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Executive Summary

The purpose of this testing program was to evauate the properties of fly ash produced at Ottumwa
Generating Saion (OGS) during the second trid burn of switchgrass and pulverized cod. Thisfly
ash will be referred to as “co-combustion” fly ash throughout this report.  The trid burn was
conducted during late November and early December of 2003 and the testing program was
designed to evduate both the uniformity and performance of the co-combustion fly ash. The scope
of the testing program was limited to the determination of bulk fly ash properties, ASTM C 618
mandatory and supplementary optiona tests, and a series of concrete tests. No fidld trids were
conducted during this project.

Sixteen fly ash samples were received for testing. The samples were obtained from both the bulk
adh glo a OGS and from an autosampler that had been installed specifically for the project. Since
switchgrass was only introduced into one side of the boiler, the autosampler had been ingtaled on the
pneumdtic line servicing that particular precipitator bank. Hence, the samples from the autosampler
reflected materid representative of the nomind (theoretical) switchgrass burn rate. The samples of
slo ash should have effectively been diluted by a factor of two because pneumdtic lines from two
banks of precipitators are sent to the ash slo. Switchgrass burn rate was varied from O to about 10
tons per hour during the tria burn. The maximum burn rate of 10 tons per hour corresponds to the
co-firing of 5% switchgrass with 95% pulverized cod. However, due to the dilution noted above,
the samples taken from the fly ash silo would only represent materia produced from the co-firing of
2.5% switchgrass.

After the test results from the preiminary chemica and physicd fly ash testing were reviewed, it was
noted that some of the physica properties of the fly ash from the autosampler were not consistent
with properties measured in the sllo ash. Since the silo ash samples clearly represented materid that
would be marketed from the power station, and the samples exhibited physical properties consstent
with higtoricd data obtained from prior OGS testing, it was decided to concentrate further testing
only on the slo ash samples. The objective of testing materia obtained from the autosampler was to
evauate the uniformity of fly ash that was produced during the trid burn. However, this objective
was not redlized due to the anomaly in the samples obtained from the autosampler. It isimportant to
note that the anomaly was smply asampling issue; it did not pertain to the co-combustion process.

The purpose of conducting engineering properties testing was to ensure that the samples met specific
requirements listed in ASTM C 618. As mentioned above, this phase of the research concentrated
on the fly ash samples that were obtained from the ash slo. These particular fly ash samples dl met
the chemicad requirements for Class C fly ash. The fly ash samples dso met dl of the physica

requirements with the exception of the ASR mortar expansion tests (i.e., the effectivenessin reducing
expanson due to akdi-dlica reaction test). The results of the various performance tests were in
good agreement with prior studies usng OGS fly ash. Hence, it was concluded that the co-
combustion of 2.5% switchgrass with coa hed a minimal impact on the properties that are specified
in ASTM C 618.



The purpose of the concrete testing was to evauate how the co-combustion ash performed in
laboratory concrete mixtures. Both plastic and hardened concrete properties were evaluated. The
study failed to find any significant differences between the basdine OGS fly ash and the samples of
co-combugtion fly ash. Typicdly, dl of the samples behaved in a manner that was conastent with
prior studies that hed utilized fly ash from OGS. Hence, it was concluded that the co-combustion of

2.5% switchgrass with coa had a minima impact on the concrete properties that that were measured
in this sudy.

Vi



INTRODUCTION

Background

Coal-fired power plants produce the mgority of eectricity that isused in lowa. Fly ash, acommon by-
product of coa burning, has been marketed successfully in lowa since the early 1980's. However,
recent environmental pressures have changed the fud dtrategies used at some power plants. The use of
dternate fuds, such as biomass or switchgrass, is in the very early stages of becoming a redity. Prior
gudies of co-combudtion fly ash from OGS have indicated that there were only smdl differences
between the co-combustion ash and norma (basdine or cod only) fly ash [1, 2]. However, prior
gudies were limited because of the very smal sze of fly ash samples that had been collected during the
firg trid bun. In addition, the fly ash samples from the initid tria burn had been collected from
individud precipitator hoppers at the power plant and this tended to complicate interpretation of the test
results. Hence, a second trid burn was planned and conducted to overcome these complications and to
provide researchers with large quantities of fly ash that would alow a robust evauation of a
“marketable’” stream of co-combugtion fly ash from OGS.

Scope

The purpose of this testing program was to evauate the properties of fly ash produced a Ottumwa
Generating Station (OGS) during the second co-combusgtion trid thet was conducted from late
November to early December 2003. The testing program was designed to evauate both the uniformity
and performance of the co-combustion fly ash. The scope of the testing program was limited to the
determination of bulk fly ash properties, specific mandatory and optiond tests described in ASTM C
618 [3], and a round of concrete tests that are summarized below. No fidd trids were conducted
during this phase of the project.

Objectives
The objectives of the research project can be summarized as follows.
1. Compare the chemical and mineralogica characteristics of co-combustion ash with those from
fly ash derived from burning only cod.
2. Compare the engineering properties of pastes and mortars containing co-combustion ash with
the specification limits given in ASTM C 618.
3. Compare the engineering properties of concrete mixtures containing co-combustion ash with
control mixtures containing only portland cement.



SAMPLES AVAILABLE FOR TESTING

The fly ash samples studied in this project were collected during the second co-fire testing a Ottumwa
Generating Station (OGS). Sampling techniques and power dation operating parameters have
described in detal by Comer [4]. Brigfly, samples were collected from November 21 through
December 12, 2003. All of the samples (16) that were received for study were tightly seded in metdl

paint cans (1 gdlon or 5 galon szes, see Table 1). The samples represented fly ash sampled from the
ash dlo and materid obtained from an autosampler. The autosampler was indtdled after the firgt trid

burn. The nomind switchgrass burn rate is aso given in Table 1. Keep in mind that the autosampler
was located on the pneumatic line from the east precipitators to the ash slo so the nomind burn rate
reflects the actua switchgrass burn rate. In the other samples (those obtained from the ash slo) the
nomina burn rate needs to be divided by two to obtain the actua burn rate. A burn rate of 10 tons per
hour is equivaent to burning 5% switchgrass and 95% cod.

Silo Samples

The samples for concrete testing actually consisted of three containers of fly ash (designated A, B or C);
however, chemica and physicd testing indicated that the samples in the three different containers
bearing the same sampling date were nearly identica and could be consdered asa

Table 1. Summary of fly ash samples from the fal 2003 OGS test burn.

Sample date Sze Fue Type Type Burn Rate | Testing

(Tonghour) | Program

11/21/2003 3@5 gal. each coal silo 0 concrete

12/10/2003 3@5gal. each co-fired slo 10 concrete

12/11/2003 am 3@5gdl. each co-fired silo 10 concrete

12/11/2003 pm 3@5 gal. each co-fired silo 10 concrete
11/25/2003 11 pounds coal autosampler 0 C618
12/01/2003 11 pounds co-fired autosampler 11 C618
12/02/2003 9 pounds co-fired autosampler 9 C618
12/03/2003 9 pounds co-fired autosampler C618
12/04/2003 5 pounds co-fired autosampler C618
12/05/2003 11 pounds co-fired autosampler 10 C618
12/06/2003 4 pounds coal autosampler 0 c618
12/08/2003 11 pounds co-fired autosampler 8 C618
12/09/2003 10 pounds coal autosampler 0 C618
12/10/2003 10 pounds co-fired autosampler 10 C618
12/11/2003 12 pounds co-fired autosampler 10 C618
12/12/2003 12 pounds coal autosampler 0 C618




gngle sample. In addition, the samples taken on 12/11/2003, denoted as “am” and “pm”, were dso
found to be nearly identica so they were treated as a single sample for the concrete testing phase of the
project. Split samples were sent to Headwaters for verification testing.

Samples from the Autosampler

A typicd sample from the autosampler consisted of about ten pounds of fly ash. All of the samples met
the minimum amount of sample specified in ASTM C 311 [5]. Each individuad sample was split in half.
One half was shipped to Headwaters MTRF for analyss. The other haf of the sample was retained for
testing at lowa State Universty.



RESEARCH APPROACH

The research project utilized a testing program that evaluated basic materia properties, engineering
properties from paste and mortar testing conducted in accordance with C 618, and the performance
properties of concrete specimens.  Specific uniformity and C 618 tests were conducted a two
independent [aboratories (1ISU and Headwaters). This was done to check the vaidity of the test results.
All these tests were conducted in accordance with ASTM C 311 [5] unless specifically noted. Details
of the testing programs are summarized below. The uniformity and C 618 testing were conducted to
satisfy objectives 1 and 2 of this project. The concrete tests were conducted to satisfy objective 3.

Basic Materials Properties

These tests consgted of the normd tests that are commonly used to evauate the uniformity of fly ash.
These tests include moisture content (MC), loss on ignition (LOI), fineness, density and bulk chemicd
composition. lowa State University conducted these tests on al of the samples that were available for
the project (sampleslisted in Table 1). Headwaters conducted verification testing on nearly dl of the fly
ash samples.

Additiond studies on the fly ash samples were conducted at 1ISU. These fundamenta studies consisted
of evauaing the minerdogy of sdected samples. Minerdogy was determined via X-ray diffraction.
Chemica testing was conducted on specific samples to assess the rate at which dkai went into solution.

Pasteand Mortar Testing

Engineering properties tests consgted of the mandatory chemicd and physica requirements listed in
ASTM C 618 [3]. Briefly, these tests include the bulk naterias properties tests listed above, plus
drength activity index a 7#days (7d SAI) and 28-days (28d SAl), water requirement, soundness,
effectiveness in contributing to sulfate resstance, effectiveness in reducing expansion due to dkai-dlica
reaction, and the uniformity requirements for fineness and dendty. In addition, set time tests were
conducted on samples of fly ash that were obtained from the ash dlo. These mortar tests were
conducted in accordance to ASTM C 403 [6]. Fly ash replacement level was varied during the study
to see how replacement rate influenced setting time.

Concrete Mixtures

Concrete mixtures were tested for both plastic properties and hardened properties. All mixtures were
proportioned using a nomina lowa DOT C-3-20C mix design (see Table 2). Aggregates conssted of
anatural sand from south of Ames, IA (Halet’s south pit) and a crushed limestone from Ames Mine
(Martin Marietta Mine, north of Ames). Fly ash was substituted for cement on an equivalent mass basis
(replacement levels of 20%, 28% and 36%). Fine aggregate was removed from the mix to compensate



for the increase in volume caused by increasing fly ash replacements. All mixtures were proportioned to
a congant dump (2.5 = 1 inch) and had a target air content of 6 = 1%. The plastic concrete mixtures
were tested for dump, dump loss, air content and unit weight. The hardened concrete mixtures were
tested for compressive strength (at 3, 7, 28 and 90 days of curing), rapid chloride permeability, and air-
void parameters. The ar void parameters were determined to estimate the frost resstance of the
concrete specimens. This was done in place of the rapid freeze-thaw test because of the presence of a
ggnificant fraction of dolomite particles (Ames mine, bed 27) in the coarse aggregate. Higtoricaly, this
bed of dolomite aggregate has exhibited poor resstance to cyclica freezing and thawing and it could
have biased specific mixtures because the particles were not homogenoudy distributed in the coarse
aggregate that was used in the project.

Table 2 - Summary of nominal concrete mixture proportions and coarse aggregate gradation.

Constituent Absolute volume Mass per cubicyard
Ibs

Cement (Type I/11) 0.091 484
Fly Ash 0.023 121
Water 0.1%4 260
Fine Aggregate (SSD) 0.302 1329
Coarse Aggregate (SSD) 0.370 1669
Air 0.060

Total 1.000

Coarse Aggr egate Grading

Sieve Opening % Retained
¥ (19.0 mm) 10
Y2 (12.7 mm) 40
38" (9.5 mm) 25
#4 (4.76 mm) 25




EQUIPMENT AND PROCEDURES

lowa State University, Materials Analysis & Research Laboratory (MARL)

The MARL laboratory used X-ray techniques to measure the bulk chemistry and minerdogy of the fly
ash samples.  The engineering properties tests were conducted in accordance with ASTM C 311 [5]
(with the exceptions noted below). The MARL participates in the Cement and Concrete Reference
Laboratory (CCRL) pozzolan proficiency sample testing program and the CCRL |aboratory ingpection
program. The most recent CCRL laboratory ingpection was conducted on September 28, 2004.

A Philips PW 2404 Xray spectrometer (XRF) was used for the bulk chemica determinations that
were made during this study. Specimens were presented to the spectrometer as fused disks (flux to
sample ratio = 5.00). The spectrometer was equipped with a rhodium X-ray tube. All measurements
were corrected for tube drift via a monitor sample (Ausmon-silicate minerds reference monitor). The
gpectrometer was cdibrated usng NIST grade certified reference materids. The bias (accuracy),
precison (repeatability) and instrument stability information were consistent with the vaues given in the
find report for the previous study [2].

A Siemens D 500 X-ray diffractometer (XRD) was used to determine the minerdogy of the fly ash
samples. The diffractometer was equipped with a copper X-ray tube and a diffracted beam
monochromater. Test specimens were prepared by back-loading the fly ash samples into one-inch
diameter (25 mm) sample holders.

A Beckman DU-2 UV-Vishle light spectrometer was used to measure the soluble (available) dkali in
the fly ash samples. The spectrometer was equipped with a flame atachment and used hydrogen and
oxygen as the fud. Reagent grade cacium carbonate, sodium chloride and potassum chloride were
used to make the cdlibration standards. The spectrometer was cdibrated in accordance with the
procedure described in ASTM C 114 [7].

The dkdi dissolution study was conducted by extracting available dkdi test specimens at curing times
other than the 28-days specified in C 311. For this study, extractions were made after 3, 10 and 28
days of curing & 38°C. Then samples were extracted and andyzed in accordance with the normal
procedure for available akai determinations.

The sulfate resstance tests were conducted in genera accordance to Procedure A given in C 311.
However, one exception to the standard procedure was used throughout this study. This study



employed a room temperature curing method rather than the accederated curing procedure that is
described in the standard method. This was done to dlow for direct comparison of the test results of
this study with those from prior sudies a ISU [8]. The strength criterion for immersion in the sulfate
solution was 4ill observed (3000 + 150 ps); however, the time was determined by conducting
compressive strength tests at 1, 2, 3, 4 and 7 days of curing (lime-water bath a room temperature) and
then fitting a regression curve to the experimenta data Two compressive srength specimens (standard
cubes) were molded with each set of test specimens and the cubes were broken immediately prior to
immersion to ensure that the strength criterion had been reached.

Image anadysis was used to determine the air void parameters of the hardened concrete. The tests were
conducted using the MARL standard operating practice that had been developed in an earlier research
project [9]. A Hitachi variable pressure scanning electron microscope was used to collect digita images
of the various test specimens. The digita images were then subjected to image andys's to determine
entrained ar content, the void-sze distribution and the gpparent spacing factor of the concrete.

lowa State Univer sity, Portland Cement Concr ete Research Laboratory (PCC Lab)

All of the concrete mixtures were made in the PCC Lab at lowa State Universty. The lab contains all
of the equipment needed to mix, cure and test concrete test pecimens.  The concrete was mixed and
test specimens were molded in accordance with ASTM C 192 [10]. Slump was tested in accordance
with ASTM C 143 [11]. Air content was tested in accordance with ASTM C 231 [12]. The density
of the concrete was determined by weighing the base of the air pot prior to conducting the air content
test. Strength was determined in accordance with ASTM C 39 [13]; unbonded capping pads were
used to condirain the test specimens during the compressive stirength determinations.

Rapid chloride permeability (RCP) tests were conducted in accordance with ASTM C 1202 [14]. A
Germam Instruments Proove-It apparatus was used for al RCP tests. The apparatus was controlled
via computer to main the gppropriate voltage on the test specimens and to collect data pertaining to the
temperature of the cel and amount of charge passing the test specimens.

Headwaters Materials Testing and Resear ch Facility (MTRF)

The MTRF participates in the Cement and Concrete Reference Laboratory (CCRL) pozzolan
proficiency sample testing program and the CCRL laboratory inspection program. The most recent
CCRL laboratory inspection was conducted on March 29, 2004.

An Oxford ED-2000 Energy Dispersive X-ray Fluorescence Spectrometer (XRF) was used for the
bulk chemicad determinations. The materia was prepared for anadyss as a fused bead (flux to sample



ratio = 3.0) according to ASTM D 4326, Standard Test Method for Mgor and Minor Elements in
Cod and Coke Ash by X-Ray Fluorescence [15]. The insrument was calibrated with standard
reference materids obtained from NIST and Brammer, which have a smilar concentration and matrix to
ClassC and ClassF FHy Ash. The cdibration is verified with CCRL pozzolan proficiency samples.

The avaladle dkdi, moisure, fineness, drength activity index and autoclave expanson were dl
performed according to ASTM C 311. A Varian Spectra-20 Plus Atomic Absorption Spectrometer
was used to measure the soluble (avalable) dkdi in the fly ash samples. The spectrometer was
cdibrated usng sodium chloride and potassum chloride sandards. The loss on ignition (LOI) was
performed using a Leco SC-444DR Carbon Sulfur Andyzer and was cdibrated usng a synthetic
carbon cdibration sample. A Quantachrome Helium Pycnometer was used to determine the specific
gravity or true particle dengty of the fly ash.



RESULTS AND DISCUSSION

Materials Properties

The results of materias properties testing are given in Tables 3 and 4. Table 3 is a summary of the test
results obtained from Headwaters MTRF. Table 4 is a summary of the test results from the MARL at
lowa State University. The chemica composition of the cements that were used at the MTRF and the

MARL are summarized in APPENDIX A.

In generd, there was good agreement between the two labs. The biases noted in the prior study [2]
were ill evident; however, test results were commonly within the precison limits of the various tests.
Hence, for practicd purposes the results can be consdered to provide consgtent information for the
acceptance or rgection of fly ash. One common thing was noted at each

Table 3. Summary of results of materia's properties testing conducted by Headwaters MTRF.

Sample# Type Date Burnrate | Fineness MC LOI Density
1 Silo 11/21/03 0 14.8 0.07 0.35 2.72
2 Slo 12/10/03 10 17.1 0.10 042 2.65
3 Slo 12/11/03 am 10 16.8 0.08 0.37 2.66
4 Slo 12/11/03 pm 10 17.3 0.09 0.37 2.64
5 Auto 11/25/03 0 310 0.08 0.37 2.65
6 Auto 12/01/03 11 345 0.08 0.25 2.57
7 Auto 12/02/03 9 331 0.09 0.36 2.57
8 Auto 12/03/03 8 27.7 0.06 041 2.60
10 Auto 12/05/03 11 354 0.08 0.34 2.63
11 Auto 12/06/03 0 375 0.08 043 2.58
14 Auto 12/10/03 10 300 0.08 043 2.56
16 Auto 12/12/03 0 3238 0.08 0.34 2.60

Available

Sample# SO, AlLO, Fe,0; SUM SO, Ca0 Alkali
1 35.45 19.20 5.35 60.00 2.08 2641 1.45
2 3491 19.50 5.04 59.45 2.59 25.39 252
3 35.48 19.82 4.96 60.25 241 24.82 2.56
4 35.61 20.00 4.99 60.59 2.39 2452 2.62
5 3747 20.17 5.21 62.85 172 23.95 1.94
6 39.22 19.54 5.23 63.99 1.87 22.96 1.70
7 3831 19.59 475 62.65 2.22 23.33 2.04
8 3743 19.68 4.75 61.86 247 23.93 2.14
10 37.09 19.06 5.08 61.23 2.24 24.31 2.18
11 4052 2049 4.99 66.00 1.28 21.73 1.50
14 37.91 1853 5.14 6158 2.26 24.04 2.18
16 40.33 18.83 4.99 64.15 1.84 2213 1.97




Table4. Summary of results of materias properties testing conducted by MARL.

Sample# Type Date Burnrate | Fineness MC LOI Density
1 Slo 11/21/03 0 15.8 0.02 0.23 2.66
2 Slo 12/10/03 10 16.7 0.03 0.30 2.62
3 Slo 12/11/03 am 10 159 0.03 0.29 2.59
4 Slo 12/11/03 pm 10 165 0.04 031 2.61
5 Slo 11/25/03 0 30.6 0.04 0.30 2.63
6 Auto 12/01/03 11 321 0.02 0.21 257
7 Auto 12/02/03 9 29.2 0.03 0.32 2.56
8 Auto 12/03/03 8 26.8 0.03 0.34 2.59
9 Auto 12/04/03 6 310 0.03 0.25 257
10 Auto 12/05/03 11 29.6 0.03 0.26 2.58
11 Auto 12/06/03 0 385 0.03 0.38 253
12 Auto 12/08/03 6 311 0.02 0.25 261
13 Auto 12/09/03 0 29.7 0.04 0.21 261
14 Auto 12/10/03 10 285 0.03 0.36 259
15 Auto 12/11/03 10 324 0.05 0.25 257
16 Auto 12/12/03 0 30.6 0.03 0.23 257
Available
Sample# SO, AlLO, Fe,O, SUM SO, Ca0 Alkali
1 3HHA 18.55 564 59.73 221 26.34 172
2 34.87 19.09 5.27 59.23 2.88 25.39 247
3 3551 19.30 5.24 60.05 2.66 24.77 253
4 35.89 1959 531 60.79 261 24.48 2.56
5 36.80 19.48 545 61.73 181 2391 Not meas'd
6 39.69 19.29 5.52 64.50 2.01 22.80 Not meas'd
7 38.63 19.26 5.03 62.92 2.34 23.08 Not meas'd
8 37.87 19.56 5.08 62.51 2.77 24.02 Not meas'd
9 38.76 1944 521 6341 193 2314 Not meas'd
10 36.60 18.69 5.26 60.55 2.32 23.65 Not meas'd
11 40.4 20.29 5.22 66.45 135 2148 Not meas'd
12 37.45 17.79 542 60.67 2.87 2442 Not meas'd
13 37.23 18.16 561 61.00 274 24.75 Not meas'd
14 3841 18.39 541 62.21 242 2391 Not meas'd
15 38.79 19.46 5.23 63.48 230 2237 Not meas'd
16 40.38 1861 5.26 64.25 197 204 Not meas'd

laboratory — samples from the autosampler were in poor agreement with those obtained from the ash
dlo. Thisisbest illugrated with results from the fineness test (see Figure 1).

Fineness test results for the silo ash samples were about half of those measured for the samples obtained
from the autosampler. These fineness test results were sgnificantly different from test results that were
higtoricaly obtained from samples of OGS fly ash (see Table 5). Since fineness typicaly has a
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ggnificant impact on the engineering properties of fly ash further testing was conducted to evauate the

magnitude of the impact.
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Figurel. Illustration of fineness differences between sampletypes(silo versusautosampler).

Table 5. Descriptive statistics of 1998 OGS fly ash (marketed ash).

Constituent or test result Valid N Mean Minimum | Maximum Sd.Dev.
S0, % 23 36.15 32.98 38.33 146
AlL,Os, % 23 2048 15.81 2167 133
Fe,0s, % 23 5.73 5.48 6.44 0.21
SO;, % 23 179 0.98 3.39 0.66
Ca0, % 23 2.9 20.88 28.60 172
MC, % 23 0.03 0.00 012 0.02
LOI, % 23 0.27 0.19 051 0.08
Available Alkali, % Na,O, 23 176 0.88 247 041
Fineness, % retained on #325 mesh sieve 23 14.71 131 16.78 0.85
28-d Strength Activity Index, % of control 23 102 89 119 7.30
Water Requirement, % of control 23 A 92 95 0H4
7-d Strength Activity Index, % of control 23 A 82 105 6.32
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Autoclave Expansion, % 23 0.02 0.01 0.10 0.02

Density, grams per cc. 23 261 2.55 2.76 0.05

Additiona studies were conducted on the fly ash samples taken from the slo. These fundamenta
sudies conssted of evauating the mineralogy and dissolution characteristics of the samples. Minerdogy
was determined via X-ray diffraction. Chemical testing was conducted to assess the rate & which dkdi
went into solution.

X-ray diffraction (XRD) was used to identify the crystalline components present in the four samples
obtained from the ash slo. In generd, the minerals identified in the various samples were consistent with
previous sudies that have been conducted on OGS fly ash [2, 8]. Diffractograms illugtrating the results
of the XRD experiments are given in APPENDIX B. The minerds that were identified in the samples
included a-quartz, anhydrite, a mdilite group minerd (close to the gehlenite endmember), and a minerd
gmilar to tricdlcium duminate. Occasiondly, the strongest diffraction pesks for ferrite soind (close to
magnetite), lime and periclase were adso observed in the diffractograms.  Typicaly, the minerd
assemblage present in the various samples was relatively fixed and the concentrations appeared to vary
only by smdl amounts. The glass content of the various samples was about 87+7%, thisis in good
agreement with earlier research on samples of OGS fly ash and the composite samples from the firgt trid
burn [2, §].

Alkai solubility experiments were conducted to evauate the rate at which the common fly ash akalies
(sodium and potassum) were released when the bulk ash samples were reacted with calcium hydroxide.
Thisis very smilar to the available dkali test but the samples were extracted at severa ages rather than
the standard curing time of 28 days. Only the four samples of fly ash that were taken from the sllo were
subjected to these tests. Reaults of the experiments are illustrated in Figure 2. All four of the samples
exhibited smilar test results.  This suggests that the dkdi are bound in a smilar fashion in both the
baseline and the co-combustion samples.
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Paste and Mortar Test Results

The results of engineering properties testing (paste and mortar tests) are givenin Tables6 and 7. Table
6 is a summary of the test results for soundness, strength activity index (SAI) and water requirement
from the Headwaters MTRF. Table 7 isa summary of the test results for strength activity index (SAl)
and water requirement from the MARL. These tests were conducted on samples obtained from both
the autosampler and the sllo. Table 8 isa summary of the test results from the sulfate resstance, ASR
mortar bar tests and the setting time tedts.

Table 6. Summary of soundness, strength activity index and water requirement test results.
Autoclave
Water expansion,
Sample# Type Date Burn rate 7-d SAI 28-d SAI Regq'd %

1 Slo 11/21/03 0 % 97 95 0.06

2 Silo 12/10/03 10 89 101 95 0.06

3 Slo 12/11/03 am 10 88 99 95 0.07

4 Slo 12/11/03 pm 10 a1 104 95 0.06

5 Slo 11/25/03 0 0 85 95 0.06

6 Auto 12/01/03 11 84 82 95 0.07

7 Auto 12/02/03 9 87 83 % 0.07

8 Auto 12/03/03 8 101 R % 0.06

10 Auto 12/05/03 11 76 82 % -0.01

11 Auto 12/06/03 0 73 76 % -0.02

14 Auto 12/10/03 10 84 84 % 0.07

16 Auto 12/12/03 0 83 86 % -0.01

Table 7. Summary of strength activity index and water requirement test results for the MARL.
Sample# Type Date Burn rate 7-d SAI 28-d SAI Water Req'd
1 Slo 11/21/03 0 100 106 %
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2 Silo 12/10/03 10 U % %
3 Slo 12/11/03 am 10 95 % %
4 Silo 12/11/03 pm 10 95 105 9%
5 Slo 11/25/03 0 83 91 96
6 Auto 12/01/03 11 85 77 9%
7 Auto 12/02/03 9 89 R 9%
8 Auto 12/03/03 8 89 95 9%
9 Auto 12/04/03 6 79 84 9%
10 Auto 12/05/03 11 84 86 9%
11 Auto 12/06/03 0 78 78 9%
12 Auto 12/08/03 6 68 86 96
13 Auto 12/09/03 0 71 84 96
14 Auto 12/10/03 10 88 83 9%
15 Auto 12/11/03 10 83 80 9%
16 Auto 12/12/03 0 67 87 9%

The drength activity index determinations were strongly corrdated to fineness when the samples from
the autosampler were included in the andlys's (see Figure 3). Hence, it was concluded that the samples
from the autosampler were significantly different from the slo samples and they were excluded from the
remainder of the testing program. This was done for two reasons. Firg, the samples from the ash sllo
were in excdlent agreement with past (marketable) fly ash produced a OGS (compare results in tables
3 and 4 to those given in table 5). And secondly, it was noted that some of the test results for the
samples obtained from the autosampler were margindly failing the test criteria given in C 618. The
falures were not related to co-combustion process since some of the samples were obtained when no
switchgrass was being burned. The samples from the autosampler smply did not give a good
representation of fly ash that is typicaly produced at OGS. The removad of the autosampler samples
from the study was unfortunate but this was not a mgjor setback because the silo fly ash samples were

excdlent examples of “marketable’ OGS fly ash.
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Figure 3. Correlation between strength activity index (28-day) and fineness of the fly ash samples.

The slo ash samples were subjected to tests amed a evaluating how they influenced the aulfate
resstance, ASR mortar bar tests and the setting time tests. In each ingtance fly ash was subdtituted for
portland cement on an equivalent mass bass. Typicdly fly ash replacements were 20% and 36%. The
results of these tets are summarized in a much abbreviated form in Table 8 The table amply ligs the
tes results and how the vdues compare to the specification limit for each tet. This is an
overasmplification of the test results which are strongly time dependent (for example, see Figures 4 and
5). Hence, the interested reader should consult APPENDIX C where dl the test datareside.

All four of the fly ash samples taken from the slo exhibited good sulfate resstance when tested with the
Type I/l portland cement that was used in this sudy. All of the ash specimens exhibited expansons
less than 0.05% at 9x months of exposure; this would be classfied as “high-resstance” by the current
criteria given in ASTM C 618. The observed expanson did not gppear to be strongly related to ash
replacement level because both the 20% and 36% replacements had expanded about the same amount
after gpproximately 8 months of exposure to the sodium sulfate solution. These specimens will continue
to be monitored until they expand to fallure. It isimportant to note that dl of the specimens containing
OGS fly ash performed better than the 100% cement control mortar (see Figure 4).
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Table8. Summary of test results for sulfate resstance, ASR expansion and set-time.

ASH 1 ASH 2 ASH 3 ASH 4
Test Ash, % | OGS112103 0GS121003 0GS121103am | OGS121103pm C 618 limit
Sulfate Resistance 20 0.034 0.035 0.033 0.034 <0.05% for
(@ 6 months, %) High Resistance
36 0.039 0.036 0.036 0.032 <0.10% for
Moderate Resist.
ASR Expansion 20 136 146 150 114 100% max.
(@ 14 days, % 36 87 106 102 118 100% max.
control)
Mortar Set Time 0 219 219 219 219 Control Mix
Initial Set 20 263 242 244 243 No limit given
(al values in minutes) 36 329 281 270 272 No limit given
Final Set 0 326 326 326 326 Control Mix
(all values in minutes) 20 376 358 348 346 No limit given
36 489 418 402 398 No limit given
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All four of the fly ash samples taken from the sllo exhibited poor ability to mitigate expanson caused by
dkdi-dlica reaction (ASR). Only the basdine sample, denoted as ASH1 or OGS112103, when
subgtituted at the 36% replacement level, was able to reduce the mortar bar expansion below that of the
control cement (see Table 8 and Figure 5). Thisisin good agreement with prior sudies [8], which have
indicated that the sodium carbonate doping rate used by the power station and the reective silica content
of the fly ash dominate the ASR performance of the fly ash. Hence, the reduction in available akdi

from about 2.5% Na&Oe (in the sample denoted as OGS121003) to about 1.6% NaOe (in the sample
denoted as OGS112103, the basdline sample) was enough to show a positive impact on mortar bar
expansion when the fly ash replacement was increased to 36%. Note, that the change in dkai content
was not caused by the co-combustion process. Rather the sodium doping rate at the power plant
changed between the time that the baseline and the other three fly ash samples (co-combustion) were
taken.

The various fly ash samples dl had an impact on the test results of the set time experiments. Typicaly,
the fly ash tended to increase both the initial and find set times of the mortar mixtures. The observed set
times were correlated with the replacement rate of the fly ash (see Figure 6). Thisisin good agreement
with common knowledge about the influence of fly ash on setting time. 1t did gppear that the high dkdi
fly ashes tended to set a little fagter than the low akdi fly ash (the basdine sample); however, the test
results are only good to about £40 minutes so more testing would be need to ensure that the differences
are not smply gaidticd fluctuations.
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Figure6. Illustration of mortar set time versusfly ash replacement ratefor thefour silo ash samples.
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Test Results from the Concrete Mixtures

The results of the concrete testing program are given in Tables 9, 10 and 11. Table 9 is a summary of
the test results obtained from the plastic concrete mixtures. Table 10 is a summary of the test results
from the compressve drength tesdts. Table 11 summarizes the results from the rgpid chloride
permesbility (RCP) tests and the hardened air-void parameters that were determined viaimage andyss.

The reaults of tests conducted on the plastic concrete indicated that al of the fly ashes behaved smilarly,
they al behaved like low-range water reducers. Slump and air content were controlled via target vaues
of 251 inch and 6+1%, respectively. In dl ingances but one (mix 3), the mixtures met the target
vaues. It was planned to repest the batching of mix 3; however, cement ran out before the mix could
be repeated. The low ar content obtained on mix 3 was Smply a batching error.  Too little ar
entraining solution was used during the mixing stage. A linear relationship was observed between unit
weight and ar content (see Figure 7), this was expected due to the smilar nature of the mixtures
invesigated in this study.

Table9. Summary of concrete testing (plastic properties of the various mixtures).

Mix # Fly Ash % Ash Slump, Slump, at | Unit weight, Pressure w/cmratio
inches 30 min, pcf Meter Air,
%
0 Control 0 2.25 150 143.0 51 043
1 0OGS112103 20 3.25 2.00 142.8 5.2 041
2 0OGS112103 28 250 150 143.2 5.2 0.39
3 0OGS112103 36 250 125 1450 4.0 0.38
4 0OGS121003 20 250 125 141.8 5.7 040
5 0OGS121003 28 250 125 1414 6.3 0.39
6 0OGS121003 36 2.75 125 140.8 6.5 0.38
7 0OGS121103 am 20 250 150 141.6 6.0 040
8 0OGS121103 am 28 350 175 140.0 6.8 0.39
9 0OGS121103 am 36 250 125 140.6 6.6 0.38
Table 10. Summary of concrete testing (compressive strength test results).
. Compressive Compressive Compressive Compressive
Mix # Fly Ash % Ash Strelrowgth at Strelr;gth at Strelr:gth at Streﬂgth at
3days, psi 7 days, ps 28 days, ps 90 days, psi

0 Control 0 4000 4950 6320 6990

1 0OGS112103 20 3470 4780 6170 7210

2 0OGS112103 28 3400 4690 6290 7070

3 0OGS112103 36 3540 5250 7370 8360

4 0OGS121003 20 3620 4820 6370 7140

5 0OGS121003 28 3400 4550 6140 6800

6 0OGS121003 36 3110 4240 6100 6810

7 0OGS121103 am 20 3500 4760 6350 7130

8 0OGS121103 am 28 3250 4290 6010 6620

9 0OGS121103 am 36 3310 4470 6110 6940
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Table 11. Summary of concrete testing (RCP test results and hardened air parameters).

. RCPtest, corrected | Hardened air content, Apparent spacing
Mix # Fly Ash % Ash coulombspassed % factor, inches
0 Control 0 2988 4.6 0.006
1 0GS112103 20 1350 5.6 0.006
2 0GS112103 28 1135 6.0 0.005
3 0GS112103 36 789 4.0 0.009
4 0GS121003 20 1441 6.3 0.006
5 0GS121003 28 1168 6.8 0.005
6 0GS121003 36 821 8.0 0.006
7 0OGS121103 am 20 1472 54 0.006
8 0OGS121103 am 28 1189 6.7 0.005
9 0OGS121103 am 36 775 6.4 0.005
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Figure7. Relationship between air content and unit weight that was observed in this study.

The compressive strength of the concrete mixtures containing the co-combustion ash was evauated at
four different ages. Fly ash replacement ranged from 20% to 36% (by equivaent mass of cement). The
results indicated that increasing fly ash replacement tended to lower early strength development but hed
little impact on the ultimate strength of the concrete (see Figure 8). In fact, the use of fly ash tended to
enhance the ultimate strength of the concrete; however, keep in mind the fact that the air content of the
concrete is also of prime importance to the compressive strength of the test specimens. The use of co-
combugtion fly ash in the mixtures gppeared to have a negligible influence on the compressive strength of

the test specimens.
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The rapid chloride permegbility tests exhibited dramatic improvement as the fly ash replacement was
increased (see Figure 9). The highest value for the test was obtained from the portland cement control
gpecimen.  Subdtituting 20% fly ash for an equivaent amount of cement reduced the amount of charge
passed by approximately afactor of two. Increasing the replacement to 36% caused over a three-fold
reduction in the amount of charge passed. This was a very dgnificant reduction in Cl permeghility.
Agan, it was difficult to differentiate the test results from the basdine fly ash from those obtained with
the co-combustion fly ash.

The hardened air contents were typicaly in good agreement with the plagtic ar determinations (see
Figure 10); this was to be expected for laboratory concrete that is compacted by rodding. All of the
mixtures, with the exception of mix 3 — the mix with the low dosage of ar entraning solution, had
apparent spacing factors less than 0.008 inches. All of these test reaults are indicative of a concrete
mixture that should exhibit good resstance to cydicd freezing and thawing (assuming the mixture
incorporates sound aggregates and adequate curing is provided prior to exposure). NoO apparent
differences were detected between the test results from basdine fly ash and the co-combudtion fly
ashes.
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Figure8. lllustration of how compressive strength varied with fly ash replacement.
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SUMMARY AND CONCLUSIONS

In summary, this research project was directed a evaluating the properties of fly ash produced at
Ottumwa Generating Station (OGS) during the second co-combustion tria burn. The second trid burn
was conducted from late November to early December 2003. The testing program was designed to
evauate both the uniformity and performance of fly ash generated during the co-combustion of cod and
switchgrass. The testing program evauated bulk fly ash properties, specific mandatory and optiona
tests described in ASTM C 618, and a round of concrete tests that evaluated strength and durability
(e.g., rapid chloride permesbility and hardened air void parameters). No field trias were conducted
during this project.

The purpose of conducting the bulk fly ash properties testing was to evaduate basic chemica and
uniformity characteridtics of the co-combustion fly ash. The test results were compared to the test
results from the basdline samples (cod only fly ash) and to prior samples of fly ash collected from
Ottumwa Generating Station. The specific conclusons from the bulk properties testing can be
summarized asfollows
All of the sxteen fly ash samples that were available for testing met the chemica requirements
for Class C fly ash.
All of the fly ash samples had negligible moisture contents (less than about 0.1%) and low vaues
for loss on ignition (less than about 0.4%). These values did not gppear to be correlated to the
burn rate of switchgrassin the bailer.
The fineness of the fly ash from the autosampler was nearly two times larger than fineness vaues
for samples taken from the ash sllo. This appeared to be a timing issue with the autosampler
and was not related to the co-combustion process. The significant discrepancy between silo
ash and autosampler ash impacted the ability of this sudy to generate uniformity information
about fineness measurements.
The dengty vaues from the sixteen samples met the requirements for uniformity (+ 5% of the
mean dengty of the ten prior samples).
The minerdogy and glass content of the fly ash samples from the slo were congstert with prior
dudies. The basdine fly ash (cod only) and the co-combustion fly ash were nearly
indistinguisheble.
The base line fly ash (cod only) and the co-combustion fly ash exhibited very smilar trends in
the dkdi solubility experiments. This suggested that there was not a fundamenta change in the
way that the alkalies were bonded in the co-combustion fly ash.
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The purpose of conducting ASTM C 618 testing was to evauate the performance characteristics of the
co-combustion fly ash and to compare the test results with the baseline ash (cod only fly ash) and prior
fly ash collected a Ottumwa Generating Station. It is important to note that the switchgrass burn rate
was hed congant a a nomind rate of 10 tons per hour during the time that the silo ash samples were
collected. In addition, the high fineness vaues dotained from fly ash samples collected using the
autosampler lead researchers to question the reigbility of the samples. Hence, it was not possible to
make detalled invedtigations of how switchgrass burn rae influenced performance characterigtics.
Rather, after conducting strength activity index and soundness testing on the samples from the
autosampler, it was decided that the test results were biased (too dependent on fineness) and further
testing was only conducted with the four samples of fly ash that were obtained from the ash sllo. The
gpecific conclusonsfrom ASTM C 618 testing are summarized below.
The dtrength activity index vaues of fly ash samples obtained from the autosampler tended to be
srongly correlated to fineness. This tended to produce test results that were in poor agreement
with those obtained from norma fly ash (both slo ash from this sudy and historicd deta)
obtained from OGS.
All four of the sllo ash samples met the mandatory chemicd and physca requirements given in
ASTM C 618.
All four of the dlo ash samples met the requirements for high resistance to sulfate attack when
they were used with the Type I/l cement employed in this study.
All four of the glo ash samples faled to meet the requirements for effectiveness in reducing
expanson due to dkdi-dlica reaction (ASR mortar bar expanson test) when a 20%
replacement rate of fly ash was used in the test specimens. Increasing the replacement rate to
36% fly ash helped to decrease the expansion of the test specimens; however, test results were
dill margind when compared to the low akdi control cement. These test results were
congstent with those from prior studies on OGS fly ash.
All four of the slo ash samples tended to increase the amount of time required for a mortar to
st and harden.  The influence was small (about a 30 minute increase in setting time) when the
fly ashes were used a the 20% replacement leve, but increased with increasing fly ash
replacement. These test results were in reasonable agreement with those from prior studies on
OGSfly ash.

The purpose of conducting the concrete mixture phase of this study was to evauate plastic properties,
rate of strength development and durability characteristics of concrete containing co-combustion fly ash.
The mixtures were proportioned using an lowa DOT C-3-20C mix desgn. The dump of the concrete
was hdd congant while the water-cementitious meateria ratio was dlowed to vary. The specific
conclusons from the concrete sudy are summarized below.
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Pagtic concrete properties (dump, dump loss, unit weight and air content) of mixtures
containing the co-combustion fly ash al behaved smilar to mixtures containing the basdline (cod

only) fly ash. All of the mixtures containing fly ash required more air-entraining solution to reach
the target air content; however, dosage rate was reatively uniform for dl samples of fly ash.

These test results were in good agreement with prior studies of concrete containing fly ash from
OGS.

The rate of drength gain in the mixtures containing fly ash was dependent on the amount of fly
ash in the mixture. When used a a replacement rate of 20% (by equivaent mass of cement) it
generally took between 3 and 7 days of curing to reach a compressive strength equivaent to the
control (no fly ash) mixture. Higher replacements (28% and 36%) took about 28 days and 90
days, respectively, to reach a compressive strength equivdent to the control mixture. No

ggnificant differences in compressive were noted between specimens containing the basdinefly
ash or the co-combustion fly ash.

Dosage rate of fly ash had a mgor impact on the amount of charge passed during the rapid
chloride permeability (RCP) tests. Increasing fly ash dosage significantly decreased the amount
of charge passed. At 20% fly ash replacement of fly ash for cement, the charge passed by a
RCP specimen was decreased by about a factor of two. This is a mgor improvement in

resstance to penetration by Cl ions. No ggnificant differences in test results were noted
between specimens containing the basdine fly ash or the co-combudtion fly ash.

All of the mixtures tested (with the exception of mix 3, a batching error was noted on this
mixture) produced concrete with adequate entrained air void parameters. All of the pecimens
contained an adequate volume of air bubbles. The void size distribution curves were reasonably
consgtent with samples that exhibited excellent freeze-thaw durability and the apparent spacing
factors were less than 0.01” (a value which prior sudies have shown to provide reasonable
resstanceto frost).
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