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ABSTRACT 
 

A large volume application for coal combustion byproducts (CCBs), involving sulfite-
rich scrubber sludge for feedlots on farms has been evaluated.  Based on detailed 
laboratory and limited field studies conducted over the past 9 months, appropriate mixes 
consisting of CCBs from combustion of Illinois coal have been designed which are 
suitable for this application.  The developed mixes may also have other similar large 
volume applications such as road sub-base, swimming pool liners, etc.  The project 
approach focuses on development of soil-like mixes that can be prepared at the power 
plant, transported to the deployment site and compacted using conventional road building 
equipment at about 25% to 30% of the cost of developing conventional concrete feedlots.  
The developed mixes are high strength making them resistant to abrasion, which has been 
a problem with similar applications developed elsewhere.  Durability tests on the 
developed mixes indicate a very durable material under relatively cold weather even after 
only 14 days of curing.  The developed material exhibits low swelling potential.  The 
environmental properties of the developed mixes have been evaluated and the leachates 
have been found to comply with Class I groundwater standards for all elements.  The 
appropriate fixation of CCBs, which individually produce non-compliant leachates, is 
beneficial for low cost, beneficial utilization of these byproducts. 
 
Based on the results obtained to date, full-scale demonstration of the developed mixes for 
feedlot applications and monitoring of long-term post-construction engineering and 
environmental properties have been approved by ICCI. 
 
 



EXECUTIVE SUMMARY 
 
In September 2003, the principal investigator identified an approach to effectively utilize 
large volumes of sulfite-rich scrubber sludge and fly ash from Illinois coals for 
construction of cattle feedlots. Such sulfite-rich sludge is produced at Southern Illinois 
Power Cooperative (SIPC), Central Illinois Power Company (CILCO), and Gibson Power 
Plant of CINERGY in Indiana; all using Illinois coals.  The identified approach, more 
specifically, involves sulfite-rich scrubber sludge, FBC fly ash and F-ash being mixed 
with a small percentage of inorganic binders (3-6%) to produce a soil-like material that 
can be easily transported and appropriately compacted to build cattle feedlots.  One-acre 
of such a feedlot will use approximately 2,300 tons of CCBs above. 
 
Ohio State University (OSU) has extensively worked in the past on cattle feedlots using 
poor quality sulfite-rich scrubber sludge and F-fly ash to yield about 500 psi compressive 
strength material after 28-days.  The approach in this project is different and has several 
advantages. 
 

• The developed soil-like material can be transported and utilized using 
conventional road-building equipment (end-dump trucks, compaction rollers, 
dozers etc.). There is no need for forms during construction process. 

• Upon appropriate compaction and construction, compressive strengths on the 
order of 850-1000 psi after 7-days have been achieved. Values of 1000-1200 psi 
have been achieved after 28-days curing time. 

• OSU feedlots have been reported to lose ½-inch/year in commercial use.  Since 
the strength of the proposed material developed at SIU is significantly higher than 
the OSU material, the loss should be reduced to a minimum. 

• Feedlots using the proposed material should be usable for operating heavy 
equipment also since the strength is much higher.  Toward this goal, waste plastic 
grid fencing material has been incorporated in the construction process and design 
of feedlots. 

• The developed materials should also be usable as road subbase, structural fills, 
liners for swimming pools, and large number of other similar applications. 

 
Research to date 
 
The project team conducted preliminary laboratory and limited field studies in summer 
2003 to evaluate the feasibility of using Illinois CCBs (sulfite-rich scrubber sludge, FBC 
fly ash and F-fly ash) for cattle feedlot and other related applications.  Limited laboratory 
experiments indicated that the mix of Illinois CCBs could attain compressive strength of 
600-800 psi.  Following these very limited laboratory studies, a 4 ft x 4 ft x 0.75 ft pad 
was developed at a Beasley and Sons farm near Marion, IL.  Over the past 9 months, the 
pad has performed well as a part of a feedlot on a cattle farm.  Despite heavy rains 
immediately following deployment and the subsequent freeze-thaw exposure over the 
winter of 2003, the pad has been competent showing only slight signs of degradation 
under typical use conditions. 
 



Based on the success achieved in preliminary laboratory and limited field tests, Illinois 
Clean Coal Institute (ICCI) granted a 4-month project to establish technical and economic 
feasibility of the proposed application and development of optimum mix compositions 
before a full-scale demonstration project was considered.  This project was initiated on 
February 1, 2004 with the following established goals: 
 

1. Maximize sulfite-rich scrubber sludge use. 
2. Minimize FBC content to maximize FBC use for other purposes. 
3. Swelling potential must be kept below 5%. 
4. Compressive strength must be greater than 500 psi. 
5. Must meet environmental standards. 
6. Minimize the use of inorganic binders to reduce cost. 

 
Upon project initiation samples of Scrubber Sludge, F-ash and FBC fly ash were 
procured from SIPC Lake of Egypt power plant.  A statistical experimental design based 
on the D-optimal methodology was formulated to optimize the mix composition with an 
inorganic binder.  In some additional experiments, the inorganic binder was fully or 
partially substituted with another inorganic binder.  In the initial design, the scrubber 
sludge to F-ash ratio was fixed at 6.5:1 which is the ratio of production of these materials 
at the SIPC power plant.  Some additional samples were also prepared increasing the F-
ash content in the mix at the expense of the FBC ash content.  These mixes were studied 
to evaluate the potential for replacing FBC ash with F-ash without impacting the 
characteristics of the developed mixes leading to a beneficial utilization of FBC ashes in 
other applications. 
 
During sample preparation, the wet-mix moisture content was kept constant at around 33-
37% to facilitate accurate comparison of the developed mixes.  The samples were 
prepared in 4-inch diameter and 4-inch tall molds with two lifts using standard 
compactive effort.  The samples were then extruded from the molds and cured under 
ambient indoor conditions (~70oF).  The cured samples were tested for 7-day, 14-day and 
28-day unconfined compressive strengths for screening purposes.  The samples of the 
optimized mix were also tested for several other physical and durability properties. 
 
Additional experiments conducted beyond the experimental design requirements 
indicated that the SIPC F-ash was triggered by inorganic binder A (IBA) while the SIPC 
FBC ash was more effectively triggered by inorganic binder B (IBB).  Based on this 
finding, samples with a combination of IBA and IBB were studied. 
 
The experimental design data revealed that: 
 

• 7-day unconfined compressive strengths in the range of 850-1,000 psi and 28-day 
strengths in the range of 1,000-1,200 can be achieved.  This far exceeds the goal 
established in the proposal which targeted 28-day strength of 500-600 psi. 

• The samples attain most of their final strength in 14 days of curing. 
• Increasing the F-fly ash content significantly improves strength. 

 



The optimal composition of the CCBs was based on these screening experiments results 
which indicated improved strength characteristics for decreasing scrubber sludge content 
in the mix.  This finding was expected since scrubber sludge is essentially inert with no 
pozzolonic or cementitious properties.  Since one of the goals established for the project 
was maximizing the use of scrubber sludge, the level of 25% (dry basis) was established 
where it was still possible to achieve the targeted strength characteristics for the designed 
mix.  The composition of F-fly ash and FBC fly ash was optimized to give the highest 
strength at the set 25% scrubber sludge content in the mix.  This way, three final 
candidate mixes were identified.  These mixes contained 25% sulfite-rich scrubber 
sludge, 35% F-fly ash and 35% FBC fly ash on a dry basis.  This approximately equals 
42% scrubber sludge in the final mix on an as-received basis.  The remainder 5% was 
split into 50:50, 75:25 and 100:0 ratios of IBA and IBB.   
 
The inorganic binder content was based on the observation that beyond about 5% binder 
in the mix, the incremental strength gain was not significant.  Hence, binder content was 
limited to 5% in the mix to minimize the cost.  Three combinations of IBA-IBB ratios 
were attempted due to the following reason.  Tests on the curing behavior of F-ash and 
FBC fly ash revealed that their curing behavior may differ based on the inorganic binder 
used.  Since, the candidate mixes had equal amounts of F-ash and FBC fly ash; the ideal 
IBA-IBB ratio would have been 50:50.  However, at this ratio, it was observed that to 
produce a soil-like mix, which was one of the goals of this project, to ensure workability 
and amenability to roller compaction, the water content had to be reduced to a point 
where the mix was water deficient from the point of view of attaining the highest 
strength.  This behavior was expected as the water retention property of IBB is 
significantly lower than that of IBA.  Since a strong positive relation was observed 
between mix moisture content and the strength, theoretically, the mix should have had 
100% IBA content which would allow for the highest mix moisture content while 
maintaining workability.  This however may lead to longer term problems associated 
with carbonation and generation of carbonic acid which can cause swelling of the FBC 
fly ash.  Hence, to identify and obtain a balance between workability, strength and 
durability, three combinations of IBA and IBB were attempted.  Based on the obtained 
results, it appears that the final mix selected for implementation should have 75:25 IBA-
IBB combination. 
 
To ascertain the repeatability of the results, several batches of the candidate mixes were 
prepared and tested.  The obtained results consistently indicate 7-day strength values 
between 850-1,000 psi.  The corresponding 28 day strengths are 1,000-1,200 psi.  It has 
also been observed, as mentioned above, that higher moisture content in the mix results in 
significantly higher strengths (7-day: 1,400 psi and 14-day: 2,000 psi).  Hence, 
experiments are planned in Phase II of this project to evaluate the feasibility of irrigating 
the pad 7-days after development and after the initial set has occurred.  Experiments are 
also planned to establish the maximum time the soil-like mix remains workable after 
mixing.  This data will establish the distance over which the mix can be transported, that 
will in effect determine the market. 
 



Water immersion test results on the developed mixes for durability assessment are 
excellent.  The best possible immersion index of 0 has been recorded just after 7 days on 
all the samples.  Correspondingly, slake durability indices (Id2) in the range of 3-7% have 
been recorded which indicate a very durable material.  Swelling tests have indicated low 
swelling potential of less than 3%.  Additional ASTM swelling tests are planned in the 
Phase II project.  The bulk density of the cured mix was determined to be approximately 
90 pcf.  Moisture absorption of 25% was recorded.  Despite the high moisture absorption, 
non-ASTM freeze-thaw results available so far after twenty cycles of freezing and 
thawing show absolutely no sample deterioration.  Porosity measurements of 35% have 
been recorded for the cured samples.  A permeability coefficient of 5.74 x 10-6 cm/s has 
been recorded for the selected mix. 
 
Leachate characteristics of the mixes indicate compliance with class I ground water 
standards for all the elements.  The leachate pH is however higher (11.2) than the 
maximum allowed (9) for discharging the effluent into public waterways.  This however 
may not be an issue since dilution will lower the pH to less than the maximum allowed 
for discharge.  Also, the alkaline pH may be neutralized by the acidic animal waste.  
SIPC has conducted TCLP leachate analysis on five samples which indicates class I 
ground water compliance except for sulfates.  In comparison, even the fixated scrubber 
sludge being currently discarded by SIPC produces a leachate which is cadmium class II 
non-compliant and lead and sulfates class I non-compliant.  The non-compliant sulfate 
concentration may not be an issue in actual practice since the tests represent the worst 
possible scenarios which are rarely encountered. 
 
The project team has presented the results obtained to date to the board of directors of 
SIPC.  SIPC and Beasley Farms (industrial cooperators) remain committed to support the 
full scale implementation of the project. 
 
Efforts are in progress to identify the appropriate mixing technology for developing the 
final soil-like product mix.  Experiments on the scrubber sludge have indicated that it 
may be possible to mix the F-fly ash and FBC fly ash to 55-60% as-received moisture 
content scrubber sludge.  At this moisture content the scrubber sludge is very workable 
and behaves like a moderately high viscosity liquid.  This approach may have the added 
benefit of reducing the dewatering cost of the sludge for SIPC.  Further investigations 
will be conducted in the Phase II demonstration project recently approved by ICCI. 
 
Engineering Economics 
 
Engineering economic evaluation has been conducted in conjunction with the industrial 
cooperators.  The cost for deployment of the CCBs-based feedlot is estimated at about 
$46,000/acre which is 25% to 30% of the cost of conventional concrete based feedlots 
($166,000/acre).  This estimate of the CCBs based feedlot has been determined to be 
conservatively high by the industrial cooperators with several identified approaches to 
reduce the final cost.  This estimate also does not account for the cost savings to the 
power plant in terms of avoided disposal cost of the CCBs. 
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OBJECTIVES 
 

The objective of this project was to develop mixes for Illinois coal combustion 
byproducts, in particular the sulfite-rich scrubber sludge, for use in cattle feedlots and 
other similar large-volume beneficial use applications.  The following goals were set for 
the developed mix: 
 

1. Maximize sulfite-rich scrubber sludge use. 
2. Minimize FBC fly ash to maximize it’s use for other purposes. 
3. Swelling potential must be kept below 5%. 
4. Compressive strength must be larger than 500 psi. 
5. Leachate must meet appropriate water quality standards, preferably class I 

groundwater standards. 
6. Minimize the use of inorganic binders to reduce cost. 

 
Towards achieving these goals, laboratory studies were structured into four tasks.  A brief 
description of each task is provided below. 
 
Task 1:  Characterization 
 
Upon project initiation samples of scrubber sludge, F-ash and FBC fly ash were procured 
from Southern Illinois Power Cooperative (SIPC).  These samples were homogenized and 
subjected to particle size analysis.  Data on the environmental properties of these 
materials individually as well as in fixated forms was developed by SIPC.  Recent data on 
the oxides composition of the fly ashes was also obtained from SIPC. 
 
Task 2:  Mix Design 
 
Laboratory studies were conducted to develop optimized mixes of scrubber sludge, F-ash, 
FBC-ash and the selected inorganic binders (IBA and IBB) to achieve the desired 
strength, durability and environmental properties.  A statistical experimental design based 
on the D-optimal methodology was formulated to optimize the mix composition.  In the 
initial design, the scrubber sludge to F-ash ratio was fixed at 6.5:1 which is the ratio of 
production of these materials at the SIPC power plant.  Some additional samples were 
also prepared increasing the F-ash content in the mix at the expense of the FBC fly ash 
content.  These mixes were studied to evaluate the potential for replacing FBC fly ash 
with F-ash without impacting the characteristics of the developed mixes leading to a 
beneficial utilization of FBC fly ashes in other applications.  The results of this 
experimental design indicated that increasing the F-ash content in the mix improved the 
product strength properties significantly.  Hence, the fixed ratio of F-ash to scrubber 
sludge was relaxed and samples were prepared to identify the highest amount of scrubber 
sludge that could be incorporated in the mix while achieving the desired strength 
properties.  In summary, the mix constituents were varied over the following ranges 
during the mix design phase of this project. 
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Sulfite-rich Scrubber Sludge:  25-50% 
FBC fly ash:  25-65% 
F-ash:  5-35% 
Inorganic Binder A (IBA):  2-10% 
Inorganic Binder B (IBB):  3-5% 
Water:  To attain 25-27% moisture content (wet basis) in the final mix.  (33-39% 
moisture on a dry basis). 
 
Upon preparation, the samples were cured under ambient inside conditions.  For 
screening purposes, the samples were tested for 7, 14 and 28-day cured unconfined 
compressive strengths. 
 
Task 3:  Mix Optimization 

 
Once the optimum design space was determined that provided the desired mix properties, 
additional samples were prepared to fine tune the mix composition to maximize the 
strength and durability properties.  Three different combinations of IBA and IBB contents 
were attempted to address workability issues related to binder use as discussed later. 
 
Several batches of samples were made for the final candidate mix compositions to 
evaluate the repeatability of the achieved results.  The final optimized candidate mixes 
were tested for density, strength, slake durability, porosity, permeability and 
environmental properties. 

 
Task 4:  Reporting 

 
Monthly reports were submitted to ICCI.  Two presentations were also made to 
representatives of ICCI/DCEO and the project cooperators to report the project progress.  
Recommendations for future development and demonstration work to extend the 
laboratory study results to commercialization were also made at the second meeting.  A 
brief update was also given to SIPC board of directors at the first presentation. 

 
 

INTRODUCTION AND BACKGROUND 
 
In September 2003, the principal investigator (PI) identified an approach to effectively 
utilize large volumes of sulfite-rich scrubber sludge and fly ash from Illinois coals for 
construction of cattle feedlots.  Sulfite-rich scrubber sludge is the by-product of 
scrubbing sulfur dioxide produced from the combustion of high sulfur coals such as 
Illinois coals.  Such sulfite-rich sludge is produced at SIPC, Central Illinois Power 
Company, and Gibson Power Plant of CINERGY in Indiana; all using Illinois coals.  
Beneficial uses of this scrubber sludge are few resulting in the necessity to dispose this 
material at a high cost ($7-10/ton).  The approach proposed in this project involves large 
volume utilization of scrubber sludge in conjunction with other coal combustion by-
products such as FBC fly ash and F-fly ash to provide low cost alternatives to concrete-
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based feeding pads at livestock farms while minimizing the disposal costs incurred by the 
power plants burning high sulfur Illinois coals. 
 
Ohio State University (OSU) has extensively worked in the past on using sulfite-rich 
scrubber sludge and fly ash to yield about 300-600 psi compressive strength material 
after 90-days (Wolfe et. al., 2000).  The OSU implementation of the use of sulfite-rich 
scrubber sludge and fly ash for building “FGD pads” is depicted in Figures 1 and 2. 
 
The approach in this project differs from the OSU approach in terms of providing a 
higher strength material to improve abrasion, durability, permeability and leachate 
characteristics, and utilizing more than one fly ash. 
 
Project Approach 
 
Towards achieving the abovementioned goals, the investigators adopted the following 
approach to develop: 
 

• Soil-like stabilized material consisting of one or more CCBs from SIPC that can 
be transported and compacted using conventional road-building equipment. 

• Higher strength mixes for better abrasion resistance. 
• Low porosity and low permeability products to minimize water quality impacts. 
• Feedlots for operating heavy machinery by incorporating waste plastic grid 

fencing near the bottom. 
• Other large-volume applications such as structural fills, road sub-base etc. 

 
Preliminary Studies 
 
Upon conception, the project team performed very limited laboratory studies to establish 
the hypothesis.  Based on experience, a 60:40 ratio of FBC fly ash and scrubber sludge 
with 3% inorganic binder was used to develop the material and compacted in a 4-inch 
diameter mold using standard compactive effort.  The molded samples were extruded and 
allowed to cure at inside ambient temperature (70oF) for several days.  The following 
observations were made: 
 

• Samples with binder cured faster than without binder. 
• After 7-days, highest compressive strength achieved for samples was 800 psi, 

with an average around 600 psi. 
 
Limited Field Trials 
 
With the success in the laboratory and establishment of the hypothesis, the PI worked to 
develop ways so that such material could be produced commercially.  The use of a high-
speed auger mixer to produce such a material was successful.  To determine if laboratory 
success could be replicated in the field, two 4 ft x 4 ft x 0.75 ft pads were developed at a 
Beasley and Sons farm near Marion, IL; one without binder addition and the other with 
binder addition.  The steps involved in construction of these pads are shown in Figure 3. 
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(a) (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 (c) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. (a) Delivery, (b) spreading, and, (c) compaction of flue gas desulfurization 

byproducts (Butalia et. al., 1999, CCP Ohio Extension Program). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Completed flue gas desulfurization byproduct pads (Butalia et. al., 1999, CCP 

Ohio Extension Program). 
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(a) (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c) (d) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Small scale field implementation trials of CCBs-based pad (September 

2003). 
 
The following results were obtained from these studies: 
 

• The soil-like material with binder cured overnight to yield a strong material.  Over 
the 4-month observation period after construction, no shrinkage cracking was 
observed and the material was very competent. 

• A portion of the above pad was sealed with an asphalt sealer after curing.  Upon 
drying this portion provided an impermeable surface.  The uncoated surface 
soaked water.  It was thought that the permeability of this material would continue 
to decrease over the next 12 months. 

• The material without binder addition cured at a very slow pace and developed 
strength after one week.  

• Heavy rains early in September 2003 did not degrade the developed pads. 
• ASTM leachate studies were performed on one sample of the mix used during the 

first week of September (one month after curing).  The results are presented in 
Table 1.  Some pertinent observations on the leachate data are listed below. 
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o Trace element concentration of As, B, Cu, Se, Zn, Cd, Mn and Fe 
conforms to class I ground water standards. 

o Trace element concentration of Pb is within class II ground water 
standards. 

o The leachate pH is 11.1, which is higher than that allowable for discharge 
into public waterways.  The industrial cooperators (SIPC and Beasley) 
however believe that alkaline leachate is good since it will neutralize 
acidity from animal waste.  Furthermore, natural dilution will significantly 
reduce trace element and pH values. 

 
Table 1. ASTM leachate test data for a proposed CCBs based feedlot mix. 
 

Water Quality Standards 
Element Concentration 

(ppm) Class I (ppm) Class II (ppm) 
Ag 0 0.05 - 
Al 0.15 - - 
As 0.04 0.05 0.2 
B 0.39 2 2 
Ba 0.09 2 2 
Be 0.002 0.004 0.5 
Ca 691 - - 
Cd 0 0.005 0.05 
Co 0.01 1 1 
Cr 0.02 0.1 1 
Cu 0.01 0.65 0.65 
Fe 0 5 5 
Mg 0.22 - - 
Mn 0 0.15 10 
Mo 0.11 - - 
Ni 0.01 0.1 2 
Pb 0.02 0.007 0.1 
Sb 0.05 8 - 
Se 0.04 0.05 0.05 
Si 3.94 - - 
Tl 0 - - 
V 0.04 - - 
Zn 0.02 5 10 
pH 11.13 6.5-9.0 6.5-9.0 

 
Impact on Illinois Coal Industry 
 
Based on the discussions with Mr. Jeff Beasley and others, over 15,000-20,000 tons of 
sulfite-rich sludge and fly ash could be utilized annually for cattle feedlots in southern 
Illinois alone.  Mr. Beasley would also like to commercialize this technology for Illinois 
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and adjoining states. A similar synergistic relationship could be developed for CILCO 
sulfite-rich scrubber sludge and ADM FBC fly ash.  There is larger number of cattle 
farms in central Illinois than in southern Illinois.  We believe that conservatively about 
20,000 tons to 30,000 tons sulfite-rich scrubber sludge, F-ash and FBC fly ash each year 
could be utilized.  The project team also thinks that scrubber sludge from Peabody’s 
proposed mine-power plant complex in Clinton county (if developed) could also use this 
technology.  These applications and beneficial use will definitely impact Illinois coal 
positively since power plants are spending $ 7 – 10 / ton to dispose off CCBs on site and 
little or no use have been found for sulfite-rich scrubber sludge. 
 
 

EXPERIMENTAL PROCEDURES 
 
Sample Preparation 
 
Mixing 
 
The mix constituents were mixed in a standard laboratory dough mixer (Blakeslee Model 
B-207).  Scrubber sludge was added first followed by FBC fly ash, F-ash, IBA and IBB 
in that order.  The sample was then mixed for 5 minutes at low speed setting for the 
mixer.  Each batch of the mix was approximately 20 lbs. 
 
Sample Preparation (ASTM D698) 
 
ASTM D698, Procedure B, “Test Method for Laboratory Compaction Characteristics of 
Soil using Standard Compactive Effort (12,400 ft-lbf/ft3)” was used for sample 
preparation.  Fresh mixes were manually compacted in a 4-inch diameter x 4-inch tall 
steel cylindrical mold with a 2-inch collar in two lifts.  The weight and drop height of the 
hammer were 4.525 lb and 12-inches, respectively.  The hammer had a circular contact 
surface at the bottom through which the compactive effort was applied to each lift.  
During sample preparation, the residual moisture content was kept constant at around 25-
27% to facilitate accurate comparison of the developed mixes.   
 
Curing 
 
The samples were cured under indoor laboratory conditions. 
 
Sample Testing 
 
Unconfined Compressive Test (ASTM D2166) 
 
ASTM D2166 test procedure was followed to estimate the unconfined compressive 
strength of compacted samples.  The loading was done with a constant strain rate of 
0.002 inches per minute, such that the sample failed in about 10 minutes. 
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Bulk Density 
 
Bulk density was determined using the weight and volume of the cylindrical cured 
samples. 
 
Moisture Content (ASTM D3302) 
 
Cured sample moisture content was determined by pulverizing the cured sample and 
drying it in an oven at 106oC till constant weight.  The moisture content at the time of 
sample preparation (fresh mix) was measured by heating a sample of the mix in a 
microwave oven till constant weight. 
 
Water Absorption 
 
Water absorption was measured by measuring the steady state weight gain when the 
cured intact sample was submerged in water. 
 
Slake Durability (ASTM D4644) 
 
This test quantifies sample durability by measuring sample degradation after tumbling it 
in a cage for a fixed duration after 2 cycles of wetting, tumbling and drying.  Lower 
percentage sample breakage indicates a more durable material. 
 
Immersion Index (TMH1 C5) 
 
Immersion index provides an indication of material durability.  A sample of the material 
is immersed in water for 24 hours and the changes in breakability, clarity of immersion 
water, and the fraction of sample disintegrated is observed to assign an index value 
between 0 and 10.  Values of 0 indicate highest durability. 
 
Swelling Strain 
 
Sample swelling was measured as swelling strain.  The sample was compacted and left in 
the mold for a 24-hour curing period.  Water was added on top of the sample sitting 
inside the mold after covering it with a perforated brass porous plate.  A dial gage was 
mounted on top of the brass plate and the strain as the sample swelled under water was 
recorded.  The swelling was reported as percentage increase in length of the sample. 
 
Modified Freeze-Thaw Test 
 
Since monies had not been allocated for standard ASTM tests, modified freeze-thaw tests 
were conducted in the following fashion to assess durability in typical Illinois weather.  
Two-inch thick discs of cured samples were soaked in water through saturation.  The 
sample was then sealed in a Ziploc bag and placed in a household refrigerator freezer 
compartment for 48 hours.  This amount of time was much more than what would be 
required to achieving complete freezing.  This estimate was made from the 8-9 hour time 
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frame required for complete freezing in a standard freeze-thaw test using 2-inch x 2-inch 
cross-section beam samples.  Following the 48-hour freezing cycle, the sample bag was 
removed from the freezer and placed at room temperature for 48 hours for complete 
thawing.  The sample was subjected to twenty such freeze-thaw cycles.  The samples 
showed absolutely no sign of breaking, cracking or chipping at the end of these twenty 
cycles. 
 
Permeability (AASHTO T 215-70) 
 
Permeability essentially refers to the velocity of fluid through a soil mass.  Though 
permeability is independent of dimensions of the soil mass and fluid head applied, it is 
influenced by particle orientation in the soil mass, and density of the soil.  The test 
procedure involves measuring fluid flow rate through a compacted and saturated mold of 
soil sample.  Water was used in these permeability measurements.  The developed mixes 
were tested for coefficient of permeability (k) values according to AASHTO T 215-70 – 
Permeability of Granular Soils (Constant Head).  The mix constituents were compacted 
in a compaction permeameter (Figure 4).  The sample was subjected to two different 
constant heads of 34-inches and 45-inches of water column.  Saturation of the sample 
was achieved in approximately 24 hours.  A constant flow rate of water was measured 
under the two different static pressure heads for computation of the coefficient of 
permeability. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Compaction Permeameter. 
 
Porosity 
 
The porosity was calculated from the bulk density and water absorption measurements. 
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Environmental Properties (ASTM D3987 and EPA SW-846) 
 
The environmental properties determination involved the ASTM shake test (ASTM D-
3987) conducted at SIU and the EPA method SW-846 TCLP extraction conducted by 
SIPC.  The 14-day cured mix samples were crushed and pulverized prior to conducting 
these tests. 
 
 

RESULTS AND DISCUSSION 
 
Task 1:  Characterization 
 
In this task, the data on physical and chemical properties of all the CCB mix constituents 
used in this study was compiled.  The loss on ignition for the FBC ash was 1.48% and for 
F-ash was 1.52%.  The trace element composition of these ashes and the scrubber sludge 
is provided in Table 2.  The particle size distribution of scrubber sludge is presented in 
Figure 5. 
 
Table 2. Trace element concentration in the CCBs from SIPC utilized in this project. 
 

Concentration (ppm) Element 
Scrubber Sludge F-fly ash FBC fly ash 

Sb 4 0 0 
As 54 129 94 
Ba 31.5 332 204 
Be 2 4 2 
Cd 0 3 0 
Cl- 324.5 130 231 
Cr 8.5 200 64 
Co 44 46 42 
Cu 11 157 37 
F- 137.5 63 45 
Pb 50 101 58 
Mn 48.5 316 257 
Hg 0.13 0.01 0.02 
Mo 0 39 0 
Ni 37 161 4 
Se 0 0 0 
Ag 17.5 15 20 
Zn 128 1930 199 
Tl 6.5 7 7 
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Figure 5. Particle size distribution of scrubber sludge using Microtrac – S3000. 
 
Task 2:  Mix Design 
 
It has been discussed that in addition to the screening experimental design, mixes 
utilizing a combination of two inorganic binders were prepared and tested.  The results of 
these experiments indicate that the SIPC F-ash was triggered by binder A while the SIPC 
FBC-ash was triggered by binder B (Table 3).  Hence, a combination of the two binders 
based on the workability considerations discussed in the executive summary was utilized. 
 
Table 3. Interaction of inorganic binders with constituent CCBs in the proposed mix. 
 

FBC fly ash 
(%) F-fly ash (%) Binder A (%) Binder B (%) 7-day Strength 

(psi) 
- 90 10 - 980 

95 - 5 - 580 
- 85 - 15 356 

90 - - 10 1,009 
 
The results of the experimental design revealed the following: 
 

• Since scrubber sludge is essentially an inert filler material in the cured sample 
matrix, reducing the SS content in the mix improves the sample strength. 

• 7-28 day strengths in the 800-1,200 psi range can be achieved with a 25% dry 
weight of SS in the mix (40-45% as-received weight) through adjusting the other 
mix constituents to maximize strength. 

• The achieved strength results far exceed the goals stated in the proposal which 
targeted 28-day strength of 500-600 psi for the cured mix. 

• Combination of F-ash and FBC ash resulted in synergy which led to improved 
strength. 
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Task 3:  Mix Optimization 
 
Three candidate mixes were identified based on the results obtained during the screening 
tests.  These mixes contained 25% sulfite-rich scrubber sludge, 35% F-fly ash and 35 % 
FBC ash; all on moisture-free basis.  The remainder 5% was split into 50:50, 75:25 and 
100:0 ratios of IBA and IBB.  The optimal composition of the coal combustion by-
products was based on the screening experiments results which indicated improved 
strength characteristics for decreasing scrubber sludge content in the mix.  This finding 
was expected since scrubber sludge is essentially inert with no pozzolonic or 
cementitious properties that contribute to the strength.  Since one of the goals established 
for the project was maximizing the use of scrubber sludge, the level of 25% was 
established where it was still possible to achieve the targeted strength characteristics of 
the designed mix.  The composition of F-fly ash and CFB ash was established from the 
screening experiments to give the highest strength at the set 25% scrubber sludge content 
in the mix.  The binder content was based on the observation that beyond about 5% 
composition in the mix, the incremental strength gain was not significant.  Hence, to 
minimize the cost of binders, the optimal content was established at 5%.  Three 
combinations of IBA-IBB ratios were attempted due to the following reason.  As reported 
earlier, tests on the curing behavior of SIPC F-ash and SIPC FBC-ash revealed that the 
SIPC FBC ash was triggered by IBB while the SIPC F-ash was triggered by IBA.  Since, 
the mix had equal amounts of F-ash and CFB ash; the ideal IBA-IBB ratio would have 
been 50:50.  However, at this ratio, it was observed that to produce a soil-like mix, which 
was one of the goals of this project, to ensure workability and amenability to roller 
compaction, the water content had to be reduced to a point where the mix was water 
deficient from the point of view of attaining the highest strength.  This behavior was 
expected as the water retention property of IBB is significantly lower than that of IBA.  
Since a strong positive relation was observed between mix moisture content and the 
strength, theoretically, the mix should have then had 100% IBA content which would 
allow for the highest mix moisture content while maintaining workability.  This however 
may lead to longer term problems associated with carbonation, generation of carbonic 
acid, and material degradation.  Hence, to identify and obtain a balance between 
workability, strength and durability, three combinations of IBA and IBB were attempted. 
 
The final recommended mix compositions are presented in Table 4.  Several batches of 
these final mixes were prepared to ensure repeatability of the strength data.  The results 
obtained consistently indicate 7-28 day strength values between 800-1,200 psi for all the 
mixes.  Corresponding modulus values between 120-170 ksi have been recorded.  The 
detailed strength test results are presented in Tables 5 – 7.  A typical (Mix 1, No. 8, 28-
day test) stress-strain curve obtained during strength testing is shown in Figure 6.  The 
samples before and after testing are shown in Figures 7 and 8. 
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Table 4. Final mix recommendations (as-received basis). 
 

No. 
Scrubber 

Sludge 
(%) 

FBC fly 
ash 
(%) 

F-fly ash 
(%) 

Binder A
(%) 

Binder B 
(%) 

Mix 1 42 27 27 3 1 
Mix 2 42 27 27 4 0 
Mix 3 42 27 27 2 2 

 
 
 
 
 
Table 5. Measurement of repeatability of sample strength.  Mix 1:  SS-25%, FBC:  

35%, FA:  35%, IBA:  3.75%, IBB:  1.25%, Mix Moisture:  24%, as-received 
basis. 

 
Unconfined Compressive Strength (psi) No. 

7-day 14-day 28-day 
1 919 983 1370 
2 929 1081 1399 
3 805 469 958 
4 815 1105 1363 
5 900 1162 1335 
6 906 1011 1425 
7 765 1109 1293 
8 855 1089 1157 
9 819 1049 1127 
10 862 990 1320 
11 738 1182 1435 
12 786 983 1383 
13 820 925 1224 
14 865 996 1434 
15 848 1152 1269 

Average (psi) 842 1019 1299 
Standard Deviation (psi) 57 170 134 
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Table 6. Measurement of repeatability of sample strength.  Mix 2:  SS-25%, FBC:  

35%, FA:  35%, IBA:  5%, IBB:  0%, Mix Moisture:  26%, as-received basis. 
 

Unconfined Compressive Strength (psi) No. 
7-day 14-day 28-day 

1 935 1071 1188 
2 837 1031 1196 
3 926 1014 1229 
4 862 1158 1236 
5 935 1039 1220 

Average (psi) 899 1063 1214 
Standard Deviation (psi) 46 57 21 

 
 
 
 
 
Table 7. Measurement of repeatability of sample strength.  Mix 3:  SS-25%, FBC:  

35%, FA:  35%, IBA:  2.5%, IBB:  2.5%, Mix Moisture:  24%, as-received 
basis. 

 
Unconfined Compressive Strength (psi) No. 

7-day 14-day 28-day 
1 805 967 1101 
2 835 887 1326 
3 693 903 1323 
4 747 826 1335 
5 710 863 1106 
6 828 812 1117 
7 827 956 1341 
8 856 929 1116 

Average (psi) 788 893 1221 
Standard Deviation (psi) 62 71 118 
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Figure 6. A typical stress-strain curve obtained during 28-day strength testing of a 

Mix 1 sample.  Ultimate Strength – 1157 psi, Elastic Modulus – 151,731 psi. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Intact samples before strength testing. 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. (a) and (b) Samples after strength testing. 
 
Weatherability 
 
Two different tests on weatherability were conducted on the final mixes.  These were the 
immersion index of the coal mine roof rating, and slake durability test.  In addition, 
swelling tests and modified freeze-thaw tests were conducted to provide an indication of 
the durability of the cured samples. 
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Immersion test results on the developed mixes were excellent.  The best possible 
immersion index of 0 was recorded just after 7-days of curing. 
The durability test on 14-day cured samples indicated a deterioration of only 3-7% after 
two wetting cycles.  Pictures of durability test samples are provided in Figure 9. 
 
Swelling tests indicated a low swelling potential of less than 3%.  The swelling curve is 
shown in Figure 10. 
 
Despite the high water absorption measured, the samples showed no negative response to 
repeated cycles of freezing and thawing.  The effect of freeze-thaw cycling on the static 
strength of stabilized FGD has been studied by Chen et al. (1997).  It was found that the 
degradation in strength due to onset of alternating episodes of freeze-thaw after 60 days 
curing were minimal when the flue gas desulfurization product contained more than 5% 
lime. 
 
Overall, these results point to very good durability of the designed mixes. 
 
Environmental Properties 
 
SIU conducted ASTM shake tests on two samples of the final mixes.  The resultant data 
(Table 8) indicated compliance with class I ground water standards for all the trace 
elements.  The leachate pH was however slightly higher (11.2) than the maximum 
allowed (9) for discharging the effluent into public waterways.  This however may not be 
an issue since dilution will lower the pH to less than the maximum allowed for discharge.  
Also, the alkaline pH may be neutralized by the acidic animal waste. 
 
SIPC also conducted TCLP analysis on five samples of the final feedlot mixes.  The data 
confirmed findings reported by SIU and indicated that the leachates from the mixes were 
class I groundwater compliant with the exception of sulfates.  In comparison, even the 
fixated SIPC scrubber sludge is cadmium and sulfates class II non-compliant and lead 
class I non-compliant.  The data is presented in Table 9.  The non-compliant sulfate 
concentration may not be an issue in actual practice since the tests represent the worst 
possible scenarios which are rarely encountered. 
 
Other Cured Sample Properties 
 
Several other tests were performed to evaluate the physical properties of the cured mixes 
(Table 10).  The bulk density of the cured mixes was determined to be in the 85-95 pcf 
range.  Water absorption in the range of 16-25% was recorded.   
 
A relatively low coefficient of permeability (k) of 5.74×10-6 cm/s was determined for 
Mix 1.  This value can be compared to permeability of silt, which lies in the range 10-4 
cm/s to 10-6 cm/s.  The low permeability is very desirable to minimize leaching of trace 
elements even though trace element leaching is not of a particular concern here as 
reported earlier. 
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Figure 9. Durability test on Mix 1, (a) original sample, (b) after 1-wetting cycle, and, 

(c) after 2 wetting cycles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Axial swelling with time for a 24-hour cured Mix 3 sample when exposed to 

water. 
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Table 8. ASTM leachate test data for two CCBs based feedlot mixes after 14-days 

curing time.  Sample A:  SS-30%, FA-30%, FBC-30%, L-5%, C-5%.  Sample 
B:  SS-25%, FA-30%, FBC-30%, IBA-2.5%, IBB-2.5%. 

 
Concentration (ppm) Illinois Water Quality Standard 

Element 
Sample A Sample B Class I 

(ppm) 
Class II 
(ppm) 

Ag 0 0 0.05 - 
Al 0.24 0.08 - - 
As 0.04 0.01 0.05 0.2 
B 0.68 0.54 2 2 
Ba 0.23 0.29 2 2 
Be 0 0 0.004 0.5 
Ca 747 762 - - 
Cd 0 0 0.005 0.05 
Co 0 0 1 1 
Cr 0.04 0.05 0.1 1 
Cu 0 0 0.65 0.65 
Fe 0 0 5 5 
Mg 0.15 0.01 - - 
Mn 0 0 0.15 10 
Mo 1.77 1.82 - - 
Ni 0 0 0.1 2 
Pb 0 0 0.007 0.1 
Sb 0.01 0.02 8 - 
Se 0 0 0.05 0.05 
Si 4.61 1.24 - - 
Tl 0.01 0.01 - - 
V 0.08 0.01 - - 
Zn 0.01 0.02 5 10 
pH 11.16 11.59 6.5-9.0 6.5-9.0 

 
 
 
 
 
 
 
 



 20

Table 9. TCLP testing on the designed feedlot mixes in comparison with presently 
disposed fixated scrubber sludge from SIPC. 

 

Concentration (ppm) 
Illinois Water 

Quality 
Standard Element 

Mix 1 Mix 2 Mix 3 Mix 4 Fixated 
SS 

Class 
I 

(ppm) 

Class 
II 

(ppm)
Ag 0 0 0.005 0 0 0.05 - 
As 0.014 0.015 0.009 0.023 0.007 0.05 0.2 
Ba 0.08 0.05 0.135 0.16 0.17 2 2 
Cd 0.01 0 0 0 0.35 0.005 0.05 
Cr 0.03 0.05 0.06 0.06 0.08 0.1 1 
Pb 0 0 0 0 0.04 0.007 0.1 
Se 0.014 0.009 0.01 0.019 0.006 0.05 0.05 
Hg 0 0 0 0 0 0.002 0.01 
SO4 2390 2590 2320 2620 2820 400 400 

 
Table 10. Mix properties after 14-day curing time. 
 

No. 
Bulk 
Den. 
(pcf) 

Poro-
sity 
(%) 

Water 
Abso-
rption
(%) 

Coeff. 
Of 

Perme-
ability 
(x 10-6 
cm/s) 

Durab-
ility, 
ID2 
(%) 

Swell-
ing 
(%) 

Immer
-sion 
Index 

Modified 
Freeze 
Thaw 

(Breakage 
%) 

Mix 1 86.2 36.6 26.42 5.74 7.08 2.12 0 0 
Mix 2 97.4 33.2 21.23 - 5.82 - 0 0 
Mix 3 98.3 42.8 27.12 - 6.43 2.02 0 0 
Mix 4 112.7 30.2 16.67 - 5.87 1.46 0 0 

 
Task 4:  Reporting 

 
Monthly reports were submitted to ICCI as required.  Two presentations were made to 
representatives of ICCI/DCEO and the project cooperators to report the progress and 
ongoing activities till date.  Recommendations for future development and demonstration 
work to extend the laboratory study results to commercialization were also made at the 
second meeting with ICCI.  A brief update was also given to SIPC board of directors at 
the first presentation. 
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Engineering Economics 
 
The construction costs data have been generated based on discussions with industrial 
cooperators. 
 
Concrete Feedlots 
 
Ready-mix concrete is typically used for construction of feedlot. A typical feedlot is 6-
inches thick.  Thus, one acre feedlot requires about 807 cubic yards of concrete.  The 
U.S. Department of Agriculture/Natural Resources Conservation Service has estimated 
the average cost of feedlot construction as $206/yd3, including labor and material costs 
(EPA-821-R-01-019). 
 
Estimated cost of concrete feedlot (current practice) = 807 yd3 x $206/yd3 = $166,242 
 
The project team estimates this cost to be in the range of $120,000-$130,000 for the 
southern Illinois region. 
 
CCBs-Based Feedlots 
 
Based on achieved strength characteristics to date (800-1000 psi), a typical feedlot will be 
12-inches thick.  Ohio State University professionals recommend 18-inch thick pad 
because their design strength is 500 psi.  One acre feedlot will require about 1800 cubic 
yards (including 10% waste) of material.  At 90 pcf (1.215 tons/yd3) cured bulk density 
of CCBs-based material, the total weight of CCBs used would be 1.215 x 1800 ~ 2,200 
tons and the total weight of the material delivered at 24% as-received moisture would be 
2200/0.76 ~ 2,900 tons. 
 
Material Cost: 
 
Inorganic binders (5%) – 120 tons @$80/ton = $9,600 
Scrubber sludge + fly ash mix transported to site @ $6/ton (average cost for 
transportation up to 75 miles) = $17,400 
Pad surface sealer - $8,000 
Field preparation ($250/hr, 8 hours) = $2,000 
Equipment and labor ($250/hr, 16 hours) = $4,000 
Plastic sheeting = $400 
Water delivery = $100 
Reclamation, roads, side slopes, vegetation of disturbed areas = $1,000 
On-site auger mixer for re-fluffing mix (owning and operating cost) = $500 
Administrative oversight ($500/day, 4 days) = $2,000 
Miscellaneous (holding drainage pond) = $1,000 
Total estimated cost = $46,000 
 
Thus the estimated cost of a CCBs-based feedlot is about 25%-30% of the cost of a 
concrete feedlot.  This represents savings of about $80,000-$120,000 for one acre feedlot 
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to the farmer.  SIPC will also save on disposal cost.  At the current disposal cost of 
$5.50/ton, SIPC will save about $11,500 for 2,090 (2,200 x 0.95) tons of CCBs used.  
The actual savings are even greater since $5.50/ton is the operating cost and does not 
include capital cost associated with the landfill.  Also, the developed cost estimates are 
very conservative.  Due to the higher strength of the developed mix, surface sealer may 
not be required.  The plastic sheeting and on-site auger mixer could be used at several 
sites.  The cost for drainage ponds will be applicable only if such ponds do not exist 
already.  All other costs have also been computed to get a conservative estimate.  These 
estimates have been developed by the project team in conjunction with the project 
cooperators (Jeff Beasley, Beasley Farms and Leonard Hopkins, SIPC). 

 
Near-Term Estimates of CCBs-Based Feedlot Development 
 
An attempt has been made to develop three-year estimates (2004-2006) for CCBs-based 
feedlot development.  This was done through project team discussions with four farmers 
in southern Illinois early in September 2003, and through contacts with the Illinois Beef 
Association. 
 
Year 2004 – 3.8 acres or ~10,000 tons of CCBs 
Year 2005 – 4.0 acres or ~10,000 tons of CCBs 
Year 2006 – 10.0 acres or ~20,000 tons of CCBs 
 
Illinois Beef Association is very enthusiastic about the project and has sent a letter of 
support for the full scale demonstration of the technology studied in this project.  They 
will also assist in commercializing the technology after development and demonstration 
research has been completed.  The industrial cooperators (SIPC and Beasley Livestock 
Farms) are confident that beneficial use of CCBs through this application will grow 
rapidly after the performance results of the feedlot are disseminated.  Beasley livestock 
farms also hopes to use this technology for constructing composting facilities for dead 
animals.  That would increase the beneficial use of CCBs even more. 
 
 

CONCLUSIONS AND RECOMMENDATIONS 
 
Laboratory studies conducted in this investigation have established the technical and 
economic feasibility of using sulfite-rich scrubber sludge and other Illinois CCBs for 
development of cattle feedlots and other similar applications.  High strength materials 
have been produced with 7-day cure strengths of 800-1,000 psi and 28-day cure strengths 
of 1,000-1,200 psi.  The higher strength mixes have been developed while reducing the 
consumption of inorganic binders, as compared to the OSU technology, which represents 
a large portion of the cost of this application. 
 
The developed mixes have shown excellent weatherability and durability properties.  
ASTM leachate and TCLP tests have indicated that the leachate from the developed 
mixes will meet Class I ground water quality standards with the exception of sulfate, 
which, may not be an issue in practice since the tests represent the worst possible 
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scenarios which are rarely encountered.  The summary properties of the mixes developed 
in this project are: 
 

• Compressive strength- 7- day- 850-1,000 psi 
• Compressive strength- 28- day- 1000-1,200 psi 
• Elastic modulus:  120-170 KSI 
• Bulk density- 85-95 pcf 
• Moisture content- less than 1% 
• Water absorption- 16-25% 
• Durability- Two cycle wetting durability - 3-7% sample deterioration 
• Immersion index:  0 (best possible) 
• Swelling- less than 3% 
• Modified freeze-thaw- No deterioration after 20 cycles 

 
Engineering economic evaluation indicates that feedlot construction using the mixes 
developed in this project will cost only 25-30% of the cost of conventional concrete 
feedlots.  The encouraging results obtained in this study are leading to a full scale 
demonstration of the developed technology and the potential for commercialization 
appears to be very high. 
 
Recommended Future Work 
 
After having placed the proposed concept on sound scientific foundation, the project 
team with strong support and encouragement from the industrial cooperators recommends 
the demonstration of this technology on a full scale in late summer 2004.  Leading to the 
full scale demonstration, the study will develop and demonstrate appropriate mixing 
technology for preparation of Illinois CCBs-based soil-like mixes for feedlot construction 
and other similar applications.  The full scale demonstration of a 1-acre feedlot at Beasley 
farms will be followed by post-construction monitoring of engineering and environmental 
properties of the feedlot.  The actual costs involved in the construction of this 
demonstration pad will be documented to develop more reliable cost estimates for 
commercialization.  Studies on the workability of the developed mix will also be 
conducted to determine the reach and market for this technology specific to the location 
of the power plants.  Funding for these studies has been recently approved by ICCI. 
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(B) Assumes any liabilities with respect to the use of, or for damages resulting from the 

use of, any information, apparatus, method or process disclosed in this report. 
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