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Disclamer

This report was prepared as an account of work sponsored by an agency of the United States government.  Neither the United States government nor any agency thereof, nor nay of their employees, makes an warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness or usefulness of any information, apparatus, product, or process disclosed or represents that its use would not infringe privately owned rights.  Reference herein to any specific commercial product, process or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation or favoring by the United States Government or any agency thereof.  The views and opinions of author expressed here in do not necessarily sate or reflect those of the United States Government or any agency thereof. 

ABSTRACT

The development of the mineral phase ettringite as a hydration product in ashes derived from fluidized bed combustion of bituminous coal wastes has caused problems with ultimate utilization of the ash because of expansion.  An approach based on the reported phase stability of ettringite was proposed in which alkali hydroxides were added to the fly ash in order to adjust the bulk chemistry of the ash/alkali mixture to beyond the stability field for ettringite.  The current studies experimentally demonstrated that with an alkaline addition of up to 4% by weight of ash, the ettringite was not eliminated.  These findings were further verified by thermodynamic modeling of the extracted pore fluids.  However, measurements of the expansion of the ash/alkali composite demonstrated that with the alkali additions, no expansion of the bulk specimens of ash was observed.  Two limitations to the implementation of this approach have been noted during the coarse of the study, first the use of sodium hydroxide presents additional worker safety measures that must be followed in response to the extremely caustic nature of the additive and more fundamentally, the cost of the sodium hydroxide can only be born for projects with a high value-added cost.
EXECUTIVE SUMMARY


The growth of ettringite within the matrix of any solidified body can pose a significant structural problem.  First, the total volume of the mineral phase that forms is greater than the combined volume of the solid reactants.  Second, morphologically ettringite crystallizes into a needle-like habit with a large aspect ratio.  The growth of these needle-like crystals can exert substantial dilative stresses on the object which results in microcracking, swelling and eventual failure.  The growth of ettringite is responsible for the noted swelling behavior of high sulfur-bearing FBC ashes when they become wet and is responsible for at least one train derailment and the sinking of an ocean going barge.  The tales of rail car expanding 6 feet on the centerline and the horror stories of the necessity of using jack hammers to remove ash from rail cars are indeed true.

Emperical evidence for the stability of ettringite can be drawn from several different sources.  Scheetz et al. (1994) in studies of FBC derived cementitious grouts for AMD control observed that the use of NaOH as an activator for the pozzolanic reaction resulted in a cementitious body that did not contain ettringite.  In contrast, non-activated control samples in that study routinely exhibited ettringite as one of the hydration products in the hardened grouts.

Ettringite is reported to exist as a stable phase in the pH range of 10.7to 12.5.  the Objective of this study was to adjust the bulk chemistry of the fly ash with alkali hydroxide [NaOH] to force the pH above the upper limit.  During the course of the alkaline additions in this study, the pH never exceeded 12.5.  With the very large additions of sodium hydroxide [4% by weight], one would have anticipated a pH well in excess of 13.  This seemingly contradictory observation can only be explained if a buffering system was in place that was consuming the added soda.  The buffer system that is proposed is associated with the chemical reactions of silica.  Pore fluid analyses show silica well in excess of 33mM/L with the associated thermodynamic modeling of the fluids having all of the silica polymprohs with solubility produce indices greater than one.  Recent work by Loop et al. (2003) has demonstrated the importance on silica in highly alkaline mine waters as a mechanism for pH control.  

Ettringite was always present in the set of experiments in this study and can  be attributed simply to the fact that the pH was never driven beyond the stability limits because it was buffered to approximately 12.5 while at the same time, the stability range for ettringite was slightly expanded.  That being said, the observation that no expansion occurred is still rather a mystery.  The morphology of the ettringite observed in this study is different from what is typically observed in Portland cements [Lee, 2000] and suggests the formation of a less dense clustering of crystals which in turn may lead to a reduction in the observed expansion.  No cogent explanation can be offered at this time.
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BACKGROUND –

Fluidized bed combustion [FBC] of coal or coal mining wastes was widely adopted because of its clean burning characteristics with respect to emission of SOx.  The technology, in all of its variations, involves the burning of coal in a carrier bed of finely ground limestone.  The operational temperatures of this technology are high enough to cause the decomposition of the limestone to CaO and CO2 which, depending upon the partial pressure of carbon dioxide, occurs at temperatures as high as 800oC.  This temperature is significantly lower than the combustion process for pulverized coal at approximately 1400oC.  Burning sulfur-bearing fuels in the FBC units results in the release of SOx which in turn reacts within the combustor with the free anhydrous lime to form CaSO4, anhydrite.

Ettringite, Ca6Al2(SO3)3O9..32H2O, a double salt of  gypsum and calcium aluminate is present in the partially hydrated high sulfur-bearing ashes and contributes to some unique properties of this class of ash.  Ettringite is formed from the chemical interaction of the anhydrite and residual dehydroxylated clays [aluminosilicates] in the residual thermally altered minerals found in coal.  However, the molar volume of ettringite is larger than the sum of the molar volumes of its solid constituents, this growth can lead to a deleterious effect on the mechanical properties of the material.  This class of fly ash has cementitious and pozzolanic properties which can result in self-cementing behavior or as this author had demonstrated, can be tailored into producing mechanical properties comparable to modern high-performance concretes i.e. unconfined compressive strength in excess of 6000psi.[Scheetz et al. 1993].  The initial cementitious behavior of these fly ashes is derived from the hydration of anhydrite, similar to hardening of "plaster of Paris," and ettringite formation.  In an aluminosilicate starved system, strength will be gained for several months but when the pore fluids are depleted in sulfate, the ettringite becomes unstable relative to monocalcium aluminosulfate hydrate and the mechanical properties [strength] dramatically diminish as documented by early U.S. Bureau of Mines reports.  In ash systems where sufficient aluminosilicates are present, a second stage of pozzolanic reactions occur similar to that observed in Portland cement in which C-S-H forms.  It is the presence of this second hydration reaction that maintains the long-term mechanical properties of FCB-based fly ash grouts.


The growth of ettringite within the matrix of any solidified body can pose a significant structural problem.  First, the total volume is greater than the combined volume of the solid reactants.  Second, morphologically ettringite crystallizes into a needle-like habit with a large aspect ratio.  The growth of these needle-like crystals can exert substantial dilative stresses on the object which results in microcracking, swelling and eventual failure.  The growth of ettringite is responsible for the noted swelling behavior of high sulfur-bearing FBC ashes when they become wet and is responsible for at least one train derailment and the sinking of an ocean going barge.  The tales of rail car expanding 6 feet on the centerline and the horror stories of the necessity of using jack hammers to remove ash from rail cars are indeed true.


Ettringite may also be a significant deleterious component in ordinary Portland cement and has been the focal point of a major legal battle and intense scientific discussion for the last decade.  Concrete rail ties were found to deteriorate, some while remaining in the storage yard of the manufacturer awaiting shipment.  Deterioration was attributed to an ill-defined and as of yet poorly understood phenomena dubbed delayed ettringite formation [DEF].[Heinz & Ludwig, 1987].  DEF has subsequently been identified as significantly contributing to substantial deterioration of larger pre-cast objects, i.e. box beam members in Texas [Lawrence et al., 1999]. highway construction, all of which have experienced some form of accelerated curing at elevated temperatures.  The actual mechanism by which DEF functions is still a hotly contested topic of discussion in the Portland cement concrete sector.


Emperical evidence for the stability of ettringite can be drawn from several different sources.  Scheetz et al. (1997) in studies of FBC derived cementitious grouts for AMD control observed that the use of NaOH as an activator for the pozzolanic reaction resulted in a cementitious body that did not contain ettringite.  In contrast, non-activated control samples in that study routinely exhibited ettringite as one of the hydration products in the hardened grouts.


In studies attempting to delineate the mechanism of DEF formation, Brown and Bothe (1997) have called attention to the difficulty of ettringite formation in the presence of high concentrations of alkali hydroxides.  More recently, studies at Imperial College in the UK by Famy (1999) have demonstrated that DEF can be significantly delayed if test specimens were stored in a curing solution that was comparable to the chemistry of the pore fluids in the concrete, thus eliminating activity gradients between inside and outside of the test specimens.  The consequence of the elimination of the activity gradients is that transport [leaching] of alkali from the pore fluids to the surrounding curing solution is minimized.  Zhang (1999) had demonstrated that alkalis were removed from the pore fluids stoichiometrically with hydroxyls.  That is to say, alkali hydroxides were being removed from the pore fluids during leaching.  These studies have demonstrated that if the alkali hydroxides leach out of the test specimens, DEF follows.  If the alkali hydroxides do not leach out, the concretes remain stable and DEF does not occur.

The observations that alkali hydroxide concentrations are important is further supported by the analysis of failures in large pre-cast structures that have not experienced leaching but nonetheless experienced DEF failure.  For these large structures, Meland et al. (1997) have associated the presence of alkali silica reactivity [ASR] as a necessary precursor to DEF.  ASR is a deleterious reaction that occurs in concrete in which reactive forms of silica in the aggregates interact with the alkalies in the pore fluids to form pockets of alkali silicate gel around the aggregates.  These gels, according to Meland et al. (1997), serve as a “sink” for alkali hydroxides decreasing their availability in the pore fluids of the concrete.  As the pH drops, the stability field for ettringite is encountered and it begins to form causing the observed DEF deterioration.

From these data it is clear that within the normal pH range of Portland cement pore solutions [~13.5], ettringite is not a stable phase.  By keeping the pH of the pore fluid high, DEF is prevented along with its deleterious effect on concrete.  If mechanisms are available that disturb the buffering capacity of the pore fluids by removing hydroxyls, the pH decreases and at some lower value the pore fluid composition moves into the stability field for ettringite, which then causes ettringite to grow.  The observation of ettringite growth in FBC ash would then suggest that the pH of this system, buffered at 12.45 by Ca(OH)2, is within the stability field for ettringite.  Scheez et al. (1997) used NaOH to activate their FBC fly ash grout.  Their data show the absence of ettringite formation.  Therefore, it is suggested that the stability region for ettringite in complex chemical systems begins somewhere between calcium oxide containing FBC (~12.4) and portland cement pore solutions (~13.5). 

Brown (1993) constructed a phase diagram showing solution compositions for phases in the system CaO-Al2O3-CaSO4-H2O which located the stability field for ettringite, figure 1.  These data suggest that by controlling the bulk chemistry of the material, it is possible to minimize the effect of DEF.  Hampson and Bailey (1982), nearly a decade before Brown (1993), have shown that in pure systems, as the pH drops below that buffered by portlandite, ettringite becomes stable, Figure 2.
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Figue 1.  Stability field of ettringite in the system CaO-Al2O3-CaSO4-H2O at 20oC. [after Brown, 1994]
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Figure 2.  Activity-activity diagram for the system CaO-Al2O3-CaSO4-H2O at 20oC. [after Hampson and Bailey (1982)]

EXPERIMENTAL

The following discussion details the experimental evidence derived in this study and provides an interpretation of the data.
Objective

The global objective of this project is to develop the fundamental thermodynamic understanding for the stability of ettringite in "real world" ash systems and to demonstrate that, in practice, the sometimes deleterious swelling associated with the formation of ettringite can be controlled.

Experimental Methods and Results

The preliminary work that lead up to the contents of this research program were in part prorogated on an understanding that the introduction of alkali to a FBC grout would raise the pH of the pore fluids to a level above which ettringite would not be thermodynamically stable.  During the present work, the initial experimental approach has been concentrated on the characterization of the starting materials for the study.  Cooperation in the research program has been established with Culver Power in Ebensburg, PA which provided the FBC ash for the study and who supplied the materials for the field demonstration.


Rietvelt analysis of x-ray diffraction data on the anhydrous ash has been conducted to identify the quantitative mineralogy makeup of the ash, table 1.

Table 1. Results of Quantitative Mineral Analysis of Culver FBC Ash

	Wt %
	Phase
	Mineralogical formula

	38.5
	quartz
	SiO2

	7.15
	lime
	CaO

	17.8
	Ca-silicate
	CaSiO3

	26.6
	anhydrite
	CaSO4

	1.5
	carbon
	C

	5.5
	akermanite
	CaMgSi2O7

	2.9
	calcite
	CaCO3



Ettringite was not observed in the unhydrated ash but in the hydrated grout mixtures.  The FBC ash was formulated into 1”x1” expansion bars and were casted using a water/cement ratio of 0.6.  The w/c ratio was extraordinarily high due to the high reactivity of the FBC ash.  The samples were subjected to standard ASTM mixing and curing methods.  Expansion of the fly ash-grout prisms exceeded 0.1% within the first 5 days of mixing.  The expansion data are reported in figure 3.

Figure 3.  28 day mortar bar expansion recorded for FBC ash-grout mixtures
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Mechanical properties testing was conducted on grouts made from taking the FBC ash and mixing it with water according to ASTM C 109 procedures at a water to cementitious solids ratio of 0.6.  These 2”x2” cube specimens were cured at laboratory ambient conditions in moist air for 1,3,7,14 and 28 days before testing.  The ash-based grouts resulted in a unconfined compressive strength of 950 psi, figure 4.

Figure 4.  Compressive Strength development in FBC ash-grouts as a function of time of curing.
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Samples of the hydrated fly ash-grout were processed to extract pore fluids from the hardened specimens at 1, 5, 7 and 28 days, table 2.  The analyses of these solutions were used to monitor the alkali additions to grouts in order to take the bulk composition beyond the stability field of ettringite.

Table 2.  FBC Pore Solution Composition

	mg/L
	    1D
	    5D
	    7D
	   21D
	   28D

	
	
	
	
	
	

	Al
	1
	4
	4
	7
	5

	B
	0.5
	0.5
	0.5
	0.5
	0.5

	Ba
	0.5
	0.5
	0.5
	3
	3

	Ca
	370
	210
	215
	380
	410

	Co
	0.5
	0.5
	0.5
	0.5
	0.5

	Cr
	0.5
	0.5
	0.5
	0.5
	0.5

	Fe
	0.5
	0.5
	0.5
	0.5
	0.5

	K
	2790
	2880
	2730
	3500
	3600

	Mg
	0.5
	0.5
	0.5
	7
	6

	Mn
	0.5
	0.5
	0.5
	0.5
	0.5

	Mo
	0.5
	0.5
	0.5
	0.5
	0.5

	Na
	430
	400
	380
	710
	740

	Ni
	0.5
	0.5
	0.5
	0.5
	0.5

	Si
	1390
	960
	850
	2330
	1740

	Sr
	23
	16
	16
	13
	14

	Ti
	0.5
	0.5
	0.5
	1
	1

	V
	0.5
	0.5
	0.5
	1
	2

	Zn
	0.5
	0.5
	0.5
	0.5
	0.5

	
	
	
	
	
	

	F
	0.3
	6.8
	5.7
	3.1
	4.7

	Cl
	380
	490
	450
	540
	560

	NO2
	0.5
	0.5
	0.5
	0.5
	0.5

	NO3
	3
	36
	32
	21
	29

	PO4
	0.5
	0.5
	0.5
	0.5
	0.5

	SO4
	3400
	4200
	3200
	5500
	5900



NaOH was then added to the fly ash grout in an attempt to drive the chemistry of the system from the stability field of ettringite.  0.5%, 1%, 2%, 3% and 4% of the total dry weight of NaOH was added to the grout mix.  Similar to previous experiments, 1”x1” expansion bars were cast in order to measure the expansion due to the formation of ettringite, if any, using standard ASTM methods.  Shown in figure 5 are the expansion data.

Figure 5.  % Expansion of FBC Ash-Grout with added NaOH as a Function of Time.
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Powder X-ray diffraction was used to track the existence of ettringite in the samples.  Periodic scans were taken with time.  Shown in figure 6 are the x-ray diffraction patterns of samples with differing amounts of added NaOH.  Although the diffraction pattern span a wide range of 2 angles, only the low angles are shown where ettringite has its characteristic peaks.

Figure 6.  X-ray Diffraction Patterns of FBC Ash-Grouts with Added NaOH.
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Scanning electron microscopy images of the samples were taken in order to visually verify the existence of ettringite.  These are shown in figure 7.

Figure 7.  SEM Images of FBC Ash-Grouts with Added NaOH.
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Ettringite suppression:


Extracted pore fluids at the level of alkali addition in the 3 to 4 % range continue the track the previously reported data.  The data support the observations that the solubility of gypsum, a principal component of the ash, is suppressed in terms of the calcium concentration but the concentrations of sulfate in solution approach 1050 mmolar.  Both alkalis, sodium and potassium, are present in the pore fluids at 2000 and 195 mmolar, respectively.  The former ion represents the alkali addition of the experiment.  At these concentrations, the pH of the pore fluids should exceed the 12.5 stability limits for ettringite.  What is observed in the analyses of the fluids is that the pH is gradually approaching this limit over the concentration range of this phase of the study.  


Scanning electron microscopy characterization of the ash composites confirm the x-ray diffraction and differential scanning calorimetry studies that indicate the presence of ettringite.  The SEM data however reveal that what ettringite, that is forming, is doing so as a low density form with many of the individual needles growing into the void space without gaining purchase on the main structure of the composite.  Shown in figure 5 are typical SEM image of the ettringite development in samples containing up to 5 wt.% NaOH.


Although SEM and XRD conclusively show the existence of ettringite, measured expansion data for the test specimens show either zero or negative expansion throughout the test interval of 6 months, figure 3.  This behavior points to the formation of a low density ettringite that does not exert enough expansive force to cause any deleterious effects on FBC ash grouts.  These data also suggest a pessimum in the concentration of alkali responsible for the retardation of expansion.  This type of behavior is not uncommon in portland cement chemistry but was not anticipated for this chemical system.


Determination of the strength data suggested that within a week of preparation, all of the test specimens with the varying alkali dosing achieved working strength of approximately 1400psi, a 56% increase over the control ash.

Field Demonstraton Pad
A field demonstration pad was placed at the Penn State University’s Agriculture Progress fields using as received FBC ash in conjunction with the USDA’s NRCS program.  The performance of this pad was, as expected, very poor.  The formation of ettringite was evident resulting in cracking and spalling of the pad resulting in surface dusting.  [Observation over a two year cycle of the baseline pad has been made.  Structurally, the pad is solid but the surface experiences spalling and significant dusting.]  This pad will be used as the baseline for comparison with the alkali activated FBC.

Unfortunately, we were not able to place the pad using the alkali activated FBC ash within the permissible time of the year.  The reason was that we were not able to acquire sufficient quantity of readily soluble solid NaOH beads.  The quantity that was needed was approximately 600lbs in order to place approximately 10 tons of FBC ash with 3% NaOH addition.  However, we have now in our procession the requisite amount of soluble NaOH beads.  We are making arrangements with the NRCs to identify a suitable location for the demonstration pad to be placed during the spring building season. 

DISCUSSION

Interpretation of the stability of ettringite based on the data reported by Hampson and Bailey (1982) and Brown (1994) strongly suggest that the upper stability limit for ettringite is in the range above 12.5 in a cementitous system.  Thermodynamic calculations based on the pore fluid analyses extracted from the test specimens in this program also support the stability of ettringite up to a pH of 12.5 with some data from Damidot and Glasser (1993) suggesting that the presence of soda extends the stability region for a lower limit of 10.7 to perhaps as low as 10 at 125mMoels/L of NaOH while at the same time expanding the upper stability limit from 12.5 to about 13 over the same range of soda additions.  These data are internally consistent with all of the experimental data presented above which demonstrate that ettringite is indeed stable over the proposed study conditions and in disagreement with Scheetz et al (1994) where ettringite was not observed at high soda additions.  The current research does however lead to very interesting observations.  Even though ettringite was observed in the fly ash grout, measurements of expansion resulting from its formation do not show the characteristic elongation of the test specimens.  Similar behavior, but likely for another reason, was reported by Roy et al. (2003) in Portland cements with higher than normal C4AF which resulted in an Fe-substituted ettringite which also did not contribute to expansion upon formation.  In this case, the habit of the growing ettringite crystals was sufficiently altered to form more equant crystals rather than the high aspect ratio needles associated with typical ettringite.  The explanation for the lack of expansion is not clear from the experiments that were conducted.

During the course of the alkaline additions in this study, the pH never exceeded 12.5.  With the very large additions of sodium hydroxide [4% by weight], one would have anticipated a pH well in excess of 13.  This seemingly contradictory observation can only be explained if a buffering system was in place that was consuming the added soda.  The buffer system that is proposed is associated with silica.  Pore fluid analyses show silica well in excess of 33mM/L with the associated thermodynamic modeling of the fluids having all of the silica polymprohs with solubility produce indices greater than one.  Recent work by Loop et al. (2003) has demonstrated the importance on silica in highly alkaline mine waters as a mechanism for pH control.  

The reason that ettringite was always present in the set of experiments in this study can now be attributed simply to the fact that the pH was never driven beyond the stability limits because it was buffered to approximately 12.5 while at the same time, the stability range for ettringite was slightly expanded.  That being said, the observation that no expansion occurred is still undetermined.  The morphology of the ettringite observed in this study is different from what is typically observed in Portland cements [Lee, 2000] and suggests the formation of a less dense clustering of crystals which in turn may lead to a reduction in the observed expansion.  No cogent explanation can be offered at this time.
Economic and Safety Consideration for Remediation Actions

The technological approach to minimizing the swelling of consolidated FBC ash as a result of ettringite formation appears to be successful althought for an undetermined reason.  There are, however, seveal economic issues that result from an attempt to implement the technology.  The work to date has shown that swelling can be eliminated by the addition of sodium hydroxide to the mix water for making a fly ash grout from FBC ashes.  In field applications, the form in which the sodium hydroxide is purchased will have a strong influence on how readily the solid dissolves.  The majority of forms in which sodium hydroxide is available are pellets which range from pea-size to small bricketts.  These will have the advantage of being easier to handle from the perspective of dust generation but will require longer to dissolve into solution.  After extensive searching, a ‘flake’ form was located and purchased for $0.49/pound.  This form has the advantage of readily dissolving but has the potential to contribute to dust formation during handling thus necessitating the use of protective clothing and breathing apparatus.


The research effort found that the addition of 2% to 5% by mass was adequate in controlling the expansion.  This range of additions would add an additional $19.60 to $49.00 per ton of ash placed to the handling costs in addition to the special handling that may be necessary.  An alternative to this cost would be the direct purchase of aqueous sodium hydroxide solutions that are commonly used for AMD control.  This option has not been explored during this study.

CONCLUSIONS

The results of this study have shown that although it should be possible to adjust the bulk chemical composition of ettringite composites to ranges beyond its stability [10.7 to 12.5] intervening processes that have hithertofore been poor recognized may prevent such actions.  The impact of buffering the pH of the pore fluids in a fly ash/alkali composite maintained a pH within the stability of ettringite.  To overcome this chemical control would require excessive additions of alkali.  The additional cost associated with the additions of sodium hydroxide would take this application beyond most utilization scenarios excepting for ones where a very high added costs were acceptable.  The unanticipated loss of expansion even in the presence of ettringite can not be adequately explained at this time.
REFERENCES
Brown, P.W. and J.V. Bothe, the stability of ettringite, Adv. In Cem. Res., Vol 5(18)pp 47-63 (1993).

Brown, P.W., Phase equilibria and cement hydration, Materials Science of Concrete, American Concrete Institute, Farmington Hills, MI pp73-93 (1994).

Damidot D. and F.P. Glasser, “Thermodynamic investigation of the CaO-Al2O2-CaSO4-H2O system at 25oC and the influence of Na2O,” Cement and concrete research vol 23, p221-138 (1993).

Famy, C. Expansion of heat-cured mortars, Ph.D. thesis, Imperial college of Science, Technology and Medicine, (1999)

Ghosh, S.N. “Advances in Cement Technology: Critical Reviews and Case Studies on Manufacturing, Quality control, Optimization and Use,” Pergamon Press, New York, p 749, (1981).

Grier, d.G., G.J. McCarthy, R.S. winburn, R.D. Butler, Coal combustion by-product diagenesis, Ash Utilizaton symposium, Lexington, KY p385-394 (1997)

Hampson, C.J. and J.E.Bailey, On the structure of some precipitated calcium alumino-sulphate hydrates, J. Mat. Sci, Vol 17, pp3341-3346 (1982)

Heinz, D.  and U. Ludwig, Mechanisms of secondary ettringite formation in mortars and concretes subjected to heat treatment, "Concrete Durability"  Proceedings of Katharine and Bryant mather International Conference, Vol. 2, ACI-SP 100, American concrete Institute, Detroit, 2059-2071 (1987).

Lawrence, B.L., J.J. Myers and R.L. Carrasquillo, Premature concrete deterioration in Texas Department of Transportation precast elements, Ettringite -- the Sometimes Host of Destruction, SP-177, American Concrete Institute, Farmington Hills, MI pp 141-153 (1999).

Loop, Caroline M., Barry E. Scheetz and William B. White, Geochemical evolution of a surface mine pool with alkaline addition: Laboratory predictions vs. field observation,” Journal of Mine Pool and Pit Lakes (2003)
Meland, I., H. Justnes, J. Lindgard and S. smeplass, Proc. 10th Intl. Congress on the 
Chemistry of Cement, Goteborg, Sweden paper 4iv064, (1997).

Roy, Della M., Paul J. Tikalsky, Barry E. Scheetz, James Rosenberger, Tara Cavalline, and PeriaswamY Arjunan Influence of Portland Cement Characteristics on Alkali Silica Reactivity, 11th ICCC meeting (2002)  
Scheetz, B.E., Richard Reifsnyder, and M.R. Silsbee, “Design of Fly Ash Based Grouts for Acid Mine Drainage Abatement,” 16th Annual Meeting of the Association of Abandoned Mine Land Programs, Park City, Utah, September 18–21, 1994.

Scheetz, Barry E., Michael R. Silsbee, Christopher Fontana, Xiaogong Zhao, and Joseph Schueck, “Properties and Potential Applications of Large Volume Use of Fly Ash-Based Grouts for Acid Mine Drainage Abatement,” Proc., 15th Annual Abandoned Mine Land Conference, Timothy C. Richmond, 64-76 (1993).  

Scheetz, Barry E., Michael J. Menghini, Rodger J. Hornberger, Thomas D. Owens and Joseph Schueck, “Beneficial Use of Coal Ash in Anthracite and Bituminous Mine Reclamation and Mine Drainage Pollution Abatement in Pennsylvania,” Proceedings of the Air & Waste Management Association, Toronto, Ontario, Canada (June, 1997).
Zhang, Z.  Delayed ettringite formation in heat cured cementitious systems, Ph.D. thesis Purdue University (1999).

i

