 
0.54 29.33 1.16 0.60 0.41 20.79 037 
0.35 15.86 1.52 0.51 0.10 7.55 0.70 
0.76 30.59 1.56 0.70 0.09 14.95 0.70 
0.65 36.71 1.59 0.41 0.29 21.30 O S 4  
1.04 32.74 0.31 1.24 0.07 14.43 0.10 
1.61 49.72 0.39 3.07 0.08 25.31 0.02 
1.64 53.44 0.35 3.12 0.07 26.80 0.01 
1.22 49.75 0.40 2.86 0-08 29.42 0.01 
1.20 49.11 0.81 2.33 0.38 32.11 0.20 
0.70 35.20 1.48 0.99 0.82 25.30 0.75 

Table 4. Major Element Analysis Of Ashed Coal And Shale Samples. 



s i  1 k &nch Tl&dmcs(an) 
- h o c  1143 rod 

1144 VI 13.0 
1 14s 217 4.0 
1146 M 6.0 
1147 4/r 5.0 
1148 m 9.0 
1149 plrtino 31.0 
1150 yl 184 
1151 7n 16.0 
1152 doar 

poaa 1153 tcdamd 
iin la&€ 13.0 

Hw-2 IISS vs 19.6 
lls6 rn 15.9 
]in rb.k 11.0 
11.58 chy 16.0 
1159 36 65 

1161 st5 17.8 
Hw-3 1162 1l7 10.0 

1163 y7 45 
1164 3n 10.0 
1165 4n 13.8 
1166 rtrk 14.7 
1167 chy 105 
1168 5l7 45 
1169 w 21.7 
1170 717 19.8 

1160 415 m.0 

M o a  C a N i C o Q R a V M n  Rb sr Ir 
13 89 4.01 57 30 97 403 202 82 242 630 419 
23 4.01 4.01 22 130 4.01 132 67 4.01 4.01 178 4.01 
33 21 4B1 83 97 29 284 150 4.01 4.01 2490 149 
35 149 4.01 121 128 25 1% 167 4.01 4.01 274 8 
22 5 4.01 48 35 84 372 167 46 138 lOs0 418 
14 95 4 . O i  75 34 34 48S 13S 362 2S2 245 313 

51 466 4.01 261 75 112 432 295 86 97 3190 316 
37 447 4.01 760 Tl ZOl 434 520 8.01 72 3040 311 
12 $7 4.01 4a 10 47 s20 167 4.01 464 580 540 
12 108 4.01 38 24 11 550 118 309 288 Zl3 500 
n 438 4.01 so0 136 122 277 280 100 4.01 4.58 23 
4.5 910 441 I36 113 40 a01 W 4.01 4.01 S38 6 

5 $8 4 0 1  30 a w 169 9s 370 433 590 

is 18 IS 42 m 100 434 iaa 39 309 1300 stxi 
s is a i  40 9 m w 191 70 411 sa 7s 
7 29 4.01 33 8 69 449 145 8S 456 445 645 

56 1%0 4.01 344 92 136 476 288 39 70 Moo 322 
64 990 43 114 126 B9 329 690 4.01 6 2OOO 176 
67 340 4.01 66 128 41 187 107 4.01 8.01 389 4.01 
66 126 4.01 88 110 
(6 720 I1 141 92 
n 10 4.01 102 80 
7 9 4.01 29 9 
2 56 4.01 11 7 
1 2 5 7  3 3 3 7  
14 145 32 $7 37 
I1 800 58 303 108 

4 6 2 6 2  
3 9 2 6 2  
8 2 2 0 9  
5 8 3 9 6  
44 426 
126 3s7 
138 455 
I69 464 

129 
126 
IS5 
I37 
130 
188 
273 
436 - 

4.01 
8-01 
2% 
67 
4.01 
Q01 

64 
29 - 

6 590 
4.01 1700 
5 7 1 5 4  
411 Sa0 
424 429 

232 as0 
38 4190 

m 520 

70 
128 
100 
550 
S70 
491 
364 
234 

TabIe 5. Trace Element Analysis Of Ashed Coal And Shale Samples. -. 



s i l e s r m p t c  Beach ThiChEs(arI] 
clce 1143 I W C  

1144 In 13.0 
1145 2/7 4.0 
1146 3n 6.0 
1147 4n 5.0 
1148 5n 9.0 
1149 ptiq 31.0 
1150 611 18.0 
1151 711 16.0 
1152 floor 

1154 lada 13.0 
m-2 11s l6 19.6 

1156 215 15.9 
1157 rhtc 11.0 
I158 et.r 16.0 
1159 36 6.5 
1160 415 20.0 
1161 5 6  17.8 

Hw-3 1162 1n 10.0 

1163 2/7 4.5 

1164 u7 10.0 

1165 4 n  13.8 

1166 rh.le 14.7 

paod 1153 lcdaroof 

1167 h Y  ias 
1168 sn 45 

1169 6/7 21.7 

1170 7 n  19.8 

58.9 21.8 9 5  1.1 05 8.0 a 2  
43.8 14.3 17.4 1.2 1.2 23.0 0.1 
66.4 10.4 11.2 
49.6 i7.0 16.8 20 0.5 14.1 0.0 

2 1  0.3 as 0.1 058 

49.7 16.5 11.8 0.4 0.2 11.3 0.1 

69.2 9.2 9.1 0.9 0.7 10.9 0.0 
79.0 6.5 4.0 a 8  0.2 9.4 ai 

73.7 9.0 7 5  1.9 a3 7-4 0.2 

53-7 X.6 11.5 1.7 0.5 7.7 0.3 
620 12s 9.0 4.1 a 7  11.6 ai 

43.5 16.2 175 20 0.2 m.4 0.2 
63.1 13.0 9.6 2s 0.2 ll.4 0.2 
83.8 6.0 1.9 1.0 0.0 7-3 0.0 
m.9 16.3 26 2 6  0.2 8 2  0.2 

52.8 N.7 75 2 4  0.1 12.3 0.2 

47.7 17.2 1 2 5  3.1 0.0 19.3 0.2 

59.7 212 9.2 1.4 0.1 8.1 0.3 

23.9 25.2 21.9 24 0.4 26.0 0.2 

64.2 7.8 124 20 f 0.1 13.9 0.0 

83.0 4.7 35  1.4 0.0 7.0 0.2 

Table 6. Petrographic Analysis Of Coal Samples. 


